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1 Introduction

Nanostructures are functional structures with at least one characteristic dimen-
sion being between 1 nm and 100 nm. Such materials and systems can be de-
signed to exhibit novel and significantly improved physical, chemical and bio-
logical properties as a result of the limited size of their constituent particles or
molecules. Nowadays, there are different types of nanostructured materials and
systems essentially differing in the number of dimensions which lie within the
nanometer range: such as systems confined to one dimension (nanofilms, nanolay-
ers), systems confined to two dimensions (nanowires, nanorods, nanocolumns,
nanotubes), and systems confined to three dimensions (nanoclusters of different
shapes).

The term “nanocomposites” has been used to identify a class of materials
having a microstructural base where one constituent is interspersed in the matrix
of the other. The most typical examples are inhomogeneous materials consisting
of a dispersion of nanoparticles (metals, semiconductors, magnetic materials) in
an insulating matrix such as polymers, ceramics, and glasses. These materials
have been found to be biphasic without or weak chemical bonds between the
two components. Such composite systems have significant optical and electrical
properties that depend on the doping level of the composite material and the
matrix structure.

In the last two decades, nanocomposite films consisting of metal nanopar-
ticles dispersed in a matrix of insulating materials such as polymers, ceramics or
glasses have generated an increasing interest as an advanced technological ma-
terials because of their unique physical properties. Such nanocomposites can be
used as a material for novel functional applications in optics [1], electronics [2],
magnetics [3], medicine [4], etc.

When a nanocomposite containing metallic nanoclusters (typically, Au, Ag,
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1 Introduction

and Cu) is exposed to light, they exhibit a strong absorption maximum at a par-
ticular wavelength due to a photon induced oscillation of electron charge density
(Surface Plasmon) [5, 6]. The excitation of the surface plasmon is found to be
an extinction maximum or transmission minimum. The spectral position, the
relative intensity, and the bandwidth (full width at half maximum) of the plas-
mon band depend on the dielectric properties of the metal and the surrounding
medium, the amount of particles in the composite film, particle size and shape,
particle-particle interactions and the distribution of the particles inside the in-
sulating material [6–8]. The sensitivity of the surface plasmon band for small
variations of these parameters contributes to the application of the nanocom-
posites in various areas such as color filters [9–11], optical switching and optical
limiting devices [12], optical and biosensors [13, 14], absorption elements of the
solar cells [15], photonic bandgap tuning [16], Bragg reflectors [17, 18], and sur-
face enhanced Raman spectroscopy [19].

Polymer based nanocomposite materials show great promise as they can
provide the necessary stability and processability for these important applica-
tions. The general principles in the construction of optical composites involve
the mixing of optically functional materials within a processable matrix. Thus,
noble metal-polymer composites are interesting materials to produce optically
and electrically active media. Polymers are particularly attractive as the host
of the metal nanoparticles to stabilize the particle size. They are generally low-
cost materials, versatile, and can be easily processed into thin films. The linear
optical properties (extinction, absorption, and scattering of light) and the elec-
trical conductivity of the composites are strongly related to their microstructure
[11, 12].

The fundamental motivation of this research is based on the dramatic
change in the physical properties of polymer composites containing noble metal
nanoclusters and their use for functional applications in optics and electronics.
Therefore, the research was focused on the development of a well controlled syn-
thesis of polymer/metal nanocomposite thin films and the study of the optical
and electrical properties of these composites.

The dissertation is organized into eight chapters including this one. Chap-
ter 2 introduces the basic theories about the optical and electrical properties of
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metallic nanoparticles. In chapter 3 the methods for vapor phase deposition of
metals and polymers are described as well as the nanoparticle preparation in the
polymer matrix by co-evaporation, which was used extensively in this work. In
chapter 4, the methods developed and the basic principles of the techniques used
to characterize the morphology, the chemical and physical properties of composite
films are demonstrated.

The following three chapters include experimental results and discussion.
The nucleation and growth of metallic nanoclusters in various polymers prepared
by co-evaporation are presented in chapter 5. Chapter 6 and 7 describe the
most important obtained results in optical and electrical properties of metallic
nanoparticles in polymers, respectively. The last chapter 8 concludes the dis-
sertation with a summary of the principal results and a brief discussion of the
experiments.

The unique contribution of the work described in this dissertation are the
following:

• Successful preparation of polymer composites containing metallic nanopar-
ticles by vapor phase co-evaporation technique. Simultaneous deposition
of metal atoms and polymer molecules evaporated from two independent
sources were used to produce monometallic polymer composites. In addi-
tion, from both the scientific and technological views, bimetallic nanopar-
ticles are of great interest due to the potential application of the plasmonic
properties of the particles. To my knowledge, the unique preparation of
bimetallic nanoparticles in polymers prepared by simultaneous deposition
of two different metal atoms and polymer molecules from three independent
sources is presented in this work for the first time.

• A new strategy was developed in order to determine the volume percentage
of metal nanoparticles in the composite film. The physical properties ex-
hibited by the composite film are mainly described in terms of the amount
of metal nanoparticles in the composite film which requires an improved
method to quantify this more accurately.

• A controlled growth of Au and Ag nanoclusters in polymers such as Teflon
AF 1600 (Teflon), Poly(α-methylstyrene)(PAMS), Polyamid 6 (Nylon), and
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1 Introduction

Poly(methyl metacrylate)(PMMA) during the co-evaporation was studied
in depth. Since the interaction of noble metal atoms with polymer molecules
are very weak, the production of controlled metallic nanoclusters in poly-
mers is very challengable. The sticking coefficient of metal atoms on poly-
mer surfaces is a key parameter for a controlled growth and it was studied
in relation with the type of metal-polymer combination, the ratio between
the deposition rates of metal atoms and the polymer molecules, and the
substrate temperature during the co-deposition process.

• The change in the microstructure of metal-polymer nanocomposites upon
heat treatment was studied and is presented in this thesis.

• Plasmonic properties of Ag and Au nanoclusters in various polymer ma-
trices (Teflon, PAMS, Nylon, and PMMA) were studied in relation with
their microstructure, mainly to the metal volume filling factor, size of the
clusters, and interparticle distance.

• Plasmonic properties of polymer composites containing Ag and Au nanopar-
ticles and their changes upon elevated temperature during deposition and
post deposition heat treatment are presented in this work.

• Tuning of plasmonic properties in polymer nanocomposites with Ag-Au and
Ag-Cu bimetallic nanoclusters was studied.

• Electrical properties of Au and Ag nanoparticles embedded in a polymer
matrix was studied with respect to the microstructure of the composites
and their change upon annealing.
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2 Theoretical Considerations

2.1 Optical Properties of Metal Nanoparticles

2.1.1 The basics of electromagnetic wave interactions

The starting point of the electromagnetic theory of propagation of electromag-
netic radiation in material media is the Maxwell’s equations. The Maxwell equa-
tions (2.1 to 2.6) which describes the propagation of an electromagnetic wave in
a metal, link the electric field E, the magnetic induction B, the electric polari-
sation P, the electric displacement D, the magnetisation M , the permittivity ε0

and permeability µ0 of free space. The electric current density j and the electric
charge density ρ are usually for that of free electrons.

∇ ·B = 0 (2.1)

∇ ·D = ρ (2.2)

∇×E = −∂B
∂t

(2.3)

∇×H = j +
∂D
∂t

(2.4)

The electric displacement D, magnetic field H , and the current density j are
defined by constitutive equations

D = ε0E + P = ε0ε∞E (2.5)

B = µ0(H + M ) (2.6)

j = σE (2.7)
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2 Theoretical Considerations

Here, the conductivity of the medium, σ, and the dielectric constant of the
medium ε∞ are phenomenological coefficients which depend on the medium (supposed
homogeneous and isotropic) and the frequency.

Assuming the medium as non-magnetic (M = 0) and there is no charge ac-
cumulation in the metal (ρ=0) for the sake of simplicity. Thus, after substitution
of equations 2.5 - 2.7, the electromagnetic wave can be derived

∇×∇×E = ∇∇ ·E −∇2E = −µ0σ

(
∂E
∂t

)
− µ0ε0ε∞

(
∂2E
∂t2

)
(2.8)

Furthermore, by taking the electric field as periodic, it can be decomposed
in time-harmonic functions by the Fourier transform, E(ω) = E0e

−iωt (complex
representation). Thus, equation 2.8 becomes

∇2E = −µ0ε0ω
2

[
ε∞ +

iσ(ω)

ωε0

]
E. (2.9)

For a wave propagating in the free space(σ(ω) = 0,ε∞ = 1), and equation 2.9 can
be reduced to:

∇2E = −µ0ε0ω
2E. (2.10)

If the wave propagates in a non-magnetic medium, the frequency dependent di-
electric constant of the medium ε (ω) in the presence of a wave can be expressed
as

ε (ω) = ε∞ +
iσ(ω)

ωε0

. (2.11)

Although the problem in free space can be solved completely, ε (ω) and
σ (ω) are more complicated to determine in other media. Various experimen-
tal investigations and theoretical developments have been carried out in order to
determine these values. The Drude theory describes the mechanics of the conduc-
tion electrons inside a metal. These are considered as free and independent. The
motion of a whole electron cloud is then the sum of the motion of the individual
electrons: the coupling between them is thus considered as maximum when the
electrons acting all in phase. The motion of one electron is described by equation
2.12 where meff stands for the effective mass of the electron, ν is the electron
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2.1 Optical Properties of Metal Nanoparticles

speed and e the charge of the electron:

meff

(
dν

dt

)
+ meffΓν = eE (2.12)

The second term is a viscous friction due to different factors such as free electron
inelastic collisions but also electron phonon coupling, defects, impurities, etc. Γ is
the corresponding damping constant. Compared to that of the electric field, the
force exerted on the electrons by the magnetic field is negligible since electrons
are moving very slowly compared to light. Based on E(ω) = E0e

−iωt, ν will also
be sinusoidal ν = ν0e

−iωt and the substitution of this term in equation 2.12:

(−iωmeff + meffΓ) ν0e
−iωt = eE0e

−iωt (2.13)

hence
ν0 =

e

meffΓ− iωmeff

E0 (2.14)

As a result of the individual motion of electrons with electron density n, j can
be expressed as

j = enν =
ne2

meffΓ− iωmeff

E0 = σ(ω)E0 (2.15)

σ(ω) =
ne2

meffΓ− iωmeff

(2.16)

Thus, from equations 2.16 and 2.11, one can express the dielectric function
ε(ω) = ε1(ω) + iε2(ω) (where ε1 and ε2 are the real and imaginary part of the
dielectric function, respectively) as a function of known constants: ε∞, n, e, meff

and ε0, of the frequency ω and of Γ as

ε (ω) = ε∞ −
ωp

2

ω2 + iωΓ
= ε∞ −

ωp
2

ω2 + Γ2
+ i

ωp
2Γ

ω (ω2 + Γ2)
, (2.17)

where ωp
2 = ne2

ε0meff
is the Drude plasma frequency. The relaxation constant Γ

can be related to the electron mean free path ` by Γ = υF /`, where υF is the
Fermi velocity. For ω � Γ−1 the real and imaginary part of ε(ω) for free-electron
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2 Theoretical Considerations

metals can be written as
ε1(ω) ≈ 1− ωp

2

ω2
, (2.18)

ε2(ω) ≈ 1− ωp
2

ω3
Γ. (2.19)

2.1.2 Optical properties of a linear isotropic medium: The
dispersion, absorption and reflection of light

Let us denote the electric field of the incident electromagnetic wave by vector
E0 with frequency ω in a medium with linear susceptibility χ. It is common
to express the dielectric function ε(ω) in terms of the electric susceptibility χ to
give ε(ω) = 1 + χ(ω) where χ is the susceptibility. From the electromagnetic
wave equation 2.8, the electromagnetic wave propagating in the medium in one
direction x with the electric field strength can be expressed as

E(x, t) = E0exp(ikx− iωt) (2.20)

where E0 is an electric field amplitude of oscillating electromagnetic wave. Here
the intensity of light is assumed to be low enough to exclude the nonlinear inter-
actions. The wave vector k, which in general case can be given as k = k′ + ik′′,
where k′ and k′′ are real and imaginary part of the wave vector. Thus, using the
wave vector equation, we can rewrite equation 2.20 as

E(x, t) = E0exp(−k′′x)exp(ik′x− iωt). (2.21)

Then, k′′ is responsible for the damping of the electromagnetic wave in the
medium and defines the amplitude, while the real part k′ is combined with the
phase of the electromagnetic wave. Moreover, the absorption coefficient can be
expressed via imaginary part of the wave vector as

α = 2k′′ (2.22)

Substituting equation 2.20 in equation 2.8 and taking into account∇·E = 0
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2.1 Optical Properties of Metal Nanoparticles

in homogeneous medium with no external charges, then

k2 = ω2µ0ε0ε(ω) =
ω2

c2
ε(ω) (2.23)

where

ε(ω) = ε1 + iε2 = (1 + χ(ω)) + i
σ(ω)

ε0ω
= (1 + χ′(ω)) + i

(
χ′′(ω) +

σ(ω)

ε0ω

)
(2.24)

is a relative complex dielectric permittivity of the medium and c = 1/
√

µ0ε0 is
the light velocity in the vacuum, χ(ω) = χ′(ω)+ iχ′′(ω) is the complex linear sus-
ceptibility of the medium. The linear susceptibility can be expressed via Lorenz
function as

χ(ω) =
Ne2

mε0 [(ω0
2 − ω2) + iωΓ]

, (2.25)

where N is the concentration of electrons, e is the charge of the electron, m is
the mass of the electron, ω0 is the frequency of the electron motion and Γ is the
damping term.

By analogy with complex wave vector and using equation 2.23, the complex
index of refraction of a medium can be defined as

n(ω) = n′ + in′′ =
√

ε(ω), (2.26)

where k′ = ω
c
n′ and k′′ = ω

c
n′′. Hence, using equations 2.22, 2.23, and 2.26 the

absorption coefficient and refractive index of the medium can be determined as

α(ω) =
2ω

c
Im

√
ε(ω), (2.27)

n′(ω) = Re
√

ε(ω). (2.28)

Moreover, from equations 2.23 and 2.24, we can obtain a relation between
the wave vector and imaginary part of dielectric permittivity as

2k′k′′ = (
ω2

c2
)ε2 (2.29)

Thus, by using equation 2.22 and the expression for real part of refractive index,
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2 Theoretical Considerations

it is possible to derive the following expression for absorption coefficient:

α = (
ω

cn′
)ε2. (2.30)

Equation 2.30 indicates that the imaginary part of the dielectric permittiv-
ity is responsible for the damping of the electromagnetic wave in the medium.
Therefore, the absorption coefficient and refractive index are defined by the di-
electric properties of the medium. Furthermore, the absorption is responsible for
the attenuation of the amplitude of the electromagnetic wave propagating in the
medium, and refractive index defines the phase of this electromagnetic wave. Ef-
fects observed on the boundary of two media (refraction and reflection) are also
caused by the linear optical response of the media.

2.1.3 Optical properties of composite medium containing
metal nanoparticles: Surface plasmon resonance

The theoretical discussion and derivations performed above for a linear isotropic
medium are valid also for the nanocomposite materials. However, interaction of
an electromagnetic wave with nanostructures reveals novel optical phenomena
indicating unrivaled optical properties of these materials caused by different in-
trinsic and extrinsic size effects in the clusters with size less than the wavelength.
As a consequence of reducing the size and the dimensionality of a material, its
electronic properties change drastically as the density of states and the spatial
length scale of the electronic motion are reduced with decreasing size [20, 21].

Propagating electromagnetic wave in the dielectric medium with incorpo-
rated spherical metal nanoparticle causes displacement of conduction electrons
relative to the positively charged ionic core and the Columb restoring force causes
for oscillation of the conducting electrons on the surface. The oscillation modes
comprise an electromagnetic field coupled to the oscillations of conduction elec-
trons and are called surface plasmons. In simple terms, the formation of a surface
plasmon can be seen when the electric field of the incoming radiation induces the
formation of a dipole in the nanoparticle. There is a restoring force which tries to
compensate it, so that a unique resonance frequency matches this electron oscilla-
tion within the nanoparticle (Figure 2.1). They are characterized by strong field
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2.1 Optical Properties of Metal Nanoparticles

enhancement at the interface, while the electric field vector decays exponentially
away from the surface (in the nm range) [22, 23]. When the dimensions of the
conductor are reduced, boundary and surface effects become very dominant, and
for this reason, the optical properties of small metal nanoparticles are dominated
by such a collective oscillation of conduction electrons in resonance with incident
electromagnetic radiation.

Figure 2.1: Schematic description of the electronic cloud displace-
ments in nanoparticles under the effects of an electromagnetic wave.

This dipolar charge repartition imposes a new force on the electron cloud
and the electrons undergo a restoring force which interacts with the external
electric field. Thus, the position x of an electron placed in the oscillating cloud of
a nanoparticle is then governed by equation 2.31 where K is the restoring force.

meff
d2x

dt2
+ meffΓ

dx

dt
+ Kx = eE (2.31)

This approach has never been used for solving the problem, but it is a good model
for understanding the surface plasmon band. Nevertheless, the equation describes
the movement of a forced, damped harmonic oscillators which is equivalent to
classical mechanical oscillator.

In 1908 Mie proposed a solution of Maxwell’s equations, which explains the
origin of the surface plasmon resonance in extinction spectra and coloration of
the metal colloids. Relative simplicity and versatility are the advantage of the
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2 Theoretical Considerations

classical Mie theory, which assumes that the particle and the surrounding medium
are homogeneous and can be described by bulk optical dielectric functions [6, 8].
Considering the case of spherical nanoparticles much smaller than the wavelength
of the electromagnetic wave, the electrostatic approximation is valid and the
dipole moment of the embedded in dielectric sphere can be given as:

P(ω) = αε0E0(ω) = 4πε0R
3 εm(ω)− εh

εm(ω) + 2εh

E0(ω) (2.32)

where α is the polarisability of the sphere, R is the radius of the nanoparticle,
E0(ω) electric field strength of an incident electromagnetic wave, ε0 electric per-
mittivity of vacuum, εm(ω) and εh are the relative complex electric permittivity
of metal and the dielectric host, respectively.

If the metal inclusion is placed in a transparent dielectric host owing the
electric permittivity with predominant real part (Im[εh] → 0), then using the
equations 2.30 and 2.32, the absorption cross section of the spherical nanoparticle
can be derived as

σ(ω) =
ω

c
√

εh

Im [α(ω)] = 12πR3ω 3
√

εh

c

ε2(ω)

[ε1(ω) + 2εh]
2 + ε2(ω)2 . (2.33)

The Mie theory which holds for isolated particles whose interaction can
be neglected then reduces to the following relationship for the extinction cross-
section, σext (σext = σabs + σsca) (σabs - absorption cross-section, σsca- scattering
cross-section) for metallic nanoparticle as:

σext(ω) = 9
(ω

c

)
V0εh

3/2 ε2(ω)

[ε1(ω) + 2εh]
2 + ε2(ω)2 (2.34)

where V0 = (4π/3)R3 denotes the particle volume, ω is the angular frequency of
the exciting radiation, c = ω

2π
λ is the speed of light in vacuum. Thus, equation

2.34 can be rewrite as

σext(ω) =
24π2R3εh

3/2

λ

ε2(ω)

[ε1(ω) + 2εh]
2 + ε2(ω)2 (2.35)

From equation 2.34, the well known Mie resonance occurs at the surface
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2.1 Optical Properties of Metal Nanoparticles

plasmon frequency ωsp under the following condition:

[ε1(ω) + 2εh]
2 + ε2(ω)2→Minimum (2.36)

If ε2 is small in comparison with ε1 or weakly dependent on ω, then equation 2.36
can be written as:

ε1(ωsp) = −2εh (2.37)

Thus, if the condition in equation 2.37 is complied, the dipole moment
and local electric field in vicinity of the nanosphere grow resonantly and can
achieve magnitudes in many orders overcoming the filed of the incident wave.
This phenomena is responsible for the surface plasmon absorption band.

Nevertheless there are different nomenclatures of plasmon types which can
be confusing. There are three classes of plasmons (Volume or bulk, Surface, and
Localized) depending on the geometry of the metal under study. The volume
or bulk plasmon refers to the collective longitudinal oscillation of electrons that
occurs within the bulk of the metal (beyond the penetration depth or skin depth
of any optical field, i.e. in the order of 20 − 80 nm). Volume plasmons have
the highest energy and typically measured by electron energy loss spectroscopy
(EELS).

