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Nano-silver doped silica films were deposited on glass slides using a sol-gel process and heat-treated
at different temperatures. The films were characterized by ultraviolet-visible spectroscopy, x-ray
photoelectron spectroscopy~XPS!, atomic force microscopy~AFM!, Rutherford backscattering
spectrometry~RBS!, and transmission electron microscopy for their optical, chemical, and structural
properties. The absorption peak of silver colloids~wavelength from 400 to 460 nm! was present and
a blueshift and intensity reduction of the absorption peak was observed during heat-treatment.
Particle size reduction and surface morphology changes in the films were observed by AFM as a
function of varying heat treatment temperatures. Silver nanoparticles were formed through
spontaneous reduction of silver ions. The oxidation of silver occurs during heat-treatment, causing
a reduction of absorption intensity. An interdiffusion between the Ag in the film and Na in the
substrate glass was observed by XPS and RBS. Sodium in the coating likely increased the stability
of silver oxide at high temperature treated samples. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1571215#

I. INTRODUCTION

Optical properties of composites consisting of
nanometer-sized metal particles dispersed in solid dielectric
materials, such as glass, have been of increasing interest be-
cause of their important optical applications. Colloidal gold
and silver have been used in a stain-glass technique since the
medieval age, as their absorption spectra exhibit extinction
bands in the visible region and bring beautiful colors to the
glasses.1 Photochromic glasses containing silver and copper
halides were developed by Corning in the early 1960s.2 In
the last two decades, composite materials containing metal
nanoparticles have attracted much attention because of their
potential application in nonlinear optics.3–7

Noble metal clusters can be introduced into a glass ma-
trix through different methods such as the traditional melt
quenching method, ion implantation,8,9 ion exchange,10,11

and the sol-gel technique.12–14 In recent years, sol-gel syn-
thesis of nano-composites containing ultrafine particles of
noble metals in oxide matrices has been rapidly developed.
Sol-gel is becoming one of the most useful and versatile

methods of oxide film fabrication due to the following ad-
vantages: low-processing temperature, homogeneity of coat-
ings, easy control of metal concentration and coating thick-
ness, as well as the possibility to add reducing and oxidizing
agents in small concentrations.15,16

Different metal particles were prepared in glassy matri-
ces by the sol-gel method, such as gold,17–25 copper,26,27

platinum,22,24,28 and silver.12,16,17,21,22,29–33Silver particles
have been incorporated by dissolving silver salts in the pre-
cursor sols and reduction of the silver ions to metallic par-
ticles by thermal treatment in air or in an hydrogen atmo-
sphere, or by irradiation with UV light or gamma rays.

During the formation of Ag colloids in a thermal treat-
ment, temperature is critical for the silver particle size and
the oxidation/reduction reaction of silver. It will affect the
optical density and absorption wavelength of silver colloids.
While silver-containing sol-gel films and gels are heated, re-
versible darkening is observed. Some suggest this darkening-
bleaching effect is due to an aggregation-disaggregation of
silver particles,34 while others attribute this to reduction/
oxidation of silver colloids.35,36The substrate being coated is
also an important factor that influences the Ag colloid forma-
tion process. It seems that the silver colloids in a silica-based
coating on the soda-lime glass substrate have a greater ten-

a!Author to whom correspondence should be addressed; electronic mail:
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dency towards being oxidized than those on a silica
substrate.35

In the present article, we report the incorporation of sil-
ver into silica-based sol-gel films on soda-lime glass sub-
strates, following by optical measurements as a function of
heat-treatment temperature, and these results are correlated
to microstructural and chemical changes in the films.

II. EXPERIMENT

A. Preparation of coatings

Sol-gel silica thin film coatings containing silver par-
ticles were formed by dip-coating on glass microscope slides
~Fisher scientific!. The glass slide is made of soda-lime glass,
with a composition~wt %!: 74.2 SiO2 , 14.3 Na2O, 6.4 CaO,
4.3 MgO, 1.2 Al2O3 , 1.2 K2O, 0.03 SO3, and 0.03 Fe4O3.
The SiO2– Ag sol was prepared using tetraethyl orthosilicate
~TEOS!, C2H5OH, H2O, HNO3, and AgNO3 as precursors.
First, solution A is prepared by mixing TEOS and ethanol in
equal volume. Then, solution B is prepared by adding dis-
tilled water, different amounts of silver nitrate (AgNO3), and
nitric acid (HNO3) together. HNO3 is added to adjust thepH
to approximately 2. Finally, solution B was added to solution
A drop by drop while vigorously stirring at room tempera-
ture. The final molar ratio TEOS: C2H5OH:H2O:AgNO3

51:3.825:3:x, wherex is the Ag/Si molar ratio in the glass
coating. Staring solutions with Ag/Si molar ratio,x
50.05%, 0.1%, 0.2%, 0.5%, 1%, and 2% were prepared.
The x value is used to label the silver concentration in the
dried glass films.

