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Abstract: We present results of our observations on the formation of a
silver nanoparticle-containing layer in glass over time. First, silver ions are
driven into the glass by field-assisted ion exchange at 300 °C. A following
annealing step at 550 °C resulted in the formation of silver nanoparticles (<
4 nm in diameter). This annealing was performed for five different durations
(1h, 2h, 4h, 8h, 48h), and thin slices of the cross sections of the glasses have
been prepared. The sequence of slices showed the growth of the
nanoparticle-containing layer over time. Transmission spectra of the slices
have been measured with a spatial resolution of 1.5 µm. Simulating spectra
using the Maxwell-Garnett theory allowed us to determine the volume
filling factor distribution of the nanoparticles across the layers. A first
attempt to simulate the diffusion of silver is performed.
© 2012 Optical Society of America
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1. Introduction
Metallic nanoparticles (NPs) exhibit unique optical properties as compared to their bulk
counter parts. Embedded metallic NPs in glass have attracted much interest for a very wide
spectrum of applications in photonics and optoelectronics [1–5]. They show a characteristic
absorption caused by the excitation of plasmon oscillations [6, 7], and their resonance
frequency depends on the size [6], shape [8] and distribution [9] of the NPs.
For generating embedded silver NPs in glass, the common approach is via an ion
exchange process, which is followed by, or combined with thermal treatment. The ion
exchange can be done in a salt melt [10], or by a field-assisted ion exchange from a solid
silver film [11–13]. The advantages of the latter technique are its versatility [12, 14–16], and
that it does not involve hazardous chemicals. Recently, we introduced a dry technique for
doping glass with silver ions and fabrication of a homogenous silver-doped nanocomposite
glass [12]. The process relied on a solid-state field-assisted diffusion process for doping silver
ions into the glass matrix followed by a post-annealing step in air, leading to the formation of
silver NPs. The thermal treatment at 550 °C essentially led to the reduction of the silver ions
to atoms and formation of silver nanoparticles. A thin slice of the cross section of the sample
was prepared that allowed visualization of its depth profile and facilitated further optical
analyses of the nanocomposite. Based on our observations, we concluded that the process
resulted in the formation of a nanoparticle-containing layer, where larger NPs with lower
number density were formed close to the surface and smaller NPs with higher number density
in the lower layers. These observations raised the question on influence of various process
parameters on the thickness of the nanoparticle-containing layer and number density of the
inclusions.
In this paper, we consider thin slices of five samples with different durations of the
thermal treatment. We studied the development of the nanoparticle-containing layer over
time. Utilizing the Maxwell-Garnett effective medium theory allowed us to simulate the
measured absorption spectra, giving us a way to assess the volume filling factors of the NPs.
The dielectric function of the NPs was calculated using the Drude Model with a particle-sizedependent dampening constant, which facilitated us to make conclusions about actual particle
sizes. The temporal development of the filling factor profiles was compared with a simple
diffusion model using Fick’s law.
2. Experimental methods for preparation of the samples
Commercial Schott B270 glass with a composition of (in wt-%), (69.2) SiO2, (9.8) Na2O,
(9.5) CaO, (7.6) K2O, (2.8) BaO, (1.1) Al2O3 and a thickness of 1 mm, refractive index of
1.523, density of 2.55 g/cm3 was used as a substrate. Following the procedure outlined in
[12], a suspension of silver flakes in isopropanol was applied on one side of the glass surface.
The substrate was then heated up to 300°C for 20 min. This results in the formation of an
oxidized solid silver film, which later acts as a source for silver ions. The glass was then again
heated up to 300°C and this time a voltage of 1 kV was applied across the sample for one
hour. The silver film acted as the anode for the voltage, while a carbon foil electrode on the
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opposite side of the glass acted as the cathode. At these temperatures alkali ions in the glass
become mobile, and the voltage drives the residual positive ions of the glass towards the
cathode. There they become neutralized, while under the anode vacancies are forming, which
are filled by silver ions from the silver oxide film anode [12].
Afterwards the sample was cut into five pieces, and the pieces were annealed in air at
550°C, each for a different duration as follows: 1h, 2h, 4h, 8h, and 48h. This resulted in the
formation of silver nanoparticles inside the glass, changing the color of the glass to dark
yellow for short annealing times and brown for longer times. The glass substrate used here
(B270) is known to have a very low concentration of iron, which is often considered as a
reducing agent for silver during annealing process. We have recently proposed the reduction
by non-bridging oxygen (NBO) [12, 17–19] and by the reaction of Ag+ to Ag and Ag2+ [11].
Thin slices of the cross sections allowed visualization of their depth profile. These were
prepared by cutting the samples and embedding them in an epoxy resin (Specifix-20, Struers
Limited) to prevent chipping of the glass and to make it physically manageable for grinding,
polishing etc. The resin cures at room temperature. Each section has been polished on both
sides providing slide thicknesses in the range of 30 - 33 μm.
The optical characterizations of the sample were performed using a JASCO V-670
UV/VIS/NIR Spectrophotometer, a microscope spectrophotometer (MPM 800 D/UV, Zeiss),
and KEYENCE Digital Microscope VHX-1000.
3. Theoretical background
Metal nanoparticles show a characteristic optical absorption band caused by surface plasmon
resonances (ωSP) [6]. The position of ωSP is determined by the dielectric functions of the host
material (εh) and the metal nanoparticle (εi):

