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Abstract:

This paper examines the formation and dissolution mechanisms of Au nanoparticles
coinage metals in SiO, sol-gel matrices. Using UV-Vis-NIR spectroscopy, we
demonstrate that it is possible to manipulate their spatial distribution, number density
and shape with a combination of light (photoexposure) and heat treatments. We show
that Au nanoparticles in thin SiO; sol-gel films can be formed at low temperature (520°C)
if the annealing period is increased to 6 hours. We also demonstrate that an irradiation
of the as-deposited films with an UV pulsed (Q-switched Nd:YAG) or continuous black
ray UV lamp can change the number and size distribution of the Au nanoparticles. The
irradiation of the films with IR femtosecond laser results in the spatially resolved

dissolution of the nanoparticles, probably due to a dramatically increased local
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temperature. Furthermore, we compare these mechanisms with those realized for Cu and
Ag nanoparticles and we discuss the unique conditions needed to form and dissolve such
Au, Cu and Ag nanoparticles and the consequences on the physico-chemical properties of
the resultant films. The three different types of metallic nanoparticles have similar
dissolution mechanisms induced by heat but slightly different formation mechanisms,
postulated to be due to their sensitivity to oxidation. Finally, the presence of Au
nanoparticles was verified using an AFM and a TA Instrument model 2990 micro-
thermal analyzer (UTA) which allows the measurement of the relative mean heat flow in
the nanoparticle-doped film. The relative mean heat flow was found to increase when Au
nanoparticles are formed at the surface of the films as seen previously for the Cu and Ag
nanoparticle formation. We confirm that this new tool can be used as a new
characterization technique to confirm the presence of Au nanoparticles in the film if

located at or near the surface of the films.

Keywords: SiO; film, sol-gel, gold, (Au), silver, (Ag) and copper, (Cu) nanoparticles,

UV/IR irradiation, micro-thermal analysis, surface roughness

1. Introduction

Small clusters of metallic atoms, commonly called nanoparticles, that have been
dispersed in insulators have evolved into a new class of novel materials [1]. The ultra-
fine particles and clusters of metals dispersed within dielectric media provide various
non-trivial properties resulting from behavior associated with their size and their

interactions with the surrounding glass matrices [2]. The metal nano-particulate centers in



these composites exhibit collective phenomena such as localized surface plasmon
resonance due to the oscillations of their electrons under electromagnetic irradiation. This
enables these nanoparticles to exhibit a wide range of electrical and optical properties due
to the quantum size, surface and conjoint effects of the structures. The highly enhanced
electromagnetic field confined around nanoparticles under an applied optical field and the
significant resulting dipole moment allows for strong inter-particle interactions, which
lead to their application in sub-wavelength optical energy transfer waveguides. The
observed plasmon resonance spectra depend on such variables such as the nanoparticle’s
size, shape, local environment and density. These variables are scalable and tunable. For
example, finite-difference time-domain simulations have shown direct evidence of optical
pulse propagation below the diffraction limit of light along linear arrays of spherical (2D)
noble metal nanoparticles with group velocities up to 0.06c¢. Interestingly, these
calculations predict that a change in particle shape to spheroidal particles will result in a
three-fold increase in group velocity [3].

Metal-doped organic matrices are also important; for example, platinum metal
nanoparticles embedded in poly-N-vinyl-2-pyrrolidone polymer have been shown to
exhibit super-paramagnetic behavior when their diameter is below 3.8 nm, as opposed to
lesser paramagnetic moments in the bulk state [4]. The magnetic moment increases with
decreasing particle diameter, and reaches 5.0 mB at a Pt particle diameter of 2.3 nm [4].
These observations make metal-doped nano-composites attractive as potential materials
for interconnects in integrated circuits [3]. These materials also have shown potential for
use as elements for optical switches [3], single electron transistors [5], matrices for data

storage [6], chemical sensors, photo-catalysts [7], thermoelectric materials, optical



waveguides [8], and optical switches [9]. Until recently, metal-based structures have not
been evaluated as optical elements due to their high reflection and absorption
coefficients; however when present at the nanoscale, these metal structures can become
semi-transparent due to their small size, thus, allowing them to be used as elements or
components in optical applications.