The surface plasmon is a collective longitudinal oscillation of electrons that
occurs at a boundary between a metal and a dielectric. A related excitation
sometimes confused with the surface plasmon is the surface plasmon-polariton.
The difference is that the polariton excitation is coupled with photons, whereas
a plasmon can also be exited by electrons or other radiation. The localized
plasmon is essentially a special case of the surface plasmon-polariton in which
the excitation is localised in three dimensions. This is precisely the case with a
metal nanoparticle, and it is the type of plasmon to which we will refer mostly.
Many alternate terms are given in the literature for ”Localized Surface Plasmon
Resonance”(LSPR), such as Particle Plasmon, Mie Resonance (historical choice,
but valid only for spheres), Surface Plasmon Resonancs (SPR)(the most common
term), Surface Plasmon-Polariton, and Localized Surface Plasmon-Polariton Res-
onance.
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2 Theoretical Considerations

2.1.3.1 Analysis of surface plasmon resonance

The optical properties of nanoparticles differ substantially from the optical prop-
erties of bulk materials. Under the influence of an electric field, there is a plasmon
excitation of electrons at the particle surface. This causes to an optical absorp-
tion at a certain energy of the incident light. Surface plasmons are collective
excitations of the electrons at the interface between a conductor and an insulator
(see above). They are described by evanescent electromagnatic waves that are
not necessarily located at the interface. When a particle is under the action of an
electromagnetic field, its electrons start to oscillate, transforming energy from the
incident electromagnetic wave into, for example, thermal energy in an absorption
process. The electrons can also be accelerated, and then, they can radiate energy
in a scattering process. The attenuation by the sum of scattering and absorption
of an electromagnetic wave going through a material is called the electromagnetic
extinction.

Mie was the first to describe the optical properties of nanoparticles quan-
titatively by solving the Maxwell equations for the optical response of spherical
particles with arbitrary size immersed in a homogeneous medium, and subjected
to a plane monochromatic wave as shown in section 2.1.3 equation 2.35. On the
other hand, rigorous solutions of the Maxwell equations for nonspherical particles
are not straight forward and has provided new challenge for theory. Neverthe-
less, the Mie’s theory has remained important for long time because of its simple
and exact solution to the Maxwell’s equations that is relevant to non-interacting
spherical particles. Note that, most of the standard colloidal preparations yield
particles that are approximately spherical, and the concentration is low enough
to neglect interaction between the particles.

The dielectric functions ε(ω) can be written as a combination of an inter-
band and intraband electron transition, which we can assume as additive [24]

ε(ω) = εinter(ω) + εintra(ω) (2.38)

Interband contribution are due to electron transitions from occupied to
empty bands separated by an energy gap. The electrons are bound by restoring
force given by the energy difference between ground and excited electronic states

14



2.1 Optical Properties of Metal Nanoparticles

in metals, usually at the ultra violet (UV) region. Intraband contributions come
from electron transitions at the Fermi level in incompletely filled bands, or when a
filled band overlaps in energy with an empty band. These transitions also provide
an absorption mechanism but at lower energies. The contribution due to the free
conduction electrons can be described by the Drude model

εintra(ω) = 1− ωp
2

ω2 + iΓω
(2.39)

where ωp is the bulk plasma frequency (ωp
2 = ne2/ε0meff ) expressed in terms

of the free electron density n, the electron charge e, the vacuum permittivity ε0,
and the electron effective mass meff . The damping constant Γ is related with the
life time of all electron scattering processes in the bulk material that are mainly
due to electron-electron, electron-phonon, electron-defect scattering. For a small
particle, the electron-surface scattering also becomes dominant, since the mean
free path of the conduction electrons, typically in the range of tens of nanometers
in noble metals, is limited by the particle boundaries.

When the particles are not too small one can correct the dielectric function
approximately by modifying the value of Γ. For very small particles (R < 50 A)
the correction (sometimes referred as quantum size effects) can be complicated
and can result in band narrowing, band splitting, and frequency shifts in either
direction from that of the SP band center of bulk particles. Particles comprised
of only a few atoms are, of course, best treated as large molecules. For particles
that are not too small, Γ can be related to the particleťs size by the well-known
expression

Γ(R) = Γb +
AυF

R
(2.40)

where the bulk damping constant Γb = υF /lb (lb bulk mean free path of electrons),
υF is the velocity of the electrons at the Fermi energy, and A is a geometric factor
that relates the appropriate electronic mean free path to the particleťs average
radius. The expression implies that electrons in a small particle sustain scattering
processes with a mean-free path of the order of radius of the particle in addition to
the electronic scattering processes occurring in the bulk metal. Thus, it contains
information on the scattering processes involved during optical excitation and
relates to the width of the surface plasmon resonance.
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As a result, well separated metallic nanoparticles and nanostructures, with
dimensions significantly smaller than the wavelength of the exciting light, are
characterized by a broad, intense absorption band in the visible range of the
spectrum. The bandwidth, the peak height, and the position of the absorp-
tion maximum depend markedly on the substance, size, size distribution, shape,
interparticle separation, the surface state, surface coverage, the surrounding en-
vironment of the given nanoparticles and nanostructures.

Substance: By substance we refer to the particular metal constituting
the particle, specifying the material dielectric function. For instance, assuming
all parameter are equal, the LSPR of silver will occur at the shortest wave-
length (highest energy), followed by gold, then copper at the longest wavelength
(lowest energy). For the ideal case of spheres in vacuum, silver also has the
strongest (brightest) resonance by more than an order of magnitude; gold is
slightly stronger than copper. These differences relate directly to the different
dielectric functions of each metal. The different LSPR spectral positions and
strengths are related to the differing onset of interband transitions in each (Ag at
round 4 eV , and Cu at about 2 eV ). It should be noted, therefore, that the Mie
resonances in noble metals are not truly free-electron-like, but rather “hybrid”
resonances with contributions from d-band and conduction-band electrons [8].

Effect of the surrounding dielectric environment: Based on the ex-
pression of the Mie extinction cross-section (eqn. 2.35), the dielectric constant of
the surounding medium plays a predominant role in determining both the plas-
mon peak position and intensity. The dielectric environment of the particle helps
to determine the strength of the restoring force that the electrons experience.
Changing the medium surrounding the nanoparticles for another medium having
a markedly different refractive index strongly alters the plasmon behaviour of
the the nanoparticles. In general, for non absorbing surrounding, an increase in
the index of of refraction of the surroundings red-shifts the LSPR [25, 26]. The
spatial distribution of the surroundings matters as well: it makes a difference
whether a nanoparticle is embedded in the medium or resting on the surface of
the medium [6].

Size and shape effect: As the size effects (R) of the nanoparticles appears
in eqn. 2.35, the Mie surface plasmon band theory predicts a size dependence of
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2.2 Various Models and Percolation Theory

the intensity of Surface Plasmon Band. Position and bandwidth are also affected
by R, but through intrinsic effects, which means that R modifies the expression
of the dielectric constant of the metal and thus alters the resonance condition
expressed as ε1 = −2εm. However, the size effects are dependence on R, both a
blue-shift and a red-shift have been observed with decreasing particle size, but the
most typical occurrence is that the SPR will blueshift with decreasing size [27, 28].
The size dependence of the dielectric constant is introduced as the diameter of
the particle becomes smaller than the mean free path of the conduction electrons
(typically of 50 nm). Both theoretical and experimental results also indicted a
1/R dependence of the bandwidth due to surface scattering [29].

Due to the intrinsic complexity of the problem and synthesis limitation,
the shape effects has been far less studied. However, recently a strong shape
dependent of the LSPR of nanoparticles is reported [24]. Nanoparticles featur-
ing original shapes such as rods, disk, squares, triangles, stars and others were
exhibited from double to multiple resonance bands. If the orientation of the ob-
served nanorods is arbitrary, the optical signature is the existence of two bands,
one corresponding to the longitudinal mode and the other to the transverse one
[30, 31].

Influence of the interparticle distance: As a result of the dipole-
dipole interaction between the nanoparticles, the distance between the neigh-
boring nanoparticles have a significant role on the surface plasmon band. The
surface plasmon band broadens and shifts to higher wavelength when the inter-
particle spacing becomes smaller [25, 32].

2.2 Various Models and Percolation Theory

2.2.1 The effective medium models

Beside the synthesis of composite materials consisting of metal nanoparticles in
a dielectric matrix, a number of theoretical models and theories have been de-
veloped in order to describe their optical response. As mentioned before, Mie
first provided the complete solution concerning the absorption and scattering of
light by a spherical single metallic particle. Later models accounting for the col-
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lective properties of metal particles in composites were developed, such as the
Maxwell-Garnett(MG) theory and the Bruggeman effective medium approxima-
tion(EMA).

Figure 2.2 shows the most commonly encountered structures of composite
materials, the Maxwell Garnett geometry consists of small inclusion particles
embedded in a host material(a) and the Bruggeman geometry consists of two
intermixed components(b). These two model geometries are the structures most
often encountered in theoretical discussions of composite materials [33–35].

Figure 2.2: Some examples of composite material structures (a)
Maxwell Garnett and (b) Bruggeman geometry.

The effective medium approach is characterized by a priori statistical clus-
ter distributions which are included in the calculation of a proper effective di-
electric function of the whole sample by assuming mean electric fields [36–38].
The effective medium approach is principally based on two assumptions: i) the
inhomogeneities are so large that each point in the material can be associated
with the macroscopic dielectric function; ii) the system can be described as an
effective medium if the random unit region, embedded in the effective medium,
is not detectable in an experiment using electromagnetic radiation confined to a
specified wavelength range [39].

With these theories, an effective dielectric function is calculated from the
dielectric functions of both basic materials by using the volume filling factor.
The Maxwell-Garnett (MG) theory has been derived for topologically asymmet-
ric composites, where one constituent predominates and forms a host medium
(dielectric) for small grains of the other constituent (metal) embedded in it. In
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this case, the size of the embedded spherical particle R and the interparticle sep-
aration d are reasonably well-defined and all much less than the wavelength of
light λ. This condition guarantees that the scattering due to the inhomogeneities
resulting from the composite nature of the material will be negligible, and leads
to an effective medium with a dielectric constant εeff .

The MG theory relates εeff to the dielectric constant of embedded metal
nanoparticles εm and the dielectric constant of the host material εh [35, 40–
42]. The derivation of the MG result deduces from the familiar Clausius-Mosotti
equation (eqn. 2.41) and the polarizability α(ω) (eqn. 2.42), itself derived from
eqn. 2.32.

ε(ω)− 1

ε(ω) + 2
=

4π

3

N

V
α(ω) (2.41)

α(ω) = R3 εm − εh

εm + 2εh

(2.42)

To determine εeff in the MG geometry, one would naturally use this ex-
pression for the polarizability and take into account the fact that the inclusion
spheres are not in vacuum but in a host material with dielectric constant εh, and
given as

εeff − εh

εeff + 2εh

= f
εm − εh

εm + 2εh

, (2.43)

where f = 4πNR3/V is the fill fraction of the inclusion.

One can apply these same arguments to consider two (or more) inclusions
with fill fractions f1 and f2 and the dielectric constants ε1 and ε2, respectively,
in a host medium. Thus, the result is given as:

εeff − εh

εeff + 2εh

= f1
ε1 − εh

ε1 + 2εh

+ f2
ε2 − εh

ε2 + 2εh

. (2.44)

The Bruggeman geometry adopts an assumption that both materials are
interdispersed in a topologically equivalent manner. The theory is thus sym-
metrical. Therefore, the host medium should here be thought of as the effective
medium itself, for it is only within this effective medium that each constituent
can be properly thought of as embedded. Thus eqn. 2.44 becomes eqn. 2.45,
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with εh = εeff

0 = f1
ε1 − εh

ε1 + 2εh

+ f2
ε2 − εh

ε2 + 2εh

. (2.45)

Moreover, for the case where the particles do not have a spherical shape,
various extensions of the MG theory for nonspherical particles were introduced
as shown in eqn. 2.46

εeff − εh

εh + L [εeff − εh]
= f

εm − εh

εh + L [εm − εh]
. (2.46)

where L is the depolarization factor describes the ratio between the axes of the
ellipsoids (0 ≤ L ≤ 1).

In general both the MG and EMA models are limited to systems with low
metal or nanoparticle concentration up to 5 % and fall short of a correct prediction
of the far infrared absorption even in these low metal concentration region. With
an increase in the filling factor of metal inclusions in the dielectric matrix the
interparticle distance becomes smaller and leads to an interaction between the
nanoparticles. As a result, the EMA theory will be terminated to well describe
the experimental results obtained for higher filling factors due to the multi-polar
polarizability contributions.

Recently a modified EMA theory which fits well for up to 20 % is reported
[43, 44] and the experimental results presented in this work were used to check the
accuarcy of the improved theory (see section 6.1.1.1). This modified theory helps
to expand the applicability limits of the EMA to higher metal concentrations.

2.2.2 Percolation

In abstract terms percolation is the passage of an influence through a medium
which is irregular structured in the sense that through some regions the influence
can pass more easily than in others and in some places not at all [45]. The funda-
mental question is that whether this disorder of the medium has some probability
distribution so that the influence move infinite distance through the medium at
a certain values.

For simplicity of the problems one can consider two dimensional case of
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clusters distributed in an empty sites with a probability p that a site is occupied.
The section of the lattice is finite with L2 sites and to obtain properties inde-
pendent of the existence of the boundaries, L2 → ∞ at suitable points in the
theory.

A cluster is a group of sites such that each member is nearest neighbor to
at least one other member of the group. If an influence could travel only between
nearest neighbors, infinite cluster would enable the influence to percolate across
the system and is therefore called a percolating cluster. Finite clusters will not
contribute to percolation. The percolation probability P (p), is the probability
that an occupied site is in the percolating cluster. This probability will be zero
if p is too small. In an infinite lattice, P (p) rises from zero as p increases above
a critical value pc. One is interested in how many objects can form a cluster of
communication and, especially, when and how the cluster become infinite. The
control parameter is evidently the density n of the objects (their average number
per unit volume), or the dimensionless filling factor. The percolation threshold
corresponds to the minimum concentration at which an infinite cluster spans the
space [46].

An important problem in describing the transport properties of random
multiphase materials is the prediction of the percolation thresholds as a func-
tion of volume fraction, interparticle interaction, shape, and orientation of the
component phases or particle of the random material. An idealized model of per-
colation is that of completely permeable objects, whose free overlap as more and
more objects are randomly added to a matrix eventually results in a geometrical
connected phase as shown in figure 2.3.

Moreover, the shape of the clusters affect the percolation [47]. Figure 2.4
shows the inverse of Pc plotted against the aspect ratio a/b of ellipsoids. In the
extreme oblate and prolate limit, it is clear that 1/Pc scales linearly in the inverse
of the aspect ratio. The ratio of the ellipsoidal radii a/b varies from 1/2000 to
500. For spherical clusters with a/b = 1, the value of pc becomes 0.29.

In addition, the size distribution of clusters determine the percolation point.
A broad distribution of nanoparticles lead to a shift of the percolation point to
higher metal filling factor.
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Figure 2.3: An illustration of bond percolation for a two-dimensional
lattice under (left) and over (right) the critical percolation.

Figure 2.4: Inverse of the critical volume fraction for percolation
(1/pc) plotted vs aspect ratio of ellipsoids of revolution.
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3.1 Introduction

The synthesis of metallic nanoclusters has been the focus of the research work
in the field of nanotechnology in the last three decades. At present, among the
various techniques developed for the synthesis of nanoclusters, chemical prepara-
tion, electrochemical deposition, laser ablation, vacuum deposition (evaporation
or sputtering), and electron-beam lithography are the most recent advances of
this time. In this work, vacuum deposition (evaporation), which involves the con-
densation of a metal shot placed on a heating element [48, 49], was implemented
to prepare nanoclusters. Here, vapor-phase co-deposition of metal atoms and
polymer molecules was used to synthesize polymer composites containing nano-
sized metallic particles. The mechanism of metal and polymer evaporation, and
as well as the experimental procedures and parameters to produce polymer-metal
nanocomposites will be described in this section.

3.2 Evaporation Chamber

All the experiments in this work were carried out by using a home made evapora-
tion chamber facility at the Chair for Multicomponent Materials, Kiel University.
The chamber is originally constructed to evaporate metals and polymers from dis-
tinct heatable sources and it has a potential to evaporate five different materials
simultaneously. The cross-sectional view and image of the interior part of the
chamber are shown in figure 3.1, and 3.2, respectively.

The chamber consists of the evaporators, the sample holder, and the quartz
crystal microbalance for an in-situ monitoring of the film thickness. Moreover, it
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Figure 3.1: Cross-sectional view of the chamber which includes two
metal evaporators and one central polymer evaporator.

contains an electrical power feed through in order to bring power to the vacuum
vessel to heat the evaporator and/or to heat the substrate holder. The physical
vapor deposition process employed in this work always takes place in a high
vacuum environment. A rotation pump (Pfeiffer DUO 005 M), to generate the
pre-vacuum (10−1 torr) together with a turbomolecular pump (Pfeiffer TMU
260) were used for creating the end-vacuum in the range of 10−7 − 10−8 torr. A
relatively good vacuum condition is required to reduce collision of the transported
material with the residual gas. Thus, the reduction in the rate of deposition and
oxidation of the materials were prevented.

The heatable substrate holder was positioned to achieve an optimal uniform
film thickness received from both metal and polymer vapor. In this case, a
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Figure 3.2: Photo of the internal part of the deposition chamber.

flat plate substrate holder (with a diameter of 6 cm and thickness 2 cm) made
of copper was used to host the substrates to achieve a relatively uniform film
thickness and heat transfer. Though, maintaining the film uniformity is always
desirable, but not necessarily required for this research.

In this method, the thickness and metal volume fraction in the polymer
composite film are strongly related with the geometrical effect of the chamber
such as the angle of deposition and the distance between the source and substrate.
Assuming, a point source which is perpendicular to the sample holder φ = 0 and
cosθ = h/l, and the surface source where cosθ = cosφ = h/l, the thickness of the
film is given by 3.1 ans 3.2, respectively.

d

d0

=
1

{1 + ( l
h
)2} 3

2

(3.1)

d

d0

=
1

{1 + ( l
h
)2}2

(3.2)

where h and l are the perpendicular distance from point source to the center of
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the substrate holder and the distance from source to a point on the substrate,
respectively. Noting that r = {h2 + l2} 1

2 , and the thickest deposit d0 occurs at
l = 0. A comparison of equations 3.1 and 3.2 are shown in Figure 3.3, where it is
apparent that less thickness uniformity can be expected with the surface source.

Figure 3.3: Film thickness uniformity for point and surface sources
[50].

The preparation of metal-polymer nanocomposites requires evaporation of
metals and polymers from two or more different sources simultaneously. In this
case, the distance between the sources is also considered in addition to the source-
substrate distance. A superposition of the solutions from two individual sources
give the thickness variation in the composite films as shown in figure 3.4. In the
home made experimental chamber shown in figure 3.1 a relatively more uniform
film thickness of the composites is obtained by using a symmetrically opposite
sources for the metal and polymer. Moreover, a rotatable sample holder can
be used if the film thickness uniformity is more important than the gradient in
concentration.
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Figure 3.4: Film thickness uniformity across a trip employing two
evaporation sources for various values of D/hv [50].

3.3 Evaporation of Metals

3.3.1 Metals

Metals are characterized by the so-called metallic bond. In metals the outer
valance electrons of each atom form part of a collective free electron cloud or gas
that permeates the entire lattice. This free-electron gas has a strong electrostatic
attraction with the positive ion cores. Nevertheless, there are also an electron-
electron repulsive interactions.

Electrons of the metal indifferent from other solids have the ability to exhibit
a property in response to the external applied electric fields, thermal gradients,
and incident light. Here noble metals (Copper, Silver and Gold) in which the
d-bands of the electronic structure are filled and do not cross the Fermi level are
deposited, since they are chemically inert and show strong collective exitation in
the visible region.
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3.3.2 Evaporator cell and evaporation of metals

Metals, typically gold, silver and copper with 99.99% purity from Goodfellow in-
dustry are evaporated in a high vacuum chamber from an integral crucible-heater
assembly. The external and internal schematic design of the metal evaporator are
shown in figure 3.5 and 3.6, respectively.

Figure 3.5: External part of metal evaporator. (a) the whole body of
the metal evaporator with a power feed through, (b) the shield that
covers the crucible.