Re ε i (ωSP ) = ε h

(1)

In this work, we are interested in the optical properties of silver nanoparticles embedded in
glass mostly in the visual spectral range. The glass forming the host material is characterized
sufficiently well by a constant value for εh. The silver inclusions, on the other hand, are
showing frequency-dependent refraction and absorption, which is characterized by a
frequency-dependent complex dielectric function. It can be approximated using the Drude
model:

ε i (ω ) = ε b + 1 −

ω p2
ω 2 + iγω

(2)

Here εb is the bound electron dielectric function, ωp the electron plasma frequency and γ is the
damping constant of electron oscillations. For a bulk metal, γ is the ratio of the Fermi velocity
vF and the mean free path of the electrons L. We know that our samples contain very small
silver nanoparticles, as they are too small to be seen with an electron microscope with a
resolution of 10 nm. Since the particle radius r is comparable to, or smaller than, the electron
mean free path, scattering of electrons at the particle surface increases the dampening factor.
There have been different approaches to compute the dampening effect, with all of them
resulting in the term A vF / r, with different factors A. Therefore, the dampening constant is
[20]:

γ=

vF
v
+A F
L
r

(3)

The size-dependent dampening results in a broadening of the plasmon band for smaller
particles. Values used in this work are ωp = 9.2 eV [21], εb = 5.2 [22], vf = 1.38·106 m/s [23,
24], L = 57 nm [24], and A = 2 [20].
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The Maxwell-Garnett theory (MGT) is used to simulate the optical properties of the
analyzed samples. It is an effective medium theory, giving an effective complex dielectric
function for a composite medium:

ε eff (ω ) = ε h

(ε i + 2ε h ) + 2 f (ε i − ε h )
(ε i + 2ε h ) − f (ε i − ε h )

(4)

Here, f is the volume filling factor of the nanoparticles. The MGT well describes the position
and shape of the surface plasmon resonance, and its dependence on the filling factor [7]. It
does not however consider multipole interactions, which are not relevant for the small particle
sizes and low filling factors of the examined samples. The absorbance, a, of an effective
medium can hence be calculated from its effective dielectric function:

a = − ln T = l

2ω
Im ε eff (ω )
c

(5)

Here, c is the light velocity and l is the thickness of the nanocomposite. This has a great
practical value since it delivers the filling factor for each measured spectrum. For example,
the filling factors fitted for all the spectra measured through one nanoparticle-containing layer
will show the filling factor profile of the sample. Since this has been done for samples that
have been annealed for different durations, the resulting profiles show the growth of the
nanoparticle-containing layer over time. Figure 1 demonstrates an example of one such
analysis.
This growth is the result of the diffusion of silver, either in ionic or atomic form. It is a
rather complex process, which is approximated in this work with the rather simple Fick's law:

∂f
∂2 f
=D 2
∂t
∂x

(6)

Here, D is the diffusion coefficient of silver. It describes the development of the silver filling
factor profile over time. This formula is neglecting any change in concentration of the
diffusing silver by the agglomeration in nanoparticles or differences in the behavior of atomic
and ionic silver.