Of the noble metal nanoparticles, copper (Cu) and gold (Au) nanoparticles have
been extensively studied for their low bulk resistivity and their unique linear and
nonlinear optical properties [9]. Copper microstructures fabricated on an indium tin oxide
(ITO) substrate have shown great potential for application in optoelectronic and
chemical/biological sensors [10] [11]. At the same time, matrix materials doped with gold
nanoparticles have the potential to be used in the fabrication of ultra-fast all-optical
switches [12], optical waveguides and waveguide lasers [13], as well as in photo-chromic
media for optical disk data storage [6]. Silver (Ag) nanoparticles in silica-like films have
been intensively studied over the last decade due to their multiple and diverse possible
applications from antibacterial to optical applications [14].

The study of inorganic/metal nano-composite systems includes the development
and optimization of the preparation techniques. These composite glasses can be
fabricated using such methods as traditional melt-quenching and annealing [15], chemical
vapor deposition [16], sputtering [17], ion exchange [18], and ion implantation [19]. It
has been demonstrated that devices with very good optical quality and homogeneity can
be obtained through a sol-gel process [20]. Here, the low temperature fabrication route
afforded by sol-gel processing allows one to synthesize products that are not readily

accessible by traditional melt techniques. It has been shown to be a relatively straight-



forward processing technique to form metallic nanoparticles such as Au and Ag in
thermally stable oxide matrices such as SiO,, TiO; [21].

Prior studies have focused on the mechanisms involved in reducing metallic ions
and forming the nanoparticles in SiO, bulk materials [22]. In general, irradiation-assisted
forming methods are attractive because of their ability to control size and density
distribution of the nanoparticles [23] through controlled dose of radiation in the matrix
medium. UV or visible photo-irradiation [24] and y-irradiation methods [25] have been
studied as processes promoting the formation of nanoparticles in silicate based glasses.
Of particular interest was the use of excimer ultraviolet (UV) radiation to prepare fixed-
size gold nanoparticles in porous silica monoliths. In this process, laser irradiation was
used to control the particle sizes through a step-by-step seeding growth method [26]. It is
interesting to point out that only few studies have previously focused on the spatially
selective precipitation (i.e., controlled formation in specific spatial regions) of metallic
nanoparticles. Hu et al. reported the spatially selective precipitation of Au and Ag in
silicate glasses using femtosecond (fs) laser and successive annealing [27]. To the best of
our knowledge, no spatially selective manipulation of coinage metal nanoparticles in sol-
gel films, including but not limited to the UV and IR light assisted formation and
dissolution of these metallic nanoparticles, has been previously reported.

Few authors have focused on the resulting thermal conductivity of these
nanoparticles embedded in glassy matrix and on high-resolution metal line writing. We
have previously leveraged radiolytic processes, initiated through multi-wavelength
sources, to induce changes in nanoparticle-precursor doped SiO, sol-gel thin films to

create spatially selective precipitation of metallic nanoparticles such as Cu [28] and Ag



[29]. We have also investigated chemical reduction via a post thermal treatment and light
exposure for manipulating the physical properties of the metal nanoparticles in diverse
matrices.

In this paper, we examine the processing conditions required for the formation of
Au nanoparticles in SiO, sol-gel matrices and characterize their consequences on the
physico-chemical properties of the resultant films. We show that once the metal
nanoparticles are formed, it is possible to manipulate their spatial density, shapes, etc.
with a combination of light and heat. We also compare the mechanisms of Au
nanoparticles formation and dissolution with those of Cu and Ag nanoparticles and we

discuss the unique conditions needed to form and dissolve such nanoparticles.

2. Experimental
2.1 Film deposition

Sol-gel solutions of the generalized formulation xAu-(1-x)Si0, with x=0, 0.005,
0.025 and 0.05 were prepared by the hydrolysis and condensation of high purity (98%)
tetraethylorthosilicate (TEOS CgH»004Si from Sigma Aldrich) with ethanol used as
solvent. The optimal molar ratio of matrix precursor/ethanol/water/HCI was found to be
1/30/1/0.03; this formulation was used for all the experiments described in this paper.
The metal precursor used was a 99.99% pure Hydrogen tetranitratoaurate (III) hydrate
[HAu(NO3)s xH,O with x=3] from Alfa Aesar. Appropriate amounts of the Au precursor
were dissolved in ethanol and mixed to the solution containing the TEOS; to this mixture
a few drops of concentrated HCI were used as catalyst. The final solution with molar ratio