Figure 3.6: Internal part of the metal evaporator cell

The home made metal evaporator as shown in figure 3.6 is carefully designed
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to reduce any possible thermal coupling problem. The Tantalum (Ta) heater coil
filament was selected to carry the high current and generate the heat required
to evaporate the charge. Ta is known for its high melting point, thermal shock
resistance, and ductility among the refractory metals. In this design, the Ta
heater coil is minimally supported within notched ceramic support rods to reduce
heat sinking. The coil extends well below the bottom of the crucible so that
the thermocouple touching the crucible bottom is immersed within the same
heating environment as the crucible and thus stabilizes at the same temperature.
Moreover, the coil is extended towards the crucible mouth, above the level of the
charge, which leads the mouth of the crucible to be at higher temperature than
the temperature of the charge. This prevents condensation of evaporant droplets
at the mouth and also prevents evaporants which wet the crucible from migrating
out of it. In addition, the radiation heat shielding consists of several wraps of
corrugated Ta foil is used to reflects radiation from the coil and crucible, thereby
improving source temperature and reducing out gassing of nearby hardware.

A cup shaped crucible sources (length=17mm, and inner diameter=3mm)
made of aluminum oxide, molybdenum, and boron nitride were used as a source
of the evaporant. The boron nitride crucible was found to be the best type
for the evaporation of Au, Ag and Cu as compared to others. In some cases,
diffusion of evaporant materials into the crucible material and crack formation
in the crucible was observed in case of Au evaporant and molybdenum crucible.
Crucible materials should be chosen whose residual contaminants are the least
harmful to the film being deposited. However, much of the volatile contaminant
were removed from the crucibles and associated components by firing it at a
higher temperature than the desired evaporation temperature prior to the filling
with new evaporant.

The crucible sources has converted to a Knudsen cell by adding a closely
fitting cover with a small orifice to the crucible (Figure 3.7). In this case, the flux
through the orifice in each direction (in and out) is equal to the impingement
flux at the plane of the orifice. In the molecular flow region, the two fluxes
are independent of each other since the molecules cross paths without colliding.
In addition, an orifice at the top is small enough so that the resulting effusion
(Qe << Qv) does not significantly reduce the pressure in the vapor phase (P ≈
Pv). As is generally known, the equilibrium vapor pressure would be obtained in a
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thermodynamically closed system, but it is not possible in practical evaporation.
In evaporation, the environment of the vapor source acts as a vapor sink and the
evaporant atoms condense on all parts that are at lower temperature than the
vapor source.

Figure 3.7: Knudsencell

Systematic investigations of evaporation rates in vacuum has been per-
formed carefully mainly by Hertz, Knudsen and Langmuir. In these experiments,
the evaporation rate is proportional to the difference between the equilibrium
pressure, Pe, and the hydrostatic pressure, Ph, acting on the evaporant. These
ideas led to the basic equation for the rate of evaporation,

Φe =
αeNA(Pe − Ph)

(2πMRT )
1
2

(3.3)

where Φe is the evaporation flux in number of atoms (or molecules) per unit area,
per unit time, and αe is the coefficient of evaporation, which has a value between
0 and 1.

Practically, the rate of deposition of metal atoms in a resistively heated
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evaporators is depend on the temperature of the crucible which itself controlled
by the electrical power and exhibited an exponential relationship. For instance,
the rate of deposition of Au atoms versus the electrical power applied to the
evaporator is shown in figure 3.8.

Figure 3.8: Rate of deposition of gold versus the electrical power sup-
plied to the metal evaporator.

On the other hand, the rate of deposition of the metal atoms on the sub-
strate exhibit a decrease with the deposition time as shown in figure 3.9. This
is related with the amount of material in the crucible and it is an indication for
the real evaporator used for the deposition of metal atoms not be considered as a
point source rather as an open-tube type of effusion cell. In this case, the beam
intensity varies with the level of the material inside the crucible [49]. Figure 3.10
shows some calculated beam intensity curves for L/a values varying from 0 to 10,
where L is the distance from the melt to the top of the tube and a is the inner
radius of the cell body. L will vary during evaporation.
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Figure 3.9: Rate of deposition of gold versus time of deposition

Figure 3.10: The relative beam intensity of the open-tube effusion cell
calculated for various tube length-to-tube radius ratios (L/a).
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3.4 Evaporation of Polymers

3.4.1 Polymers

A polymer is a substance composed of molecules which consist out of a long
sequence of one or more species of atoms or group of atoms linked to each other
by primary, usually covalent, bonds. In certain cases it is more accurate to call the
structural unit a monomer residue because atoms are eliminated from the simple
monomeric unit during the polymerization process. The essential requirement
for a small molecule to qualify as a monomer or building block is the possession
of two or more bonding sites, through which each can be linked to the other
monomers to form the polymer chain.

Based on the underlying molecular structure, polymers are classified into
three groups: thermoplastics, elastomers and thermosets. Thermoplastics are
linear or weakly branched polymers with negligible entanglement. They can be
crystalline or amorphous. Those which do crystallize invariably do not form per-
fectly crystalline materials but instead are semi-crystalline with both crystalline
and amorphous regions. The crystalline phases of such polymers are character-
ized by their melting temperature (Tm). Many thermoplastics are completely
amorphous polymers which exist as glassy solids. These polymers are character-
ized by their glass transition temperature (Tg), the temperature at which they
transform from glassy state (hard) to the rubbery state (soft). Both Tm and
Tg increase with increasing chain stiffness and increasing forces of intermolecular
attraction. Elastomers are cross-linked rubbery polymers that can be stretched
easily to high extensions and which rapidely recover their original dimensions
when the applied stress is released. This property is a reflection of their molec-
ular structure in which the network is of low crosslink density. Thermosets are
rigid network polymers in which chain motion is greatly restricted by a high
degree of cross-linking.

The transition from the glass to rubber-like state is an important feature
of polymer behavior, marking as it does a region where dramatic changes in the
physical properties, such as the specific volume, the modulus, the heat capac-
ity, the refractive index, and thermal expansion coefficient, are observed. This
transformation resembles phenomenologically as a second order transition due to
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a more pronounced change of the heat capacity and volume thermal expansion
coefficient at the vicinity of Tg.

One of the most frequently used methods of demonstrating and determining
the Tg is to follow the change in the volume of the polymer as a function of
temperature (Figure 3.11). In the regiments above and below the Tg there is a
linear variation in specific volume with temperature, but in the vicinity of the
Tg there is a change in the slope of the curve which occurs over several degree.
Another characteristic of the Tg is that the exact temperature depends upon the
rate at which the temperature is changed. It is found that the lower the cooling
rate the lower the value of Tg.

Figure 3.11: Schematic illustration of the specific volume V and tem-
perature of a polymer. The value of the glass transition temperature
Tg depends on the cooling rate v(K/h).

In order to analyze the glass transition temperature the concept of free
volume is used. The free volume is the space in the solid or the liquid not occupied
by polymer molecules, arising from the inefficient packing of disordered chains
in the amorphous regions of a polymer sample. The specific volume of a sample
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refers to the sum of the volume actually occupied by the polymer molecules and
the free volume in the system, which are temperature dependent. The free volume
is the measure of the space available for the polymer chain segments to undergo
rotation and translation. In the liquid state or rubber-like states the amount of
free volume will increase with temperature as the molecular motion increases.
If the temperature is decreased, the free volume will contract and eventually
reach a critical value when there is insufficient free space to allow large scale
segmental motion to take place. The temperature at which this critical value
is reached is the glass transition temperature. Below , Tg the free volume will
remain essentially constant as the temperature decreases further since the chains
have now been immobilized and frozen in position. The glass transition can then
be visualized as the onset of co-ordinated segmental motion made possible by an
increase of the holes in the polymer matrix to a size sufficient to allow this type
of motion to occur.

As the glass transition temperature depends largely on the amount of ther-
mal energy required to keep the polymer chains moving, it also depends upon
the physical and chemical nature of the polymer molecules. The most impor-
tant factors are chain flexibility, molecular structure, molar mass, branching and
crosslinking. The flexibility of the chain is the most important factor influenc-
ing Tg. It is a measure of the ability of a chain to rotate about the constituent
chain bonds, hence a flexible chain has a low Tg whereas a rigid chain has a high
Tg. The value of Tg increases as the molar mass of the polymer is increased. A
small number of branches tend to reduce the value of Tg, while a high density
of branches has the same effect as side groups in restricting chain mobility and
hence raising temperature. The presence of chemical cross-links in a polymer
sample leads to an increase in the value of Tg, because of the reduced specific
volume of the polymer leading to a restriction of molecular motion. If the density
of cross-links is very high the temperature range of the transition is broadened
and the glass transition may not occur at all.

Over the last decades, polymers have been used successfully in many in-
dustrial applications such as packaging, thin films, biomaterials, and coatings.
Polymers have excellent bulk physical and chemical properties, are inexpensive
and easy to process.
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3.4.2 Evaporator cell and evaporation of polymers

A home made boat design evaporator (Figure 3.12 was used to evaporate polymers
throughout this work. This evaporator cell contains labyrinth channels made of
copper and only used for evaporating polymer. Copper has a high melting point
as compared to the vaporization temperature of the polymer (150 − 540 ◦C).
Moreover, it has good thermal conductivity which enables to keep every part of
the cell at uniform temperature. The cell is surrounded by the filament and the
power supply controls the current passing the filament. A controller connects the
nickel - chromium thermocouple attached to the wall of the cell and the power
supply. Then the temperature can be adjusted by changing the current.

Figure 3.12: A boat shaped polymer evaporator.

The rate of deposition of polymers is controlled by the temperature of the
cell and it is found that the relationship between the rate and temperature of the
cell is not linear. For instance, the rate of deposition of Teflon atoms versus the
temperature of the cell is demonstrated as shown in figure 3.13. Nevertheless, in
contrast with the deposition rate of metal, the rate of deposition of polymers are
more or less stable with the deposition time at a saturated temperature of the
evaporator cell.

In this work, simple hydrocarbon polymers, or polymers consists of oxygen,
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Figure 3.13: Rate of deposition of Teflon AF versus heating temper-
ature of the polymer evaporator cell.

nitrogen, flouro groups or aromatic rings were evaporated. The candidate poly-
mers used for this research are: Teflon AF 1600 (Teflon), Poly(α-methylstyrene)
(PAMS), Polyamid 6 (Nylon), and Poly(methyl metacrylate) (PMMA). Their
chemical structure are shown in figure 3.14. These materials are known in their
physical properties such as outstanding optical clarity and transmission in the
UV-Visible region, low refractive index, relatively high glass transition tempera-
ture, and high chemical resistance.

The cell must be filled with polymer powder or granulate. After applying
a high current, the cell is heated up, the polymer melts and the vapor molecules
follow the path to the desired exit. Compared with the metal evaporator this
will give a high deposition rate and one must avoided the possible explosion. At
sufficient rate of evaporation, molecules reach to the substrate and repolymeriza-
tion occurs. Because of their complicated structures and physical properties of
the polymer materials, the polymer thin films are always prepared by the solu-
tion method. However, this is not compatible with the vacuum process for the
production of electronic devices.

37



3 Experimental

Figure 3.14: Chemical structure of Teflon(a), PAMS(b), Nylon(c),
and PMMA(d).

During the decomposition, polymeric material itself is essentially unvolatile,
and the quite large molecules must be broken down into smaller molecules that
can vaporize. In most cases, a solid polymer breaks down into a variety of smaller
molecular fragments. Each of the fragments has a different equilibrium vapor
pressure. The lighter the molecular fragments vaporize immediately upon their
creation while other heavier molecules remain in the condensed phase (solid or
liquid) for some time. While remaining in the condensed phase, these heavier
molecules may undergo further decomposition to lighter fragments which are
then easily vaporized. Some polymers break down completely so that virtually
no solid residue remains.

There are two strategies to produce a polymer thin films using the vapor
phase deposition method. The first is based on the polycondensation and polyad-
dition systems. In polycondensation system, two kinds of bifunctional monomers
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at their chain ends are coevaporated and polymerized on the substrate. Each
monomers can be easily vaporized at relatively low temperatures in an evacuated
chamber without any changes in the chemical structure. Up on the arrival on the
substrate, the two monomers react easily at their chain ends to form oligomers,
which will stay on the substrate for a long time because their vapor pressure de-
creases. In this case, the resultant polymer thin films include residual monomers
and show poor molecular orientation. Moreover, the molecular weight of the
deposited film is expected to be lower than the bulk due to unbalance stoichiom-
etry.The second strategy is the thermal degradation of polymers, transport of the
decomposition products from the source to the substrate, and repolymerization
processes. However, evaporation only works for a few selected polymers with
lower molecular weight.

3.5 Co-evaporation of Metals and Polymers

Co-deposition is a simultaneous deposition of two or more materials at the same
time. Co-deposition allows the preparation of a single layer of films consist of two
or more different materials together. This technique allows to produce metallic
nanoclusters distributed in a polymer matrix by co-evaporation of one or more
metal atoms along with a polymer from distinct sources.

3.5.1 Preparation of monometallic-polymer nanocomposites

Monometallic-polymer nanocomposites are composite materials which consists a
single type of metal nanoclusters three dimensionally distributed in a polymer
matrix. In this case, a single metal is evaporated simultaneously with a polymer
in a controlled rate of deposition from two different sources. Mainly, Au or
Ag (99.99% pure, Good Fellow Industries) was simultaniously evaporated with
Teflon (granulates, Dupont), PAMS (granulates, ALDRICH), PMMA (powder,
Scientific Polymer Products), or Nylon (granulates, Scientific Polymer Products)
in a home made vacuum chamber which was intially evacuated to a pressure
below 10−8 Pa.

Figure 3.1 shows the position of the different evaporators for the preparation
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of metal-polymer nanocomposites. Two quartz crystal monitors were used for
independent control of the deposition rates of metal and organic species. The
metal atoms evaporated from evaporator source 1 was controlled with quartz 1.
Whereas, the polymer which was evaporated simultaneously with the metal was
placed at the middle and controlled by quartz 2.

Evaporation of metal and polymer at an incident angle of 60 ◦C relative
to the center of the substrate surface was used to achieve a metal concentration
gradient in the composite film. This allowed to examine the optical and electrical
properties of the nanocomposites within a wide range of metal contents prepared
at the same conditions. Moreover, an angle incidence deposition helps to use the
shadowing effect to cover even a very small portion of the substrate in µm label.

These composite films were deposited on different substrates (Silicon wafer,
Glass, Kapton foil coated with evaporated aluminum or sputtered gold palladium,
and/or carbon coated TEM grids). The variation in the substrate is due to the
sample criteria for the characterization process. But to prevent the variation in
thickness and microstructure of the composite films on the different substrate
a thin film of polymer (10-15 nm) were deposited prior to the co-deposition. A
typical sample setup for the deposition of metal-polymer nanocomposites was
demonstrated in figure 3.15.

Figure 3.15: Schematic of the typical sample setup for the deposition
of nanocomposites.
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The physical properties of the metal-polymer nanocomposites is depend on
the experimental parameters during deposition. The rate of deposition of both
metal and polymer are the most significant parameters to determine the mi-
crostructure of the composites which are controlled during deposition. Moreover,
one can also use the free parameters such as time of deposition and substrate
temperature to control the microstructure of the film as well. A uniform rate of
deposition is highly recommended for both materials in order to achieve a metal
clusters uniformly distributed through out the polymer matrix in approximately
uniform size and shape of the cluster.

The relative position of the sample on the sample holder has a significant
role in both thickness and microstructure of the composite films. A normalized
thickness plot of a metal and polymer films deposited on the substrate versus the
position on the substrate holder along the axis of the two metal evaporators are
shown in figure 3.16 (top). In addition, the thickness distribution perpendicular
to the axis of the metal evaporators are shown in figure 3.16(below). The shape
of the distribution curves were not varied for samples deposited at different rate
of deposition and time for both metal and polymer films. Therefore, the gradient
in the local deposition rate of metal and polymer on the substrate allows the
production of composite films with various metal concentration in the film.

3.5.2 Preparation of bimetallic-polymer nanocomposites

The preparation of bimetallic clusters has been studied long ago by both chemical
and physical deposition techniques with a large percentage of the contribution
dedicated to the chemical process. Both techniques implement two basic strate-
gies to wards the formation of bimetallic alloy nanoclusters.

1. Preparation of bimetallic clusters during the deposition processes

2. Preparation of a core-shell structure from a two step deposition and transfer
in to an alloy clusters in various treatment

Link [51], Moskovits [52], and their co-workers prepared a Au-Ag alloy
nanoparticles by co-reduction of metal salts consisting of Au and Ag using a
reducing agent in a solution. Whereas, the preparation of core-shell structure
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Figure 3.16: Normalised thickness distribution of metal and polymer
films along the axis of the two metal evaporators (top) and perpendic-
ular to the axis of the metal evaporators (below).
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of Au and Ag by a two step reduction of metal salts and the transformation of
this structure into alloyed nanoparticles using laser induced melting and chem-
ical treatment were reported by Hodak [53] and Schierhorn [54], respectively.
Nevertheless, these chemical methods were not successful to produce very small
particles below 10 nm and involved many other draw backs [55].

Physical deposition techniques were also implemented to produce alloy
nanoparticles in various researchers. Papavassiliou [56] was used evaporation
of Au-Ag alloys of desired composition, which initially prepared by melting and
mixing the Au and the Ag together in a silica crucible. Later Au-Ag and Ag-Cu
bimetallic alloy nanoparticles were prepared by Cottancin [57]using laser-induced
evaporation of an alloy target. Moreover, bimetallic clusters were produced by
using alternative pulsed laser radiation from different targets by Gonzalo [58]
and co-workers. The preparation of the Ag-Au core-shell structure prepared by
using a two step evaporation method and transformation into completely alloyed
bimetallic structure by heating the film at 300 ◦C was demonstrated by Baba
[59] as well.

Here, in this work a novel technique was implemented to produce bimetallic
alloy nanoparticles in different from the various research reports until now. Two
different metals were evaporated from two distinct sources simultaniously. Two
quartz crystal thickness monitors (1 and 2) were used to determine and control the
rate of deposition of the metals independently during the experiment. A polymer
was co-evaporated along with the two metals to support the three dimentional
growth of alloy clusters and to be a dielectric host. The rate of deposition of the
polymer was determined prior the co-deposition of all the three materials in one of
the quartz monitors. This method of preparation allows one to produce bimetallic
alloy nanoparticles with various alloy composition and metal concentration in the
film in a well controlled manner. Independent control of the rate of deposition
of metals during the co-deposition process makes our technique very interesting
and effective for the production of bimetallic alloy nanoparticles in the polymer
matrix.

In this work Au-Ag and Ag-cu alloy bimetallic nanoclusters in Teflon AF
1600 matrix were produced by co-evaporation technique explained above. The
microstructure of this clusters and the physical properties will be discussed in
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the following chapters.

The summary of materials used for polymer composites containing metal
clusters during this work are given in the following table.

Table 3.1: Materials used in this work
Material Description Source Form of use
Gold wire (purity = 99.99%, d =

1 mm, l = 1 m)
GoodFellow Vapor de-

posited
Silver wire (purity = 99.99 %, d =

1 mm, l = 1 m)
GoodFellow Vapor de-

posited
Copper wire (purity = 99.99 %, d =

1 mm, l = 0.5 m)
GoodFellow Vapor de-

posited
Teflon AF 1600 granulate (ρ = 19.8 g/cc,

Mw = 1 mm, Mw/Mn = 1)
DuPont Vapor de-

posited
Poly-α-
methylstyrol

granulate (Mw =
9, 000 g/mol)

Aldrich Vapor de-
posited

Poly-
methylmethacrylate

powder (Mw =
35, 000 g/mol, Mw/Mn = 1)

Scientific
Polymer
Products

Vapor de-
posited

Polyamid 6 granulate (ρ = 19.8 g/cc,
Mw = 1 mm, Mw/Mn =
1 m)

Scientific
Polymer
Products

Vapor de-
posited

Silicon wafer (d = 1 mm, l =
125 mm, t = 0.625 mm)

GoodFellow Substrate

Glass dimensions = 76 mm ∗
26 mm, t = 1 mm

Eydam Substrate

TEM-grid carbon coated Plano substrate
Polyimid Kapton foil (ρ = 19.8 g/cc, d =

1 mm, l = 1 m)
GoodFellow Substrate
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In the present chapter the fundamentals of the characterization methods for struc-
tural, chemical and physical properties of nanocomposites are briefly described.
These includes, in situ film thickness monitoring using quartz crystal microbal-
ance, postdeposition actual thickness measurement by profilometry, and relative
atomic concentration measurements using energy dispersive x-ray analysis. More-
over, transmission electron microscopy is intensively used for the morphology
characterization of the films. Functional properties particularly the optical and
electrical behavior of the polymer-metal nanocomposites are investigated using
UV-Visible spectroscopy and keithley picoammeter.

