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ABSTRACT: An in situ optical microspectroscopy study of the
surface plasmon resonance (SPR) evolution of Ag nanoparticles
(NPs) embedded in thick SiO2 films deposited on soda-lime glass
has been conducted during thermal processing in air. The tempera-
ture and time dependences of the SPR were analyzed in the context
of Mie extinction and crystal growth theories and were discussed
along with consideration of oxidation processes and film/substrate
physicochemical interactions. At relatively high temperatures, Ag
NPs were indicated to grow first through a diffusion-based process
and subsequently via Ostwald ripening. At lower temperatures, an
initial decrease in Ag particle size was indicated due to oxidation,
followed by NP diffusion-based growth. The growth and oxidation
stages appeared temperature and time dependent, allowing for the
tuning of material properties. The product of Ag NP oxidation was
revealed by photoluminescence spectroscopy performed ex situ as
single Agþ ions. The oxidative effect of the air atmosphere on Ag NPs was shown to be ultimately circumvented by the thick
nanocomposite film. The phenomenon was explained on the basis of the displacement of the Ag/Agþ redox equilibrium toward Ag
NP stability after ionmigration toward the substrate being self-constrained. In addition, the current spectroscopic approach has been
proposed for estimating the activation energy for silver diffusion in the SiO2 matrix.
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1. INTRODUCTION

Metal dielectric nanocomposites have been the subject of
increasing interest because of their prospective utilization in the
field of photonics.1-8 Herein, a main feature is the surface
plasmon resonance (SPR) exhibited by the metallic nanoparti-
cles (NPs), which results from the collective oscillations of con-
duction band electrons in the metal.3 The high local fields
associated with the metal NPs near the SPR have made these
nanostructures particularly desirable for applications in ultrafast
nonlinear optics.1,3,9-11 Thin metal nanocomposite films appear
especially attractive for integrated optics applications because
they are able to incorporate a large concentration of NPs by a
variety of well-developed depositionmethods and are compatible
with solid-state optoelectronic technology.7,12,13 Potentially use-
ful in the material preparation ground is the magnetron sputter-
ing technique, which has been shown to produce metal
nanocomposite films having desirable large third-order nonlinear
susceptibilities, χ(3), due to the large particle volume fractions
achieved.12,13

A critical issue for technological applications is the need for a
thorough understanding of the dependence of material optical
properties on processing parameters.10,11,14-17 In this regard,
considerable attention has been given to Ag NPs embedded in
amorphous silica as promising nanocomposites and the depen-
dence of material optical properties with heat treatment (HT)

conditions including the atmosphere.14-16,18 However, despite
the importance for optical device applications, the current under-
standing of the relationship of processing parameters with par-
ticle formation and growth processes in connection with metal
transport in Ag:SiO2 nanocomposite films is still limited. Espe-
cially valuable in this respect would be a real time nondestructive
monitoring of metal NP evolution during thermal processing. In
fact, in situ optical characterization techniques can prove to be an
efficient way for gaining control over material characteristics.17,20