Following mixing of two solutions, the sol was left to
age until the viscosity reached approximately 3 cP. The vis-
cosity of the solution was monitored by a Brookfield digital
viscometer~model LVTD!. It usually took 2–4 days for the
sol to get ready, depending on the silver concentration, with
sols with a higher silver concentration taking a shorter time.
The influence of metal salts on the stability of the sol and the
gelation process can be found in the literature.37 After the
viscosity of the sol reached 3 cP, the coating was formed by
dip-coating the glass slides at a pulling rate of 1 mm per
second. All films were dried at 100 °C for 1 h in anIsotemp
Oven ~Fisher Scientific!, then heat-treated in air at different
temperatures~200, 300, 400, or 500 °C) for 2 h in a Ther-
molyne Furnace~Model 48000!. The films prepared under
such conditions showed no tendency toward cracking or
peeling from the substrate.

B. Nano silver cluster formation and film
characterization

Silver-containing silica sol and heat-treated coatings
with 1% Ag were characterized using transmission electron
microscopy ~TEM!, scanning electron microscopy~SEM!,
atomic force microscopy~AFM!, x-ray photoelectron spec-
troscopy~XPS!, and Rutherford backscattering spectrometry
~RBS!.

HRTEM ~FEI-Philips Tecnai F30! was used to study the
formation of silver nanoparticles in the sol with 0.05% Ag.
The TEM sample was prepared by dipping the copper grid
into the sol diluted by acetone. After the solvent evaporated,

the silica sol gelled on the copper grid, with silver particles
formed in the silica matrix. This is a parallel process of the
formation of silver particles on the glass substrates. Bright
and dark field TEM images at 300 kV were taken, as well as
selected area-electron diffraction~SAED! patterns.

Film thickness was measured using a JEOL model
6400F SEM. For such measurements, the films were coated
with chromium, sectioned and dipped into dilute HF solution
for 1 s, rinsed, and dried under a heating lamp.

A Cary 500 scan spectrophotometer was used to deter-
mine the optical absorption of the films in the wavelength
range of 300–1500 nm.

The surface morphology of these films was studied by a
DI-Dimension™ 3100 model AFM~Digital Instrument!.

The surface chemistry of the films was studied using
PHI-5400 x-ray photoelectron spectroscopy at a vacuum of
;1029 Torr. A nonmonochromatic MgKa x-ray source
(hn51253.6 eV) at a power of 250 W was used for the
analysis. Both survey scans and individual high-resolution
scans~Ag 3d, C 1s, O 1s, Na 1s, and valence band! were
recorded. Binding energies have been corrected using adven-
titious carbon~C 1s at 284.6 eV! as a reference.38 TheAuger
Scansoftware from RBD Enterprises was used to facilitate
peak deconvolution.

A 1.7 MeV Tandetron Rutherford backscattering system
with a 4He11 beam was used to study the concentration
depth profile of silver in the coatings.

An energy dispersive x-ray analyzer~EDAX! attached to
a JEOL 6400 scanning electron microscope was used to
study the chemical composition of the films, which gave the
elemental information for RBS data fitting.

III. RESULTS

A. Formation of glassy film and nano-silver particles

Viscosity control is very important for producing crack-
free films. The viscosity-time curve, often known as the ge-
lation curve, describes the gelation behavior of the sol-gel
system. Viscosity of the solutions as a function of various
silver concentrations and time for gelation is shown in Fig. 1.
It is to be noted that it takes a longer time to reach the same
viscosity for a lower silver concentration. For instance, it
takes only several days for the sol with 2 mol % silver to
reach gel point, while the one with 0.1 mol % silver remains

FIG. 1. Gelation curves for the silica systems with different silver concen-
tration.
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liquid even after several weeks. According to Brinker and
Scherer,37 the presence of salts compresses the double layer
around sol particles, reducing the stability of the sol and
decreasing the gelation time.