4.1 In Situ Film Thickness Monitoring

4.1.1 Quartz Crystal Microbalance

A quartz crystal microbalance (QCM) is a universally employed technique for in-
situ monitoring of the thickness of the film. The QCM consists of a thin quartz
crystal sandwiched between two metal electrods as shown in figure 4.1. Thus, an
alternating electric field is applied across the crystal, causing vibrational motion
of the crystal at its resonant frequency.

The basic working principle of the QCM is the converse piezoelectric effect
in which application of a voltage across the crystal results in a corresponding
mechanical strain. The crystal symmetry dictates that the strain induced in a
piezoelectric material by an applied potential of one polarity will be equal and
opposite in direction to that resulting from the opposite polarity. Application
of an electric field across the crystal produces a shear strain proportional to
the applied potential [60]. Therefore, an alternating potential across the crystal
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Figure 4.1: Quartz-crystal deposition monitor in cross section

causes vibrational motion in the quartz crystal with amplitude parallel to the
surface of the crystal.

The extremely sensitive nature of the piezoelectric devices toward mass
changes was first demonstrate by Sauerbey [61]. According to Sauerbeyťs equa-
tion, the mass changes ∆m at the surface of the QCM electrode surface causes a
change in the oscillation frequency ∆f of the crystal:

∆f = −Cf ∆m (4.1)

where Cf is the sensitivity factor for crystal used. Equation 4.1 relies on a linear
sensitivity factor which is the fundamental property of the QCM crystal. In this
case, the incremental change in mass due to the additional deposition is treated
as though it was really increasing the thickness of the underlying quartz. The
deposited film is considered to be rigid and so thin that it does not experience
any shear forces during vibration.
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The thickness of the film can be calculated by:

df =
∆m

ρf

(4.2)

where df and ρf are the thickness of the film and the bulk density of deposited
film, respectively. However, vacuum and gas phase thin film depositions exhibit
more complicated frequency-mass correlations as shown in equation:

df =
Nqρq

πρfZf1

tan−1

[
Z tan

(
π(fuf1)

fu

)]
(4.3)

where Nq is the frequency constant of a quartz crystal, ρq is the density of the
quartz (2.684g/cm3), f1 and fu are frequencies of loaded and unloaded crystals,
respectively and Z is the Z-factor of the film material.

Rate computation is based on the rate of the change in thickness. How-
ever, instrumental calibration is affected by three different parameters, material
density, material Z-factor, and tooling. Tooling is a deposition system geometry
correction (location of sensor relative to substrates). Density and Z-factor are
material factors.

The use of the material bulk density value will normally provide sufficient
film thickness accuracy. In the case of Au, Ag, Cu, and Teflon, the Z-factors are
given on the technical specifications of respective product. However, it is also
possible to calculate the Z-factor by the following formula,

Z =

[
ρqGq

ρfGf

] 1
2

(4.4)

where Gq and Gf are the shear moduli of the quartz and the film material (usually
bulk values are taken for calculations), respectively. The accuracy of the mass
load and thickness calculation mainly depends on how accurate the Z-factor and
material density is known.
The correct tooling factor value is determined by:

Tooling % = 100×
(

Substrate Thickness

Displayed Thickness

)
(4.5)
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4.2 Condensation Coefficient and Filling factor

During the co-evaporation process, the deposition rate of metal Rm and polymer
Rp were monitored by two independent quartz crystal microbalance. The nominal
or equivalent thickness (Rm +Rp)t, where t is the time of deposition, is a measure
of the amount of composite film thickness. However, this result is not identical
to the amount of composite film actually deposited onto the substrate. The
actual measurement by surface profilometry is much lower than the quartz crystal
microbalance and the difference is depend on the condensation coefficient, which
is usually unknown, and needs to be determined. The condensation coefficient C,
is defined as the ratio of the number of atoms actually deposited onto the surface
to the total number of atoms arriving at the surface.

Previously, two different methods for determination of the condensation
coefficient of metal atoms onto polymer surfaces were developed in our group.
These include a very sensitive radiotracer method [62] and XPS method [63, 64].
In a radiotracer method, metal isotopes are evaporated onto polymer sample
through an aperture, and re-emitted atoms are collected on a catcher plate (C ≈
1) which collects a constant fraction of the reemitted atoms as shown in figure 4.2.
With this value, C follows from the ratio of the radioactivity on the catcher plate
and on the sample. Moreover, sectioning of the catcher plate and counting the
activity of the metal deposited on each section also yields the angular deposition
of the reemitted atoms.

The second method XPS was developed in order to avoid the limitation
of the first method of using radioactive isotopes. In this method intensities are
calibrated by depositing metal atoms onto substrates such as metal or polyimide,
where the condensation coefficient is known to be very close to unity at room
temperature. This intensity acts as a point of reference and can be related to
the nominal thickness monitored by the quartz microbalance. The XPS peak
areas were used to calculate the C assuming the measured XPS intensity of a
metal peak is proportional to the total number of metal atoms deposited on a
surface. Cluster sizes are determined from intensity ratios of two metal X-ray
photoelectron lines, which are well separated in their kinetic energy. The validity
of this method was checked using the diameters of metal clusters obtained directly
from TEM micrographs and shows a good agreement in all the cases.
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Figure 4.2: Sketch of the setup for measuring condensation coefficients

In this work, a third method is introduced to determine the condensation
coefficient of metal atoms in polymers and the amount of metal volume concen-
tration in the 3D composite films. As shown in the geometry of the deposition
chamber in figure 3.1, metal deposition takes place at symmetrically opposite
direction and at an incident angle of 60 ř relative to the substrate surface. This
allows to determine the local rate of deposition of metal and polymer using a very
thin narrow mask of width 0.75mm and thickness 0.33mm on top of the substrate.
Thus, as a result of the shadowing effect, different regions that exposed only to
the deposition of metal, polymer or both are exhibited. The microscopic picture
and thickness profile in figure 4.3 clearly shows the thickness of pure metal and
pure polymer film near the two opposite edges of the mask in a shadowed area
of less than 30µm in width and the composite film around the mask. The stick-
ing coefficient of metal atoms on metal and polymer molecules on polymers are
known to be unity. Thus, the high Ag peak is due to the complete condensation
of Ag on Ag. Whereas, the condensation coefficient of Ag on the growing com-
posite is significantly very small to unity. Therefore, the local deposition rate of
each component is determined from the pure metal and polymer film.
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Figure 4.3: Microscopic picture of Ag/Teflon nanocomposites around
the masked region and the thickness profile to the left and right side
of the mask. The various regions are (A) nanocomposite film, (B)
Teflon film, (C) the substrate, and (D) Ag film.

An energy dispersive X-ray Spectrometer (EDX) mounted in a scanning
electron microscope (SEM) was used to determine the local atomic concentra-
tion of metal atoms in the composite films. A uniform metal film with the same
thickness range as the composite film was used as the standard for EDX measure-
ment. A comparison of the relative atomic concentration of the metal between
the composite films and the standard film of known thickness is used to determine
the atomic concentration in the composite film. The fluorescence and adsorption
contributions in this range of film thickness (40 − 70 nm) are very small, which
was supported by the linear dependence of the metal intensities on the standard
thickness.

Both the condensation coefficient of metals and metal content in the com-
posite film were determined from the EDX analysis and thickness measurement
by profilometry in combination. The condensation coefficient can be calculated
from the ratio between the metal thickness in the composite film (determined
from the EDX) to the pure metal peak at the edge of the mask (Profilometry).
Similarly, the metal content in the composite can be determined from the ratio
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of the thickness of the metal in the composite to composite film thickness.

The content of metal nanoparticles in the composite films, which was spec-
ified as a volume filling factor f usually determined from

f =
m
V
− ρp

ρm − ρp

, (4.6)

where ρp is the density of the polymer host, ρm is the density of the metal, m is
the mass and V is the volume of the composite film. However, the experimental
film thickness was too small to determine the concentration of metal in the film
by weight measurement and the EDX method is considered to be more accurate.

Similarly, the filling factor and the atomic composition in bimetallic polymer
composites can be determined from the EDX and Profilometry. The actual rate
of deposition of the constituent metal atoms of the alloy can be found from the
peak around the mask as shown in figure 4.4.

Figure 4.4: The thickness profile of the nanocomposites around the
two edges of the mask. The left side profile shows the thickness of the
Au peak (C), the Au/Teflon (B), Ag-Au/Teflon (A), masked area (D),
the Ag peak (E), the Ag/Teflon (F), and Ag-Au/Teflon (G). Photo of
the deposited film around the mask was shown in the middle of the
two side profile.
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4.2.1 Profilometry

Profilometry is a mechanical sensing system which measures roughness by the
mechanical moment of a diamond stylus over the sample of interest as indicated
in figure 4.4. In profilometry, the sharply pointed stylus has a direct contact to
the surface and follows the height variations as the sample is moved. The height
variations are converted into electrical signals, producing a profile. The resulting
trace represents a cross-sectional view with height vertical resolution. The stylus
force typically spans from 0.1 to 50 mg, enabling step heights from 0.5 nm to
800 µm. The radius of the stylus is 12.5 microns, and the horizontal resolution is
controlled by the scan speed and scan length. There is a horizontal broadening
factor which is a function of the radius of the stylus and of step height. This
broadening factor is added to the horizontal dimensions of the steps. Moreover,
the technique does not required a special sample preparation and almost any
sample that will not be deformed by the stylus can be measured very rapidly.

In these experiments, the steps used for thickness measurement were made
by a thin narrow width mask before the film deposition process. Additional
scratching of the films after the deposition process was also used as a method of
conformation but not as a main method to determine the thickness of the film.

Dektak 8000 profilometer (Veeco) was used for film thickness measurmants
and calibration of monitored thickness. The instrument can measure small surface
variations in vertical stylus displacement as a function of position. The system
provides a maximum of 65, 400 data points per scan for high horizontal resolution
and excellent baseline stability for superior measurement repeatability. However,
the accuracy of stylus measurements is affected by substrate roughness which
gives excessive noise into the measurement and the vibration of the equipment.

4.2.2 Energy Dispersive X-Ray (EDX) Analysis

An Energy Dispersive X-ray Spectrometer (EDX) mounted in a scanning electron
microscope (SEM) (Philips X L30) was used to identify and determine the local
content of metal in metal-polymer nanocomposite films.

When an electron beam (< 0.01 µm in diameter) strikes the sample and
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dwells for a few microseconds interactions occur inside the sample. The inter-
action between the electron beam and the specimen is the basis of electron mi-
croscopy. These fast primary electrons interact in various ways with the surface
layer of the specimen as shown in figure 4.5(left). The zone, in which such inter-
actions occurs and in which different signals are produced, is called interaction
volume (figure 4.5(right)). The interaction volume depends strongly on the ap-
plied acceleration voltage and the atomic number(s) of the element(s) in the
specimen. The penetration depth of the electrons increases with increasing the
acceleration voltage and decreases with increasing the atomic number. The shape
of the interaction volume is dependent up on scattering processes by mean atomic
number.

Figure 4.5: The possible interactions of an incident electron beam and
a sample (left), and the interaction volume (right).

When a lower (usually K-shell) electron was emitted from the atom during
the secondary electron process and an inner (lower energy) shell now has a va-
cancy. Thus, a higher energy electron can drop into the lower energy shell to fill
the vacancy. This process leads to emit energy, usually X-rays, to balance the
total energy of the atom (see figure 4.6).

The X-ray emission signal can be sorted based on energy in an energy
dispersive X-ray detector. The detector used in EDX is the Lithium drifted Silicon
detector. This detector is operated at liquid nitrogen temperatures. When an
X-ray strikes the detector, it generates a photoelectrons within the body of the Si.
As this photoelectrons travels through the Si, it generates electron-hole pairs. The
electrons and holes are attracted to opposite ends of the detector with the aid of a
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Figure 4.6: Schematic representation of (a) the ionization process, (b)
x-ray emission and (c) Auger-electron emission.

strong electric field. The size of the current pulse thus generated depends on the
number of electron-hole pairs created, which in turn depends on the energy of the
incoming X-ray, and the composition of the sample. Thus, an X-ray spectrum can
be acquired giving information on the elemental composition of the material under
examination. By moving the electron beam across the material an image of each
element in the sample can be acquired. These distributions are characteristics of
the elements that produced them and the SEM can use those signals to produce
elemental images that show the spatial distributions of particular elements in the
field of view.

EDX was used for compositional analysis of the nanocomposites. Princi-
pally EDX is a microanalytical technique that uses the characteristic spectrum of
x-rays emitted by the specimen after excitation by high-energy electrons to obtain
information about its elemental composition. Determining the actual composi-
tion of the metal clusters in the film requires an analysis of the energies of the
X-rays generated when the probe electrons interact with the sample atoms. The
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characteristic X-rays have energies that are characteristic of the elements present
in the sample. By identifying the emission lines in an acquired spectrum it is
possible to determine which elements are present in the particulate sample.

Elemental concentrations of clusters and matrix can be determined from
the relative intensity of the peaks in the X-ray spectrum. This is achieved by
normalizing the number of X-ray counts in the peaks to a major peak or to the
total number of counts after corrections have been made for peak overlap and X-
ray background. The quantitative analysis of the film is carried out from the ratio
of the characteristic x-ray intensity measured from the specimen to that measured
from the standard. The measured intensity ratios between the specimen and the
standard are roughly equal to the ratios of the mass or weight fractions of the
emitting element,

Ci

Cs

=
Ii

Is

(4.7)

where Ci and Cs are the composition in weight(mass) concentration of element
i in the unknown and in the standared, respectively. The ratio of the measured
unknown to standared intensities, Ii/Is. However, a significant systematic devia-
tion between the ratio of measured intensities and the ratio of concentrations are
known in a homogeneous substances with multielement composition compared
to pure element standards due to matrix effects. Using matrix effects, the most
common form of the correction equation is

Ci

Cs

= [ZAF ]i
Ii

Is

(4.8)

The term ZAF in equation 4.8 refers to the correction due to effect of atomic
number (Z), X-ray absorption effect (A) and X-ray fluorescence. Nevertheless, for
thin specimens from 30 to 80 nm in thickness a linear dependence of intensity with
film thickness was observed which is an indication for the negligible contribution
of these factors.

Figure 4.7 shows a typical example of EDX spectra of bimetallic nanocom-
posites at selected regions of the film around the masked area shown in figure 4.4
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Figure 4.7: EDX spectra for the regions around the mask (a) bimetallic
polymer composites, (b) Ag standard film, (c) Au standard film, and
(d) substrate (masked area).

4.3 Morphology and Structural Characterization

4.3.1 Transmission Electron Microscopy (TEM)

Philips CM30 electron microscope with a maximum acceleration energy of 300 KeV

was used to analyze the morphology (shape, size and size distribution of clusters)
of the metallic clusters in thin polymer films. TEM offers a high resolution which
extends to atomic dimensions and microscopy of thin film specimens.

In transmission electron microscopy (TEM) high energy electrons are used
to irradiate thin specimens about 50 nm or less in thickness. The transmitted
electrons form an image of the specimen magnified in several steps with the
aid of electro-optical lenses and the entire image can be observed directly on a
fluorescent screen (see figure 4.8). A detailed description of this technique can
be found in [65, 66]
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Figure 4.8: Schematic of the Transmission Electron Microscopy
(TEM)

The electrons emitted from the electron gun are accelerated to an energy of
100−300 KeV . The condenser lens then shapes them into an approximately par-
allel beam which illuminates the specimen uniformly. The objective lens produces
a first image, which then is further magnified by intermediate and projector lenses
and is finally projected onto the fluorescent screen. The image can be recorded
on a plate by exposing the photographic emulsion, or as in our case by CCD
camera, which allows further digital picture processing.

There are two very broad modes of TEM operation, namely imaging and
analytical (figure 4.9). In the former, structural images ranging from low magni-
fication to atomic resolution are directly revealed, whereas in the later structural
information is indirectly revealed through analysis of diffracted beam geometries
and energies.

The image contrast is generated by the incident electrons that are elasti-
cally scattered (Bright-field) or diffracted (Dark-field) in the specimen by small
angles as shown in figure 4.10. In most cases, only electrons penetrating the spec-
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Figure 4.9: Ray diagram for a TEM in the image mode (left) and
selected area diffraction mode (right).

imen without scattering are used for image formation. The adjustable objective
aperture limits the scattering angle of the electrons to the order of 1 mrad and
allows only the direct beam to pass through. Since the scattered or diffracted
electrons are excluded, any changes in the intensity of the transmitted beam due
to inhomogeneities in the specimen with respect to density, thickness, and orien-
tation create an image contrast. Bright-field imaging provides a distinct image
contrast available when scattered or diffracted beams are excluded by means of an
objective lens. The dark-field image is obtained by selection of certain diffracted
beams using beam tilting or objective aperture displacement. This is used for
imaging specimen regions of specific orientation, structure or composition.

The nanocomposite films were consists of polymers with low atomic weight
elements and metallic clusters of high atomic weight elements. As a result metallic
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Figure 4.10: Ray diagram for bright filed imaging and dark field imag-
ing.

clusters with a higher atomic number exhibited a larger scattering which leads a
cluster to appear as dark than the polymer film.

4.4 Optical and Electrical Characterization

4.4.1 UV-Vis Spectroscopy

Ultraviolet and visible (UV-VIS) absorption spectroscopy is the measurement
of the attenuation of a beam of light after it passes through a sample or after
reflection from a sample surface. Absorption measurements can be at a single
wavelength or over an extended spectral range. Ultraviolet and visible light are
energetic enough to promote outer electrons to higher energy levels, and UV-VIS
spectroscopy is usually applied to molecules or inorganic complexes in solutions
or organic matrices.

The UV-VIS spectra have broad features that are of limited use for sample
identification but are very useful for quantitative measurements. The concentra-
tion of an element in a matrix can be determined by measuring the absorbance
at some wavelength and applying the Beer-Lambert Law. Matter can capture
electromagnetic radiation and convert the energy of a photon to internal energy.
This process is known as absorption. Energy is transferred from the radiation
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field to the absorbing species. We describe the energy change of the absorber as
a transition or an excitation from a lower energy level to a higher energy level.
Since the energy levels of matter are quantized, only light of energy that can cause
transitions from one level to another will be absorbed. Indifferent with the IR
spectroscopy in which absorption is caused by molecule oscillations, absorption
in the UV-Vis spectroscopy is due to electronic transitions.

When an atom or molecule absorbs energy, electrons are promoted from
their ground state to an excited state. In a molecule, the atoms can rotate and
vibrate with respect to each other. These vibrations and rotations also have
discrete energy levels, which can be considered as being packed on top of each
electronic level. Absorption spectroscopy is one way to study these energy levels
of the atoms, molecules, and solids. An absorption spectrum is the absorption of
light as a function of wavelength. The spectrum of an atom or molecule depends
on its energy-level structure, making absorption spectra useful for identifying
compounds.

Since the UV-VIS range spans the range of human visual acuity of ap-
proximately 400 − 750 nm, UV-VIS spectroscopy is useful to characterize the
absorption, transmission, and reflectivity of a variety of technologically impor-
tant materials, coatings, thin films and filters. This more qualitative application
usually requires recording at least a portion of the UV-VIS spectrum for charac-
terization of the optical or electronic properties of materials.The UV-VIS spectral
range is approximately 190 to 900 nm, as defined by the working range of typical
commercial UV-VIS spectrophotometers. Nevertheless, a high-end commercial
UV-VIS spectrophotometers extend the measurable spectral range into the NIR
region as far as 3300 nm.

The light source is usually a deuterium discharge lamp for UV measurements
and a tungsten-halogen lamp for visible and NIR measurements. The instruments
automatically swap lamps when scanning between the UV and visible regions.
The wavelengths of these continuous light sources are typically dispersed by a
holographic grating in a single or double monochromator or spectrograph. The
spectral bandpass is then determined by the monochromator slit width or by
the array-element width in array-detector spectrometers. Spectrometer designs
and optical components are optimized to reject stray light, which is one of the
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limiting factors in quantitative absorbance measurements. The light beam is
redirected automatically to the appropriate detector when scanning between the
visible and NIR regions. The diffraction grating and instrument parameters such
as slit width can also change.