Moreover, coupling in situ optical monitoring with microscopic
capabilities is highly desirable in order to overcome the dis-
advantage of traditional methods of averaging information over
large sample volumes.17,21 Recently, such an in situ optical micro-
spectroscopy study was proposed by the authors22 and applied to
the study of the temperature and time dependences of NP
growth and oxidation in thin (∼55 nm) Ag:SiO2 nanocomposite
films deposited on a soda glass substrate. Controlling the Ag/
Agþ chemical equilibrium established in the matrix was also pro-
posed. For instance, the detrimental effects of the oxidizing atmo-
sphere were shown to be circumvented by applying an appro-
priate electric field during HT.22 Yet, complete NP oxidation
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could not be prevented at high temperature in the absence of the
field, and a quantitative determination of the activation energy
for silver diffusion in the matrix was not achieved. In this work,
the real time evolution of the SPR band of relatively thick (∼800
nm) Ag:SiO2 nanocomposite films deposited on soda glass
substrates is studied during HT in air by the in situ optical
microspectroscopy technique. Silver NP growth and oxidation
processes are followed by analyzing the SPR in the context ofMie
extinction and crystal growth theories. Furthermore, the discus-
sion of the particle growth mechanisms serves as a basis for
proposing an efficient, purely spectroscopic method for estimat-
ing the activation energy for silver diffusion in silica, based on the
analysis of an appropriate set of isothermal time-dependent
characteristics of the SPR. For the first time, to the best of our
knowledge, such determination is carried out for Ag:SiO2 films
by application of the proposed technique in air atmosphere.
Finally, it is pointed out how the detrimental effects of the atmo-
sphere are ultimately overcome by use of the thick SiO2 films
serving as the Ag NP embedding matrix, based on the Ag/Agþ

redox equilibrium and the influence of the substrate. It is also
worth mentioning that identification of the product of Ag NP
oxidation is performed ex situ by photoluminescence spectros-
copy in order to assist in resolving the current controversy regarding
the products of oxidation of matrix-embedded Ag NPs.18

2. EXPERIMENTAL SECTION

Silver-doped SiO2 films were deposited on commercially available
soda-lime glass substrates by magnetron cosputtering as described
elsewhere.23 The present study was carried out on films about 800 nm
thick with a Si:O 1:2 stoichiometry and 2.50 atom%of Ag as determined
by Rutherford backscattering spectroscopy. A CRAIC Technologies
QDI 2010 UV/vis microspectrophotometer (MSP) equipped with a
Linkam THMS600 temperature control stage was used to conduct in
situ optical absorption measurements during HT at different tempera-
tures in air. All samples were heated at a rate of 50 �C/min. Optical
absorption measurements were performed with a 10X objective on 50
μm� 50 μm sample areas with particular attention given to keep sample
position and conditions constant during experiments. Prior to data
collection at a fixed temperature, the MSP objective was positioned and
focused on the corresponding substrate for a reference scan. Thereafter,
the objective was removed from the substrate, positioned on the sample,
and focused on a particular area, where it remained for the entire period
of data collection. Maintaining a fixed sample position during data
collection was deemed critical because inspection of “as prepared” films
at room temperature resulted in spectra that differed both in full-width at
half-maximum (FWHM) and peak intensity of the SPR in association
with particle size distribution.24 For instance, shown in Figure 1 are
room-temperature spectra corresponding to four different areas from an
“as prepared” film for which Ag NP diameters of 1.98, 2.24, 2.50, and
2.66 nm were estimated by the method indicated below.
Particle size estimation was achieved by fitting experimental data on

SPR absorption in the 2.0-4.0 eV region to theoretical spectra generated
on the basis of the quasi-static (dipole) approximation of Mie theory.25

Herein, the extinction cross-section σext (equal to the absorption cross-
section in this case) of a particle with radius R is expressed as

σextðR, ωÞ ¼9ω
c
εd

3 = 24πR
3

3
ε2ðωÞ

½ε1ðωÞþ2εd�2þε2ðωÞ2
ð1Þ

where ω is the angular frequency of the incident light, c is the speed of
light in vacuum, and εd and ε(ω) = ε1(ω) þ iε2(ω) are the dielectric
constants of the matrix and the metal, respectively. The dependence of

metal dielectric function on particle size is further taken into account
according to the formula proposed by H€ovel et al.26

εðR, ωÞ ¼εbulkðωÞþ
ωp

2

ω2þiωγ0
-

ωp
2

ω2þiωðγ0þβυF=RÞ ð2Þ

where ωp, νF, and γ0 are the plasma frequency, Fermi velocity, and
relaxation frequency of the metal, respectively, and β is a phenomen-
ological parameter that depends on details of scattering processes, equal
to 1 for spherical Ag particles in silica.25,26 The optical extinction coef-
ficientR of the nanocomposite (equal to the absorption coefficient in the
present study) is

