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ABSTRACT

Two type of glasses are currently of interest and being studied extensively. One is a
glass doped with semiconducting nanocrystals while the other type is doped with noble
metal colloids. In addition to their applications in non-linear optics, the first type glasses
can also be seen as future optical filters and the second type of glasses can be used
as coloured glasses. Therefore the present work was carried out with an objective of
synthesising nano-composite glass like thin films containing semiconductor
nanocrystals and mixed- and alloy- noble bimetallic colloids using the sol-gel process.

The sol-gel process has successfully been used for the synthesis of nanocomposite
thin films containing CuCl,Bri, (X = 0 - 1) nanocrystals. Copper could be stabilised as
Cu® forming an acid soluble halocuprate complex in solution, in the presence of
acetonitrile. These complexes decompose during heat treatment and form copper
halide nanoparticles. The formation of acid soluble halocuprate complexes like CuX;
and CuXs” (X = ClI, Br) and their decomposition during the heat treatment to CuCl and
CuBr was confirmed by the UV-VIS spectroscopy, XRD measurements and HR-TEM
analysis. For the synthesis of CuCl,Bry, (x >0 <1) nanoparticles in thin films stepwise
substitution of chloride by bromide ions was carried out successfully.

The sol-gel process has also been applied for the synthesis of hanocomposite thin
films containing alloy and mixed colloids of Ag / Au and Ag / Cu in thin films. Structural
and chemical analysis of alloy and mixed nanoclusters in silica matrix was performed
by means of UV-VIS spectroscopy, HR-TEM and EDX. UV-VIS spectroscopy has
successfully been applied to differentiate between alloy- and phase separated mixed-
mixed colloids of gold and silver.

Thin films containing Ag-Au alloy colloids showed one absorption peak. The position of
the peak shifts continuously from the absorption maxima of silver (410 nm) to the
absorption maxima of gold (530 nm) with an increasing molar ratio of gold. This allows
the tuning of the absorption band (and hence the colour) using glass like films
containing nanosized alloy colloids. The absorption spectra of Ag / Au mixed colloids
on the other hand show two peaks corresponding to the plasmon peak of gold and
silver. UV-VIS spectra of Ag / Cu alloy colloids showed two plasmon peaks for the
molar ratio of Ag/ Cu > 4 : 1, corresponding to Ag and Cu plasmon resonance. This
was due to the limited miscibility of silver and copper in bulk. The theoretical absorption
spectra for the alloy- and mixed- colloids of Ag / Au and Ag / Cu were also calculated
using Mie theory and a good agreement was found between theoretical and measured
spectra.

KURZFASSUNG

Zwei Arten von Glasern liegen im Schwerpunkt des aktuellen Interesses und werden
zur Zeit intensiv untersucht. Dies sind zum einen dotierte Glaser mit halbleitenden
Nanopartikeln und solche mit Edelmetallkolloiden. Zusé&tzlich zu ihren Anwendungen in
der nichtlinearen Optik kann man die mit Halbleiterkolloiden dotierten Glaser dabei als
zukunftige optische Filter ansehen. Edelmetallkolloidhaltige Glaser kdnnen als farbige
Beschichtungen verwendet werden. Gegenstand dieser Arbeit war daher die auf dem
Sol-Gel-Prozel3 basierende Herstellung von nanokomposithaltigen glasartigen
Beschichtungen, welche halbleitende Nanopartikel sowie gemischte und legierte
Kolloide zweier Edelmetalle enthalten.



Der Sol-Gel-Proze3 konnte erfolgreich zur Herstellung dinner Nanokomposit-
Beschichtungen mit inkorporierten CuCl,Br;-Nanokristallen (x = 0-1) angewandt
werden. Dabei gelang es, Kupfer durch einen saureldslichen Halocuprat-Komplex als
Cu” in acetonitrilhaltiger Lésung zu stabilisieren. Diese Komplexe zersetzen sich unter
der thermischen Verdichtung der Beschichtungen und bilden dabei Kupferhalogenid-
Kolloide. Die Bildung von saureldslichen Halocuprat-Komplexen wie CuX, and CuXs”
(x = CI, Br) und ihre thermische Zersetzung zu CuCl bzw. CuBr konnte mit Hilfe von
UV-VIS-Spektren, rontgendiffraktometrischen Messungen sowie HR-TEM-Analysen
gezeigt werden. CuCl,Br;—Nano-partikel konnten erfolgreich durch die schrittweise
Ersetzung von Chlorid durch Bromid hergestellt werden.

Der Sol-Gel-Proze3 wurde auflerdem zur Herstellung dinner Nanokomposit-
Beschichtungen angewandt, welche legierte bzw. gemischte Ag / Au- und Ag / Cu-
Kolloide enthielten. An den dabei in der silicatischen Matrix entstandenen Ag / Au- und
Ag / Cu-Nano-clustern wurden strukturelle und chemische Analysen in Form von UV-
VIS-Spektren, HR-TEM-Aufnahmen und EDX-Spekten durchgefihrt. Die UV-VIS-
Spektroskopie konnte dabei erfolgreich zur Unterscheidung von legierten Gold- und
Silber-Kolloiden gegeniiber phasenseparierten gemischten  Kolloiden angewandt
werden.