of matrix precursor/ethanol/water/HCI kept at 1:30:1:0.03 was sealed in a glass container



and stirred continuously at room temperature for 24 hours in the dark, to avoid the
possibility of any ambient light-induced oxidation of the gold. Finally, 15 layers of aged
sol were prepared via spin-coating on pre-cleaned and dried borosilicate microscope
slides; films were spun at 1000 rpm for 10 seconds. The films were then annealed at
150°C in air for 15 hours. Uniformly thick films were formed on the microscope slides;
the film thickness was measured to be (600 = 100) nm using a Zygo New View White

Light Interferometer microscope.

2. 2 Light sources and experimental set up for exposure tests

The continuous wave (cw) source used during this study was a black ray lamp
with a spectral bandwidth of 330 - 370nm (FWHM) around the center band of 366 nm, at
a power of 2 x 6 Watt (UVL-56; UVP, LLC Co.). Doped films were irradiated using this
lamp for 24 hours; the cumulative resultant dose of UV light exposure for each specimen
was estimated to be ~420 J/cm®.

The laser used for the near infrared (NIR) formation/dissolution irradiation studies
was a A=800 nm chirped-pulse amplified Ti:Al,O3 femtosecond laser system (Spitfire,
Spectra Physics) operating at 1 kHz with the pulse duration of ~120 fs. The Gaussian
laser output beam was focused using a 10X, 0.25-N.A. microscope objective at the
surface of the film sample, which was translated perpendicular to the laser beam by a
computer-controlled three-axis translation stage. The laser intensity was adjusted with a
half-wave plate and a polarizing cube beamsplitter placed before the microscope
objective. The beam size used to irradiate samples has been estimated to be

approximately 4 microns.



2.3 Optical property measurements

The transmission spectra of the deposited film was measured with a dual beam
UV-Vis-NIR Perkin Elmer Lambda 900 spectrophotometer at a scan rate of 2 nm/s in the
200 - 800 nm region. The measurements were performed at room temperature in ambient

air. No correction for Fresnel loss has been performed.

2.4 Surface profile characterization

The film surface topography was measured using 5X and 20X objectives on a
Zygo New View 6300 white light interferometer microscope (Zygo Corporation,
Middlefield, CT, USA). This tool has the capability to characterize and quantify surface
roughness, step heights, and other topographical features. The filter used was set to “High

Pass,” and the filter type set to “FFT Fixed”.

2. 5 Localized Thermal Conductivity / Relative Heat flow measurements and AFM
A micro-thermal analyzer (TA Instruments (model 2990, uTA) was used to
quantify local thermal conductivity of the metal particle-containing films. The system
incorporates a Pt/Rh Wollaston wire probe, which functions simultaneously as both a
resistive heater and resistive temperature detector (RTD). The probe was placed on an
AFM head to allow high precision scanning in three dimensions. A stage temperature
controlled at 27°C, and a probe temperature of 127°C respectively were utilized to

prevent variations caused by changes in ambient conditions. This tool configuration



allows us to directly compare the results obtained using the uTA with the topographical
imaging measured using an AFM.

Surface scans were conducted on three randomly selected 50 x 50 mm areas,
immediately followed by an identical reference scan in air at a constant height of ~200
pm above the sample surface. These reference scans were used as non-contact reference
signals for data analysis. Local relative heat flow maps were obtained by processing the
scan data with ImageJ v1.63 software. The mean relative heat flow was taken from the
histogram of the heat flow deviation data. The relative heat flow value after processing is
a unitless quantity, but it is a (relative) indication of the differences in the local thermal
properties of the nanoparticles doped films as compared to regions of films not
containing metal particles [30].

The AFM measurements were performed on Dimention 3100 AFM (Veeco Inc) equipped
with Nanoscope III controller. The samples were scanned by AFM operated in taping

mode using silicon tips (40 N/m, MicroMasch).

3.0 Results and Discussion

The main goal of the work described in this paper is to understand the mechanism
of formation and dissolution of Au nanoparticles in SiO, sol-gel thin films and to
compare them with those of other metal coinage nanoparticles such as Cu and Ag in

similar SiO; sol-gel matrices.