R ¼σextN ð3Þ
where N is the particle concentration. The optical density (absorbance)
of the film is the experimentally measured quantity (Figure 1) equal to
the product of the thickness of the film and the absorption coefficient. As
a result of the fitting procedure, an effective particle size was estimated
(also referred to as “optical” size). Furthermore, according to eqs 1 and
3, the absorption peak intensity of the SPR band is directly related to the
size of the particles and their concentration in the nanocomposite.
Therefore, by following the evolution of the particle size obtained from
the fits together with the SPR peak intenisty, conclusions can be drawn
regarding the particle growth mechanisms. The significance of the spec-
troscopic approach for studying the nanocomposites in real time during
HT is substantiated by the inherent difficulty of measuring particle size
and concentration by any direct imaging method. Moreover, good agree-
ment between optical characterization and transmission electron micro-
scopy has been previously attained.23,25 The basic assumptions of the
NPs being spherical, much smaller than the wavelength of light and
being far enough from each other so electrodynamic interactions be-
tween them can be neglected, have been also shown to be satisfied in
similar samples.23,25 An additional parameter estimated from the fitting
with theoretical spectra is the refractive index of the matrix n = (εd)

1/2

due to sensitivity of the SPR peak position to optical properties of the
host material.7,27

Photoluminescence spectroscopy was carried out ex situ with a Pho-
ton Technologies International spectrofluorometer for the purpose of
identifying the silver species resulting from oxidation during thermal
processing.

3. RESULTS AND DISCUSSION

Panel (a) and (b) of Figure 2 are representative absorption
spectra that correspond to data collected during HT at 500 and

Figure 1. Absorption spectra for different areas of “as prepared” Ag:
SiO2 film at room temperature; corresponding estimated particle diam-
eters d are displayed.
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600 �C, respectively, at displayed holding times in minutes. The
inset in panel (a) of Figure 2 shows a typical result for the fit of
the experimental SPR absorption band with that calculated from
theMie theory,25 in this case, corresponding to a particle diameter of
2.20 nm. From the numerical simulations and fitting to the exper-
imental data, a tendency toward an increase in the matrix refrac-
tive index with increasing temperature and holding time was
indicated by the SPR peak shift. Likely causes for this are related
to the HT atmosphere, namely film densification,28,29 and sodium
doping of the film by the substrate because of an ion-exchange pro-
cess promoted after silver oxidation.29-31 Further experiments
currently in progress in our group have shown that under a
nitrogen atmosphere the SPR peak position remains practically
unchanged during HT at fixed temperature.31 Such results are
consistent with the shift in the SPR peak position being related to
variation in the local dielectric constant around the NPs in the
matrix in association with oxygen diffusion during HT in air.
Thus, a size dependent SPR peak shift can be excluded herein, in
agreement with the NP size estimation within the dipole regime
of the Mie theory.24,25 In general, SPR peaks of samples studied
during HT herein were observed to shift from around 3.17 to
3.04 eV, with associated fitting-deduced refractive indexes esti-
mated between 1.36 and 1.53, respectively. More specifically, at
500 �C, the SPR peak position was observed to shift from 3.17 to

3.11 eV between 20 min and 480 min of HT in correspondence
with estimated refractive indexes between 1.36 and 1.40, respec-
tively. At 600 �C, the SPR peak position after 20 min of HT
appeared at 3.11 eV, with an associated refractive index of 1.42,
whereas a maximum refractive index was estimated at 1.53 in
association to an SPR peak around 3.04 eV after 180 min.