Beschichtungen mit legierten Ag/Au-Kolloiden zeigen lediglich eine Absorptionsbande,
deren Lage sich kontinuierlich mit abnehmendem Ag / Au Verhdltnis vom Silber-
(420 nm) zum Absorptionsmaximum von Gold (530 nm) verschiebt. Dieses Verhalten
erlaubt das Einstellen der Lage der Absorptionsbande und damit der Farbe der
glasartigen Beschichtungen. Dagegen zeigen Beschichtungen mit gemischten Ag / Au-
Kolloiden zwei Peaks, welche mit der Plasmonbande von Silber bzw. Gold korrelieren.
Legierte Ag / Cu-Kolloide mit einem Ag / Cu-Molverhdltnis > 4 zeigen im UV-VIS-
Spektrum ebenfalls zwei Plasmonbanden, deren Lage jeweils mit der Ag- bzw. Cu-
Plasmonbande Ubereinstimmt. Dies wird durch die begrenzte Ldslichkeit von Silber
und Kupfer im Bulkmaterial verursacht. Die theoretischen Absorptionsspektren fir
legierte und gemischte Ag / Au- und Ag / Cu- Kolloide wurden auf3erdem mit Hilfe der
Mie-Theorie berechnet. Dabei konnte eine hinreichende Ubereinstimmung zwischen
den theoretischen und gemessenen Absorptionsspektren erzielt werden.
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| INTRODUCTION

Colouring of the glasses is an ancient art but compared to this a rather new one in
science. Coloration of glasses by metal or non-metal ions (i.e. Co**, Cu**, Fe**, Fe*",
cr¥, cr®, s%) was known to mankind some thousand of years ago in Egypt [1]. In this
method of colouring, each batch of glass has to be melted separately and the colours

produced are generally diffused and dull.

Another rather modern alternative for the production of coloured glasses is to coat
them with a film containing 1 - 10 nano-meter size metal colloids (i.e. Cu, Ag, Au and
Pb) [2]. Silver metal colloids are known to produce a yellow colour and gold and copper
produce ruby colour. This method allows the generation of very intense colours by a
film as thin as 100 nm and this does not necessitate melting a separate batch for each

colour.

These intense colours produced by metal colloids are attributed to sharp plasmon
resonance bands. It is known that the total absorbance (absorption and scattering) in
metal colloids results from the movement of the electrons under the influence of the
electric field vector of the incoming light, which leads to a dipole excitation across the
particle sphere. The positive polarisation charge acts as a restoring force, which
makes the electrons oscillate. Thus the electron density within a surface layer
oscillates whereas the density in the interior of the particle remains constant, which is
termed as plasmon resonance. It is known that the extinction band due to the copper-,
silver- and gold- in visible region can be easily influenced by the concentration and the
geometry of the colloidal particles [3-5]. From the theoretical results (Mie theory) and
the experimental observations it comes out that colloidal size depends upon the half-
width of extinction band, but hardly on the position of the peak maxima. That is the
reason, for example, silver always gives the yellow colour. It is known that the area
under the extinction band to the first approximation is independent of the colloid size

and proportional to the colloid concentration [6].

It is also known [7] that the colour due to colloidal particles can also be changed by
changing the dielectric constant of the particle, which in fact can be changed by
alloying or mixing of the two metals with different dielectric constant. There have been
some attempts to synthesise such intermediate colours by mixed colloids, though it has

not been studied extensively.
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Such nano-composite thin films containing 1-10 nm size metal particles dispersed in
glass matrices have also drawn attention because of their second order non-linear
effects those can find applications in developing high speed and low power optical
devices for future communication systems. Such non-linearity is known to originate
from local field and hot electron effect in the metal particles. The non-linear response
time shorter than several pico-seconds and non-linear susceptibilities of the order of
10™ esu have been reported [8]. This value of susceptibility is however not sufficient

for realising a practical non-linear device.

This pursuit of materials with high non-linearity has lead to investigations in another
related class of materials, i.e., nano-composites containing semiconductor nano-
crystals in various matrices. The non-linearity of the compounds contained in this
group is of the third order and it mainly originates from quantum confinement and band
filling effects [9]. Although such materials have been reported to show non-linear
susceptibility X of the order of 10°-10® esu [10], it still remains insufficient for the

realisation of practical devices [11].

One of the implications of the exciton peaks is that these nano-composites show very
sharp absorption edge [24]. If we examine this fact with the background that the
commercially known filters show a rather broad and gradually changing absorption
edge, semi-conductor nano-crystals doped glasses become important candidates for
realising optical filters with a sharp cut-off. Further, filters, which would completely
block the UV radiation in the visible light, would be of significant technological
importance and it is known that the exciton absorption peaks of Cu-Halides nano-
crystallites fall very close to this UV-VIS boundary [33].

Schott [12] and Corning [13] produce some such semiconductor nano-crystals
containing filter glasses with a sharp absorption edge. In the fabrication process of
such sharp cut filter glass, semiconductor materials (CdS and CdSe) are added to the
batch materials in the form of CdO, CdS and elemental sulphur or selenium's. The
batch is typically melted with in the range of 1300-1400 °C and then formed using
conventional casting techniques. Upon subsequent heat treatment the dopants form
nano-crystallites of CdS,Se;.« with a typical diameter of 2r = 10 nm inside the glasses
[14].
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Such a high temperature dedicated batch melting process makes these filters costly
and thus limits their applicability. Chemical and physical vapour deposition (CVD and
PVD) and ion implantation are some other methods for the incorporation of nano-

crystallites in glass or onto the surface of glass, which also are cost and time intensive.