In this work, UV/Vis/NIR-spectrometer Lambda900 (Perkin Elmer) was
used to determine the absorbance, transmittance or reflectance of nanocomposite
films prepared on a glass substrate. In this case, the monochromatic light simply
passes through the sample, and a single detector measures the final intensity (I).
The initial intensity is that which passes through "blank" sample (Io). In double-
beam instruments, the light is split (usually by a chopper or low-height mirror)
between the sample and a reference. Two detectors simultaneously measure the
two separate intensity values. Detectors are usually just photomultiplier tubes,
but other types may also be used.

The light intensities weaken themselves with the passage by a material in
accordance with the Bear Lambert law, which can be used to determine the
concentration of the absorbant materials.

I = Ioe
−α(λ)CL, (4.9)

and The Beer-Lambert equation, A = αCL, relates absorbance with the molar
absorption coefficient (α), the concentration of the element in the sample (C),
and the sample path length (L).

The intensity of the light beam after exiting the sample (I) is measured to
determine the absorbance (A) of the sample according to the following relation-
ship:

A = log

(
I

Io

)
(4.10)

,
The absorption of the light during the passage through material is not the only
cause of the weakness of the light intensity, but also due to dispersion and reflec-
tion. Thus, Extinction (Absorption + reflection) is the total light attenuation by
a sample. However, the extinction is equivalent with the absorption for nanos-
tructures of size below 15 nm, at which the light reflectance is negligible.
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4.4.2 Resistance measurment devices

The resistance measurment of the nanocomposite thin films were carried out using
a Keithley Picoammeter 6485 as shown in figure 4.11(top). A constant voltage
of 0.6 mV was applied across the gold-paladium contact film (about 60 nm) via
the nanocomposites as shown in figure 4.11(bottom), and the current through
the contacts was measured by the Picoammeter. The sensitivity of the Kiethley
6485 is in the range of 10 PA to 1 mA.

Figure 4.11: Image of the setup used for recording the current through
the composite film (top) and schematic drawing of the film preparation
for the resistance measurement (bottom).

A high voltage would lead to a very high current density and eventually
destroy the metal nano-clusters on the device. Thus, a home made voltage con-
troller was used to provide a constant output.
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5 Nucleation and Growth of Metal
Nanoclusters in Polymers

5.1 Introduction

The synthesis of metallic nanoclusters in a polymer matrix described in this work
is based on co-deposition of two extremely dissimilar materials (metals and poly-
mers). Metals are densely packed crystalline solids with high cohesive energy,
whereas polymers are made up of large covalently bonded macromolecules held
together by very week mostly only van-der-Waals type interactions in an open
structure [67]. The cohesive energy of metals is typically two orders of mag-
nitude higher than the cohesive energy of polymers. Moreover, the interaction
between moderately reactive metals and polymers is generally much weaker than
the strong metal metal binding forces. These distinctions of physical proper-
ties lead to a strong aggregation tendency of metal atoms and the formation of
nanoclusters. These metallic nanoclusters of low reactivity exhibit no intermix-
ing with the surrounding polymer matrix due to extremely low solubilities in
polymers under equilibrium conditions. Thus, a controlled synthesis of nanocom-
posites require a full understanding of the atomic processes responsible for the
nucleation and growth of metallic clusters in polymers. To understand this pro-
cess an empirical model was developed to describe the nucleation and growth
processes. The schematic diagram of processes and characteristic energies in nu-
cleation and growth of metal clusters on polymer surface are shown in figure
5.1(left).

The various competing processes during the nucleation and growth of metal
clusters on polymer surfaces are systematically investigated and reported in more
detail by Faupel et al [67, 68]. Here in this work the co-deposition process is
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described based on the model proposed for a tandem process of metal deposition
on a polymer surface. In this case, the nucleation and growth of nanoclusters
taking place during the tandem deposition can be considered as process taking
place at a particlualr time of deposition and thickness of the film during the film
growth.

Figure 5.1: Processes taking place at an instantaneous time of depo-
sition and thickness of nanocomposites during the film growth where
isolated metal atoms impinge on the growing polymer surface. The
arriving atoms (a) may perform a random walk on the surface (b). In
their diffusion path, metal atoms encountering each other may per-
form aggregates at the surface (c) or reemitted into the vacuum (d).
Moreover, metal atoms can be diffuse into the growing polymer film
(e) and form aggregates in the polymer film (f). Metal clusters may
also be embedded into the polymer (g).

The energetic vapor metal atom impinge on the simultaneously growing
polymer surface with the thermal energy they have gained during evaporation
and quickly loose this energy into the surface upon arrival. Hence, these atoms
which imping on the polymer surface, did not get reflected directly back into the
vacuum, rather they usually remain on the surface and migrate over the surface
randomly for a length of time τs given by [69, 70]

τs =
1

ν
exp

Edes

kT
, (5.1)

where ν (typically 1012 s−1) is an atomic vibration frequency, Edes is the energy
required to desorb back into vacuum, k is Boltzmannťs constant and T the tem-
perature. During its residence time, the metal atom is capable of diffusing a
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mean distance χ from the site of incidence given by

χ =
√

2Dsτs. (5.2)

The surface diffusion coefficient Ds is essentially

Ds =
1

2
a0

2νexp
−Es

kT
(5.3)

and therefore
χ = a0exp

Edes − Es

2kT
(5.4)

where a0 is an atomic dimension and Es is the activation energy for surface
diffusion.

Since typically Edes is several times Es, (χ/a0) can be large at suitably low
temperatures. As a result, during the migration over the surface, the adatoms
will encounter other atoms and are captured by a surface site. Depending on the
size of the binding energy between these atoms and their areal density, they will
form critical clusters, which may then grow to form large and stable clusters of
atoms. This binding energy between atoms and the energy of critical clusters
are centrally important to the understanding of nucleation and growth processes
[71].

There are two extreme cases for metal nucleation on a polymer surface,
preferred nucleation and random nucleation [72]. Preferred nucleation and ran-
dom nucleation refers where nuclei are formed due to metal atoms trapped at
preferred sites and by metal atom encounters, respectively. The density of the
nuclei depends on these nucleation processes (preferred or random nucleation),
the surface diffusion coefficient and the sticking coefficient. Their contribution
to metal cluster formation is highly dependent on the experimental parameters,
mainly the rate of deposition and the substrate temperature as well as on the
particular metal-polymer combination (surface energy) [73]. If metal atoms im-
pinge on metal surfaces their sticking coefficient is generally very close to unity
[74]. The sticking coefficient is defined as the ratio of the number of atoms stick-
ing on the surface to the total number of metal atoms arriving at the surface
[73]. For metals this is some times more appropriately termed the condensation
coefficient C. In order to understand the influence of deposition parameters on
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the cluster densities, it is necessary to distinguish between two regimes of metal
condensation (incomplete and complete condensation). In complete condensation
(C = 1) clusters are formed at lower temperatures by random nucleation and it is
deposition rate dependent. In contrast, polymers with incomplete condensation
C < 1 at room temperature show a significant lower and non deposition rate
dependent cluster density, indicating preferred nucleation at defect sites.

The probability to find a preferred site is proportional to the mean distance
that they diffuse on the surface. If χ is greater than the average distance d

between two neighboring sites, its probability to find a preferred site is unity.
If not, the probability is assumed to be equal to χ/d. Thus, the condensation
coefficient C of metal on polymer surfaces, can be expressed as

C =

{
1, χ≥d

χ/d, χ < d
(5.5)

The measured condensation coefficient only depends on the number of
trapped atoms on the polymer surface. Therefore, the condensation coefficient is
closely related to the probability of finding a surface site with sufficient binding
energy to remain adsorbed on the surface [75, 76]. This can be a preferred site on
the polymer surface or a nucleation site. These preferred sites include impurities,
defects, terminal groups or attractive arrangements of the polymer chains, which
are related to the surface roughness of the polymer and significantly dependent
upon the temperature. When an atom arrives at the surface, its probability to
find a trapping site is related to the density of these sites. The larger the number
of nucleation sites N , the smaller the average distance between the growing clus-
ters. As a result, the condensation coefficient increases since the condensation
probability is controlled by surface diffusion. The condensation coefficient can be
expressed as

C ∝ Nc
1/2exp

Edes − Es

kT
, (5.6)

where Nc is the number density of the growing clusters.

The physical and chemical properties of such composite films are usually
dependent on the film microstructure. To obtain a composite film with the desired
properties, it is necessary to manipulate the microstructure of the film, i.e film
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thickness, size and concentration of the dispersed metal particles and the spatial
distribution of the particles in the composite film. These parameters depend
on the condensation coefficient of metal atoms, and itself depend on the rate of
deposition, metal-polymer combination and the metal nucleation. Moreover, one
must suppress the formation of any undesirable clusters of inhomogeneous sizes.
Therefore, knowledge of the nucleation and growth processes of metal atoms in
polymers will be mandatory prior to their use in functional applications.

5.2 Results and Discussion

5.2.1 Growth of monometallic nanoclusters in polymers

In this section, several examples of metal-polymer combinations are considered
in order to demonstrate the possible controlled synthesis of metallic clusters in a
polymer matrix: Au/Teflon, Au/PAMS, Ag/Teflon, Ag/Nylon, and Ag/PMMA.
To prevent the formation of metallic layers at the early stages of the film growth;
the substrates are coated by thin polymer films prior to the co-deposition.

In simultaneous deposition, the nucleation and growth of metallic clusters
in polymers are strongly depend up on the rate of deposition of both constituents:
metal and polymer. Therefore, the ratio between the rate of deposition of metal
and polymer is a very important parameter to describe the film growth. Figure
5.2 shows the volume fraction of Au and Ag nanoparticles versus the ratio of de-
position rates for different polymers. As a result, the metal filling factor depends
on the condensation coefficient of metal atoms on a given polymer surface as well
as on the metal-polymer deposition rate ratio.

Practically, it was observed that the filling factor of metal in the polymer
matrix increases linearly with the increase in the ratio r of the deposition rates
of metal (Rm) to polymer (Rp). The slope of the plots is proportional to the
value of the condensation coefficient of metal atoms on the given polymer hosts.
Early in the deposition process and at low rate of deposition the cluster density
increases rapidly due to the formation of new nuclei. Later and at a high rate
of deposition the formation of new nuclei becomes negligible and the growth of
already existing clusters dominates. Therefore, the condensation coefficient of
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Figure 5.2: Metal volume filling factor versus ratio of deposition rates
of Au to Teflon and PAMS (top); and Metal volume filling factor
versus ratio of deposition rates of Ag to Teflon, Nylon and PMMA
(bottom).

metal atoms increases with an increase in the rate of deposition. At higher metal
coverages, metal atoms increasingly impinge on metal clusters and finally the
condensation coefficient approaches unity.

On the other hand, an extremely large difference in the condensation co-
efficient of metal atoms in various polymers were observed. For instance, the
condensation coefficient of Au atoms in PAMS is about 0.3 at low r < 0.25 and

68



5.2 Results and Discussion

increases rapidly to unity at r ∼ 1.5. Whereas the condensation coefficient of Au
atoms in Teflon is extremely low (smaller than 0.03) even at r ∼ 1.5 and increases
slowly up to 0.1 at a high metal-polymer deposition ratio of r = 3.5. Similarly,
large differences in the Ag filling factors in PMMA, Nylon, and Teflon are indi-
cated for the similar metal-polymer ratio, which is an indication for differences
of the condensation coefficient of Ag atoms in these polymers. The difference in
the condensation coefficients of metal atoms in polymers follows the trend of the
surface energies of the polymers. Teflon has a surface energy of only 15.7 mJm−2

and PMMA has 41 mJm−2. A low surface energy impedes macroscopic wetting
of the surface, it does not appear unreasonable that a low surface energy also
impedes atomic condensation. Therefore, The large difference in the condensa-
tion coefficient may be due to the differences in the chemical interaction, i.e a
favorable interaction of the metals with PAMS and PMMA with aromatic and
carbonyl groups, respectively, and an unfavorable one with the fluoro groups of
Teflon. Therefore, the favorable interaction with the polymer functional groups
dominates the condensation of the metals on the polymers and the introduction
of fluorine is not detrimental to the condensation behavior of the metals [62].

The TEM images of nanocomposites at various polymer matrices and metal
volume concentration are shown in figures 5.3 to 5.7. Noble metals deposited at
room temperature into polymers show Volmer-Weber type of growth. i.e., they do
not wet the polymer surface around but form three-dimensional spherical clusters.
The density and size of these clusters depend on the deposition parameters as well
as the metal-polymer combination. In the case of random nucleation the variation
of the deposition rate of the metal shows significant effects on the density and size
of the clusters. A high deposition rate leads to a high stationary concentration of
metal atoms diffusing on the surface of growing polymer surfaces in such a way
that the probability for the formation of critical clusters increases. Consequently,
the cluster density increases with an increase in the rate of deposition and reaches
a maximum during the nucleation period. Later, the density of the clusters drop
as a result of cluster coalescence which results an increase in the size of the
clusters continuously with an increase in the rate of deposition. Similarly, the
average distance between the clusters (interparticle distance) depends strongly on
the cluster density. With increasing the density of the clusters, the interparticle
distance becomes smaller.
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Figure 5.3: TEM micrograph of Au/Teflon nanocomposites at various
metal filling factors. (a) 0.08, (b) 0.16, (c) 0.25, and (d) 0.35.

Figure 5.4: TEM micrograph of Au/PAMS at various metal filling
factors. (a) 0.05, (b) 0.12, (c) 0.21, and (d) 0.38.
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Figure 5.5: TEM micrograph of Ag/Teflon at various metal filling
factors. (a) 0.072, (b) 0.14, (c) 0.21, and (d) 0.36.

Figure 5.6: TEM micrograph of Ag/Nylon at various metal filling
factor. (a) 0.044, (b) 0.14, (c) 0.21, and (d) 0.405.
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Figure 5.7: TEM micrograph of Ag-PMMA at various metal filling
factors. (a) 0.17, (b) 0.22, (c) 0.30, and (d) 0.38.

5.2.2 Effect of temperature on the nucleation and growth of
metal nanoclusters

To address the nucleation and growth of metal-polymer nanocomposite films com-
pletely, two key experiments, namely the influence of the substrate temperature
during deposition and the effect of subsequent annealing were carried out. Teflon
nanocomposites containing Au and Ag were considered to study the effect of
temperature on the microstructure of the nanocomposites.

The condensation coefficients of Au and Ag in Teflon at room temperature
are very small as reported in section 5.2.1. Furthermore, the condensation co-
efficient of these metals decrease to extremely smaller value due to an increase
in the substrate temperature during deposition. As shown in figure 5.8, while
the substrate temperature increases to the glass transition temperature of Teflon
film (140 ◦C), the re-emission of adatoms due to thermally activated desorption
increases due to the competition between thermal desorption and diffusion con-
trolled nucleation. As a result, the cluster density decreases upon an increase
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Figure 5.8: Metal volume filling factor (•) and condensation coeffi-
cient (◦) of Au/Teflon nanocomposites versus substrate temperature
for a metal/polymer deposition ratio of 2.6.

of the substrate temperature. In other words, the condensation of metal atoms
drops since the probability for the adatoms to reach the clusters before they
desorb becomes smaller as the distance between the clusters increases. The re-
duction in the glass transition temperature of polymer films as compared to the
bulk material is reported before [77, 78]. This is because of the change in the
polymer structure upon evaporation such as a reduction in molecular weight and
a difference in m to n ratio of the self stabilized monomers (where m is tetrafluo-
roethylene(TFE) and n is perfluoro(2,2-dimethyl-1,3-dioxole)(PDD)). Moreover,
the surface effect in thin films is known to reduce in the glass transition temper-
ature of the polymer.

At a temperature above the glass transition temperature, micro-Brownian
motion of the Teflon moleculer segments is released and the growing polymer film
behaves like viscous fluid [79–81]. This leads to enhance the mobility of metal
atoms on the growing polymer surface before desorption. On the other hand,
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embedding of metal atoms into the growing polymer matrix and/or embedding
of clusters formed at the surface can be the cause for the coalescence and growth
of clusters inside the polymer matrix at high temperatures [82, 83]. It is known
that, metal clusters which are formed on the surface were found to be embedded
into the polymer upon heating above Tg, where the polymer chains attain long-
range mobility [68, 84, 85]. The driving force for this process is the lowering of
the high surface energy of the metal clusters. The high cohesive energy of metals
gives rise to a correspondingly high surface Gibbs free energy of metal particles.
The Gibbs free energy of a metal particle inside the polymer is lower than that
of the particle at the surface, and it can be reduced by embedding into the
polymer matrix. Following the embedding process, metal atoms coalesce together
due to a preferred metal-metal interaction than metal-polymer molecules. As a
result, a difference in the microstructure of Teflon composites prepared at various
substrate temperatures below and above Tg were demonstrated as shown in figure
5.9 and figure 5.10 for Au/Teflon and Ag/Teflon nanocomposites, respectively.

Moreover, the very pronounced differences between metals and polymers are
reflected in a post deposition heat induced change of microstructure in a metal
polymer nanocomposite. The size and shape of nanoclusters in a polymer matrix
which are prepared at room temperature can be changed by heat treatment at
elevated temperatures [86]. This is due to metal diffusion in the polymer matrix
that contrasts distinctly with interdiffusion between two materials that are more
alike and exhibit appreciable mutual solubility. In addition, the availability of
extremely large free volume, which exceeds ten percent in typical amorphous
polymers plays an important role in the diffusion of the clusters [87, 88].

Figure 5.11 shows the TEM images of Ag nanoclusters in Teflon heat treated
at various temperatures in air atmosphere. Upon annealing the cluster size in-
creases and the cluster density decreases. Since the composite films are heat
treated far below the metal boiling point, the cluster growth does not appear
to occur by ordinary Ostwald ripening [89]. However, a temperature induced
mobility of smaller clusters and cluster coalescence is the cause for the growth
phenomena. Simply on the basis of size effects, smaller particles are known to
have larger chemical potentials than those of larger particles, and thus the ther-
modynamic stability favors the formation of larger particles [90, 91].

74



5.2 Results and Discussion

Figure 5.9: TEM images of Au-Teflon nanocomposites co-deposited at
different substrate temperatures (a) room, (b) 100 ◦C, (c) 130 ◦C, (d)
190 ◦C, (e) 220 ◦C and (f) 250 ◦C. The mean diameter of the cluster
size for 100 ◦C, 130 ◦C and 220 ◦C are 5.56 nm, 2.48 nm and 3.67 nm,
respectively.
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Figure 5.10: TEM images of Ag-Teflon nanocomposites co-deposited
at different substrate temperatures (a) room, (b) 90 ◦C, (c) 140 ◦C, (d)
190 ◦C and (e) 240 ◦C. The mean diameter of the clusters for samples
prepared at room, 140 ◦C and 240 ◦C are 9.0 nm, 3.76 nm and 6.9 nm,
respectively.
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Figure 5.11: TEM micrograph of Ag/Teflon nanocomposites (f =
0.36) as deposited (a), heat treated at 200 ◦C for 2 min (b) and 64 min
(c).

In addition, a comparison between (b) and (c) of figure 5.11 shows the
variation of the microstructure of Ag-Teflon nanocomposites which were annealed
at 200 ◦C in air atmosphere for different time interval. The results of the TEM
analysis indicates that the average cluster size increases with annealing time. A
strong reduction of the cluster density is also observed in the first stage of the
annealing process, which is due to the thermal instability of clusters of smaller
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size [92]. For systems containing both large and smaller particles, the difference in
the chemical potential causes diffusional material redistribution from smaller to
larger particles. Particle growth is therefore governed by the diffusion coefficient
of metal clusters which is related with the average size.

5.2.3 Growth of bimetallic nanoclusters in polymers

In the case of co-deposition of two different types of metal atoms along with the
polymer, the condensation coefficient of one type of metal atom is not depend only
on the ratio of the metal to polymer deposition rate as in case of monometallic
clusters [93, 94]. In addition one have to consider the ratio between the deposition
rate of the constituent metal atoms. Therefore, the synthesis of bimetallic nan-
oclusters in a polymer with a specific alloy composition and filling factor needs
to consider various parameters.

