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Abstract Silver nanoclusters growth in AR Schott glass
was investigated by transmission electron microscopy
(TEM) and optical absorption. The studied samples were
Ag—Na ion-exchanged and annealed at ambient air in a
furnace. Optical absorption was performed to visualize the
size effect on the spectra and compared to the Drude model.
TEM was used to evaluate the distribution size of the silver
particles so as to confirm the precipitation of the metallic
nano-aggregates, to observe their morphological evolution
with time, and to correlate it to the absorption curves which
makes the interest and the aim of this study. The TEM
observations prove that we are in a confinement regime
with a particle size below the mean free path of the bulk
metal. Growth of the clusters is ascribed first to the
diffusion of the silver ions due to annealing and in a
second time to an Oswald process.

Keywords Silver nano aggregates - lonic exchange -
Plasmon resonance - TEM - Oswald
Introduction

Synthesis and characterization of nano-sized metallic
powders have attracted attention of materials community
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due to their promising properties. Nanoscale materials are
currently under active research because they possess
interesting physical properties differing considerably from
that of the bulk phase. Metallic nanoparticles have many
potential applications such as heterogeneous catalysts,
surfaces of heat exchangers, memory devices, gas sensors,
optical waveguide, and optical switches [1-3]. Extensive
studies are being conducted on silver nano-sized particles
for their commercial application areas such as medical
tools, appliances, and health care products [4, 5].

Heterogeneous materials consisting of metallic nano-
clusters in amorphous matrices are synthesized by a variety
of methods. Low-energy ion beam mixing [6], sol-gel [7],
direct metal ion implantation [8], light ion irradiation of ion-
exchanged glasses [9-11], annealing of ion-exchanged glasses
in hydrogen atmosphere [12], evaporation—condensation
[13] are, for example, among these few successful methods
to prepare composites of this nature. In this work, ion
exchange was used to introduce silver ions in a soda-lime
glass. A thermal annealing at room temperature follows this
step to promote the silver diffusion and the aggregation.
Optical absorption in the UV-visible range have been
recorded in function of time. The aim of the present paper
was to present the particle size evolution with the annealing
time via transmission electron microscopy (TEM) and optical
absorption measurements. The absorption curves are here
compared to the Drude model and correlated to the growth
process and the particles distribution size and shape.

Experimental
A AR Schott soda-lime glass was chosen as the dielectric

medium for embedding the silver nanoparticles. The
composition of the glass is 69% SiO,, 13% Na,O, 4%
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Al,O3, 3% K,0, 5% CaO, 2% BaO, 3% MgO, and 1%
B,03 by weight. Silver-exchanged soda glass samples were
prepared by immersing the AR glass for 5 h in a molten
bath of 6 wt% AgNO;/NaNO; mixture at 400 °C. The
samples were subsequently annealed at 500 °C for
durations between 1 and 4 h. For the annealing, the furnace
was preheated at the work temperature. Then, the samples
were introduced.

Optical absorption measurements were performed on
silver-exchanged glass samples after annealing using a
spectrophotometer Jasco UV—Visible V-530, with a resolution
of 2 nm, in 300- to 900-nm wavelength range. To determine
the size of the silver clusters by direct means, transmission
electron microscopy (Philips CM 20 operated at 200 kV) was
used. For these measurements, sample was prepared in the
following way: sample was polished with a diamond paper
for obtaining a few micron thickness containing the silver
nanoparticles. A powder was obtained and diluted in ethanol.
The solution was agitated by ultrasound for 5 min. A drop
was collected on a carbon-coated copper grid for the
observations. Furthermore, high-resolution TEM (HRTEM)
and electron diffraction was carried out to achieve the
particle structure.