The investigation of sol-gel as a new and cheaper alternative for the coating of large
area glass substrates has also proceeded at a rapid pace over the last few years and it
has been realised that sol-gel can indeed be the method of choice for such large area
decorative coatings. Therefore the present work was started with an objective of
synthesising nano-composite glass like films containing semiconductor nano-crystals
and mixed- and alloy- noble bimetallic colloids using sol-gel route. The synthesis of
such coatings and the evaluation of their optical properties and structure have been
studied by Jain et al. [15] and Yumoto et al. [16].
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I OPTICAL NANO-COMPOSITES: THE STATE OF THE ART

The term ‘Nano-composite’ describes the materials in which hetero structures of the
length scale 1-100 nm are dispersed in a solid matrix. Such materials are promising
for various technological applications like mechanical, electronic, magnetic and optical
[17]. Optical functionality of nano-composites arises because the elementary
excitations like electrons are confined in all the directions in these quasi zero
dimensional structures. These samples, thus in principle exhibit discrete energy level
structure leading to sharp optical absorption lines. In addition such concentration of the
oscillator strength makes them attractive for non-linear optics [18] and electro-optic
applications [19].

Two such systems are of interest and are materials containing nano-crystals of
compound semiconductor also termed as quantum dots, dispersed in glass matrices
and those in which nano-crystalline phase consists of noble metal colloids. The former
system is of interest for filters with sharp absorption edges whereas the latter system is
being already commercially exploited for colouring of glasses, beside the application
potential of both these systems for non-linear optical devices. Therefore, nano-
composites containing Cu-halide quantum dots have been synthesised and
characterised in the following chapters. As it has been discussed previously, the
synthesis of bimetallic colloids presents the possibility of the generation of interesting
colours. Bimetallic colloids from Ag-Cu and Ag-Au systems have also been
synthesised in glass matrices and characterised for their optical properties and

structure.

The conventional method for the synthesis of these materials has been melting
followed by the phase precipitation of the nano-particles. The high temperature
involved in the melting of the glasses restricts the applications potential of such
materials to a narrow domain. Further, it is not possible to synthesise films by melting
because of the very high viscosity (2 x 10’ Poise for SiO, glass at 1600 °C [20]) of

molten glass.

The sol-gel process is based on the hydrolysis and poly-condensation of the metal
alkoxides and salts and has been investigated as a low temperature alternative of
melting. The sol-gel process also facilitates the synthesis of coatings on large

substrates. The science and technology of sol-gel is explained in an extensive book by
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Brinker and Scherer [21]. Further, [22] and [23] are other important references those
cover the fundamentals of sol-gel research and therefore sol-gel processing is not
being discussed here. However, the state of the art of copper halide quantum dots and

bimetallic noble metal colloids has been summarised in the following sections.
2.1 Synthesis of copper halide containing bulk glasses

A microcrystal in a dielectric matrix of a nano-composite may be treated as the three-
dimensional potential well for electrons, holes, excitons etc. The depth of the well in
such systems may be of the order of a few electron volts [24]. Since quasi particles
have a limited space to move, their energy spectrum is quantized. It has been
observed that the quantum size effect in such systems is revealed as a short
wavelength shift of the spectra with the decrease of microcrystals size. The value of
the quantum size shift is strongly dependent on the coulomb interaction between
electron and holes. There are two limiting cases, first is when the microcrystal size ‘a’
is far less than the exciton radius ‘ae,’ and the shift of the absorption edge is due to the
guantization of the free carriers. The second is when the a, << a and the size

guantization of excitons occur [25].

In strong confinement case where the microcrystal size is far less then the exciton
radius aey, both electron and hole confinement were assumed to be dominant relative
to the coulomb interaction [24]. This results in a splitting of both the valence and
conduction band into a series of the sub bands. The position of the absorption lines
due to interband transitions to quantum sub-levels of the conduction band as a function
of the average size ‘a’ of the microcrystals can be described by the following
expression [25],

hz
hcqn = Eg + 0.71W¢/m2 (1)

Where m, is the effective mass of the electrons, i, are the roots of the Bessel function
[26] and the factor 0.71 appears due to the size dispersion of the microcrystals
described by the Lifshitz and Slesov distribution [27].

In the second case for which a ., << a, the coulomb interaction is retained and the

exciton is confined. In this case discrete sub-bands of the excitons with lower energy
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are formed. This situation has been studied experimentally by Ekimov et al. [31] for

CuCl microcrystals.

Copper halides CuCl and CuBr crystallise under normal conditions in the zinc blende
structure and constitute a member of group I-VII tetrahedral semiconductors. The 3d
electrons of the copper hybridise very heavily with the p-like valence electrons of the
halogen, and thus the number of valence electrons per CuCl unit becomes 18 instead
of 8. The hybridisation of p- and d- orbitals can be understood by the following figure,
which shows the energy levels of CuCl and CuBr, estimated by the method proposed
by Seitz [28].

Cu* CI- Cu® Br-
3de 3ps 3de 4ps
E Conduction 3p¢ Conduction 4p e
band r- ................ —— band S —
0|  Cu'd-paRd S Cu* d-baiid
CI p-band 3d94s Br- p-band 3d94s
20 m ﬁlo
(a) CuCl (b) CuBr

Figure 1: The energy level relations in cuprous halides (CuCl and CuBr) [28].

The figure suggests that the p-bands of anions and the d-bands of cations may be
rather close to each other energetically in these compounds. This means that the d-
orbital of cation and p-orbital of anion mix strongly at the valence band. This mixing of
p- and d- orbitals is the origin of a number of interesting properties of these materials,

such as the negative orbit splitting of uppermost valence band of CuCl [29].

Since, in the later case as discussed above discrete sub-bands of the excitons with
lower energy are formed, CuCl crystallites show two lines in their absorption spectra as

shown in Figure 2 below [42].
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Figure 2: Exciton spectrum of CuCl and CuBr at 4 K [42].