Estimated particle “optical” diameters as a function of holding
time at fixed temperature are presented in panel (a) of Figure 3,
while panel (b) shows corresponding optical densities of SPR
peaks. Overall, the estimated particle size evolution was observed
to correlate with the evolving FWHMs of SPR bands, i.e., the
particle size increases were accompanied by band narrowing,
while particle size decreases showed together with band broad-
ening, as expected for the quasi-static regime of theMie theory.24

For HT at 600 �C, NP size is indicated to increase steadily.
However, two growth rates are apparent: a first fast rate shows
initially for two hours, followed by a slower rate extending after-
ward for six more hours. Conversely, for the lower temperatures
studied, i.e., from 500 to 575 �C, a decrease in particle size is
initially observed, followed by particle growth. It is noticed that
the lower the temperature, the longer the time period showing
the NP size decrease. The subsequent NP growth observed at
these temperatures appears steady. However, two growth rates
become again discernible for HT at 575 �C: a first fast rate from
about one to five hours, followed by a slower rate extending
afterward from five to eight hours. By comparison with the trends
in the experimental data in panels (a) and (b) of Figure 3, it
becomes evident that the Ag NP size decrease is accompanied by
a decrease in SPR peak absorption. On the other hand, the initial
growth stage shows with an increase in SPR peak intensity,
whereas the subsequent growth stage, where observed, is accom-
panied by a decrease in the SPR peak intensity. Thus, the observed
correlation between estimated size and optical density allows for
the assessment of growth processes discussed below.
Particle Growth. Let us first consider the process of Ag NP

growth. The growth process appears favored at high tempera-
tures because, for HT at 600 �C, a particle size increase was
indicated continuously from the very beginning (Figure 3a). On
the other hand, for temperatures lower than 600 �C, the particles
appeared growing only after a certain holding time. The tem-
perature dependence becomes further manifest from the fact that
the initial size for HT at 600 �C is estimated between those for
HT at 500 and 575 �C, temperatures for which particle size
reduction was indicated prior to growth. Therefore, the evolution
of the particle size in this narrow size range can be considered
independent of the initial particle size.
According to the nucleation and growth theory, the three

stages associated with particle formation and growth are the
nucleation phase, diffusion-based growth which occurs at large
supersaturation values, and the Ostwald ripening or recondensa-
tion stage, where larger particles grow at the expense of the
dissolution of smaller ones.32 In sputtered samples, the nuclea-
tion step occurs primarily during sample preparation, which be-
comes evident from the fact that SPR absorption was observed in
samples prior to any HT (Figure 1). However, together with
stable nuclei and small particles, the sputtering processmay result
in the presence of “dissolved” Ag atoms (or unstable few-atom
clusters) and large supersaturation values. Under such circum-
stances, diffusion-based growth takes place at elevated tempera-
tures in order for the supersaturation to be decreased, leading
to an increase in particle size without a change in particle
concentration. During this process, the average particle diameter

Figure 2. Absorption spectra of Ag:SiO2 films during HT at (a) 500 �C
and (b) 600 �C for displayed holding times in minutes. The inset in
panel (a) shows the fit of the absorption spectrum of the sample after
HT at 500 �C for 20 min (circles), with that calculated from the Mie
theory with an estimated particle diameter of 2.20 nm (solid curve).
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d varies linearly in proportion to the square root of the holding
time t as

d ¼ 8D
C0-Ce

Cp-Ce

 !1 = 2

t1 = 2 ð4Þ

whereC0 is the initial concentration of limiting reactant Ag in the
matrix,Ce is the equilibrium concentration in the matrix at a fixed
temperature T, Cp is the concentration of reactant in the
particle, and