Results

Figure 1 shows the experimental recorded optical absorption
spectra for different annealing times. The optical resonance
absorption observed in the spectra is due to the collective
oscillations of the conduction electrons with respect to the
ionic background in the nanoscale silver particles. The
spectra follow the same overall trend of increasing intensity
with increasing annealing time, except for 4 h. Peak position

Lorentzian Fit

Abs (a.u)

500 600 700 800 900
wavelength (nm)

Fig. 1 Optical absorption spectra of silver nanoparticles embedded in
silver-exchanged AR glass matrix after annealing at 500 °C for
different times. The dashed line shows the position of the SPR.
Dashed dots are used for the fitted data
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of the optical response of the matrix-embedded silver
nanoparticles is observed to be weak and sensitive to time
variation. A very weak blue shift of the surface plasmon
resonance (SPR) was observed for samples heated from 1 up
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Fig. 2 SPR (a), maximum absorbance (b), and FWHM (c¢) evolution
with time
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Fig. 3 Size distribution of the sample annealed for 1 h. A Lorentzian law is used to fit the distribution

Lorentzian Fit: Center 4,71 nm Width 1,54nm

30 35 40

to 3 h (Fig. 2a). For the 4-h sample, a red shift of the SPR  silver and A the bandwidth of the fitted absorption curves.
occurred. For this sample, the intensity which previously = The size deduced from this formula is about 1.7 nm for a 80-
increases fell considerably (Fig. 2b) according to the Drude  nm FWHM and gives an estimation of the size range, but is
model (see “Discussion ”). For annealing times between 1 ~ below the TEM observations.

and 4 h, the full-width half-maximum (FWHM) obtained To understand the optical absorption evolution, TEM
with a Lorentzian fit is broadened from 80 to 100 nm  analyses of the samples were performed. To fit the size
(Fig 2c). This bandwidth allows us to estimate the particle  distribution evolution versus annealing time, we used either
size in the nanometer range from the approximate formula R Gaussian or Lorentzian law according to origin data
=V; /Aw, with V; the Fermi velocity of electrons in bulk  analysis software.

100
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Fig. 4 Size distribution and TEM image of the sample annealed for 2 h. A Lorentzian law is used to fit the distribution

Lorentzian Fit: Center 6,66nm Width 2,33nm

@ Springer



68

Plasmonics (2008) 3:65-71

35+

30

25

20

Nbr

15 1

10

Gaussian Fit: Center 7,29 nm Width 5,67 nm

2r (nm)

Fig. 5 Size distribution and TEM image of the sample annealed for 3 h. A Gaussian law is used to fit the distribution

From TEM observations, size histogram and imaging
versus annealing have been plotted in Figs. 3, 4, 5, and 6
using Digital Micrograph Software. We can observe an
increase in the mean particle size from 4.71 nm at 1 h to
12 nm at 4 h for the biggest particles. For this duration, a
second population is observed centered around 5 nm. A
broadening of the bandwidth with time is also visible
particularly at 4 h. However, the particle distribution better
fit is obtained here with a mixing of Gaussian and

35+
| Gaussian Fit: Center 6,17nm Width 4,88 nm

30

2r (nm)

254 Lorentzian Fit: Center 12,12nm Width 6,59 nm

Lorentzian function and leads to two particles population.
The particle shape is initially spherical for 1 to 3-h cases
and is changing for the biggest one with facets apparition in
Fig. 7.

The size evolution versus the annealing time is plotted in
Fig. 7. For times between 1 and 3 h, the evolution is
ascribed to a diffusion law with an evolution in d* [14-16],
and after 3 h, this evolution is faster and ascribed to an
Oswald growth in volume for the biggest particles [17—19].

Fig. 6 Size distribution and TEM image of the sample annealed for 4 h. Gaussian and Lorentzian laws are used to fit the distribution
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Fig. 7 Particles size evolution with the annealing time (annealing
temperature of 500 °C)

Discussion

The absorption peaks are due to the surface plasmon
resonance of silver cluster. The size distribution particles
is dominated by a mean size R, increasing with time, with
volume fraction N, which gives the absorption intensity, as
a function of the absorption cross-section o:

A=N.c.l (1)

where N is the particle density in the matrix, and / is the
thickness of the sample.

According to Drude model [20], absorption cross-section
o(A,R) of silver nanoclusters at wavelength A varies with
mean size particle R as:

U(?\,,R) _ 18 7 Vn3 [5) 5 [cm_l] (2)
A (e1 + 2n2)"+&3

where the metal dielectric function is given by

o2

- r (3)

=1-
EDrude (('0) 0)2 + iFBulk (R)(D

= E].Dmdc (0')) + iEZ.Drudc ((D)

with
@2
gl.Dmdc((’O) =1 _ﬁ
T Bulk (4)
e ((D) - _»r Bzulk
2.Drude w2+l"Bu1k
and
2rc
0= 5
: (5)

V is the particle volume, linked to its size R; o, the angular
frequency; o, the plasmon resonance frequency; n is the
effective dielectric constant of the matrix; and Iy is the
effective damping parameter for the free electrons in the bulk
metal.