Figure 2 shows the exciton spectrum of CuCl and CuBr at liquid helium temperature.
Cardona suggested that the top of the valence band (I'5) is triply degenerate without
spin orbit interaction in the zincblende structure. This degeneracy is reduced by spin-
orbit splitting to a doubly degenerate state 's and a singlet I'e. The doublet (') gives
the Z, , peak and singlet (I'¢) gives Z ; peak [42].

The spectral position of the Z3 line originating from the two-fold degenerate sub-band
s, as a function of the average particle size ‘@’ can be described by the following

expression [30]

2
haw,, = E, - E, +0.67 5 f = Vs )

The spectral position of the Z, , line from four-fold degenerate valence sub-band I is

given by [30]

2

n’ M

My, =By ~El +067 - {‘[{MI H 3)
h h

Because of these interesting observations, significant efforts have been done to

synthesise materials containing cuprous halide micro-crystals in various matrices.
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Ekimov et al. [31] have developed a technique for the growth of CuX (X= ClI, Br) semi-
conducting micro-crystals in a glassy dielectric matrix. This technique permits to vary
the size of the grown micro-crystals in a controlled manner from some tens to
thousands of Angstroms. They have also studied the size dependence of the
absorption spectra of the number of I-VII and 1I-VI compounds. With the decrease of
the size of the micro-crystals, a considerable short wavelength shift of the exciton lines

and the fundamental absorption edge was observed.

Goto et al. [32] have studied the emission, absorption, and reflection spectra of single
crystals of cuprous halides. The single crystals were grown by purified CuCl and CuBr,
sealed in an evacuated silica tube, 1.5 cm in diameter and 15 cm in length, under
hydrogen gas pressure of 1/4 to 1/2 atmosphere. The ingot was first molten in the tube
held horizontally in an electric furnace and solidified again by cooling it to room
temperature. All these crystals were found to have a zincblende structure. They
observed three types of emission spectra namely 1) Resonance emission due to the
annihilation of lowest energy intrinsic exciton, 2) Narrow lines due to bound excitons at

defects 3) Broad bands and overlapping equidistant narrow bands.

Ruller et al. [33] have synthesised and characterised aluminoborosilicate glass
containing Cu(l)Cl microcrystals. The glass containing 1% CuCl was melted in a
platinum crucible at 1400 °C, for 2-3 h. They were then annealed between 520-585 °C
for three hours. After annealing samples were placed in a preheated furnace for
various heat treatment times and temperatures. The average particle size for the
samples heated at 585 °C for 4 h was found to be 3.4 nm, whereas for the samples
heated at 900 °C for 5 min it was 5.8 nm. They studied the volume of the CuCl
particles with the heat treatment time. If the growth is due to the diffusion, the average

size of the crystal (R) should increase by t"° [34].
R = 4/9 o Dt*? (4)

where a is surface tension, D = D,y exp (-AE/KT) is the diffusion coefficient, and t is the

heat treatment time. Thus the average volume should increase linearly with time.
R°=4/9at ®)

Thus based on a straight line between the volume and time they concluded that the

crystal grow linearly as a function of time.



The state of theart

Kadono et al. [35] have studied the effect of the glass compaosition on the precipitation
of CuCl crystallites for CuCl doped borosilicate and alumioborosilicate glasses.
Alumina was introduced in order to avoid the phase separation of the glass matrices.
Reagent grade raw materials SiO,, B,Os;, Na,CO; and Al,O; were used for the
preparation of glasses. Batch mixtures of appropriate compositions with addition of
Cu,O and NaCl were melted in alumina crucible at 1400-1450 °C for 2 h. The melts
were quenched between two graphite plates. The glasses were transparent and
slightly yellowish owing to very small amount of Cu®* ions. UV-VIS spectra of the
borosilicate glass annealed at 580 °C showed an absorption peak at around 370 nm of
CuCl excitons, whereas no absorption peak was observed for the aluminoborosilicate
glasses annealed at various temperatures. On the basis of these observations they
concluded that the phase separation of glass is necessary in order to grow the CuCl

nanoparticles in bulk glasses.

CuX (X = ClI, Br) microcrystallite doped glasses were synthesised by Sugimoto et al.
[36]. Glass having the composition 10Na,O - 52.5B,0;3 - 7.5Al,03 - 30SiO, - YCuX -
0.5YSnO (molar ratio, Y = 0.5-1) were prepared by melting and heat treatment
method. Third order optical non-linearities were measured by a degenerate four wave
mixing with two beam configuration. CuCl and CuBr doped glasses exhibited third
order optical non-linearities of 10°-107 esu at 385 nm and 410 nm, which
corresponded to CuCl and CuBr exciton absorption wavelength respectively. The UV-
VIS absorption spectra of the CuCl microcrystallite doped glasses heat treated for 30
min at different temperatures and measured at 77 K showed that the peak shifted
toward the lower energy with increase in temperature. Same behaviour was also
observed for the glasses doped with CuBr microcrystals. The shift of Z; absorption
peak of CuCl and CuBr from the bulk crystal ranges from 10 to 60 meV and 20 to 70
meV respectively. These results indicated that the translational motion of the excitons

is indeed confined in the microcrystallites.