Figure 5.12(top) show the Au composition in bimetallic Ag-Au increases lin-
early with an increase in the ratio of the deposition rate of the metals (Au/Ag) at
approximately 0.1 nm/min rate of deposition of Teflon. One must consider that
the condensation of metals can be varying from 0.05 to unity with an increase in
the rate of deposition relative to the rate of deposition of the polymer. Moreover,
the condensation coefficients of one of the constituent metals are also depend on
the rate of deposition of the other constituent metal. As shown in figure 5.12(bot-
tom), an increase in the composition of Au in the alloy lead to enhancement of
the condensation of Ag. This is likely due to the strong interaction of two metal
atoms. Hereafter the alloy composition (x) refers to the atomic percentage of Au
and Cu in the Ag-Au and Ag-Cu bimetallic nanoclusters, respectively. The alloy
filling factor (f) is also referred to the amount of bimetallic Ag-Au or Ag-Cu
nanoclusters in the composite films, essentially the volume fraction.

The morphology of bimetallic composites are related with the composition
and the alloy filling factor as shown in figure 5.13 and 5.14 for Ag-Au/Teflon and
Ag-Cu/Teflon, respectively.

In both types of composites at low Au or Cu alloy composition the mean
diameter of the bimetallic nanoparticles did not exhibit a large difference with a
variation in composition. However, a much higher size difference and alloy filling
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Figure 5.12: The Au composition versus the ratio of the deposition
rate of metals (top) and Ag condensation coefficient versus the Au
composition (bottom).

factor were observed with increase in the alloy composition for x > 0.4 in case
of Ag-Au/Teflon. For x > 0.4, the filling factor increases in the range from 13 to
40 % with an increase in the Au content. In co-evaporation processes, an increase
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Figure 5.13: TEM micrograph of Ag1-xAux nanoclusters in Teflon at
various alloy composition and filling factor.

of the metal content in the polymer matrix leads to an increase in the size of the
clusters as well. Thus, the possibility to control and vary the filling factor and
size of the clusters independently is difficult in such a system.

Now, however, it is not clear, whether such co-deposition of two metals lead
to the formation of alloy nanoclusters or not. But, both Ag (4.09 Å) and Au
(4.08 Å) have nearly the same lattice parameters as compared to Cu (3.61 Å) so
that alloy formation can be more favorable for Ag-Au than Ag-Cu. Therefore,
there is a definite possibility for the synthesis of bimetallic alloyed Ag-Au nanos-
tructures and it is very probable for a segregated nanostructures from immiscible
elements(see figure 5.15) such as Ag and Cu in the nanoscale [95]. Moreover, the
large difference in the condensation coefficient of Cu than Ag on Teflon surface
might lead to the formation of core-shell nanostructures especially at high rate of
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Figure 5.14: TEM micrograph of Ag1-xCux nanoclusters in Teflon
at various alloy composition and filling factor. The corresponding
diffraction rings for sample (c) shown in the inset.

deposition. Therefore, the Cu with higher condensation coefficient as compared
to the Ag would have a great probability to act as nuclei for the growth of the
core-shell structure. Ag atoms with a higher diffusion mobility than Cu can be
attached to the surface of Cu clusters as a shell. In fact, both the formation of
alloy and core-shell nanostructures did not investigated in other means except
optical analysis described in the next chapter.

The effect of post deposition heat treatment of Ag-Au/Teflon nanocompos-
ites on the change in their microstructure was also studied in the same fashion
as Ag-Teflon and Au-Teflon composites. Likewise, the size of the bimetallic nan-
oclusters increase as shown in figure 5.16. The mechanism of cluster coalescence
and the change in the microstructure of the composites are described previously
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Figure 5.15: Calculated phase diagram of Ag-Cu system

in section 5.2.2.

5.3 Conclusion

The growth of metallic nanoclusters in polymers is taking place between materials
which have strongly contrasting properties. This leads to the aggregation of the
high cohesive metals and formation of spherical nanoclusters in the polymer ma-
trices. The cluster density, size and shape of the clusters are strongly dependent
on the condensation coefficient of metals on polymers. During the co-evaporation
process, the condensation coefficient depends on the ratio of the deposition rate
between metal and polymer, the type of metal-polymer combination, substrate
temperature and the nucleation density. It is investigated that the condensation
coefficient increases with an increase in the ratio of deposition rate of metal to
polymer regardless of their metal-polymer combination. Increasing the substrate
temperature during the deposition leads to a decrease in the condensation coeffi-
cient up to the glass transition temperature of the polymer and increases beyond
this temperature.
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Figure 5.16: TEM micrographs of a Ag-Au/Teflon nanocomposites.
The alloy composition, filling factor, and temperature respectively are
(a) 0.40, 10 %, as deposited; (b) 0.40, 10 %, at 200 ◦C; (c) 0.55, 16 %,
as deposited; (d) 0.55, 16 %, at 200 ◦C.

The effect of metal diffusion in the polymer due to heat treatment after
deposition leads to a change in the microstructure of the nanocomposites. Post
deposition annealing of the nanoclusters results in larger cluster sizes with a more
spheroidal shape. Moreover, the cluster density, size and shape is dependent on
the annealing temperature and time.

Bimetallic nanostructures in polymers synthesized by using co-evaporation
from three distinct sources show homogeneously distributed clusters in polymers.
The morphology, chemical composition and filling factor of the bimetallic clusters
were controlled by the experimental parameters such as the ratio of the deposition
rate of metal A to metal B, and metals to polymers.

83



6 Optical Properties

6.1 Optical Properties of Monometallic Composites

In this section, the optical properties of various polymer composites (Teflon,
PAMS, Nylon, and PMMA) containing monometallic clusters of Au or Ag will
be discussed. The optical properties of polymers will be explained in relation to
the types of metal-polymer combination, filling factor, size of the nanoparticles
and interparticle distance.

6.1.1 Results and Discussion

6.1.1.1 Au nanoparticles in various polymer matrices

Figure 6.1(A) and 6.1(B) show the extinction spectra of PAMS and Teflon com-
posites containing Au clusters, respectively. The extinction peaks observed in the
spectra are due to the presence of Au nanoparticles in the films. In both polymer
composites, the position of the extinction peak wavelength shifted continuously
toward longer wavelength with increase of the Au volume fraction. Figure 6.2
shows linear dependence between the peak position and the filling factor. In
co-evaporation, the metal volume fraction is strongly related with nanoparticle
size and interparticle distance as described in section 5.2.1. The size and size-
distribution, interparticle distance and shape of the embedded particles can be
varied during film deposition and mainly depend on the amount of the evapo-
rated metal. The role of these factors on the plasmon band width, position, and
intensity varies in different ranges of metal filling factor in the dielectric matrix.
For very small particles (< 6 nm), a broadening of the absorption peak with de-
creasing particle size is usually observed but there is no clear explanation for the
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Figure 6.1: Normalised extinction UV-Vis Spectra of Au-PAMS (A),
and Au-TAF (B) at different Au volume fractions.

peak shift with particle size, especially for small metal particles. On the other
hand, a decrease in the interparticle distance lead to increase the particle-particle
interaction, which in turn can decrease the effective plasma frequency. There-
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Figure 6.2: The maximum peak position versus filling factor in Au-
TAF nanocomposites

fore, it is certain that, the shift of the plasmon band maximum toward longer
wavelengths in Au-PAMS and Au-Teflon nanocomposites is mainly due to the Au
filling factor.

To explain the shift of the plasmon band, either the change in the Drude
plasma frequency of the metal particles or the change in the value of the dielectric
constant of the matrix has to be considered. The latter can be explained by
replacing the matrix with an effective medium where the dielectric constant is
expected to increase with the increase of Au concentration. When the metal
particles are much smaller than the wavelength of light, the effective relative
permittivity εeff of such a composite system can be reduced from equation 2.43
approximately as:

εeff = εh
εm (1 + 2f) + 2εh (1− f)

εm (1− f) + εh (2 + f)
(6.1)

where f is the volume fraction occupied by the metal particles [96–98]. This
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Figure 6.3: Black curves: Experimental extinction spectra of Au-
PAMS nanocomposite films at different metal fillings; Colored curves:
numerically calculated extinction spectra by modified effective medium
theory

equation predicts that the band maximum shifts to longer wavelengths with an
increase of the metal volume fraction and with the relative permitivity of the
surrounding medium [99, 100].

Figure 6.3 shows the comparison between the experimental results in fig-
ure 6.1(A) and numerically calculated extinction spectra based on the modified
effective medium theory. As mentioned before in section 2.2, the modified EMA
fits well with the experimental results up to a metal filling factor below the per-
colation region. In the range of metal filling factor from 5 to 15 %, the EMA are
no longer applicable due to non-negligible contributions of the multipole polar-
izability and scaling theories are also not yet applicable since the deviation from
the percolation conditions is too large. The modified EMA takes a number of
assumptions in relation to the metal-polymer nanocomposite material in order to
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make the computations simple. For instance,

• the polymer material has an isotropic dielectric permittivity which is inde-
pendent on the metal filling fraction,

• the dielectric permittivity of metal nanoparticles is isotropic and the de-
pendence of it on nanoparticle size cannot be neglected,

• polymer composites contain randomly distributed metal nanoparticles over
some volume but not fractal-like metal structures are formed at least up to
a close vicinity of the percolation threshold,

• the shape of the nanoparticles are assumed as spherical in shape at least
till close to percolation threshold conditions,

• it is further assumed that all the nanoparticles have the same size, and the
interparticle separation distance obeys a Gaussian distribution law,

• most importantly the main assumption in the Bruggeman method (the to-
tal polarization of all inclusions embedded in a medium with the effective
dielectric constant should vanish) is modified. In the modified EMA, ran-
domly distributed metal particle dimers are also considered in addition to
the metal and dielectric inclusions.

The comparison between the experimental and calculated extinction spectra
shows a very close fit curve from roughly 500 nm to about 725 nm. But a deviation
is observed at wavelengths shorter than 500 nm.

6.1.1.2 Ag nanoparticles in various polymer matrices

The excitation of surface plasmons of Ag nanoparticles embedded in a Nylon
matrix is found to be a transmission minimum or extinction maximum as shown
in figure 6.4. At a relatively low metal filling factor < 20 %, Nylon composites
containing Ag nanoparticles show a very small shift of the transmission minima
to longer wavelengths. In this region the size of the clusters are very small and
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the interaction of nanoparticles is negligible due to the large separation between
them. However, further increment in the filling factor leads to an increase of the
cluster size beyond 10 nm. At the same time, the interparticle distance decreases
and becomes comparable with the cluster size. As a result, a large red shift of
the plasmon resonance is exhibited due to electrodynamic interactions between
the particles at a low particle separation [6, 34, 100]. This phenomenon is more
pronounced and shows a large broadening of the plasmon band over a wide range
of wavelengths for f above 40 % because of particle coalescence and the formation
of a network structure. For instance, a transmission minimum was observed
at 725 nm near the infrared region at f = 50 %. In this range, the observed
optical properties are due to the combined effect of metal filling factor, size, and
interparticle separation. As the Ag concentration increases from 4 to 50 % in the
composite films of thickness 60 nm, the average size of Ag nanoclusters in the
composite also increases from 2 to 20 nm.

In order to explain the size dependent plasmonic properties of Ag nanoclus-
ters, one has to consider the different range of metal filling factor at which the size
of the clusters vary in the range of 2R < 20 nm or 2R > 20 nm. For nanoparticles
smaller as or compared to the wavelength of the light the Mie theory reduces to
the relation given in equation 2.35. In this relation, the bandwidth and peak
height are roughly determined by ε2(ω). However, within the dipole approxima-
tion there is no size dependence except for varying intensity due to the fact that
the volume V depends on the particle radius R. Experimentally, a strong size
and size distribution dependence of the plasmon bandwidth and position were ex-
hibited where the dielectric function of the metal nanoparticles itself is assumed
to be size dependent ε = ε(ω,R) [29, 101–105].

In general, the size and size distribution of the clusters are related to the
decay processes as indicated in equation 2.40. These decay mechanisms of the
coherent motion of the free electrons include both the energy and momentum
(dephasing of the collective electron motion) dissipation and are directly related
to the width of the plasmon resonance. For a bulk metal with infinite boundaries
the damping constant Γ is determined by electron-electron, electron-phonon, and
electron-defect scattering processes (grain boundaries, impurities, and disloca-
tions). In this case, the electron-phonon scattering dominates and Γ should be
constant. However, for small particles this is assumed not to be valid. The sur-
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Figure 6.4: The UV-Vis Spectra of Ag-Nylon nanocomposites at vari-
ous Ag volume filling factor: Transmission spectra (top), and Extinc-
tion spectra (bottom).
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face acts as an additional scatterer because the mean free path of the electrons
becomes comparable to the size of the particles.

For f < 20 %, the size of the clusters is smaller than 10 nm, the physical
phenomena associate with radiation effects, like scattering and radiation damp-
ing, are negligible, such that σext = σabs. Nevertheless, we have to consider that
the conduction electrons suffer an additional damping effect due to surface dis-
persion or finite size. The damping constant is directly related with the mean
free path of the conduction electrons. This surface dispersion occurs when the
mean free path of the free electrons is comparable or larger than the dimension of
the particle, as a result, the electrons are scattered by the surface. As the cluster
gets smaller, the surface dispersion effects are more dominant. The surface dis-
persion does not change the wavelength of the proper modes but it only affects
its intensity as shown in figure 6.4.

For f > 20 % and if the size of the clusters are large enough, the radiation
effect becomes significant. Therefore, the displacment of the electronic cloud is
no longer homogenous even for spherical particles, and once more, high multipo-
lar charge distributions are induced. As a result, the depolarization field shifts
the position of the plasmon to longer wavelengths and the radiation damping
reduces the intensity. In this region, both the absorption and scattering con-
tribute to the extinction spectrum. Figure 6.5 shows the percentage of energy
absorbed for Nylon/Ag nanocomposites at various filling factors. The absorbance
was calculated by using T (λ) + R(λ) + A(λ) + S(λ) = 1, where T , R, A and S

are transmission, reflection, absorption and scattering, respectively. The large
red-shift and broadening of the single plasmon band of isolated clusters can also
be due to strong dipole-dipole interactions. When concentrated systems are con-
sidered, the nanoparticles become closer to each other, and interactions between
neighboring particles can arise, so that the models for isolated particles do not
hold any more. If two nanoparticles are in close proximity, the conduction elec-
tron oscillation of each nanoparticle is affected by the coupling parter, causing
the localized surface plasmon resonance λmax to shift.

In addition, the transmission spectra of Ag nanoclusters dispersed in Teflon
and PMMA matrices are presented in figure 6.6 for different metal filling factors.
It is known that the optical constants of the particles and the surrounding medium
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Figure 6.5: Absorption Spectra of Ag-Nylon nanocomposites at various
Ag volume filling factor.

play a significant role in the peak positions of the transmission minima [106, 107].
Ag particles are also known to show the most pronounced effect due to the size
of the particles and the optical constants of the surrounding medium [108]. In
this work a comparison among Teflon/Ag, PMMA/Ag, and Nylon/Ag are used
to show this phenomenon. Here, the comparison is limited to lower filling factors
below 10 %, at which the Ag cluster size and the distance between the clusters
are significantly below 8 nm and above 20 nm, respectively. The change in the
particle size and separation distance within this range have no significant effect in
the redshift of the plasmon resonance for the constant metal concentration in the
composites [32]. Thus, the redshift of the transmission minimum from 426 nm

(Teflon/Ag) to 432 nm (Nylon/Ag) at the same Ag concentration of 7.18 % is
due to an increase of the dielectric constant of the surrounding medium. The
average dielectric constants of Teflon AF, PMMA, and Nylon are 1.7, 2.7, and
4.0, respectively [109].
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Figure 6.6: Transmission spectra of Ag nanoparticles dispersed in a
matrix of Teflon AF (top) and PMMA (bottom).
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The effect of the surrounding media on the plasmon resonance wavelength
of spherical nanoparticles can be easily understood using the Mie theory from
equation 2.37. The dielectric constant of the medium surrounding the metallic
nanosphere (εh) is assumed to be a positive, wavelength independent and real
number. It is evident that there is a roughly linear relationship between the local
index and the plasmon resonance peak of each particle [9, 106, 110–112]. The ex-
ternal nanoparticle environment can be the substrate on which the nanoparticle
were fabricated and the surrounding polymer matrix. For instance, nanoparticles
can be fabricated on the substrate by metal evaporation where air is the surround-
ing environment. Changing the substrate may obtain some tunability in the SPR.
However, one can tune the SPR significantly by introducing another medium in
many ways: (a) overcoating the nanoclusters by tandem evaporation of a dielec-
tric medium such as a polymer, (b) sandwiching the nanoparticles by coating
the substrate before metal deposition and then overcoating the clusters, and (c)
simultaneous deposition of metal and the dielectric medium. These changes of
the surrounding environment induces a change in the average dielectric constant
of the medium (εeff ) [113, 114].

6.1.2 Conclusion

The simultaneous vapor phase codeposition of Au and Ag with various poly-
mers (TAF, PAMS, Nylon, and PMMA) was successfully used to produce poly-
mer/metal nanocomposites with a wide range of metal volume filling factors.
The nanostructure of such nanocomposites is determined by the size, shape, and
cluster distribution of the metal nanoparticles. The relationship between nanos-
tructure and optical properties of nanocomposite films is the key to understand
how these properties can be controlled by the ratio of metal/polymer rate of
deposition. The position, intensity, and broadening of the particle plasmon res-
onance were determined as function of the metal volume filling factor. At small
values of f the spherical metal nanoclusters, which grows in the polymer host
during deposition, are uniformly distributed in the polymer and exhibit a strong
transmission minimum or absorption maximum in the visible part of the optical
spectrum. The position of this metal particle resonance shows a large red shift
with increasing f which is accompanied by increasing particle size. These fac-

94



6.2 Temperature Dependant Optical Properties

tors are interdependent for composites produced by vapor phase co-deposition.
The present critical comparison between microstructure and the optical behavior
elucidates the role of each factor in the observed physical phenomena.

The changes of the optical properties of the nanocomposite films due to a
difference in the surrounding dielectric media were reported as well. Shifts of
the SP to a longer wavelength region were observed with increasing the dielectric
constant of the polymer matrix. These shifts are most clearly exhibited at low
metal filling factors where size effects are more quenched.

6.2 Temperature Dependant Optical Properties of
Nanocomposites

The plasmon absorption characteristics of the composite films are known to be
sensitive to the microstructure of the film , e.g., particle size, shape, particle to
particle distance and three-dimensional distribution of the particles in the film.
As a result, the tunable SPR wavelength in the visible and near infrared regions
has been achieved by changing these parameters of the metallic nanoparticles.
In this section, the change in the plasmon absorption as a result of temperature
induced changes in the microstructure will be presented extensively.

6.2.1 Results and Discussion

The UV-vis spectroscopy results (Figure 6.7) show the extinction spectra of
Au/Teflon(top) and Ag/Teflon(bottom) deposited at various substrate tempera-
tures. The SPR maxima decrease in intensity and shift to a lower wavelength as
the substrate temperature increases up to 140 ◦C. In contrast, for a temperature
above 140 ◦C, the peak intensity increases with a red shift of the SPR position.
These shift of the extinction spectra of the films are related with the change in
microstructure of the nanocomposites obtained as a result of the substrate tem-
perature during deposition. The transition temperature at which the blue shift
of the SPR changes to the red shift is similar for both Au and Ag clusters. This
indicates that the change is related to the physical properties of the polymer ma-
trix that can alter the condition for the cluster growth. As described in section
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Figure 6.7: The extinction spectra of Au-Teflon (a), and Ag-Teflon
(b) nanocomposites deposited at various substrate temperatures.

5.2.2, microstrucures with smaller cluster size were obtained with an increase in
substrate temperature during deposition up to the glass transition temperature
of the polymer. Above Tg, the microstructure of the composites shows larger
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Figure 6.8: Optical extinction spectra of Ag-Teflon nanocomposites
heat-treated at various temperatures for 10 min.

cluster size and a decrease in number density of the clusters.

In addition, we report on the change in the optical absorption caused
by postdeposition thermal annealing in air for simultaneously deposited metal-
polymer nanocomposites: Ag-Teflon and Au-Teflon. As mentioned before, an-
nealing of such composite thin films result in a heat-induced size evolution of
small metallic nanoparticles in the film and/or relaxation of the supporting ma-
trix. This affects the cluster size, interparticle separtation, and spatial distri-
bution, i.e., annealing produces a microstructure with larger cluster size, higher
particle-to-particle distance, and lower number density of nanoparticles [115, 116].