Fig. 1. (a) Particle size dependence for f = 0.1% and a layer thickness of 100 µm. (b) Filling
factor dependence for particle radius of 10 nm, and a layer thickness proportional to 1/f (in
order to make the plasmon bands comparable).
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4. Results and discussion
4.1 Spectral profiles of the cross sections
Figure 2(a) shows microscope images of the thin slices. These are the cross sections of the
generated silver nanoparticle-containing layers. Figure 2(b) presents the absorbance profiles
measured on these thin slices. These graphs show how the plasmon band changes in the depth
of the glass with longer annealing times. For 1h annealing the plasmon band at the surface is
centered at about 430 nm. In the lower layers the plasmon band becomes much wider, similar
to the simulated plasmon bands for very small nanoparticles. In the deeper layers of the glass
the absorbance decreases. Both effects are caused by a low amount of silver located in
nanoparticles in these regions. It has to be pointed out that the maximum absorbance could
only be measured correctly for the deepest layers with lower particle concentrations (since it
was too high for most of the glass due to the very high volume filling factor of the NPs in
these regions). Therefore the exact plasmon band position and height could not be determined,
however what has been measured allowed us to make the following conclusions.
For longer annealing times the silver spreads out into deeper layers. The nanoparticlecontaining layer becomes thicker. Near the surface the plasmon band becomes narrower,
which fits to the simulated spectra for growing particle sizes. This can either happen by the
agglomeration of more silver or by Ostwald ripening [25]. In this process smaller NPs are
dissolved and redeposited onto larger NPs. At the depths where the shorter-annealed samples
have a wide plasmon band, the width decreases strongly and the plasmon bandwidth at the
lowest edge of the profile is slightly lower for longer annealing times. This means that NPs
already have a larger size when they reach a comparable concentration. Since the rate at
which the thickness of the layers grows is decreasing one could conclude that the growth of
the particle sizes does not slow down as much with longer annealing times as with the
increase of the layer thickness.
4.2 Fitting of the spectra
The MGT is used to make a fit to the plasmon bands of the measured spectra. Fitting
parameters have been the filling factors and particle radii. Another model parameter is the
thickness of the particle-containing layer l, which is the thickness of the slice in this case. This
has been computed by summing up all the absorbance spectra ai measured on one thin slice,
and fitting that to the absorbance spectrum atot measured through the sample before cutting the
slice, in accordance with:

atot =

1.5µm
a +a
l  i 0

(7)

The value a0 has to be added to account for the surface reflections. This provided theoretical
slice thicknesses of 28.7 µm, 34.0 µm, 31.1 µm, 23.4 µm and 21.9 µm, for the 1h, 2h, 4h, 8h
and 48h annealed slices, respectively. These values are very close to the experimentally
determined value for the thickness of the polished thin slides of ~30 μm (please see the
Experimental Methods).
The obtained fitting parameters are shown in Fig. 3 as solid lines. The filling factors are
plotted in the left graph and the particle radii in the right graph, both as a function of the
position where the spectra were measured. For large parts of the thin slices we were unable to
find reliable values since the peaks of the plasmon bands were not measured. These values
have been removed from the graphs, therefore only the values from the deepest particlecontaining layers with lower concentration are plotted. The obtained filling factor values at
the glass surface have been plotted to show the actual surface position and the maximum
measurable slopes.
The shown filling factor profiles are similar to diffusion profiles, comparable to the ones
obtained for silver ions diffusing in glass [13]. They show a gradual decrease of the filling
factor with the depth, and the slope becomes more flat for longer annealing times, as it should
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be for diffusion. The thickness of the nanoparticle-containing layers TL of the whole uncut
sample has been determined from the filling factor profiles. At a value of f = 0.05% the
following thicknesses have been obtained: 76µm after 1h, 97µm after 2h, 115µm after 4h,
135µm after 8h and 214µm after 48h. These values are very close to the experimentally
measured thicknesses, as can be seen in Fig. 2(a). These values roughly follow a logarithmic
growth, to which a function has been fitted:

TL = 70.8µm + 35.5µm ln t

(8)

where t is the annealing time in hours. The particle radii graphs show the behavior described
earlier. The particle size is decreasing at the low filling factor end, and the particles become
larger for longer diffusion times.

Fig. 2. Thin slices of the cross sections have been prepared from samples annealed for five
different durations (1h, 2h, 4h, 8h, 48h). (a) Microscope images of the thin slices. The former
glass surfaces are at the top of the image, while the lower parts of the image show the layers
deeper inside the glass. For short annealing times the nanoparticles cause a dark yellow color
close to the surface, which changes to brown at the inner end of the layer. For longer annealing
times the color at the surface changes to light yellow, while it turns to a darker yellow for the
inner regions. (b) Absorbance spectra of the five slices. The depth in the glass is assigned to the
vertical axis, while the wavelength is assigned to the horizontal axes. The former glass surface
is at the bottom end. Darker colors stand for stronger absorbance. One spectrum has been
measured every 1.5 µm.