CuCl micocrystallite doped SiO, glass films have been prepared by Tsunetomo et al.
[37] using RF sputtering method. Transmission electron microscopy (TEM)
measurement showed that the microcrystallites had a spherical configuration. The
average size of the microcrystallies was less than 5 nm, and was affected by the
preparation conditions and post-deposition annealing time. They compared the

observed peak positions with the peak positions of the bulk glasses and observed that
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the peaks are shifting slightly to the shorter wavelength side and the peak width

become broader.

In all the methods shown above copper halide containing bulk glasses were
synthesised by melting and heat treatment, which requires a very high temperature.
Further the concentration of copper used is also very limited. High temperature
process limits the application of such glasses to a narrow range. Sol-gel method [39]
has been explored as a low temperature alternative for the synthesis of such copper
halide containing glasses. Sol-gel is an interesting method for the synthesis of coatings
on commercial glasses. Some of the efforts to synthesise copper halide containing

glasses by sol-gel route are summarised in the following section.
2.2.2 Copper halide containing glasses by sol-gel route

Nogami et al. [38] have applied the sol-gel process to prepare CuCl doped silica bulk
glass with a significant quantum sized effect. Gel synthesised by the hydrolysis of a
complex solution of Si(OC,Hs), and CuCl with an HCI catalyst was heated to 900 °C to
form fine, cubic CuCl crystals. Above 700 °C absorption peaks observed at 370 and
380 nm were attributed to the excitation of the confined Z;, and Z; excitons,
respectively, in the CuCl microcrystals. They also studied the UV-VIS absorption
spectra of CuCl containing glasses heat treated at 800 °C for different time periods.
The energy shift also increased upward with decreasing heat treatment time, indicating
crystal growth, and hence the formation of bigger particles on increasing the heat
treatment time. Exciton shift to the higher energy side was observed with the decrease
in the size of CuCl crystals. The resonant third-order non-linear susceptibility at 77 K

was 1.1 x 10® esu.

They calculated patrticle size using an equation [31] relating the particle radius (R) and
the lowest energy of the confined Z; exciton. Crystal size was found to range from 3 to
6 nm in diameters, and the particle diameter was found to increase from 3 nm to 6 nm
with increasing heat treatment time from 0.5 h to 60 h. They compared the growth rate
with the results of Ekimov et al. [31] who measured the faster growth rate of CuCl
microcrystals in borosilicate glasses. This was attributed to the low viscosity of the

borosilicate glasses and hence the faster growth rate.

Nogami et al. [39] have used the sol-gel method to prepare CuBr microcrystal doped

glasses also. Glasses containing CuBr microcrystals were prepared by heat treating
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the gels synthesised through hydrolysis of a solution of Si(OC,Hs)s, Al(OC4Hg)s and
CuBr, heated to 900 °C in nitrogen atmosphere. Cubic CuBr microcrystals with the
diameter ranging from 5 to 8 nm were formed. In the optical spectra of the samples
heated above 700 °C, peaks were observed at 3.05 and 3.20 eV at 77 K, which were
attributed to Z;, and Z; excitons respectively. The shift of the peak positions to the
higher energy side with the decrease in crystal size (quantum size effect) was also
observed for the CuBr containing bulk glasses. The limitations of the methods
mentioned above are, copper concentration is very low and the exciton peaks are
visible at very low temperatures (77 K) only. Because these methods require too high

temperatures, they can not be applied for the coating on float glasses.

Reisfeld et al. [40] have synthesised semiconductor quantum dots containing thin films
by the sol-gel method. Tetramethoxysilane (TMOS) was used as a precursor for silica
for the synthesis of CuCl containing films, and the films were dried only at 40 °C.
Absorption spectra of films containing CuCl nanocrystallites, measured at room
temperature and prepared with the initial concentration of Cu,O = 0.061, 0.091 and
0.122 mole per mole TMOS showed two very weak peaks located at 376 and 384.5 nm
in spite of having relatively large concentration of copper.

In order to synthesise CuBr doped films Reisfeld et al. [14] synthesised the sol with the
molar ratio of TMOS, water and methanol = 1 : 6 : 11, and 2 x 10* M HCI aqueous
solution was used for the hydrolysis. Na,SOs;, CuBr, and HBr were added after 1h
hydrolysis. Their corresponding molar ratios were 0.014 / 0.0046 / 0.0015 per mole of
TMOS. The average diameter of the copper bromide calculated from the X-ray
diffraction using Scherrer’'s formula was found to be 48 to 52 nm. Addition of the
montmorilonite to the precursor decreased the particle size down to 24 nm. UV-VIS
spectra measured at room temperature showed very week exciton peaks of CuBr. As
the matrix is not very durable, this process is also unsuitable for making thin films,

besides that the particles formed are too big to show a quantum size effect.

Cuprous halide microcrystals containing photochromic sol-gel glasses have been
recently synthesised by Fachet et al. [41] by the introduction of CuBr dissolved in
CHsCN into a sol-gel Al,O3-SiO, glass. For the gel synthesis 33.09 ml Si(OC,Hs), were
added dropwise into a mixture of 3.98 ml H,O, 12.92 ml C,HsOH and 0.033 ml HBr
(48%) and stirred for 1 h. After that 3.42 g Al(OC,Hs); were added and the mixture was
stirred for 20 h at 85 °C. The mixture was cooled down to room temperature and then

11
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0.14 g CuBr (dissolved in 9.13 ml CH;CN) were added. After a further stirring at room
temperature for 3 h, a mixture of 0.26 g Cd(CH;C0OO),.2H,0 dissolved in 13.06 ml H,O
and 0.11 ml HBr in 0.81 ml C,HsOH was then added dropwise to the sol. A stirring at
room temperature for an additional 3 h completed the sol synthesis. The sol was
covered for 15 days at room temperature and protected from the sunlight. After
gelation the sample was dried at room temperature for 10 days. A heat treatment at
280 °C / 2 h and then 410 °C / 2 h in air or O, was necessary for the evaporation of
solvent and the removal of organics. After that the light blue coloured sample (Cu®)
was heated to 700 °C under N, atmosphere for the reduction of Cu(ll) to Cu(l). The
temperature was maintained for 2 h. The light green colour indicated the successful
reduction to Cu®. These reduced gel glasses showed a darkening by UV irradiation up

to 24% and a fading at room temperature up to 13% within 10 min.