The plasmonic properties of polymer nanocomposites consisting of three-
dimensionally distributed Ag nanoclusters are strongly dependent on the post-
deposition heat treatment as shown in figure 6.8. The heat treatment causes a
shift of the plasmon peak to shorter wavelengths, an increase in absorbance, and
makes the peak narrow. This result is in good agreement with the change in
microstructure, the blue shift of the peak is related to an increase in particle-to-
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particle distance as a result of an increase in size of the clusters and a decrease in
the number density of the clusters [112, 117–120]. The blue shift in lower content
of Ag indicates that the growth of clusters, which is supposed to bring a red shift
of the SPR is small enough to dominate the effect of particle distance. However,
it leads to a narrow band width with an increase in intensity. It is known that
the averaged radius of silver clusters can be related with the extinction spectra
using the expression R = νF /∆w, where νF is the Fermi velocity for bulk Ag and
∆w is the width in frequency at half maximum of the resonance peak [116].

This phenomenon is completely different from the embedding process ob-
served in metal clusters formed on polymer surfaces during heat treatment [79–
81, 121]. In this case, the mean size of the Ag particles is mostly unchanged upon
heat treatment and the blue shift of the plasmon peak is considered to be mainly
due to the changes in the distribution of the Ag particles in the film. The penetra-
tion of the Ag particles with constant particle number leads to a relative decrease
of particle concentration per unit volume, since interparticle distance increases as
the Ag particles disperse into the matrix. As a result, the local volume fraction
of the Ag clusters in the films decreases gradually as the particle disperse into
the polymer matrix. This change in the volume fraction of Ag clusters results in
the change in the effective dielectric constant of the composite film because the
interaction of dipoles induced in the particles by external electromagnetic field
of incident light depends on the distance between neighboring particles. This ef-
fect can be responsible for the decrease of the plasmon band intensity and width
during heat treatment.

A set of samples with lower Ag filling factor far from percolation (a) and
near the percolation (b) were heat treated at a temperature of 80 ◦C (figure 6.9),
140 ◦C (figure 6.10), and 200 ◦C (figure 6.11) at various duration of time. In this
case, the thermal treatments are commonly used to favor the growth of particles
through diffusion. Thus, the growth of particles can be varied by temperature and
time of the annealing as well as the the type of microstructure before treatment
[122–124]. The comparison among these figures expresses that, the lower filling
factor samples exhibited a larger shift towards the shorter wavelength because
of the size dependent diffusivity of the Ag clusters. As a result, the particle-to-
particle separation can be larger for composites with lower metal content. On
the other hand, an increase in the cluster size during the treatment has a less or
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Figure 6.9: Extinction spectra of Ag-Teflon nanocomposites with var-
ious duration of heat treatment at 80 ◦C: (a) far from percolation, (b)
near the percolation.

no significant role on the optical properties of the composites. In addition, the
time needed to observe size dependent plasmonic properties (red shift) decreases
with an increase in the annealing temperature, i.e., 64 min, 16 min, and 2 min for
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Figure 6.10: Extinction spectra of Ag-Teflon nanocomposites with var-
ious duration of heat treatment at 140 ◦C: (a) far from percolation,
(b) near the percolation.

80 ◦C, 140 ◦C, and 200 ◦C, respectively. Therefore, the Ag clusters show higher
diffusivity at higher temperatures which lead to strong size dependent plasmonic
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Figure 6.11: Extinction spectra of Ag-Teflon nanocomposites with var-
ious duration of heat treatment at 200 ◦C: (a) far from percolation,
(b) near the percolation.

properties for higher temperature ranges due to evolution of larger cluster sizes.

Figure 6.12 shows UV-Vis spectra of Au-Teflon composites heat treated at
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various temperatures(a) and for different times of treatment(b). As observed in

Figure 6.12: Optical extinction spectra of Au-Teflon nanocomposites
heat-treated at various temperatures for 10 min (a), and heat treated
for various duration of annealing at 150 ◦C (b).

case of Ag, the plasmon band intensity increases with an increase in annealing

102



6.2 Temperature Dependant Optical Properties

temperature but with smaller shift in position of the plasmon band maximum
to wards lower wavelengths. Whether cluster size is involved or not in these
phenomena is very relevant to nanoscale material science. For this study Ag nan-
oclusters in Teflon are considered as the best candidate since the Ag nanoclusters
are known to exhibit relatively strong plasmon absorption in the visible region
as compared with Au nanoparticles. Note that, the interband transition of Ag
is in the near-ultraviolet region while that of Au is superpositioned at the plas-
mon frequency of Au particles. Moreover, the larger shift of the plasmon band
might be due to the higher mobility of Ag clusters in the polymers as compared
to Au clusters. Therefore, the plasmon peak position, intensity and width for
Ag nanoparticles can be determined more precisely than the Au nanoparticles.
The absence of any change in the intensity of the SPR wavelength of Au/Teflon
for heat treatment longer than 2 min implies that the clusters are immobile once
they attain the lower surface energy to be in equilibrium state as also observed
in [123].

6.2.2 Conclusion

A shift of the plasmon band, originating from the Ag and Au nanoclusters in
the Teflon AF matrix, to shorter wavelength was observed with an increase in
the substrate temperature up to the Tg of the polymer host. Co-deposition at
higher temperature (T > Tg) leads to a shift of the plasmon absorption band to
longer wavelength. This is due to changes in the number density of the clusters,
metal filling factor, intercluster separation and size of the clusters as a result of
hot landing of metal atoms and polymer molecules during co-deposition.

It was found that the peak wavelength of the plasmon band shifted towards
shorter wavelength with an increase in temperature. This shift of the absorption
maximum is caused mainly by an increase in the distance between the clusters due
to the decrease in the number density of the clusters during the heat treatment.
Changes in the microstructure of the composites as a result of heat treatment take
place mainly due to the temperature dependent diffusion of metal clusters in the
polymer matrix. These processes are also time dependent. Thus, a plasmon band
shift to shorterwavelengthwas observed with longer duration of annealing. But
the direction and degree of the shift depends on the original microstructure and
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the annealing temperature. A microstructure with a larger cluster size exhibits a
smaller blue shift as compared with a microstructure with smaller cluster sizes.
Moreover, a high annealing temperature above Tg leads to a red shift of the
plasmon peak maximum in contrast to annealing below Tg. Thus, the shifts
of the plasmon peak maximum and intensity are controlled by the competition
between an increase in cluster to cluster separation and in the size of the clusters.

6.3 Optical Properties of Bimetallic Composites

Bimetallic nanoclusters have been receiving a great research interest because of
their properties that are very different from the clusters of their constituents.
What makes them very attractive, either as an alloy or core-shell structure, is
that their catalytic, electronic, and optical properties can vary dramatically not
only due to size effects as pure nanoclusters but also as a result of the combination
of different metals [125].

As discussed in previous sections, it is possible to tune the optical properties
of metallic clusters by varying the size, metal concentration and the refractive
index of the surrounding host. However, these parameters could not be able to
induce a large shift of the plasmon band with a minimum broadening of the peak.
For pure Au clusters, the surface plasmon band gets broadened and red shifted
as the cluster size gets bigger and Ag nanoclusters exhibit much less shift in the
position of plasmon band with the change in the size of the clusters.

The motivation to prepare bimetallic clusters consisting of Ag and Au or Ag
and Cu rose due to the ability to tune the plasmon resonance for a large range
of wavelength within the two boundaries of the constituents as a result of the
change in their composition. A linear proportionality between the composition
of the alloy and the plasmon peak position in bimetallic clusters was reported
before; and the dielectric properties of the bimetallic clusters are assumed to be
the composition-weighted average of the dielectric functions characterizing the
pure materials [31, 126–128], i.e.

ε(x, ω) = xεAu(ω) + (1− x)εAg(ω), (6.2)
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Figure 6.13: Normalized extinction spectra of AuxAg1-x/Teflon
nanocomposites

where x is the Au composition in the alloy.

6.3.1 Results and Discussion

6.3.1.1 Bimetallic Ag-Au nanoclusters in polymers

The normalized UV-Vis extinction spectra for Ag-Au (Figure 6.13) shows a single
plasmon band which is tuned over a large wavelength window (nearly for 200 nm)
through the modification of the composition.

The plasmon maximum was red-shifted almost linearly with increasing the
Au content as shown in figure 6.14. The absorption band shift, in this case, is not
related to the intraband transition since the plasma frequency of the alloys are
similar to that of the parent metals. Nevertheless, the shift must be ascribed to
the gradual change in the d-band structure of the alloy with change in chemical
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Figure 6.14: The maximum peak position versus the Au composition
in the alloy

composition, and its effect on that component of the dielectric function.

It is known that Ag and Au have very distinctive and well separated plasmon
absorption bands in the visible region which can be easily monitored through
UV-visible spectroscopy [129, 130]. When two metals are combined within a
single nano sized particle (bimetallic nanoparticles) the optical properties are
dictated by a combination of the properties (dielectric function) of both metals.
Such a combination strongly depends on the microscopic arrangement of the
metals within the particle, i.e. whether an alloy, a perfect core-shell geometry
or something between is obtained. For particles composed of Ag and Au the
SP extinction spectrum can help in this determination [131]. Combining the
resonance condition with the dielectric constant of a free electron gas one finds
that the absorption maximum of the plasmon oscillation is roughly given by

ωmax =
ne2

ε0meff

√
1 + εm

. (6.3)
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The electron density n and effective masses meff of Ag and Au are, how-
ever, very similar. Thus, a surface plasmon absorption at 287 nm and 299 nm

is calculated for Ag and Au, respectively, using equation 6.3 [51]. However, the
difference in the interband contribution to the plasmon resonance or equivalently
the difference in the core polarizability leads to a surface plasmon absorption
at 400 nm for Ag and 520 nm for Au nanoparticles. Therefore, the positions of
the SP maxima for Ag and Au differ (assuming an equivalent environment) al-
most entirely because of different contributions of the interband transition to the
dielectric functions of the two metals.

In addition to the shift of the plasmon peak position, the damping of the
plasmon resonance of Ag-Au alloys with increasing Au content and the damping
maximum was observed near x = 0.4 (Figure 6.15a). This experimental result
is in agreement with calculated spectra of Ag-Au alloy nanoparticles using the
full Mie equation [52, 55, 132]. The decrease in the absorbance could be due to
the fact that the increased Au content results in the damping of the Ag SP band
in this region. As described in section 5.2.3, with an increase in the Au content
the mean diameter of bimetallic nanoparticles decreases, which contributes to the
damping of the band intensity. On the other hand, the damping can be also the
result of more disordered structure that leads to a maximum resistivity where
significant scattering of the conduction electrons occur [133, 134]. Therefore, an
increase in the intensity of the extinction spectra was observed for x > 0.4 in
the region where Au is dominant (Figure 6.15b). In this region the shift of the
plasmon band towards the higher wavelength is accompanied by an increase in
the intensity. This can also caused by an increase in alloy filling factor with
composition for x > 0.5.

Although the alloy composition is the main focus of this work, the influence
of bimetallic alloy filling factor are also investigated.Bimetallic clusters embedded
in the polymer matrix show a red shift of the plasmon band maxima with an
increase in the alloy filling factor while keeping the alloy composition constant
(x = 0.40) as shown in figure 6.16.
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Figure 6.15: Extinction spectra of Teflon composites containing
bimetallic AuxAg1-x nanoclusters with an increase in Au composition.

108



6.3 Optical Properties of Bimetallic Composites

Figure 6.16: Normalised extinction spectra of AuxAg1-x/Teflon
nanocomposites at various alloy filling factor

6.3.1.2 Bimetallic Ag-Cu nanoclusters in polymers

The optical spectra of polymer composites containing bimetallic Ag-Cu nanoclus-
ters exhibit a single SPR and the position can be tuned over a wide spectral range
as shown in figure 6.17. It is known that the variation in the interband transition
among the noble metals results in the plasmon absorption band at about 400

and 580 nm for Ag and Cu, respectively. The original single plasmon peak of
Ag-Cu nanoclusters with 0.20 Cu composition and 17 % alloy filling factor shows
strong redshift, damping and broadening as the Cu content increases upto 0.4.
Further increasing of the Cu content above x = 0.4 acompanied with an increase
in alloy filling factor up to 50 %. As a result, the plasmon band continues the
shift towards the higher wavelength with an increase in their intensity. The wide
tuning range in bimetallic Ag-Cu is related to the change in the composition of
the bimetallic clusters rather than to the change in their dimensions. Similar
nanocomposite films containing either pure Ag or Cu with similar dimensions
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Figure 6.17: Extinction spectra of Teflon composites containing
bimetallic Ag1-xCux nanoclusters with an increase in Cu fraction in
the alloy.
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6.3 Optical Properties of Bimetallic Composites

Figure 6.18: Extinction spectra of Ag1-xCux/Teflon compos-
ites(x=0.35) as a function of the alloy volume fraction.

show a spectral tuning range smaller than 50 nm.

On the other hand, an increase in the Ag-Cu volume filling factor at a
constant Cu composition in a Teflon matrix exhibited the plasmon band to shift
to longer wavelengths. However, in contrast with the case of Ag-Au nanoclusters
an emerging of the second peak of the plasmon band was observed for f = 54 %

(see figure 6.18). Earlier reports on the phase separated Ag-Cu and Ag-Au core-
shell nanoclusters exhibited two plasmon band peaks [53, 54, 58, 131]. In the
case of Ag-Au, the two SPR peaks usually converge into a single one peak when
the core-shell structures are converted into alloys by heat treatment.

A critical investigation of Teflon composites containing bimetallic Ag-Cu
nanoclusters with f = 54 % shows two distinct peaks in the UV-Vis spectra
(Figure 6.19). Although the TEM image (figure 5.14C) is not clear to show
the core and the shell structure in a definite margin, the optical results reveals
the structure. As mentioned before, in the generated core shell structure from
simultanious evaporation, the Cu and Ag are expected to be the core and the shell
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Figure 6.19: The extinction spectra of Ag1-xCux bimetallic core-shell
structure in Teflon matrix with f=54 % alloy volume fraction at vari-
ous Cu fraction in the alloy

of the clusters, respectively. Therefore, as the Cu composition x increases the core
size increases and the shell thickness decreases. The broadening of the plasmon
band extinction spectra and the appearance of the second peak are likely due
to the increase in interparticle interactions introduced by the core-shell system.
The largest cores (Cu) coated with the thinnest shells (Ag) (for large x) showed
the largest frequency shifts of resonance into the near infrared region. According
to the Mie theory and experimental results obtained, the extinction spectrum is
very sensitive to the thickness and size of the nanoshells [135–139]. Thus, the
plasmon band shifts to longer wavelength with an increase in size of the core shell
structure and a decrease in the thickness of the shell. Moreover, by increasing
the ratio of the core size with respect to the overall diameter of the core shell,
the plasmon frequencies can be shifted to the near-infrared region of the optical
spectrum. This is as a result of interparticle interactions. On the other way, the
blue shift is responsible for the progressive covering of the Cu core particles by
Ag shell layers. Due to Ag covering Cu, the plasmon band was Ag dominated.
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When the core size is sufficiently large, scattering becomes significant, re-
sulting in the damping of the absorption. This effect promotes a weakening in
the apparent intensity of the plasmon band. Note that Cu plasmon band damps
out more strongly than Ag. Nevertheless, the absence of the double peak for the
smaller cluster size (at lower alloy filling factor) can be due to the size dependent
diffusion of the shell element into the core and the formation of bimetallic alloy
clusters. The dependence of the diffusion of the clusters on size, in general, [140]
and the size dependent diffusion of the shell material into the core, in particular,
was reported before [141].

One can assume that the presence of two peaks in Ag-Cu nanoclusters at
higher filling factor is due to the change in the shape of the clusters. Both the
experimental and theoretical calculations give a single plasmon resonance for
spherical particles; and, a deviation from this shape results in two or more SPR
which depend on the shape of the clusters (cylinderical-two peaks, cubic-more
than three) [142, 143]. If the dimension of the nanoclusters in the transverse
axis differs from longitudenal axis (such as prolate, road, oblate in shape), the
plasmon resonance splits into two modes: one longitudinal mode along the long
axis and a transverse mode perpendicular to the first [144, 145]. The position
and intensity of the transverse plasmon band at lower wavelength and the longi-
tudinal plasmon band at longer wavelength depend on the aspect ratio [146–148].
Where the aspect ratio is defined as the ratio of the longer axis to shorter axis
diameter of the NCS (aspect ratio=1 for spherical clusters). As the aspect ra-
tio increases, the transverse plasmon band blue shifts and damps in intensity.
Whereas, the longitudinal plasmon band exhibits redshift with an increase in in-
tensity [149, 150]. These phenomena are completly opposite to the experimental
results obtained for bimetallic Ag-Cu nanoclusters, which reveals the coreshell
characteristic.

The temperature dependent plasmonic properties of the composite materials
behave differently for the case of AgAu/Teflon and AgCu/Teflon as shown in fig-
ure 6.20. The optical characterization reconfirms the difference in the microstruc-
ture of these composites. The single plasmonic peak behavior of AgAu/Teflon
remains unchanged with a shift in position after subsequent heat treatment at
200 ◦C which indicates the complete miscibility of Ag and Au. The direction and
degree of the shift in the SPR depends on the change in interparticle distance
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Figure 6.20: (A) UV-Visible spectra of Ag1-xAux alloy nanocompos-
ites. The alloy composition, filling factor, and temperature respec-
tively are (a) 0.16, 10 %, as deposited; (b) 0.16, 10 %, at 200 ◦C; (c)
0.16, 48 %, as deposited; (d) 0.16, 48 %, at 200 ◦C; (e) 0.82, 48.5 %,
as deposited; (f) 0.82, 48.5 %, at 200 ◦C. (B) UV-Visible spectra of
Ag1-xCux alloy nanocomposites. The alloy composition, filling fac-
tor, and temperature respectively are (a) 0.35, 54 %, as deposited; (b)
0.35, 54 %, at 250 ◦C; (c) 0.48, 54 %, as deposited; (d) 0.48, 54 %, at
250 ◦C.
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and size as a result of heat treatment. On the other hand, the double peak be-
havior for AgCu/Teflon remains unchanged and in some cases the generation of a
third middle peak is observed. Generally, heating of these composites lead to an
increase in the intensity of the Ag peak and a decrease in the Cu peak intensity
along with a blue shift and a red shift for Ag and Cu, respectively. The diffusion
of Ag into the shell and a consequent better coverage of the core material leads
to an increase of the Ag peak intensity and a damping of the influence of the Cu
core.

6.3.2 Conclusion

This work reports the synthesis of bimetallic nanoparticles dispersed in a polymer
matrix via a co-evaporation approach. In comparison with other techniques this
allows to produce high filling bimetallic clusters and free choice of alloy compo-
sition. The Ag-Au nanoclusters in a polymer matrix exhibited a single plasmon
band for all alloy compositions and filling factors, which is an indication for the
formation of a bimetallic alloy NCs. The position of the SP band shifted to red
linearly with an increase in the composition. In contrast, the Ag-Cu nanoclus-
ters in a polymer matrix show a single and double plasmon band for f < 40 %

and f > 40 %, respectively. Hence, the optical properties of bimetallic Ag-Cu
nanoclusters depend strongly on the alloy composition and alloy filling factor.
The presence of a double peak at higher filling factor reveals the formation of
segregated structure and the immisibility of Ag and Cu in the nanoscale.

Heat treatment of bimetallic clusters (Ag-Au and Ag-Cu) in a Teflon ma-
trix confirmed our earlier assumption of core-shell formation and immiscibility
of Ag and Cu in this range. The heat treatment leads to further separation of
the two plasmon peaks in Ag-Cu. Whereas, the plasmon peak in Ag-Au alloy
nanoparticles remain as single peak during the heat treatment.
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7 Electrical Properties

7.1 Introduction

Here, we focus on the electrical properties of nanocomposite films with embedded
Ag and Au nanoparticles in different polymer matrices (Nylon 6, and Teflon
AF 1600) which are prepared by co-evaporation of metal and polymer under
high vacuum. Nanocomposites are formed in between two gold palladium alloy
electrodes prepared by sputter deposition on a kapton foil. The gap between the
gold palladium electrodes (4.75 mm× 3.0 mm) is 0.5 mm wide.