Transparent, uniform, and crack-free films were depos-
ited on microslide glass substrates~soda-lime glass!. All
films were found to be strongly adherent to the substrates.
No peeling was observed through the heat-treatment. There
is no change observed before and after conventional Scotch-
tape tests. The dried films containing silver exhibit a yellow-
ish color. The color gets more intense with increasing silver
concentration. After heat-treatment, the color becomes less
apparent. At temperature greater than 300 °C, the films be-
come transparent even for the high silver concentration
samples.

Figure 2 shows a cross-sectional SEM image of a dried
silver silica film with 0.05 mol % silver. The film thickness
was measured to be 150–200 nm. This is a typical thickness
of the dried films for all the silver concentration. A reduction
up to 20% of the thickness was observed for heat-treated
films. The films were found to be uniform and dense~free of
observable pores! as shown in the SEM images. Figure 3
shows the HRTEM and selected area diffraction~SAD! im-
age of the SiO2 coating with 0.05 mol % Ag on the copper
grid. The sizes of the silver particle were about 5–7 nanom-
eters with a fcc structure. The Ag particle size evolution
depends on the silver concentration, and the heat-treatment
temperature. The silver particle sizes at a higher silver con-
centration ~1 mol %! after different heat-treatments are
shown in the AFM study in the following section.

B. Optical, chemical, and structural characterization
of the films

1. Optical properties of Ag doped silica films

The optical absorption data of the sol-gel films with dif-
ferent silver concentrations as a function of different heat
treatments are plotted in Fig. 4. As indicated in Fig. 4, the
absorption curve with no silver or low silver concentration

~0.1 mol % or 0.2 mol %! shows a typical fringe pattern ob-
served in weak absorption films.39,40There are only a couple
of interference fringes, as the films are very thin~below 200
nm!. There is a trend in reduction of the wavelength differ-
ence between two absorption maxima. This is due to a de-
crease in film thickness39 with an increase in heat-treatment
temperature. There are two factors that affect the fringe pat-
terns, the thickness and the refractive indexes of the films. A
detailed study on the fringe patterns of the absorption and
reflection data is in progress.

The absorption curves of the films with high silver con-
centrations~0.5–2mol %! show an absorption peak between
400 and 460 nm wavelength, while exhibiting a yellow color
of a different degree. With the same heat-treatment tempera-
ture, the films with higher silver concentration show in-
creased absorption intensity.

It is observed that the absorption intensity decreases
while the heat-treatment temperature increases. While there
is noticeable absorption for the dried samples~0.5–2 mol %
Ag!, the intensity of absorption decreases for 200 °C
samples. For samples heated above 300 °C, no distinguish-
ing absorption beyond the fringe pattern is observed. This
change is accompanied by the disappearance of the yellow-
ish color of the film. Meanwhile a blueshift is observed com-
paring the dried samples and the 200 °C heat-treated
samples.

FIG. 2. SEM images of a typical silver silica film on a microscope glass
slice, coated with chromium.

FIG. 3. TEM images of SiO2 gel containing 0.05% Ag, with inset diffrac-
tion patterns of Ag particles.
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2. AFM studies of the film surface

AFM images of dried and heat-treated silica films with 1
mol % Ag are shown in Fig. 5. For the dried film, needle-
shaped features are observed on the surface. The dimensions
of the particles are around 350 by 60 nm. When the films are
heat-treated at 200 °C for 2 h, the morphology of the surface
particle becomes spherical, with diameters from 70 to 100
nm. At 300 °C, a new feature with certain linear orientation
starts to develop. At 400 °C, the new feature developed into
a dendrite structure on the surface of the film. At 500 °C, the
dendrite feature flattens, and more high spots appear on the
surface. Another noticeable change in the surface morphol-
ogy is that the major features on the surface flatten with an
increase in temperature. For dried and 200 °C heat-treated
films, the features are higher than 10 nm. From 300 to
500 °C, the main features reduce from;7 to ;5 nm. To
understand the orientation of the surface features
(300– 500 °C), AFM imaging~not shown! was performed
on the substrate surface. This revealed polishing lines with
the same orientation as the surface structure observed in the
coating. This suggests that the polishing lines serve as nucle-
ation sites for the subsequently observed surface structures
grown after 300 °C or higher temperature heat-treatment.
The change of the surface chemical make-up between 200
and 300 °C was shown by XPS.