In all the methods shown above either the copper concentration used is very limited or
the end product (CuX) is very less and the temperatures are far too high, or the matrix
is not very durable. Due to the small concentration of CuX the exciton peaks appear as
shoulder at room temperature and are clearly visible at very low temperatures (77 K or
4 K) only.

2.2.3 Thin films containing CuCl - CuBr mixed crystals

Cardona et al. [42] have first studied the optical properties (absorption and reflection
spectra) of the thin films containing the mixture of copper halides, for energies
between the energy gap 3.1 eV and 10 eV. The films containing copper halide alloys
were prepared by evaporating a known mixture of the component. The peak positions
of Z,, and Z3 excitons were plotted against the Br ~ concentration. It was observed that
at x = 0.23 (where x = bromide concentration) both the curves cross each other. It was
concluded that at this concentration the spin orbit splitting goes to zero, and after that
the position of the multiplet was inverted. It was also observed that in CuCl the Z;,
band locates on the high energy side of the Z; but in CuBr the relative positions of the

two bands are opposite.

Kato et al. [43] have measured the absorption intensities of two exciton bands in CuCl-
CuBr solutions. CuCl and CuBr powders were purified and ingots of solid solutions
were prepared by melting the mixture of two materials with variable compositions. Thus

prepared ingot was evaporated on a fused quartz plate kept at 120 °C in high vacuum
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and the sample on a quartz plate was annealed to room temperature with a cooling
rate of 50 °C / h and used for the optical measurements. The UV-VIS measurements
were carried out at two different temperatures of 8 K and 77 K and the results of the
relative densities of the two exciton bands were the same. The intensities of the two

excitons Z, , and Z3, were measured.

From the measured spectra of Cu(Br,Cl,,) where x = 1-0, they observed that in CuCl
the absorption area of the higher energy band, the Z,, is greater then that of the Z;
and with increasing the Br ion concentration in solid solution the difference in
absorption becomes much larger. In CuBr on the other hand the area of the lower
energy band, the Z, , is larger than that of Z; band but with increasing Cl concentration
the area of the Z; becomes larger than that of the Z,,. Namely with decreasing the
separation between two band peaks the area of the higher energy band becomes
greater than that of the lower energy band regardless to the fact that it is the Z;, or Z;
band.

Takahashi et al. [44] have measured the absorption and emission spectra of thin films
of CuBr-CuCl solid solutions at 8 and 80 K prepared by the same method used above
by Kato et al. [43]. The absorption bands shift continuously with the composition. The
peak energies of the Z; and Z; , absorption bands at 80 K were plotted as a function of
the concentration of the Br ions, x. The variation of the absorption of the peaks-energy
is in good agreement with that obtained by Cardona et al. [42]. The cross of the two
curves (Z; and Z;,) occurs at x = 0.23. The band width of the Z; exciton band was also
found to increase appreciably when the concentration, x, exceeded 0.23 and the band
appears on the higher energy side of the Z;, band. This fact was interpreted in terms
of the shorter life time of the higher energy exciton (Zs) owing to the scattering into the
lower state of the Z,, exciton [45]. When the Z; exciton is lower in energy than Z,,
exciton, there is no state for the Z; exciton to be scattered except within it's own band,

and the life time of the exciton is longer, thus the Z; band is sharper.

Emission spectra of the thin films of CuBr-CuCl solid solutions at 80 K were recorded
by exciting the luminescence by light between 350 and 370 nm in wavelength. For the
pure CuBr and the solution of x = 0.72 or 0.87 longer wavelength light was used. In the
emission spectra only one emission band was observed. The energy of the band peak

shifts continuously as a function of the Br ™ ion concentration. Emission lines for CuCl
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and CuBr were obtained at 389.9 and 420.4 nm respectively. The bandwidths of these

emissions were between 6 A and 20 A.

Ruller et al. [46] have precipitated CuCl,Br;« microcrystals in borosilicate glasses. They
have reported that the control of heat treatment permits the selective growth of
quantum-dots over the range of 50-125 A. They have used the photochromic glass
purchased from ‘corning glass works’ that contained 1% CuCl,Br,.,. The glasses were
melted in 1 kg batches for four hours at 1450 °C. The glass slabs were cut into 1 cm®
and heat treated at various temperatures and times. The absorption spectrum of the
glass sample containing both chloride and bromide and heat treated at 585 °C for 4 h,
recorded at room temperature, showed a peak at 383 nm and a shoulder at 394 nm.
The spectrum of the same sample in a continuous flow crystal at 77 K on the other

hand showed two clearly resolved peaks at 388 nm and 399 nm respectively.