D ¼D0exp -
ED
kBT

� �
ð5Þ

is the diffusion coefficient where kB is Boltzmann constant,D0

is the diffusion constant, and ED is the associated activation
energy.32 Spectroscopically, such a growth mechanism would
result in an increase in SPR peak intensity simultaneous with
the band narrowing because in the quasi-static regime of the
Mie theory, the extent of absorption is directly proportional
to particle size.24,33 This in effect becomes evident from data
in Figure 3. The increase in Ag NP size in the first two hours
during HT at 600 �C is accompanied by an increase in SPR
absorption. Such correspondence is also evident for the
following periods of HT: from 1 to 5 h at 575 �C, from 80 min

to 8 h at 550 �C, and from 3 to 8 h at 500 �C. Moreover, the
variation of Ag NP size with t1/2 during the time periods
considered for the four different temperatures is further apparent
from panel (a) of Figure 4. Therefore, the data suggests that the
early stage of Ag NP growth occurs via Ag atom diffusion to
particle surface in the supersaturated solid matrix. From linear fits
to the data in panel (a) of Figure 4, increasing slopes S of
0.10 nm/h1/2, 0.46 nm/h1/2, 0.61 nm/h1/2, and 0.94 nm/h1/2 are
estimated for 500, 550, 575, and 600 �C, respectively, indicating
an increase in the particle growth rate with temperature. From
eqs 4 and 5, the square of the obtained slopes is expressed as

S2 ¼ 8
C0-Ce

Cp-Ce

 !
D0exp -

ED
kBT

� �
ð6Þ

which can be rearranged as

ln S2 ¼ -
ED
kB

� �
1
T
þln Q ð7Þ

whereQ = 8D0(C0-Ce)/(Cp-Ce). Therefore, a plot of ln S
2 vs

T-1 allows for a direct estimation of the activation energy for Ag
diffusion in the growth regime. Such a plot is presented in panel

Figure 3. (a) Evolution of Ag NP “optical” size (diameter) and (b) SPR
peak absorption with the holding time for Ag:SiO2 films during HT at
displayed temperatures.

Figure 4. (a) Variation of Ag NP “optical” size (diameter) with t1/2

corresponding to the early growth phase during HT at displayed tem-
peratures. Solid lines are linear fits to data (discussed in text). (b) Plot of
natural logarithm of the square of slopes determined from linear fits of
data in (a) vs reciprocal absolute temperature (ln S2 vs T-1).
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(b) of Figure 4, where from the slope of the linear fit to the data,
an apparent activation energy of diffusion, ED, of 2.6 eV is
estimated. Studies reporting activation energies for Ag diffusion
in SiO2 films in association to NP growth or diffusion driven by
concentration gradients are scarce. However, there are reports on
Ag diffusion in various glassy bulk matrices, where the values for
the activation energies associated with the early growth stage
distinguished by large supersaturation have been observed to
vary widely, namely from about 0.28 to 5.1 eV.17,34,35 Thus, the
Ag diffusion activation energy appears largely dependent on the
physicochemical properties of the matrix. Still, a contribution
to the value estimated herein from an additional energy barrier
imposed by the oxidation process going in parallel with the
diffusion-based growth cannot be excluded. Additional experi-
ments currently in progress are expected to shed more light onto
this contribution. It should be noted that in ref 22 no diffusion-
based growth was observed for the thin silica films during HT in
air, even though the silver concentration was almost two times
larger. Apparently, the diffusion of atmospheric oxygen within the
thinner film prevented the progress of such a growth stage by con-
suming “dissolved” Ag atoms, thereby decreasing the supersaturation
rapidly. Hence, the relatively thick films effectively overcome the
detrimental effects of the oxidizing air atmosphere even at rather
low Ag concentrations, so diffusion-based Ag particle growth in
the supersaturated solid solution is manifested. The oxidation
process associated with the NP size decrease estimated initially
from 500 to 575 �C (Figure 3a) shall be later discussed, following
the forthcoming discussion of the second stage of NP growth.
During the ripening stage, the degree of supersaturation,

(C0- Ce) becomes low and particle size increases, while particle
concentration decreases due to dissolution of smaller particles.32