3. XPS studies on the film surface

To understand the surface chemical changes, XPS was
used to study 1 mol % Ag silica sol-gel films heat-treated at
different temperatures. Figure 6 shows the XPS survey scans
for the different heat-treatments. Figures 7–10 show detailed
XPS scans for Ag 3d, Na 1s, O 1s, and Si 2p, respectively.
From these results, it can be seen that silver is present on the
film surface for the dried sample and the one treated at

200 °C. This suggests that the particles observed by AFM at
a dried condition~needle shaped! and 200 °C~sphere-like!
are silver particles. Surface silver content decreases as the
heat-treatment temperature increases, while sodium appears
after heating at 200 °C or higher. This suggests that the ap-
pearance of the new surface feature in Fig. 5 at 300– 500 °C
is due to the sodium diffusion as seen from the XPS data. It
is also observed that samples with the highest surface Na
concentration (400 °C) exhibit a reduction in binding ener-
gies for both O 1s and Si 2p.

In addition to the surface composition changes, the
chemical state of silver also varies. In Fig. 7, Ag 3d5/2 shifts
from 368.0 (100 °C) to 367.5 (200 °C) and then to 367
(300 °C). According to the literature,41–43 the binding ener-
gies of Ag, Ag2O, and AgO are 368.2, 367.8, and 367.4 eV,
respectively. Detailed deconvolution of Ag 3d is shown in
Fig. 11. From the deconvolution results, it is observed that
the silver chemical state changes from primarily Ag0 for
dried sample to mostly Ag21 after heat treatment at 300 °C.
At higher heat-treatment temperatures, the silver concentra-
tion on the surface is so low that it could not be detected
under the XPS experimental conditions. It is clear that the
silver colloids are formed during the drying process, get oxi-
dized while being heat-treated, and eventually diffuse away
from the surface.

The lower binding energy of Si 2p at 400 °C indicates
the formation of ionic networks similar to soda glass, as soda
glass has a lower Si 2p binding energy, 102.8 eV, comparing
to that of silica, 103.2 eV, or silica gel, 103.4 eV.44 The lower
binding energy of oxygen~O 1s) is consistent with ionic
bonding of O with Si and Na. From the above analysis, the
surface morphology observed by AFM at higher temperature
~above 300 °C) is related to the formation of soda silica ionic
networks.

FIG. 4. Optical absorbance spectra for the sol-gel silver-silica films with different silver concentrations after different heat-treatments.
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SEM imaging with EDAX reveals the formation of
cube-shaped NaCl particles on the film after heat-treatment
at 500 °C~Fig. 12!. It is to be noticed that EDAX is a bulk
technique and the focus spot is bigger than the cube particle;
thus the other elements in the glass substrate underneath and
around the cube particle are also present in Fig. 12~b!. The
NaCl could be easily wiped away from the surface resulting
in the decrease in surface sodium concentration at 500 °C.
The presence of Cl likely originates from precursor TEOS,
which was synthesized from SiCl4 .

4. RBS studies on the sol-gel silica film with 1%
silver

Changes in silver and sodium surface concentration sug-
gest the interdiffusion of these two species. To further con-
firm this assumption, RBS was used to study the silver con-
centration profile in the 1% Ag-containing sol-gel silica film
as a function of heat treatment.

In Fig. 13, the RBS profiles of samples with 1% silver
after varying heat treatments were plotted to compare any
changes in the silver profile. Only the front channels corre-
sponding to silver signals are plotted and the silver simula-
tion is overlaid on the graphs. The analysis softwareRUMP

from CGS~Computer Graphics Service! was used to analyze
and fit the raw data.

Figure 13 shows that with higher heat-treatment tem-
perature, the silver diffuses from the surface to the interface,
and then into the glass substrate. At 100 °C, there are two
sharp peaks located within the coating layer indicating the
presence of silver on the surface~about 2 nm from the top!
and in the coating~about 20–500 nm from the top!. At
200 °C the silver profile changes such that silver is diffusing
into the glass substrate. As for 300, 400, and 500 °C, the
silver concentration at the surface is very low, indicating that
most of the silver has diffused into the substrate.

FIG. 5. AFM images (232 mm2) of
silica sol-gel films containing 1 mol %
Ag after different heat-treatments.
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IV. DISCUSSION

The yellowish color we observed in the films of silver
colloids is due to the surface-plasmon resonance of silver
colloids ~Mie resonance!.15 In general, colloidal suspensions
scatter the incident light and, with particles of sufficient size
and concentration, the turbidity would cause the glass to lose
its transparency. The light scattering is proportional to the
reciprocal of the wavelength of the incident light, according
to the well-known Rayleigh relationship.45 Therefore the ex-
tinction caused by scattering is primarily in UV and in the
blue end of the visible spectral region. Only with colloidal
suspensions of highly absorbing materials, with a very small
particle size, will the optical absorption dominate over the
light scattering. While metals have high absorptive compo-
nents in their refractive indices, only a few of them~gold,
silver, copper, etc.! show strong wavelength dependence in
their absorption property and cause coloration in the visible
range.