3.1 Formation of the nanoparticles



It is well known that nanoparticles can be processed in the solution prior film
deposition by light-induced reduction of the metal precursor, using electron donor or after
film deposition using a heat treatment in air or in reducing atmosphere with and without
irradiation, depending on the nature of the nanoparticles. In the current study, the
presence of the nanoparticles in the film was confirmed by measuring the absorption
spectra of the glasses to identify spectral features associated with plasmon resonance
features. From Mie theory [31], each nanoparticle possess a specific surface plasmon
resonance absorption band who’s position, intensity and absorption bandwidth can be
related to the size, quantity and size distribution of the nanoparticles. In agreement with

[32], the surface plasmon resonance of the Au nanoparticles exhibit bands at ~520 nm.

3.1.1 Formation of nanoparticles in the solution prior to the film deposition

For our study of the Au nanoparticles formation mechanism, sol-gel solutions
were prepared with different Au precursors concentrations. Samples with the generic
formulation, xAu-(1-x)SiO, (with x=0, 0.005, 0.025 and 0.05) were prepared and the
optical characteristics studied as function of the dopant content. We have previously
demonstrated in [28] that it is possible to form cuprous oxide (Cu,O) nanoparticles prior
to the film deposition by aging the solution in ambient light. We proposed that these
nanoparticles were formed in the sol-gel solution via light induced oxidation of the
dopant precursor in the solution. It is interesting to mention that no Au-based
nanoparticles could be formed in the solution using this technique, suggesting that the Au

precursor in the solution is more resistant to oxidation than the Cu precursor.
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Figure 1 shows the transmission spectra of the investigated films after annealing
as a function of gold content, x. The expected periodic variation of the transmission value
as a function of wavelength seen in film spectra due to interference from the back and
front surface reflections were small, due to the small thickness of the films and to the low
refractive index contrast between doped films and the substrate [33]. Notice that only the
transmission spectrum of the film with x = 0.05 exhibits a weak absorption band around
565 nm which can be attributed to a metallic Au surface plasmon resonance in agreement
with [34] and [35]. The presence of these Au® nanoparticles in the annealed film are most
likely due to the precipitation or incomplete dissolution of the Au precursor in the sol-gel
solution before the film deposition.

These results contrast those previously observed in a prior study by our group [29]
on Ag-doped SiO, sol-gel thin film prepared using the same technique as described in
this paper. Unlike the observations seen here for Au-containing sols, in the silver study,
no Ag nanoparticles were formed with an increase in the concentration of the Ag. In the
Ag study, it was necessary to add ascorbic acid and Triton X-100 to the solution during
the processing to generate Ag nanoparticles. These additions served to reduce the target
metal ion and resulted in the formation of metallic particles with an average diameter of
~5nm, both in the sol and subsequently in the as-deposited films. As originally discussed
by Suber ef al. [36] and Pal et al. [37], ascorbic acid acts as a reducing agent, expected to
facilitate the reduction of silver ions into metallic silver. Triton X-100 is believed to have
formed micelles/mesoporous structures that template or confine the reactants into pores
thus providing the driving force for the aggregation of nanoparticles in small aggregates.

Alternatively, the ascorbic acid molecules are believed to be concentrated inside the

11



surfactant mesoporous structures and these aggregates reduced the Ag ions. The
combination of organic reductant and surfactant were needed to create an aggregation of
nanoparticles of Ag in the SiO, sol-gels films. It is interesting to mention that no
absorption band related to Ag nanoparticles was measured in the spectrum of the film

obtained from a sol-gel solution containing only Triton X-100 or ascorbic acid.

3.1.2 Formation of metallic nanoparticles after the film deposition

It is very well known that a heat treatment of metal-doped silica glass is the most
effective in promoting cluster formation due to a thermally activated correlated diffusion
of the metallic atoms. Miotello et al. have shown that an annealing in air atmosphere
above 700-800°C for 1 hour is the most effective means to form Au cluster in silica when
gold atoms were ion-implanted [38]. Lamarre et al. found that a treatment at lower
temperature (600°C) for a longer time (2 hours) can also activate the diffusion process
and consequently form nanoparticles in films [34]. In our case, the films could not be
heat treated above 550°C without damaging the substrate.

