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Abstract

A silica and polyvinyl alcohol (PVA) hybrid material mixed with a high density of silver ions is synthesised and
characterized in this work. The hybrid material can be cast into thick films, which we determined to be homogeneous
using Raman spectroscopy. We observed that the silver ions remain stable in the material over time and at tempera-
tures of 100oC, which represents a marked improvement over previous solid solutions of silver. Differential scanning
calorimetry and thermogravimetric analysis indicate the rapid activation of silver at 173oC, resulting in a dense for-
mation of silver nanoparticles within the hybrid. The activation of silver was also demonstrated in 3-dimensional
geometries using femtosecond duration laser pulses. These results illustrate the silica-PVA hybrid is an attractive
material for developing silver-insulator composites.

Keywords:
composite materials, nanostructures, irradiation effects, optical properties

1. Introduction

A wide range of insulators exist that are capable of
storing large amounts of metal ions. If the concentra-
tion of metal ions is below the saturation point of the
host insulator, they can be dissolved without drastically
changing the material’s mechanical, optical, or electri-
cal properties. These solid solutions form an interesting
class of materials for creating metal-insulator compos-
ites. As the metal is dissolved in ionic form, design-
ers have freedom to create unique metal structures em-
bedded within the host solids. Often, these structures
can be produced at the nano-scale. A key example of
this is the production of embedded metal nanoparticles,
where the host material is responsible for the reduction
of the metal ions to atoms, and stabilization of the re-
sulting nanoparticles. The surface plasmon resonance
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(SPR) of these encapsulated nanoparticles has been ex-
ploited for micro-polarizers [1], optical sensors [2], and
3D optical storage units [3]. Materials with embedded
metal nanoparticles can also exhibit antimicrobial prop-
erties [4, 5]. Conductive structures can be produced
when high concentrations of metal ions are dissolved
in the host material. These structures are often designed
to function as electrical wires [6, 7, 8], diodes [9], or
switches [10, 11].

In most cases it is metals such as copper, [12, 13],
gold [14, 15] and silver [16, 17] that are dissolved
into insulating materials because of their high electrical
conductivities. The host materials are often transpar-
ent dielectrics, which allow them to be used in optical
applications. Common host materials include glasses
[18, 19] and polymers [20, 21]. To activate the ions dis-
solved in an insulator and form a metal-insulator com-
posite, the ions must first be reduced to atoms. The re-
duction can be carried out through electrical processes,
where a current directly reduces the ions [11]. Heating
[22, 23] and laser irradiation with pulse lengths rang-
ing from nanoseconds to femtoseconds [24, 25] can also
activate the silver. These processes cause chemical and
structural changes in the host insulator, which produce
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free electrons that reduce the metal ions.
Although many attempts have been made, researchers

have yet to find an insulating and transparent host ma-
terial that is ideal for fabricating silver-insulator com-
posites. The most important characteristic of any metal
ion host is a high saturation point (the ion concentration
at which the host material’s properties begin to change).
Stability of the metal ions over time and at moderate
temperatures is also important to ensure silver is not
activated spontaneously, which would compromise the
performance of the composite. For many applications,
such as those that require laser processing within the
bulk [26], thick and mechanically robust films are an
additional requirement. One of the first materials used
to dissolve silver was silica glass. Glass is an attractive
host as it can stabilize dissolved silver for long periods
of time and at temperatures up to 400oC [1]. Early at-
tempts infused silver ions into the glass matrix through
ion-exchange [16, 24], which produced low silver con-
centrations (< 1 wt.%) and very poor uniformity through
the thickness of the glass. Ion concentrations were im-
proved to ∼4 wt.% using high voltages to induce ion-
exchange, yet the ions were still confined to the surface
of the sample [22]. Melt-quench techniques solved the
problem of poor uniformity, and have demonstrated sil-
ver concentrations of ∼8 wt.% uniformly distributed in
the glass [18]. However, fabricating these glasses re-
quires very high processing temperatures, limiting the
number of potential applications.