Theoretically, the visible absorption band of gold and
silver metal colloids is attributed to surface plasmon oscilla-
tion modes of the conduction electrons which are coupled
through the surface~roughness! to the external electromag-
netic field. Within the framework of Mie theory,46–48 which
applies to particles much smaller than the wavelength of
light, dipole, and higher order transitions can be treated in
principle. Typically only dipole modes are considered, as a
result, the width and peak position of the plasmon are inde-
pendent of the particle size in this approximation. However,

FIG. 6. XPS survey spectra of sol-gel silica films containing 1 mol % Ag
after different heat-treatments.

FIG. 7. Ag 3d XPS spectra of sol-gel silica films containing 1 mol % Ag
after different heat-treatments.

FIG. 8. Na 1s XPS spectra of sol-gel silica films containing 1 mol % Ag
after different heat-treatments.

FIG. 9. O 1s XPS spectra of sol-gel silica films containing 1 mol % Ag after
different heat-treatments.

FIG. 10. Si 2p XPS spectra of sol-gel silica films containing 1 mol % Ag
after different heat-treatments.
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in the extinction spectra of monodisperse colloids, one ob-
serves that particle size has a strong effect upon peak width
and position. A blueshift is often observed as the particle size
decreases.49,50 The experimental finding can be modeled if
the dielectric function of the metal is assumed to be
size-dependent.51 For particles with diameterd>25 nm,
higher order multipole absorption as well as scattering con-
tributes to the extinction spectra.32

The surface plasmon absorption peaks for high silver
concentration coatings indicated the formation of silver col-
loids in the glass film. Formation of Ag colloids at low tem-
peratures is confirmed by XPS. Spontaneous silver reduction
in sol-gel materials has been reported.31,34,52–54 Many re-
searchers contributed the formation of silver colloids to the
reduction of Ag1 ion by alcohol radicals. Only one group55

proposed that ethanol is an inhibiting agent in the formation
of Ag colloids, after comparing the optical properties of the
sol-gel silver silica gel with and without ethanol in the pre-
cursor. Because alcohol is one of the products of condensa-
tion reactions, the alcohol radicals can not be eliminated
through avoiding alcohol in the starting solution. We favor
the reduction mechanism of alcohol radicals, but the forma-
tion of silver colloids is a complex process as the sol-gel
reaction system is complicated. The starting silver salt con-
centration, HNO3 concentration, the densification condition
of the gel, the UV nucleation effect on silver colloids, and
many other factors should be taken into consideration if the
mechanism of spontaneous silver reduction is to be com-
pletely understood.

The blueshift of the absorption peak is observed in our
experiment when heat-treatment temperature is increased
from 100 to 200 °C and is in agreement with the particle size
reduction in a 1% Ag sample as seen from AFM images. The
blueshift effect~of particle size decreasing! in the silver col-
loid system is well documented.56,57

The absorption intensity decrease and discoloration after
heat-treatment have been observed in similar sol-gel sys-
tems. Menninget al.35 observed that silver colloids were oxi-
dized to AgxOy during thermal densification of the coatings
and such changes were accompanied by a disappearance of
the yellow color of the coatings. Ritzer34 observed that the
bleaching effect takes places when the Ag-containing silica
gel darkened at 60 °C is heated above 200 °C, and the

FIG. 11. Deconvolution of Ag 3d spectra of sol-gel silica films containing 1
mol % Ag after heat-treatment at 100, 200, and 300 °C.

FIG. 12. EDAX spectra of sol-gel silica film with 1 mol % silver after
500 °C heat-treatment:~a! on a large area; and~b! focused on one bright
spot.

FIG. 13. RBS spectra of 1 mol % Ag sol-gel coating on glass substrate, with
silver simulation overlaid.
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bleaching is completed around 400 °C. Such darkening-
bleaching phenomenon was attributed to aggregation-
disaggregation of fine silver particles.