When heat treated in air at 550°C for 6 hours, the color of the Au doped films
changed from colorless to reddish, whereas no color changes were observed in similarly
treated Ag- and Cu- doped films. In the case of Ag-doped thin films, we explained that
during the heating of the film to 700°C, a large number of the dispersed silver atoms in
the SiO, networks oxidize to Ag,O, thus limiting the reduction of Ag  at high
temperature [29] The heating of the microscope slide at 700°C has been possible due to
the short heat treatment time (2 minutes). No changes of the slides’ optical properties

have been measured after such treatment. The absence of the Ag nanoparticles formation
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when the films were heated up to 700°C or cooled down to room temperature may also be
related to an increased stability of the AgcOy colloids obtained by the diffusion of Na"
into the porous Si0, sol-gel film [39]. We further explained in [29] that it is possible to
change the color of the Ag-doped film from colorless to yellowish if the Ag-doped films
are annealed for only 2 minutes in a furnace, preheated at 700°C followed by a rapid
quench to room temperature. The 2 minute heat treatment at 700°C is expected to limit
the amount of Na' diffusing into the films, hence allowing the formation of Ag
nanoparticles. Figure 2 exhibits the transmission spectrum of the Au-doped film after the
heat treatment in air at 550°C for 6 hours. The spectrum shows the appearance of a new
band located at ~525 nm confirming the Au nanoparticles formation after the heat
treatment at lower temperature for a longer treatment time. Compared to the Ag
nanoparticles, Au’ seems to be more resistant to oxidation than Ag™ and less sensitive to
Na' diffusion.

Also shown in figure 2 is the transmission spectrum of the film after heat
treatment for 6 hours at 520°C in reducing atmosphere, such as 5% H, balanced Ar. The
spectrum also exhibit the absorption band related to the formation of Au° nanoparticles.
It is interesting to notice that i) the amplitude of this band is more pronounced and ii) its
position shifts to higher wavelength when the heat treatment is performed in a reducing
atmosphere. In accordance with Mie Theory [31], these variations indicate that a higher
number of larger Au nanoparticles can be formed if the film is heat treated at 520°C in
reducing atmosphere than in air. Similar results were obtained for the formation of Cu

and Ag nanoparticles [28][29].
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Many irradiation methods such as UV or visible photo-irradiation [24] and Y-
irradiation methods [26] have been developed for synthesizing gold nanoparticles in
various matrices. In this work, the investigated films were irradiated for 24 hours with a
continuous (cw) UV lamp with a dose of 450J/cm? and for 30 minutes with the ns UV
source with a dose of 1500 J/cm? followed by a heat treatment in air for 6 hours at 520°C.
The color of the Au-doped films changed from colorless to redish. As expected from the
change of the film color, an absorption band at ~530 nm appears confirming the
formation of the Au° nanoparticles in the sol-gel films as shown in figure 3. It is
interesting to notice that the position and amplitude of the band depends on the UV
source. The maximum of the absorption band is at 535 nm when the film was irradiated
with the cw source while it shifts to 525 nm when the film was irradiated with the
nanosecond laser. The amplitude of the absorption band is also higher when the film was
irradiated with the ns laser source. In agreement with the Mie Theory [31], these
variations of the transmission properties indicate that the ns UV exposure compared to
the cw UV exposure prior to a heat treatment leads to the formation of a larger number of
smaller sized Au® nanoparticles in the SiO; films probably due to the higher dose. During
the exposure, trapped holes are released and recombined with electrons reducing Au®* as
described by the well known mechanism of the precipitation of metallic nanoparticles as

shown in equations (1-3) below [40][41]:

Irradiation

Glassy matrix —— h' +¢ (1)

AT+ 3¢ - Au(Ag)° )
kT

nAd’ - Au, 3)
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where n is the number of Au atoms congregating into Au nanoparticles, h” is a
hole center and e is an electron. Due to the higher dose with the ns laser than with the cw
exposure, more trapped holes are expected to be released and recombined with electrons
leading to the formation of a higher number of Au nanoparticles. These experiments
show that it will be possible to selectively form Au nanoparticles in specific spatial
locations in SiO; films with controlled number, size and size distribution by performing a
UV light exposure prior the heat treatment. It is interesting to mention that no coloration
change related to nanoparticle formation were measured in the Cu- and Ag-doped films
when performing the same experiment. This different formation mechanism for these two
typees of nanoparticles might be related to the differences in oxidation of Ag" and/or

Cu”" during the irradiation and/or heat treatment probably supported by the Na™ diffusion.