As a consequence of the progress of this process, a broadening in
the particle size distribution is expected. Nevertheless, nanosized
particles are known to dominate the dipole absorption, while
subnanometric ones undergoing dissolution become nonplas-
monic in due course.24 The spectroscopic outcome can therefore
be such that growth may dictate the spectrum, i.e., the contribu-
tion of band narrowing to the SPR prevails over any broadening
contributed by size dispersion. This is in fact what becomes
evident from analyzed data shown in Figure 3: growth is still
suggested after the conclusion of the diffusion-based growth indi-
cated. Additionally, the SPR peak intensity in this growth regime
would be affected by a competition between the following
two processes (eqs 1 and 3): the particle size increase and the
particle concentration decrease. The data presented in Figure 3
for 575 and 600 �C after five and two hours of HT, respectively,
shows that even in the presence of a particle size increase, the
SPR peak intensity decreases. Therefore, a drop in particle
concentration concomitant with the growth process is suggested,
which is in agreement with the Ostwald ripening mechanism.
If Ag NP growth occurred herein through the diffusion-based
mechanism, the concentration of growing particles would remain
unaffected, and the preceding trend of increase in the SPR peak
absorption (vide supra) would prolong, which is clearly not the
present case. Herein, a contribution to the Ag particle concen-
tration decrease from oxidation cannot be ruled out (vide infra).
However, the consistent correlation observed between optical
density and estimated size allows confidence in the growthmechan-
ism elucidation. Hence, even though a potential contribution from a
broader size distribution to the SPR spectral shapes can not be
excluded, the second stage of particle growth indicated can be
considered to take place via the Ostwald ripening mechanism.

Here, particle size varies linearly in proportion to the cube root of
the holding time t as

d ¼ 32δD
9

� �1 = 3

t1 = 3 ð8Þ

where δ is a coefficient related to interfacial surface tension.32

Tanahashi et al.19 conducted a study on the effects of HT on Ag
NP growth for sputtered Ag:SiO2 nanocomposite films and
reported linear fits to data as

d ¼ At1 = 3þB ð9Þ
in association with particle growth during ripening. They found a
value for A of 20.9 nm/h1/3 indicative of a rapid growth for a
sample with a large Ag concentration (28.0 at. %) at a HT tem-
perature of 700 �C in air. In our case, the dependence of NP size
on t1/3 is observed for 575 and 600 �C after five and two hours of
HT, respectively, from data plotted in Figure 5. From linear fits to
the data, increasing slopes of 0.41 nm/h1/3 and 0.51 nm/h1/3 are
estimated for HT at 575 and 600 �C, respectively, indicating a
faster growth of Ag NPs at 600 �C. The slower growth of Ag NPs
observed in our case relative to that reported by Tanahashi et al.19

is possibly related to our Ag concentration being much smaller,
the lower temperature employed herein, and the presence of
competing processes discussed below. Concentration effects
seem important because for the thin Ag:SiO2 film having nearly
twice the silver concentration of that studied herein, higher
slopes of 1.2 and 2.0 nm/h1/3 were estimated in association with
Ostwald ripening during HT at 550 and 600 �C, respectively.22
Thus far, the current results appear consistent with recent studies
on glass-embedded Ag NPs, where particle growth has been
ascribed first to a silver diffusion process followed by Ostwald
ripening.35,36

Oxidation. Now that the particle growth mechanisms have
been elucidated, let us consider the initial Ag NP size decrease
observed at the lower temperatures studied. It has been pre-
viously considered by thermodynamic arguments that the oxida-
tion of Ag NPs is favorable at low temperatures because of the
more negative free energy change.37 However, from the kinetics
standpoint, an increase in the oxidation rate with temperature is
expected, which makes the process substantial at relatively high
temperatures. Data presented in Figure 3 appears consistent with