Various attempts have been made to synthesise copper halide containing bulk glasses.
But only a few attempts have been made to synthesise thin films containing CuX (X =
Cl, Br) nanopatrticles by the sol-gel route. Sol-gel route is a low temperature alternative
that allows relatively higher concentration of copper precursor, ease of film formation
and a relatively uniform particle size distribution in the films. But the low temperature
and the H,0 content of the sol-gel shifts the Cu**/ Cu* equilibrium to Cu®*, thus making
it difficult to prepare thin films containing mono-valent copper exclusively. As it is
known from the literature that the exciton absorption peaks of copper halide nano-
crystallites fall very close to this UV-VIS boundary. The present work is aimed towards
the stabilisation of Cu® ions in solution resulting the formation of copper halides
(CuCl,Bry, where x = 0-1) in thin films.

14



The state of theart

2.2 Bimetallic particles in solution and glasses

It has been mentioned in the introduction that noble metal colloids show intense
colours because of characteristic absorbance band in the visible region of the
absorbance spectra. The light absorption by colloidal metal particles is described by
Mie’s theory [47] and the absorption coefficient (in mol™.L.cm™) is calculated from the

relation-

o 187 10° Mn,’® £,
N0 A p (g,+2n7) +¢&,°

(6)

where A is the wavelength of light in nanometer, M and p are the molecular weight and
density of the metal, ng is the refractive index of the solvent, and ¢; and ¢, are the real

and imaginary parts of the dielectric constant of the metals.

When the size of the particles becomes smaller than the mean free path of the
electrons, the absorption bands are broadened, this is taken care of by using size-

corrected values of €, [48]
€2 = € (ouiy + (00 00°) (UE/R) @)

where wis the light frequency, w, the plasmon frequency, ug the electron velocity at the

fermi level, and R the patrticle radius.

The following Figure 3 shows the electronic energy level and optical transmission of
silver schematically. Occupied and unoccupied levels in the 5sp band are shown with
full and dashed lines respectively. Interband transitions as indicated by arrow 1, require
the participation of a phonon; they do not significantly contribute to the absorption of
light. 4d to 5sp interband transitions (arrow 2) starts at a photon energy of about 3.8

eV (or A = 320 nm) and contribute substantially to the absorption at higher energies.
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Figure 3 (a) Electronic energy levels and optical transitions in silver, Er, Fermi
energy, D(E), density of states, (b) Polarisation of a spherical metal particle by
the electric field vector of the incoming light [49].

However, an intense absorption band is observed for silver particles, which peaks at a
lower photon energy of about 3.3 eV (A = 380 nm) in aqueous solution. This absorption
was resulted due to the collective excitation of all free electrons in the particles. The
movement of the electrons under the influence of the electric field vector of the
incoming light leads to a dipole excitation across the particle sphere, the positive
polarisation charge acting as a restoring force, which makes the electron oscillate.
Thus the electron density within a surface layer, the thickness of which is about equal
to the screening length of a few angstroms, oscillates whereas the density in the
interior of the particle remains constant. This phenomenon is known as the ‘plasmon

resonance.’

Taking into the consideration the contribution of the plasmon oscillation to the
absorption of a metal particle, the Mie equation of the absorption constant is then
described by the relation [50]

K = 9TNVN,2cA? 1 6 [(An2AD)% + A/ A7 (8)

where N is the particle concentration, V the volume per particle, and A2 = A2 (so+2n02)
the wavelength of maximum absorption (e.g., high-frequency dielectric constant of the

metal). The plasmon wavelength A.> = (21c)’m / 4TiNe” is a typical metal property. It is

16



The state of theart

clear from the above expression that the plasmon wavelength (hence the colour) is
also dependent to the dielectric function of the metal particles, which in fact can be

changed by the alloying of the two different metals.

Because of these intense colours, bulk and thin films containing monometallic colloids
have been studied. New methods to generate coatings on glass substrates have been
developed and as a result such coloured glasses are commercially available now.
Besides coloured coatings such noble metal colloids have also been explored for non-
linear optical applications due to their opto-electronic potential. The following section

summarises the important results reported in this area.
2.2.1 Synthesis of monometallic noble metal colloids in thin films

Sol-gel route is successfully used for gold-doped silica glasses by Matsuoka et al.
[51, 52] and Kozuka et al. [53]. Former authors prepared Au microcrystal doped glass
films with high optical non linearity by this route with dip-coating, using NaAuCl,.2H,0O
and tetraethoxy orthosilicate (TEOS) as starting materials. And the glass films with an

Au/Si atomic ratio of 0.01 to 0.04 were successfully prepared.

Innocenzi et al. [54] have prepared 0.5-0.7 pum thick silica coatings doped with gold
metal particles by heating gel films obtained from solutions of acid-catalysed MTES
and TEOS mixture containing tetrachloroaurate tetrahydrate. Transparent films with
deep blue, red and purple colours were obtained, and changes in size and shape of
the gold particles with the MTES content were observed. According to Matsuoka
et al. [51], gold ions are present as AuCl, complexes in the gel film heated at 100 °C.
These complexes dissolved in the pore liquids may be gradually decomposed to form

gold metal particles at around 200 °C according to the following sequence [55].

HAuCl,.4H, 0O E)%E - AuCls[J Es%oﬁ -~ AuCl [ EP%E - Au

By using the functionalised silanes as complexing agents [56 - 58], noble metals could
be dispersed homogeneously in SiO,-zerogels [59, 56], in B,O3-SiO,-xerogels [57] and
in organic-inorganic and SiO, coatings [58, 60]. In these investigations it was proved
that the organic groups of the used silanes act as reducing agent for silver and gold.
These investigations showed the possibility to control the formation and growth of the

colloids and the size of the metal particles in a wide range (5 to 30 nm).
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This knowledge was exploited by Spanhel et al. [61] to synthesise metal
nanocomposite containing gold nanoparticles with ORMOCER (Organically modified
ceramics) matrices by a controlled precipitation process from HAuCI, solution. Silanes
of the type NH,[(CH,)NH]4(CH,);Si(OR); (where x = 1, 2) were used as stabilising
agents, and the formation and properties of ligand stabilised colloidal suspension was
investigated. Different ligands influenced the absorption spectra showing surface
plasma bands between 380 and 700 nm. With the DIAMO, photo reduction is required
for the colloid formation, whereas with TRIAMO the colloid formation occurs

spontaneously.