3.2 Dissolution of Metal Nanoparticles in Doped SiO; Sol-Gel Films

A second purpose of the study is to verify if it is also possible to dissolve the Au®
nanoparticles. To the best of our knowledge, the dissolution of gold nanoparticles has
never been studied in silica sol-gel thin films. Recently, we noticed that a heat treatment
of films containing Cu nanoparticles leads to a partial or complete (depending on the
duration and the temperature) disappearance of the nanoparticles [28]. When heat treated
in air for 6 hours at 550°C, the amplitude of the absorption band at 450 and 580 nm,
related to Cu® and Cu,O nanoparticles decreases, but still remains. We also observed that
the Cu® nanoparticles dissolve much slower than the Cu,O nanoparticles; longer heat
treatments are required to completely dissolve the pure Cu nanoparticles than the Cu,O

nanoparticles confirming the oxidation of Cu-based nanoparticles during heat treatment
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in different steps [28]. In the case of Au and Ag nanoparticles, no dissolution of these
nanoparticles could be obtained after heat treatment at 550°C for 6 hours indicating that
these nanoparticles are more stable against oxidation than the Cu nanoparticles. In order
to increase locally the temperature, the films containing Au nanoparticles were irradiated
with a NIR fs laser with a dose of 16.8J/cm?® and 19.2J/cm’. As seen in figure 4, the
amplitude of absorption band associated with the Au° nanoparticles decreases
dramatically after the NIR fs irradiation indicating a decrease of the number of the Au®
nanoparticles. The decrease of the absorption band may be due to the heating of the
medium surrounding the metallic nanoparticles [42][43], to the melting of the particles
[34], probably also to the oxidation of nanoparticles and/or to the generation of color
centers at the focus point leading to the breaking of the nanoparticle upon the irradiating
in accordance with Jiang et al [41]. It is expected that ultrahigh intensity of the fs laser
promotes more than two-photon absorption which results in a significant increase of the
local temperature at the focus point of the laser, driving the conversion of nanoparticles
into ions or individual atoms. This may result in the spatially resolved dissolution of the
Au° nanoparticle in thin sol-gel films. Similar dissolution mechanism of the Ag°

nanoparticles has also been observed [29].

33 Resulting morphology of the metal-doped sol-gel SiO; films

Atomic Force Microscopy (AFM) was used to investigate the surface morphology
and to follow the formation of metal nanoparticles in these films. After the film was
annealed in air or irradiated using the cw source, the surface morphology changes with an

increase of the RMS roughness to ~(27+5) nm and ~(34+5) nm, respectively. As seen in
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the figure 5, after the heat treatment in air, gold nanoparticles with diameter between 30
and 60nm can be seen clearly. Their diameter increases between 40 and 80 nm when the
film is irradiated with the cw UV light prior to the heat treatment. This change of
nanoparticles diameter is in accordance with the position of the absorption band related to
the Au nanoparticles which was measured at 525 nm when the film is heat treated in air
(figure 2) and at 535 nm if the film is irradiated with a cw UV source prior to the heat
treatment (Figure 3). In agreement with the Mie Theory [31], the red-shift of this
absorption band can be related to larger nanoparticles. The increase of the film roughness
measured with the Zygo white light interferometer microscope with the formation of Au
nanoparticles is in agreement with our previous studies [28][29]. Further TEM analysis of

the films needs to be investigated to complement the AFM micrographs.

3.4  Thermal characteristics of the metal-doped sol-gel SiO; films

It is expected that a film containing metal nanoparticles would have a higher
thermal conductivity than corresponding sample without nanoparticles [42]. We have
developed a new technique for characterizing the thermal properties of the metal-doped
sol-gel films [30]. The new technique relies on the measurement of the micro-thermal
conductivity, which is directly proportional to the relative mean local heat flow. Using a
micro-thermal analyzer from TA instrument, we demonstrated that the formation of the
Ag and Cu nanoparticles can be confirmed by measuring an increase of the mean heat
flow if the Cu or Ag nanoparticles are located at the surface of the films [28][29]. Figures
6a to d present the relative heat flow map of a film with x = 0.025 before and after heat