Solution processing is a convenient way to homoge-
neously combine insulators and silver ions in high den-
sities. Salts such as silver nitrate are readily soluble
in many solvents. In addition, casting materials from
solution allows one to create films and coatings with-
out high temperatures. The sol-gel process is a well
studied method capable of synthesising silica from so-
lution. This process has been exploited many times to
uniformly dissolve silver in glass films, with concentra-
tions as high as 8 wt.% [9, 10, 27]. However, the sol-
gel process is not suited to producing crack-free films
thicker than 1 µm [28]. Using solution processing, the
production of silver-polymer composites also becomes
relatively straightforward. Various polymers such as
polyvinyl alcohol (PVA) [17, 23], polyvinyl pyrroli-
done (PVP) [6, 20], polyethylene oxide (PEO) [11], and
gelatin [21] have been used in the past as hosts for silver
ions. Polymers can generally dissolve large quantities
of silver, but they lack stability when compared to glass.
Exposure to light and room temperatures can initiate the
reduction of silver ions to solid metal in polymers, com-
promising the performance of the material. A limited
number of glass/organic hybrids have been developed

to dissolve silver ions [29, 30], yet these examples also
lacked stability in ambient conditions.

Here we report the design and characterization of
a novel silver ion solid solution for the production of
silver-insulator composites. The insulating host must
be capable of dissolving concentrations of silver ions
that are comparable with the polymer and glass materi-
als previously demonstrated [10]. The host also needs to
stabilize the silver ions for long periods of time and at
moderate temperatures by inhibiting their spontaneous
reduction to silver metal. Finally, it needs to be me-
chanically robust to form thick, free-standing films. To
reach these goals a hybrid of sol-gel glass and poly-
mer was formulated. The sol-gel precursor molecule
used is tetraethyl orthosilicate (TEOS), and the poly-
mer constituent is PVA. The improved stability of the
novel hybrid is demonstrated over time and at moder-
ate temperatures using PVA samples as a reference. Sil-
ver structures were then formed in the hybrid using high
temperatures and femtosecond laser irradiation as acti-
vation mechanisms, demonstrating the material is a vi-
able starting point for silver-insulator composites.

2. Experimental details

2.1. Sample preparation

TEOS, silver nitrate, and PVA (130 000 g/mol) were
all purchased from Sigma-Aldrich and used without fur-
ther purification. The silica sol-gel solution was pre-
pared first. The reactants were mixed in volume ratios
of 3:3:1 for TEOS:ethanol:HNO3 (0.2 M), respectively
[27]. The dilute acid was added to act as a source of
H2O to initiate hydrolysis, and to adjust the pH of the
solution to 2 for a more interconnected gel [31]. The
ethanol acted as a solvent for the solution. The gelling
process was allowed to continue until a viscous gel was
achieved, which took 1-2 days. Silver nitrate was then
added to the solution and dissolved. Following this, a
PVA solution with a weight ratio of 10:1 for H2O:PVA
was mixed with the sol-gel. The final weight ratio for
the different phases in the solution was 1:1:0.18 for
SiO2:PVA:Ag+.

Hybrid samples were prepared by solution casting
the mixture into polystyrene dishes. The solution was
dried slowly at room temperature to cast films up to
3 mm thick, which were peeled from the dishes. Ref-
erence samples containing only PVA and silver nitrate
were also cast. The weight ratio for these samples was
1:0.18 for PVA:Ag+. Hybrid films without silver nitrate
were used as a second set of reference samples, with
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the weight ratio 1:1 for SiO2:PVA. No silica-silver ref-
erence samples were used as crack-free films could not
be prepared without the addition of PVA.

2.2. Characterization

A Renishaw 1000 Micro-Raman system with a
514 nm pump laser was used to determine the structure
of the hybrid films. The beam was focused using a 50x
objective to a spot size < 1 µm.

The presence of silver nanoparticles in the films was
assessed using UV-Vis-NIR absorption spectroscopy.
This method can identify silver nanoparticle SPR ab-
sorption peaks in the 400-450 nm wavelength range.
The detection of these peaks is strong evidence that
solid silver has formed in the sample [32, 33]. In some
cases X-ray diffraction (XRD) was also used to con-
firm the presence of solid silver on a Bruker D8Advance
diffractometer.

Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) were performed simultane-
ously on a Mettler Toledo TGA/DSC1. The measure-
ments were carried out in a flowing N2 atmosphere at
100 ml/min and 1 atm. The scan operated from 30oC to
1000oC at a constant heating rate of 10oC/min.

2.3. Laser irradiation

A schematic of the laser irradiation set-up is pre-
sented in Fig. 1. The femtosecond laser source is a
Clark-MXR CPA 2010, which delivered 170 fs pulses
at 1 kHz and a center wavelength of 775 nm. The en-
ergy per pulse was adjusted using a diffractive attenua-
tor. These pulses were then frequency doubled using a
beta-barium borate (BBO) crystal to 387.5 nm. A shut-
ter was used to block the beam between scans. Two
lenses with numerical apertures (NAs) of 0.1 and 0.45
were used to focus the beam down to 7 and 2 µm spot
sizes, respectively. The pulse energy exiting the lens
was measured with a pyro-electric detector (Coherent
J5-09). The focus of the laser was positioned within the
bulk of the sample for material processing. An Aerotech
X-Y-Z stage raster scanned the sample along the focal
plane of the beam at a speed of 0.5 mm/s with a pitch
of 20 µm (unless otherwise stated) to create a large pro-
cessed area. Absorption spectroscopy was used follow-
ing the irradiation to analyse the processed area.

Figure 1: The optical pathway for femtosecond laser irradiation of the
samples.

3. Results and discussion

3.1. Raman spectroscopy

The homogeneity of the silica-PVA hybrid films
(without silver nitrate) was assessed using Raman spec-
troscopy. Five spectra were taken from different loca-
tions on a sample, which are presented in Fig. 2. The
measured Raman spectra were found to be a superpo-
sition of the peaks associated with the chemical bonds
in both silica and PVA. Measurements made at differ-
ent locations fluctuate within the expected noise of the
instrument, indicating that the PVA and silica phases re-
main uniformly distributed in the hybrid material after
drying. Previous work indicates that the structure of the
hybrid material consists of a PVA phase within a silica
network [31, 34]. We can therefore conclude that the
separate phases must be < 1 µm in size, or there would
be noticeable fluctuations in the intensity of the Raman
peaks between measurement locations.

3.2. Time and temperature stability

If the silver dissolved in PVA and silica remains in
ionic form, both materials will maintain optical trans-
parency. However, structural and chemical changes oc-
curring over time or at elevated temperatures may lead
to destabilization of the silver ions, resulting in the for-
mation of nanoparticles. To assess the stability of sil-
ver ions in the hybrid material a variety of thermal and
ageing treatments were applied to both hybrid and pure
PVA samples containing silver, which are summarised
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Figure 2: Raman spectroscopy of the PVA-silica hybrid material. Five
spectra were taken from locations separated by ∼5 mm on a single
sample. Some peaks have been labelled with their corresponding
chemical bond [35, 36, 37, 38].

in Tab. 1. The thickness of the samples was 100 µm.
The absorption spectra for each sample is provided in
Fig. 3.

Table 1: Heat and ageing treatments applied to the PVA and hybrid
samples.

Label Treatment
PVA PVA 1 day after casting
PVA-100oC PVA after 1 hour at 100oC
PVA-A PVA 30 days after casting
Hybrid Hybrid 1 day after casting
Hybrid-100oC Hybrid after 1 hour at 100oC
Hybrid-200oC Hybrid after 1 minute at 200oC
Hybrid-A Hybrid 30 days after casting

The SPR absorption peaks centred at ∼410 nm in
Fig. 3 indicate that silver nanoparticles are present in all
PVA samples. Although the solution of PVA and sil-
ver nitrate was initially transparent, a small SPR peak
formed after drying the film at room temperature for
1 day. This peak grew significantly both over time and
after heating the film to 100oC. The color of the films
ranged from pale yellow (PVA) to deep amber (PVA-
100oC and PVA-A). These results illustrate that the PVA
host is intrinsically reducing the silver ions to metal [2].