4.3 Diffusion simulation
A diffusion simulation has been done to determine the higher filling factor parts of the
profiles and the diffusion coefficient. A simple diffusion process has been assumed, described
by Fick’s law. The starting profile of the diffusion is the silver concentration profile of the
glass directly after ion exchange. A backscattering electron microscopy image of the ionexchanged glass (before cutting and annealing the sample for different durations) showed a
well-confined homogeneous silver layer of 21.5µm just below the surface. The concentration
of silver in this layer has been determined by EDX to be approximately 15 atom-%. This has
to be converted to the volume concentration in order to simulate the filling factor. From the
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known composition of the B270 glass we calculated its molar density to be 0.041 mol/cm3.
This means that the silver concentration was 0.0061 mol/cm3. The nanoparticles are assumed
to have a density comparable to macromolecular silver, which has a molar density of 0.0972
mol/cm3. From the latter two values results in a volume filling factor of ~6.3%.
The numerical simulation was done by doing a one-dimensional approximation of Fick’s
law using the Finite difference method [14]. The whole thickness of the glass of 1 mm was
simulated, with a resolution of 0.15 µm. The time step size was 0.02 s, and the simulation was
initialized with a step profile with 6.3% Ag in the first 21.5 µm.
The diffusion coefficient D has been fitted by minimizing the sum of the squares of the
difference between the filling factor profile after 1h and the simulated diffusion profile after
1h. The obtained value for diffusion coefficient of silver at 550 °C was then obtained to be D
= 0.098 μm2 / s. With this value the diffusion was also simulated for longer durations. The
resulting profiles and the filling factor profiles are shown in Fig. 3(a) – the filling factor
profiles are shown as solid lines and the diffusion simulation results as dotted lines.
The position in the depth of the glass matches quite well for the profiles simulated for 1, 2
and 4h diffusion times. However for longer annealing times the simulation shows a distinctly
deeper diffusion than the particle filling factor profiles. Also the trend is different, since the
distance of the particle filling factor profiles becomes smaller for a doubling of the diffusion
time, while the diffusion simulation results in increasing distances.

Fig. 3. Fitting parameters for the plasmon band profiles measured on the thin slices (solid
lines). The filling factor profiles are shown in (a) and the particle radii in (b), both as a function
of the depth in the glass. Only the low-concentration end is shown since the concentration was
too high in most of the sample to determine it reliably. Dotted lines in (a) are the results of the
diffusion simulation, with the profile for 1h diffusion being fit to the MGT profile for the 1h
annealed sample.

For the filling factor profiles the slope measured at the glass surface (depth = 0) is also
shown in Fig. 3(a). The ideal result would be a vertical line; however the slope is 0.02% / µm.
This results from the stray light going through the microscope beside the sample. Since these
effects are comparable all over the thin slice, 0.02% / µm represents the maximum slope that
can be measured. This slope is only reached for the 1h profile for x ≤ 78 µm, where the filling
factor is ~0.06%. The simulated profile for 1h annealing is less steep than the measured
profile for that of diffusion time. A steeper profile can be simulated assuming a much larger
initial filling factor – in fact the best fit is achieved for an impossibly high filling factor of
4000%.
The increased steepness of the actual profile and the slowing down of the actual diffusion
compared to the simulated one might be the result of the gradual agglomeration of silver,
hence reducing the amount of silver that is taking part in diffusion. A simulation was done
assuming that the rate of decrease of the concentration is simply proportional to the
concentration of the diffusing silver. This resulted in profiles similar to those obtained with a
lower initial concentration. A more sophisticated approach would be necessary to describe
these profiles, with a stronger effect in the low concentration area at the edge of the silvercontaining layer.
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5. Conclusion
The analyzed thin slices allowed characterization of the particle concentration profiles and
particle sizes for different annealing times. From the first filling factor profile and the initial
concentration profile the diffusion coefficient of silver at 550°C was determined to be 0.098
µm2/s. However the apparent differences between the simulated diffusion profiles and the
obtained filling factor profiles show that there are other processes involved than a simple
diffusion according to Fick’s law. One relevant process might be the decrease of the amount
of diffusing silver due to the agglomeration in nanoparticles. This would mean that the actual
diffusion coefficient of silver is higher than the one determined.
This work provides valuable insight into the three-step solid-state field-assisted diffusion
technique for fabrication of homogenous silver-doped nanocomposite glass [12]. Studying
different annealing parameters allow one to assess their effect on the diffusion parameters,
depth profile, number density and size of the inclusions. These are all of paramount
importance since optical and structural properties of nanocomposites are directly influenced
by the spatial distribution of inclusions.
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