treatment in air, in H, and UV light exposure prior to heat treatment in air, respectively.
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The mean relative heat flow increases slightly from (~0.13 £ 0.01) to (~0.15 = 0.01) as
soon as few Au nanoparticles are formed. However, no further changes in the relative
heat flow are observed when the films are subjected to various thermal anneals. Since the
probe only samples the surface of the film, it is conceivable that we could not detect the
nanoparticles beyond the sampling range of the probe. This would be consistent with the
AFM data that seem to suggest that only the tips of the Au° nanoparticles protrude
through the film / air interface when the film was pre-seasoned with irradiation before
thermal anneal. Thus, notwithstanding the sampling volume limitation, the micro-thermal
analyzer can resolve the presence of metal nanoparticles dispersed in dielectric matrices.
However, this technique does not seem to provide information related to the number of

the nanoparticles if they are not located on the surface.

4.0 Summary and future laser processing (line writing) of resulting films

The data we have accumulated so far appears to suggest that the growth
mechanism of different metal nanoparticles such as Cu, Ag and Au are different for each
metal. In our work, we report on efforts to elucidate the mechanism of formation and
dissolution of these different metallic nanoparticles. While the preliminary results
summarized in this paper provide some insight into Au nanoparticle formation and
dissolution mechanisms in SiO, sol-gel thin films, several important questions remain
which need to be answered. For example, can the partial or complete replacement of SiO,
by other glassy matrices lead to an improvement in nanoparticle formation and/or
dissolution? The matrices we have studied to date are based on SiO,, but we intend to

extend to other oxide and possibly non-oxide matrices formed via a sol-gel solution as
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found in more recent reports. For example Rivallin ez al. [45] studied the temperature
dependence of TiO;, sol precipitation kinetics in the sol-gel method using titanium
isopropoxide, while Jing et al. [46] investigated the fabrication and characterization of
GeO; film using tetraethylorthogermanate and Lecomte et al. [47] have reported on the
sol-gel processing of TeO, films using tellurium isopropoxide as a precursor. Since these
three oxide matrices are good candidates for film deposition via a sol-gel route, their
optimization by adding or replacing the Si0O, matrix with TiO, and/or GeO; or TeO, will
be studied, to compare the efficiency in generating metallic nanoparticles under light
exposure. In the case of non-oxide glass it has been found that it is difficult to obtain
films using a sol-gel technique. Chern and Lauks first introduced the spin-coating
deposition method of preparing chalcogenide films in 1982 [48]. They demonstrated that
amorphous chalcogenide films can be deposited from their solutions and retain many of
the solute properties. Subsequent to these initial efforts, several groups have extended
efforts to produce spin-coated chalcogenide films of As,;S;, As,;Se; and Sb,S; [49] [50].
However a lack of data on the formation/dissolution of metal nanoparticles in such
matrices has been evidenced. Thus, the deposition of new chalcogenide film with metal
nanoparticles will be investigated using a metal nanoparticles doped chalcogenide glass

or an undoped chalcogenide glass dissolved in a solution containing metal nanoparticles.
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Figure(s)

Figures caption

Figure 1: Transmission spectra of Au doped SiO;films prepared with x = 0, 0.005, 0.025 and 0.05
(a). (b) is the zoom in to exhibit the probable absorption band at 565nm in the spectrum of the glass

with x = 0.05 and small interferences for the other spectra

Figure 2: Transmission spectra of a film with x = 0.025 after heat treatment in air and in reducing

atmospheres at 520°C for 6 hours.

Figure 3: Transmission spectra of a film with x = 0.025 after irradiation using cw and ns UV source
followed by a heat treatment in air at 520°C for 6 hours.

Figure 4: Transmission spectra of a film with x = 0.025 containing Au nanoparticles before and after
fs laser irradiation

Figure 5: Atomic Force Microscopy images of Au doped film with x = 0.025 after deposition (a),

heat treatment in air (b) and after irradiation using cw followed by heat treatment in air (c).

Figure 6: Map of the relative heat flow (Q) for a film with x = 0.025 after deposition (a), heat
treatment in air (b) heat treatment in H, (c) and UV light exposure prior to heat treatment in air (d)
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