Mennig et al. [62] developed an organic-inorganic synthesis route for the synthesis of
transparent SiO, coating containing Au colloids. They used four different types of
functionalised silane as stabilising ligands for the Au. By varying the kind and
concentration of the ligand in the sol the final colloid radii could be controlled in a range

between 3 and 30 nm, after densification of the composite coatings on glass at 500 °C.

Mennig et al. [63] have also developed a preparation route for the synthesis of Au
colloids in ormocer coatings based on methacryloxypropyl trimethoxysilene (MPTS).
Where Au colloids are formed in a very quick low temperature process by UV and IR

irradiation during the curing of the matrix.

De et al. [144] have prepared silver nanocrystal doped silica films by sol-gel route. The
sol was prepared from 1 : 0.12 : 12 : 0.2 : 6 : 7 molar ratios of Si(OC,Hs), : AgNO; :
CsH,OH : C4,H,OH. The glassy transparent films with high dopant concentration
(Ag / Si atomic ratios = 0.12) were successfully prepared by dip-coating method. After
drying in air at 60 °C for 30 min, samples were heat treated in air from 300-550 °C.
Measurements on the films were made by UV-VIS and IR-spectroscopy, X-ray
photoelectron spectroscopy, rutherford backscattering spectroscopy and transmission

electron microscopy.

Nogani et al. [64] have synthesised Cu®* containing SiO, and Al,0,.9Si0, glasses by
sol-gel route. The samples were heated under reducing atmosphere to precipitate
small-sized Cu and Cu,O crystals. Cu®" ions incorporated in SiO, glass were reduced
by heating in N, to precipitate Cu,O and in H, to precipitate Cu microcrystals with

diameter of about 5-15 nm.
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Thin films containing monometallic particles of noble metals have been synthesised
using sol-gel route. But the synthesis of thin films containing bimetallic colloids by sol-
gel route has not been studied so far. However these types of films can be of immense
interest for the scientific as well as industrial point of view. One interesting concept in
the context of bimetallic particles could be their structure i.e., whether such bimetallic
particles are formed by the corresponding solid solutions (alloy colloids) or they are
mixtures of phase separated individual particles (mixed colloids). Such alloy and mixed
particles can be distinguished on the basis of UV-VIS spectroscopy and EDX analysis

of the individual particles.
2.2.2 Synthesis of Bimetallic Particles in Solution

Several methods have been used for the preparation of bimetallic particles in solution,
e.g. chemical reduction [65-67] and UV photo-reduction [98, 68] of the mixed solution
of two metal salts. Toshima et al. synthesised polymer protected bimetallic particles of
Pd-Pt [69] and Pd-Au [70] in solution by the reduction of their ethanol water solutions

and studied their catalytic activity.

Vasen et al. [71] have synthesised nanoparticles of Ag-Pd and Cu-Pd alloy colloids in
aqueous solution with diameters ranging from 5-40 nm, by employing the
heterogeneous reaction of dry methanol or ethanol with the mixtures of
AgNO; + Pd(NO3), and Cu(NO3), + Pb(NO3), respectively. The nanoscale alloys were
characterised by energy despersive X-ray analysis (EDX), transmission electron
microscopy (HR-TEM) and X-ray diffraction (XRD). All the alloy particles were found to

possess ‘fcc’ structure.

Itakura et al. [72] have synthesised the bimetallic colloids of gold / silver and
silver / copper by the UV irradiation of the mixture of their salts in presence of benzoin
as a photo-initiator. An ethanolic solution of the mixtures AgCIO, + Cu(ClO,), and
HAuCI, + AgCIlO, in various molar ratios (0.1 mm / dm®) containing PVP (0.1 mmol /
dm?® and benzoin (0-1 mmol / dm®) was de-aerated by bubbling with nitrogen for 2h. A
3 cm® portion of the solution was transferred to a rectangular quartz vessel in glove
box under nitrogen. UV irradiation was carried out with a 200 W low-pressure mercury
lamp. The average diameter of the Ag / Au composite particles increased from 5.1 to
17.0 nm with increasing molar ratio of the gold, and the average diameter for Ag / Cu

particles was found to be 3-5 nm. They observed that on increasing the gold
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concentration in Ag / Au alloy colloids, absorption peak gradually shifted from the silver
to gold plasmon resonance peak. The observed optical spectra were found in good
agreement with the calculated spectra for Ag / Au alloy colloids. In case of Ag / Cu the
TEM observation showed the presence of phase separated composites which are
made partly of silver and partly of copper. The very low metal (Ag, Au, Cu)
concentration and the formation of particles in solution only are the limitations of this

process.

Toshima et al. [65] have prepared colloidal dispersions of polymer protected Cu/ Pt
and Cu/ Pd alloy clusters by reduction of corresponding metal hydroxides with a cold
alloying process. Cu/Pd Alloy colloids were synthesised by adding 20 ml dioxane
solution of palladium (I1) acetate to the 78 mg of CuSQO,4.5H,0 dissolved in 150 ml of
glycol at 80 °C in which 1