According to our XPS measurements, silver in the film is
undergoing an oxidation process during heat treatment, re-
sulting in discoloration of the films and the disappearance of
the silver absorption peak at temperatures higher than
300 °C. This agrees with Mennig and his coworker’s results
that silver colloids were oxidized at increasing
temperatures.35 To determine if oxidation of silver also oc-
curs in silver containing silica gel, Ritzer’s experiment was
repeated in our research facility and XPS was conducted on
both dark and bleached gel powder. Silver 3d5/2 binding en-
ergies were found to be 368.05 and 367.6, respectively.
Compared with our XPS results from the films, it is clear that
oxidation of silver also occurs in the bleaching of silver con-
taining silica gel.

Both XPS and RBS data show that silver diffuses into
the substrate while the samples are being heat-treated. As
sodium is a comparably light element, the RBS data does not
readily show the concentration profile as it does for silver.
However, the XPS results do show that the surface sodium
concentration increases as the heat-treatment temperature in-
creases from 100 to 200 °C, where it then remains relatively
constant. From the above experimental evidence, we propose
a silver-sodium interdiffusion mechanism between the silver
in the sol-gel coating and the sodium in the glass substrate.
This phenomenon is often observed in ion-exchanged so-
dium silicate glass.58 Comparing Fig. 7 and 8, sodium sur-
face concentration changes more quickly than that of silver
due to a higher diffusion coefficient for sodium than
silver.59,60 Typical experimental values of self-diffusion co-
efficients for Ag and Na are 8.58310211 and 3.71
310210 cm2/s.59

The diffusion of sodium from substrate into the sol-gel
coating can have various effects on the coating. For instance,
it was found that the diffusion of sodium from soda-lima
glass substrate is detrimental to the photocatalytic activity of
the TiO2 sol-gel coating.61 Our experimental observation
provides evidence for Mennig and his colleagues’ supposi-
tion that sodium affects the stability of silver colloids on
soda-lime glass substrates.35 When heating a dried silver
silica film on fused silica between 500 and 600 °C, the silver
oxide in the film was reduced to Ag metal particles. While
heating the films on soda-lime glass substrate at 400– 600 °C
all the Ag colloids are oxidized to silver oxide. As shown in
Ref. 62, a remarkable Na1 diffusion into the Au-containing
coatings above 300 °C leads to a strong increase in the
basicity,63 favoring higher oxidation states by thermody-
namic arguments.64

While our study provides evidence to support Mennig’s
assumption of sodium diffusion affecting Ag-colloid forma-
tion, it also gives evidences against Mennig’s other conclu-
sion in the same work.35 According to Mennig ‘‘a remarkable
diffusion of Ag1 into the substrate was excluded.’’ Since the
coating remained colorless, while as a comparison, the
Ag1 – Na1 ion-exchange experiment on soda-lime substrate
showed a spontaneous Ag-colloid formation and resulting
coloration of the glass. The coloration effect is due to the

surface plasmon resonance of the conductive electrons in the
nano-sized Ag metal particles. The ion-exchange experiment
cannot exclude the diffusion of silver ion. In fact our XPS
and RBS data show that there is a remarkable diffusion of
silver into the substrate.

Comparing AFM, XPS, SEM, and RBS results, we con-
clude that with an increase in the heat-treatment temperature,
the silver particles decrease in size and undergo oxidation in
air. On the soda-lime glass substrate, silver oxidation occurs
at temperature up to 500 °C, which is well above the thermal
decomposition temperature of silver oxide. This is, at least
partially due to the substrate effect, caused by sodium diffus-
ing into the coating. The interdiffusion between the silver in
the coating and sodium in the substrate occurs at tempera-
tures above 200 °C. These results suggest that tailoring the
size of a nano-silver particle is possible through thermal
heat-treatment in a reducing environment.

V. CONCLUSIONS

Silica films containing nano-silver particles were pre-
pared by the sol-gel process using TEOS and AgNO3 as
primary precursors. The sol-gel dip coating technique was
found to be an effective way of making optically transparent
silver-silica coatings. The silver concentration influenced the
viscosity and the gelation process. The optical absorption
spectra of the coating exhibited a blueshift when the heat-
treatment temperature was increased from 100 to 200 °C.
This blueshift was due to the reduction in the silver particle
size. Meanwhile, the intensity of the silver absorption peak
decreased with increasing heat-treatment temperatures,
which was caused by the oxidation of silver particles. Inter-
diffusion between silver in the coating and sodium in the
substrate occurred at temperatures above 200 °C. Soda-lime
glass substrate has an important influence on the Ag-colloid
formation through sodium diffusion from the substrate into
the coating, it enhances the stability of silver oxide at high
temperatures.
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