7.2 Results and Discussion

7.2.1 Electrical resistivity versus filling factor

Nanocomposites consisting of metallic nanoparticles dispersed in a polymer ma-
trix have electrical conductivity which varies between the conductivity of the
insulator material and the bulk metal. The electrical properties of such com-
posite systems depend on both the metal filling factor and the matrix structure
[151]. Depending on the film composition, three different conduction regimes
are distinguished, namely: the dielectric regime, the transition regime and the
metallic regime [152]. In the dielectric regime the small, isolated metal particles
are dispersed in a dielectric continuum. However, the metallic regime refers to
a structure of granular metal particles that touch and form a metallic contin-
uum with dielectric inclusions. The transition regime is the regime at which the
structural inversion between the metallic and the dielectric regime takes place.

Figure 7.1 shows the electrical properties of thin nanocomposite films (70−
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Figure 7.1: Electrical resistance of Au-Teflon, Ag-Teflon and Au-
Nylon nanocomposites with increasing metal filling factor.

80 nm thick) consisting of Au and Ag nanoparticles in a matrix of Teflon and
Nylon as a function of metal filling factor. As expected, the resistivity of the
composite materials depend on the metal filling factor (f) and are characterized
by a threshold region with a critical value of f , reported as percolation threshold
fc [153–157]. At this metal concentration, the composite undergoes an insulator
to metal transition, where the value of electrical resistivity changes by several
orders of magnitude from 105 Ωm below fc to below 10−5 Ωm beyond fc. This
dramatic change in resistivity of the composites at the percolation threshold is
related to the fractal geometry of the infinite metal nanoparticle in the polymer
matrix [158, 159]. The lower resistivity value is then caused by the presence of
a larger number of metal particles in very close proximity but mediated by thin
barriers of dielectric material. As a result, the percolation is not uniquely related
to a given chemical composition of the composite material, but it depends mainly
on the microstructure of the aggregate and on the ratio between the conductivities
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Figure 7.2: TEM micrograph of Ag-Teflon nanocomposites at the three
different regions (a) below percolation f = 14 %,(b) at the percolation
f = 42 %, and (c) above percolation f = 77 %.

of the metallic and insulator phases. For instance, the microstructure of Ag-Teflon
nanocomposites at the three different regions are given in figure 7.2.

The comparison between the measured electrical resistivity of Ag-Teflon,
Au-Teflon and Au-Nylon reveals the influence of the microstructure on the per-
colation threshold. It is known that the nucleation and growth of Ag and Au
nanoclusters on the Teflon surface are very similar due to similarity in the con-
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densation coefficient, which results in nearly similar microstructure. But the Au
condensation on two different polymers is quite different. As a result, the region
at which the most pronounces resistivity change is centered at about f ∼ 0.42

for Ag- and Au-Teflon nanocomposites and f ∼ 0.32 for Au-Nylon nanocompos-
ites. The difference between Teflon and Nylon composites can be related to a
difference in size distribution of the nanoparticles.

Assuming a random resistance network model all current has to flow through
a single particle at f = fc by definition, which provides the active connection
(backbone) between the electrodes. Thus, an accurate experimental investiga-
tion of the d.c. conductivity near the percolation threshold is very difficult due
to the significant change in the conductivity of the film with a small change in
the nanostructure. It is clear that particle size, shape distribution, and metal
particle/insulator interface properties play a significant role close to the percola-
tion threshold. Therefore, the filling factor alone is not sufficient for an adequate
characterization of nanocomposites.

7.2.2 Current Voltage Characterization of nanocomposites

Based on their microstructure, the electrical properties of polymer/metal com-
posite films are classified as metallic, dielectric or intermediate. These electrical
properties are strongly linked to the particles nanostructure, particularly to the
distance between the particles [160]. A variation in size of the nanoparticles
(3 − 15 nm) and inter-particle distance (2 − 20 nm) can be observed in the di-
electric and metallic regime of a nanocomposite with varying metal filling factor.
Therefore, when a voltage of 1 V is applied between the electrodes, internal field
up to 106 V/cm in dielectric regime and 107 V/cm in metallic regime can be in-
duced between the metallic particles. Electrical field strengths of such orders of
magnitude can provide electrons with sufficiently high energy to escape from the
metal by a field emission process.

The electrical transports in nanocomposite films like in granulated metal
films involves an activated tunneling between metal particles separated by po-
tential barriers. In this case the activation energy is due to electrostatic image
forces, which require the energy δEF to remove a charge carrier from metallic
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particle to a neighboring one [161–163]. It is approximately given by

δEF =
(
e2/εε0

)
[(1/r)− (1/s)] , (7.1)

where e is the electronic charge, ε and ε0 are the dielectric constants of the
matrix and vacuum, r is the particle radius, and s the spacing between the
particle centers. However, the conduction can take place via hopping from defect
to defect in the insulator as opposed to tunneling directly across the insulating
gap between metallic nanoparticles.

Figure 7.3 shows current-voltage plots of Au-Teflon AF nanocomposites
with variousAu filling factors. For a composite film with f = 0.36, well below the
percolation threshold, the metallic particles in the dielectric matrix are separated
by a certain distance from each other. As a result, the induced electric field is
not sufficient to assist an electron tunneling transport from cluster to cluster,
because their distance of separation is too large. Whereas, for composites above
the percolation threshold(f > 0.42), the particles form a metallic continuum with
dielectric inclusions. In this case, the interparticle separation is small enough
to create a sufficiently high field. Therefore, the field emission is expected to
become the dominant mechanism. The conduction by field-induced tunneling
thus increases with an increase in the metal filling factor due to a decrease in the
separation gap between nanoparticles.

In addition, whether this strong electric field induces a change in the mi-
crostructure of the nanocomposites or not requires a special investigation. It
would be striking but will be difficult to directly observe the microstructure
changes in TEM measurements of samples without and with applied voltages.
However, the existence of a breakdown field at a certain applied voltage across
the electrodes as shown in figure 7.3 can be taken as evidence for the change in
microstructure. We assume that, the strong electric field induces the electron to
tunnel from one cluster to another across the polymer matrix and this leads to
a higher local current density on increasing the applied voltage. Furthermore,
this field might cause the change in the shape of the nanoparticles which leads
to further decrease in the gap between them, as illustrated in figure 7.4.

The slight change in the slope of the I-V curve near the breakdown voltage is
expected due to the change in the shape of the nanoparticles. of the nanoparticles.

120



7.2 Results and Discussion

Figure 7.3: Current-voltage characteristic of TAF composites with
embedded Au nanoparticles at various filling factor

Figure 7.4: The proposed shape of the clusters before and after the
application of voltage across the electrodes

Later a sudden breakdown of the contacts made by the neighboring nanoparticles
is observed probably due to electromigration. The composite film with lower
metal filling factor breaks down at higher voltage as shown in the insert of figure
7.5. The first local voltage breakdown event typically happened inside a thin
matrix layer separating two nearly touching nanoparticles, where the local electric
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Figure 7.5: Normalized current versus the switching time at the break
down voltage of the corresponding Au filling factor.

field magnifications were maximal [164]. The sample at the percolation is of
special interest (see insert figure 7.3) because of the nonlinear behavior. In this
case, the particles from a contact network (or percolation path) which is very
sensitive to a variation in the applied dc voltage near 4 V causing a large change
in the film conductivity and break down field at lower voltage.

In figure 7.5, the normalized current at the break down voltage is given as
a function of time to reach a stable and a low current state. The sample with the
lower filling factor reaches the low current state very rapidly (40 s for f = 0.36) as
compared to the high filling factor sample (900 s for f = 0.88). This delay time
is probably related to the shrinking of the nanoparticle bridges with different size
due to high local current density. The bridges at higher f are thicker so that it
takes a longer period until break down as a result of the electromigration.

Moreover, it should be asked to what extent the I-V curve retains its shape
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Figure 7.6: Current-voltage characteristics for two different cycles of
Au-TAF nanocomposites with 0.60 metal filling factor.

in different cycles. In principle, nanostructural changes are assumed to be ir-
reversible and cannot explain the reproducibility of switching behavior. Since
charge transport takes place through only a smaller number of particles which
comprise the backbone, high local current densities are possible. This causes to
change the interparticle distance due to local heating and electric field. In figure
7.6, a large variation between the first and second cycle is observed for composites
with f = 0.6 which reveals the irreversible change in the microstructure. The
conductivity of the sample in the second cycle is smaller than the first cycle due
to the larger separation gap between the clusters after the first break down. One
can also explain these phenomenon in terms of the number of pathways. The
number of pathways for electron flow during the first cycle is reduced in number
after the break down in the first cycle which causes the second cycle to break
down at lower voltage.
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7.2.3 Temperature dependence of the electric properties

In this study, the Au-Nylon composites with various Au concentration were heat
treated. The annealing temperature was determined by an iron-constantan ther-
mocouple fixed beneath the sample. The electrical currents at the applied voltage
of 0.6 V were measured during the increase of the sample temperature and from
their derivation the resistances were calculated.

The electrical resistance as a function of annealing temperature is shown
in figure 7.7 for samples below and above the percolation threshold. The shape
of the curves in both figures is not similar, which refers that their electrical
conductivity mechanism in this two different ranges are quite different from one
another.

All the samples with metal concentration below the percolation threshold
exhibited a similar character: the resistance remains nearly constant or slightly
decrease up to about 90 ◦C, then an increase in the resistance was observed upon
heating. The maximum peak in the resistance is exhibited at a certain critical
temperature between 120 ◦C and 145 ◦C which shifts to higher temperature with
an increase in the filling factor. After this critical temperature the resistance of
the film drops to lower value and shows a minimum resistance at 161 ◦C inde-
pendent of the metal filling factor. Further heat treatment up to 185 ◦C leads
again to an increase in the resistance of the sample. Whereas, for samples above
the percolation threshold: the resistance is nearly constant up to about 100 ◦C

and drops afterward up on heating. The large drop in the resistance was ob-
served at a temperature between 100 ◦C and 140 ◦C which varies according to
their metal filling factor. All samples exhibited the same character during the
cooling down process, the electrical resistance slightly decreases with the decrease
in the temperature.

One possible explanation for the samples below percolation threshold could
be the following: in the low-field regime for samples below the percolation thresh-
old, the voltage difference between neighboring metal grains ∆V is much smaller
than kT/e. As a metallic pathway does not exist between electric contacts in
these samples the charge transport is due to electron hopping between nanopar-
ticles. Therefore, thermal activation tunneling is either almost negligible or com-
pensated by electron phonon scattering in the metal clusters and can be the
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Figure 7.7: Resistance of Au-Nylon composites as a function of an-
nealing temperature for filling factor below the percolation (top) and
above the percolation (bottom).
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cause for the slight decrease up to 90 ◦C. Heating above this temperature, which
is near the glass transition temperature of the polymer, allows a metal cluster
coarsening. This might happen in the second part of the temperature range up
to the critical temperature, and results in a lower number of nanoparticles with
a bigger diameter and a larger spatial separation. Since charge transport occurs
via tunneling through the barriers, this leads to a significant increase in the re-
sistance as observed. The difference in the critical temperature with the change
in metal concentration (Tm = 123 ◦C for f = 0.24, Tm = 135 ◦C for f = 0.27,
and Tm = 143 ◦C for f = 0.31) might reveal a competition process between the
thermal activation and the change in microstructure which has an opposite effect
on the resistance. The higher the metal filling factor, the lower the resistance of
the sample, assuming that the sample with the higher filling factor has nanopar-
ticles which are bigger in size and closer to each other. In this range the thermal
expansion of the matrix can also contribute to the increase in the resistance but
its effect is expected to be much smaller.

In the third part of the curve above Tmax, an abrupt drop of the resis-
tance is observed due to nanoparticle arrays rearrangement due to a decrease in
polymer viscosity, which is exponentially depend on the temperature. Thus the
nanoparticles will be able to arrange themselves easily by the help of an electric
field. That means the induced field will be able to drive other nanoparticles into
the gap between two neighboring nanoparticles. Hence, the resistance gets lower.
However, as a result of this strong electric field the nanoparticles encounter unsta-
ble condition which leads to the minimization of energy by the change in shape,
which is assisted by the high temperature. Thus the surface mobility favors the
shape of the nanoparticles to change from elliptical to spherical [98]. This change
of the shape leads to a change in the gap of the nanoparticles that causes an
increase in the resistance up to 185 ◦C.

For samples above the percolation in figure 7.7(bottom), the charge trans-
port mechanisms governing the electrical conductivity are completely different
from those controlling electrical transport in samples below the percolation thresh-
old. For T < 90 ◦C the resistance is practically independent from the tempera-
ture, due to the existence of a conductive path network. In contrast with samples
at f < fc, the resistance of the samples above the percolation threshold drops at a
critical temperature and continues to decrease up to 180 ◦C up on annealing. For
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higher filling factors with larger cluster size, the heating process did not show to
a significant change in microstructure due to a limited diffusion of nanoparticles.
Nevertheless the slight structural changes begin to be evident and channels with
lower resistivity are created so that the resistance decreases in all samples and
finally reaches to saturation. Therefore, the relaxation of the polymer matrix is
the main parameter to causing the drop in the resistance [38, 39, 165].

During the cooling process, all investigated samples show similar behavior
in which the resistance remains constant or slightly decreases with cooling tem-
perature. This suggests that the existence of polymer contraction and reduced
phonon scattering on clusters up on a decrease in temperature.

7.3 Conclusion

Nanocomposites of Teflon and Nylon containing three dimensionally distributed
Au or Ag nanoclusters were prepared by vapor phase co-deposition. Their elec-
trical conductivity was investigated as a function of metal concentration, and the
percolation threshold was found at f = 0.42 and f = 0.32 for Teflon and Nylon
composites, respectively.

The I-V characteristics of Teflon composites with Au nanoclusters exhibited
different responses for various Au concentrations. For samples with f < fc, the
conductivity caused by the field induced tunneling was found to be very small
due to the relatively large gap between the neighboring clusters. Whereas for
f > fc with smaller distance between clusters, the electrical field induced across
the electrodes is enough to create the electrons to tunnel from one cluster to the
neighboring cluster. Thus, the slope of the I-V curve showed an increase with
the metal filling factor. Moreover, the filed induced change of microstructure was
evidenced due to the existence of break down voltage and a constant conduc-
tivity with a decrease in applied voltage. The break down voltage is inversely
proportional to the metal filling factor.

Electrical conductivity measurements in the range 27 − 190 ◦C have been
carried out on Nylon composites with various Au concentrations. Similarly, the
resistance versus temperature curves was exhibited different trend for those sam-
ples with Au concentration below and above the percolation threshold. For sam-
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ples with f < fc, the heating process causes coalescence of metal nanoparticles
into bigger particles more distant from each other, which leads to a significant
increase in the resistance at a certain temperature Tm. For T > Tm, the re-
sistance decreases with temperature due to the contraction in the matrix. For
samples with f > fc, the heating leads to the formation of a more conductive
path between the electrodes and showed a large drop at Tm.

The understanding of the electrical behaviour of the nanocomposites can
be used to prepare sensors or other devices with a well defined conductivity.
Since the changes induced upon the first heating cycle are irreversible, it can be
used to thermally treat a sample up to a certain temperature to induce a desired
resistivity. The only caution is that the device must never exceed the maximum
temperature used in the first heating cycle during operation.
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8 Summary and Outlook

Studies of the plasmonic materials remain a hot, active and expanding field of sci-
ence and technology. Moreover, manufacturing of novel nanocomposites, micro-
and nanodevices with specific features require the development of powerful and
flexible techniques to control and optimize their structural and physical proper-
ties. In this context, co-deposition of polymer molecules and metal atoms from
two independent sources, as presented in this work, provides a simple way to
manipulate the shape and distribution of metal clusters. This in turn allows the
alternations of the optical and electrical properties. Vapor phase co-deposition
of Au and Ag simultaneously with various polymers (Teflon, PAMS, Nylon, and
PMMA) was successfully used to produce polymer/metal nanocomposites with a
wide range of metal volume filling factor.

The growth of metallic nanoclusters in polymers is controlled by the strongly
contrasting properties of the two materials. This leads to aggregation of the high
cohesive metal with the formation of spherical nanoclusters in polymer matrix.
The cluster distribution in the polymer matrix, and the size and shape of the
individual clusters strongly depend on the condensation coefficient of the metal
on the polymer surface. The condensation coefficient depends on the ratio of
the deposition rates of metal and polymer, the metal-polymer combination, the
substrate temperature and the nucleation density. Here, it has been observed that
the condensation coefficient increases with an increase in the ratio of deposition
rate of metal to polymer regardless of the metal-polymer combination. Moreover,
increase of the substrate temperature during deposition leads to a decrease in the
condensation coefficient up to the glass transition temperature of the polymer.
Beyond the glass transition temperature the condensation coefficient increases
again. Heat treatment during or after co-deposition leads to changes in the
microstructure of the nanocomposites due to diffusion of metal nanoparticles in
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the polymer. Post deposition annealing results in formation of larger and more
spheroidal shaped clusters.

The optical properties of the composites are strongly related with the mi-
crostructure of the composites. The position, intensity and width of the particle
plasmon resonance were determined as a function of the metal volume filling fac-
tor, cluster size, shape, distribution, interparticle separation, the type of metal
and the surrounding dielectric medium. These factors are interdependent for
composites produced by vapor phase co-deposition. The position of the metal
particle resonance shows a large red shift with increasing filling factor f which
corresponds to an increasing particle size and a decrease in interparticle distance.
Changes of the optical properties of the nanocomposite films caused by a change
of the surrounding dielectric medium were also observed. Shifts of the plasmon
peak position to longer wavelengths were observed with increasing dielectric con-
stants of the polymer matrices. These shifts are most clearly exhibited at low
metal filling factors where size effects are less pronounced.

Changes of the microstructure of the composite film upon annealing allowed
to demonstrate the effect of interparticle distance and size of the clusters on the
plasmonic properties of the composites. As a result it was found that the peak
wavelength of the plasmon band shifted towards a shorter wavelength with an
increase in the temperature. This shift of the absorption maximum is mainly
caused by an increase in the distance between the clusters by agglomeration
during the heat treatment, which leads to a decrease in the number density of
the clusters. The degree of this shift depends on the original microstructure,
annealing temperature, and duration of the annealing.

Bimetallic nanostructures in polymers synthesized by using co-evaporation
from three distinct sources show homogeneously distributed clusters in polymers.
This work reports for the first time the synthesis of bimetallic nanoparticles dis-
persed in a polymer matrix via a co-evaporation approach. In comparison with
other techniques this allows to produce high filling bimetallic clusters and free
choice of alloy composition. Bimetallic nanoclusters in polymers exhibit a plas-
mon band which is mainly dependent on the alloy composition. For gold/silver
bimetallic clusters the single plasmon band position is shifted linearly to longer
wavelength with an increase in the gold fraction. In contrast, the Ag-Cu nanoclus-
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ters in a polymer matrix show a single and double plasmon band for f < 40 %

and f > 40 %, respectively. This is related with the formation of bimetallic alloy
or core-shell nanoparticles in polymers.

Also the electrical properties of nanocomposites consisting of three dimen-
sionally distributed Au or Ag nanoclusters in Teflon and Nylon matrices were
investigated. The electrical conductivity was investigated as a function of metal
filling factor, and the percolation threshold was found at f = 0.42 and f = 0.32

for Teflon and Nylon composites, respectively. The IV characteristics of Teflon
composites containing Au nanoclusters showed different responses for various Au
concentrations. For samples with f < fc, the conductivity caused by the field
induced tunneling was found to be very small due to the relatively very large
gap between the neighboring clusters. Whereas for f > fc exhibiting a smaller
distance between the clusters, the electrical field induced across the electrodes is
large enough to allow the electrons to tunnel from one cluster to a neighboring
cluster. Nevertheless, electromigration causes a breakdown at a certain voltage
which was found to be almost inversely proportional to the metal filling factor.
Similarly, the resistance versus temperature curves showed different trend for
samples with Au concentrations below and above the percolation threshold, re-
spectively. The changes in the resistance were explained in terms of a change in
the microstructure due to rearrangement of the clusters, and polymer contraction
above the temperature of the main transition in the polymer.

In conclusion, the physical co-deposition of metal and polymer has been
found as a promising technique to produce metal-polymer nanocomposites for
various applications. These composites have the potential to be used for techno-
logical applications such as tunable color filters, coatings, high density capacitors
and so on. In a layer by layer geometry, they can be used as absorbers at multi-
ple and tunable wavelengths and as Bragg reflectors. Moreover, composites with
bimetallic structures can be very useful for tuning the optical absorbance over
a broad range. Finally, the composites can be used as bifunctional materials,
if the constituents of the bimetallic cluster combine different properties such as
plasmonic absorption and magnetism.
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