The hybrid films did not show any evidence of solid
silver forming over time or at temperatures up to 100oC.
This improved stability is likely a result of the Ag+

ions bonding with the non-bridging oxygen atoms in
the silica, increasing the energy barrier required to re-
duce them [39]. However, at 200oC a rapid darkening
of the film was observed that is attributed to the for-
mation of silver nanoparticles. The high absorption of

Figure 3: Absorption spectra for 100 µm thick PVA and hybrid films
after the treatments summarized in Tab. 1. The instrument exhibited
saturation at an absorbance of 4.

the film over the visible wavelength range suggests very
high concentrations of nanoparticles, leading to aggre-
gates [40]. To the eye the films appeared black, similar
to photographic film. As no clear SPR absorption peak
could be identified, XRD was used to verify the pres-
ence of silver nanoparticles in the hybrid-200oC sam-
ple. The XRD spectra for the hybrid and hybrid-200oC
samples are displayed in Fig. 4. The peaks that emerge
after the heat treatment correspond with the silver crys-
tal planes, confirming that measurable densities of silver
nanoparticles have formed.

Figure 4: XRD spectra that confirms the presence of silver in the
hybrid-200oC film. The spectrum of an untreated hybrid film is in-
cluded as a reference. The peak locations for each crystal plane
of silver from the Bruker database are labelled using dashed lines.
Smoothed data is shown for each sample using solid lines.
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3.3. Thermal analysis

To better characterize the thermal activation of sil-
ver in the hybrid material, TGA and DSC measurements
were carried out on fresh samples with and without sil-
ver nitrate. Data from the measurements is presented
in Fig. 5. As the temperature of samples is increased
the weight loss is measured by the TGA, while the DSC
measures the heat flow into the samples.

Figure 5: Thermal analysis of hybrid samples with and without sil-
ver nitrate. Bottom: TGA measurements. Top: DSC measurements.
The volume of the dip in the hybrid DSC data (hatched in red) was
integrated to determine the enthalpy of the reaction is -116 J/g. The
dashed lines indicate the predicted weights remaining after decom-
position of the samples, where the decomposition products of PVA
(labelled as dPVA) are equal to 10% of the original mass of PVA.

The TGA data in Fig. 5 shows four metastable regions
separated by 3 sections of rapid decomposition in each
sample. These trends match what has been observed in
pure PVA [41]. The maximum temperature of 1000oC is
well below the melting point of silica, therefore we do
not expect any weight loss is due to decomposition of
this phase. We conclude that the weight loss in the sam-
ple without silver nitrate is solely due to decomposition
of the PVA phase to 10% of the original mass of PVA.
The decomposition products of PVA have been labelled
as dPVA in Fig. 5. It was found that for the hybrid sam-
ple containing silver nitrate, the weight of silica, dPVA
and silver nitrate summed to the final weight of the sam-
ple after decomposition, indicating silver nitrate does
not contribute to weight loss in the sample.

A dip at 173oC is notable in the DSC data from the
hybrid sample with silver, which indicates an exother-
mic reaction has taken place. The location of this dip
corresponds with the location of the first rapid decom-
position in the sample. It is also at approximately this
temperature that we observed nanoparticles forming in
the hybrid in Fig. 3. Therefore, it is likely that these pro-

cesses are linked. We propose that the process begins
with the decomposition and chain splitting of PVA, gen-
erating free electrons [41]. These free electrons react
with the silver ions, producing silver atoms which form
nanoparticles. The enthalpy of the reaction is −116 J/g,
which was found by integrating the volume of the dip.
Theoretically, the reduction of silver in the sample ac-
counts for an enthalpy of -77 J/g [42]. The source of
the remaining measured enthalpy may be other reac-
tions occurring in the material, experimental error, or
the temperature dependence of the enthalpy values in
[42].

3.4. Laser processing
In addition to heating, femtosecond laser irradiation

is a second method capable of facilitating the conver-
sion of silver ions to atoms in the hybrid. Large ar-
eas of a 3 mm thick sample were irradiated with dif-
ferent pulse energies using a 0.1 NA lens. The forma-
tion of nanoparticles was measurable immediately fol-
lowing the laser processing. For each pulse energy the
absorbance of the irradiated area was measured. These
results are presented in Fig. 6. The silver nanoparti-
cle SPR peak grows as the pulse energy is increased,
confirming that more silver atoms are produced with
higher laser intensities. A small shoulder is apparent
in the 2.0 µJ absorption spectrum, indicating that sil-
ver nanoparticle agglomerates form at this pulse energy
[43]. The measured SPR peaks were found to agree well
with the extinction spectra predicted by Mie’s SPR the-
ory [32]. The absorbance of a 36 nm diameter silver par-
ticle calculated using Mie’s theory is plotted in Fig. 6 to
illustrate the correlation with the 0.26 µJ experimental
data.