Taking into account the inter-band transitions of the
metal in the expression of € and the effect of reduction of
electron mean free path when confined in particles whose
size is smaller than the bulk mean free path (=52 nm for
pure silver at 273 K [21]), we have

mZ
g€ (va) = Elhnter + Eibrude — Elinter +1- m
. . w[z).l“ (6)
&(0,R) = e + Eoomse = o T FiT@RT
with
Ve
I'(R) = T'gux + 4 R (7)

€ and & are the real and imaginary parts of the
dielectric function of the nanoparticles; €ipyer and eExmger
are the real and imaginary part of the frequency dependent
dielectric function of bulk silver due to the inter-band
transitions;

A is a model-dependent parameter (4=2.00 [22]+0.25
[23]);
is the absorption coefficient of the plasmon
electron, and the second term in the expression of I”
is used to introduce a size-dependent term in the
damping frequency with the nanoparticle size R;
Ve is the Fermi velocity of electrons in bulk silver (V=
1.39x10% cm s~ ! in the case of silver) [20].

TIgui

The absorption cross-section has been compiled in Fig. 8
with 4=1, n=1.6 and size between 2 and 11 nm. Clearly,
the intensity increases with the particle size and confirms
the TEM particle size determination and the experimental
absorption curves for time between 1 and 3 h. The
broadening of the bandwidth is due to the particle
distribution observed in TEM from 1 to 3 h, which is not
taken into account in the Drude model.

Nucleation of silver atoms can take place due to the
fluctuations in the local concentrations of diffusing silver
[14-16]. According to these authors, the growth of the
particles between 1 and 3 h follows the typical evolution
related to diffusion-controlled process [14]

C—Ce

() =d} +8 =
° TG, -G

Dt (8)
where d is the value of d at =0, C,, is the concentration of
limiting reactant in the cluster and D is the diffusion
coefficient, C; and C, are, respectively, the concentration
for the limiting reactant before growth and the equilibrium
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Fig. 8 Theoretical Drude optical absorption spectra of silver nano-
particles embedded in glass for various sizes

in the matrix. C, is the concentration for the limiting
reactant in the cluster and D its diffusion coefficient. After
3 h, we reach the limit concentration in the glass, and the
growth process is then governed by an Oswald law
according to a process in volume [17-19]. At this stage,
the particles grow in volume, and each particle stays as a
single crystalline. The electron diffraction of one particle,
obtained for the sample annealed during 4 h (Fig. 9),
indicates that the particle is in the cubic face centered
phase. The corresponding high-resolution image (Fig. 9a)

a

Fig. 9 a Electron diffraction pattern of a particle of the sample
annealed during 4 h and b the corresponding high-resolution image.
The particle is in the [1-1-2] zone axis

@ Springer

shows the 0.23-nm spacing fringes which are the (111)
lattice fringes of Ag (Fig. 9b).

These results give us an explanation for the optical
absorption evolution of the samples. The blue shift
phenomena observed between 1 and 3 h is correlated to a
diffusion process. The red shift phenomena, leading to a
absorbance decrease observed at 4 h, is correlated to an
Oswald process associated with change in particle distribu-
tion size and the apparition of two families and in biggest
particles shape change which can lead to a depolarization
factor. The size distribution observed in TEM is broadened
when the annealing time increases and is directly correlated
to the FWHM of the absorption curves. Moreover, the
nanoparticle size is below the mean free path of the
electrons in bulk silver, which proves that we are well in
a confinement regime.

Conclusion

Optical absorption in the UV-Visible range of time
annealed samples were performed to see the variation of
the optical properties of silver nanoparticles embedded in
glass. TEM measurements were carried out to corroborate
the optical evolution with the size distribution evolution.
We have associated the growth law of the silver particles to
the optical absorption curves and conclude in a first step to
a diffusion process and in a second step to an Oswald one.
The annealing time leads to the formation of two particles
population and an evolution of the biggest particles shape
which stays monocrystalline. These changes lead to a
broadening of the absorption curve, a decrease of the
intensity, and a red shift of the plasmon resonance.
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