It is evident in Fig. 3 that the hybrid material is trans-
parent to the 387.5 nm light of the laser. The band gap of
the hybrid material (EB) was found to be 4.7 eV through
absorption spectroscopy, greater than the laser’s photon
energy (EP) of 3.2 eV. Therefore, EP < EB < 2EP, indi-
cating that a two-photon effect is responsible for absorp-
tion of the radiation in the high intensity focal region.
Since absorption only occurs at the beam focus, silver
nanoparticles can be formed selectively throughout the
thickness of the sample. This 3-dimensional processing
capability is clear in the cross-sectional image in Fig. 7,
where several points have been irradiated at different
focal depths using a 0.45 NA objective and a 0.49 µJ
pulse energy. It is apparent that the measured length
of material modification in Fig. 6 (∼ 50 µm) is much
greater than the depth of focus of the beam, calculated
to be 1.4 µm. This observation indicates that filamenta-
tion due to a balance between self-focusing and plasma
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Figure 6: The absorption spectra of a 3 mm thick hybrid sample af-
ter femtosecond laser irradiation using various pulse energies and
a 0.1 NA lens. Mie’s SPR theory shows excellent agreement with
the 0.26 µJ spectrum. The instrument exhibited saturation at an ab-
sorbance of 2.5.

de-focusing has occurred in the filamentary region [44].
The regions of two-photon absorption are distinguished
by the yellow/amber color of the silver nanoparticles
formed. The darker amber color in the focal region in-
dicates a higher concentration of nanoparticles form in
the vicinity of filamentation. The reduction of silver in
these samples is purely a photochemical process as the
average laser power is low enough to eliminate any ther-
mal effects. Both PVA and silica have demonstrated the
photoreduction of silver through femtosecond laser irra-
diation in previous studies [17, 24], therefore it is likely
that each material contributes to the process in the hy-
brid.

Figure 7: A cross-sectional unprocessed bright-field image demon-
strating laser processing within the bulk of a 3 mm thick hybrid sam-
ple. The pulse energy was 0.49 µJ focused using a 0.45 NA lens.
The focal position is shifted into the bulk of the sample in 10 µm
increments to demonstrate control over the processing area in 3-
dimensions. The area of the nanoparticle layer in the image is ex-
aggerated slightly during imaging by the thickness of the sample
(∼1 mm).

4. Conclusions

The results of this study illustrate the numerous ad-
vantages to a hybrid of PVA and silica when creating
silver-insulator composites. The addition of PVA dras-
tically improved the mechanical properties of the sol-gel
silica. Samples with thicknesses of several millimetres
were successfully cast without cracking, which is 3 or-
ders of magnitude greater than what can be achieved
with pure silica sol-gels. The decomposition of PVA
at 173oC likely catalyses the reduction of silver in the
hybrid, resulting in a dense matrix of silver nanoparti-
cles. The addition of silica to the hybrid resulted in a
considerable improvement in silver ion stability when
compared to PVA-AgNO3 samples. Ageing for a month
and temperatures of 100oC did not lead to any measur-
able quantities of silver nanoparticles forming. In con-
trast, the PVA-AgNO3 samples exhibited large SPR ab-
sorption peaks characteristic of silver nanoparticles af-
ter the same treatments. The marked improvement in
mechanical characteristics and silver stability, as well
as the high silver density, make this hybrid material at-
tractive for the fabrication of silver-insulator compos-
ites. We have demonstrated the controlled precipitation
of silver nanoparticles in 3-dimensions using femtosec-
ond laser irradiation. These results point towards indus-
trially viable 3-dimensional metal structures embedded
within insulating materials.
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