Figure 5. Variation of Ag NP “optical” size (diameter) with t1/3 corre-
sponding to the late growth phase during HT at displayed temperatures.
Solid lines are linear fits to data (discussed in text).
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such considerations because a decrease in particle size initially
extends to 180, 80, and 60 min for HT at 500, 550, and 575 �C,
respectively. Moreover, consistent with the oxidation process, a
decrease in SPR peak intensity is observed concomitantly with a
decrease in NP size deduced from the SPR band fits. It is worth
noting that the particle sizes estimated herein did not exceed the
critical size for oxidation indicated by Bi et al.37 of 4 nm in
diameter, above which Ag NPs would become more stable against
oxidation. In addition, an initial fast oxidation of metals has been
previously reported in association with oxygen incorporation.38

Herein, the samples are being submitted to HT in an air atmo-
sphere, which makes the oxidation process likely at moderate
temperatures due to oxygen diffusion.15,39 It then seems likely
that the current results are related to significant oxygen uptake
during the early stages of HT. The question arises as to why the
particle size decrease is followed by NP growth, but first the
identity of the silver species resulting from Ag NP oxidation shall
be elucidated.
The chemical and physical nature of silver after oxidation of

matrix-embedded Ag NPs has been recently a controversial
subject.15,16,18,37,40 Bi et al.37 reported the reversible oxidation
and reduction of Ag NPs in mesoporous silica indicated by the
vanishing and reappearance of the SPR. The authors explained
the results in terms of the formation of an oxide layer aroundNPs
due to successive oxidation. However, no direct evidence was
reported in relation to the formation of silver oxide. Subsequent
studies indicated that the oxidation of NPs did not result in the
formation of Ag2O but instead in single Agþ ions.15,40 It was
pointed out that in the case of mesoporous silica, Agþ ions are
attached to dangling bonds on pore walls, whereas for soda-lime
glasses an Agþ T Naþ ion-exchange takes place.40 On the other
hand, Pal and De18 recently reported on the oxidation of Ag NPs
in a silica film into silver oxides and the reversible reduction of
silver into particles in a reducing atmosphere. It is noteworthy,
however, that the authors observed photoluminescence spectra
typical of radiative relaxation of single Agþ ions, and no such
emission as that attributed to Ag2O

41 was reported. Photolumi-
nescence spectroscopy is well known for its reliability to reveal
the chemical and physical states of ionic silver species con-
sistently.15,41-44 Other speculations for the existence of silver
oxides as a result of Ag NP oxidation in silica have been
reported,14,29,30 but these lack relevant information on sample
luminescence characterization. Accordingly, photoluminescence
spectra shown in Figure 6 became crucial in the current elucida-
tion of silver transformations upon HT. The lowest and highest
temperatures were chosen for this assessment, i.e., 500 and 600 �C,

as quite contrasting behaviors were observed from optical
absorption results (vide supra). Excitation spectra of heat-treated
samples presented in panel (a) of Figure 6 show an excitation
band around 5.25 eV known to be characteristic of the Agþ

luminescent centers because of the 4d10 f 4d9 5s1 parity-
forbidden transitions, which are partially allowed in a solid due
to coupling with host vibrations.42-44 In fact, under excitation
near the top of the aforementioned band at 5.28 eV (235 nm),
the emission spectra shown in panel (b) of Figure 6 were
recorded, which show broad bands for the samples after HT
with a maximum around 3.75 eV (331 nm), also consistent with
the presence of single Agþ ions.42,43 Therefore, it becomes
evident that Agþ optical centers result as a product of Ag
oxidation and that the oxidation process occurred within the
range of temperatures studied. The “as prepared” sample, in
contrast, did not show the excitation and emission bands, which
is indicative of negligible oxidation during the time of sample
storage at room temperature in air atmosphere. The fact that
oxidation was detected even where no spectroscopic indication
of a NP size decrease was observed (HT at 600 �C, Figure 2a) is
consistent with the size selectivity of the process,45 i.e., atoms and
small clusters are preferentially oxidized versus large NPs. At the
same time, relatively large NPs may continue to grow due to
diffusion of Ag atoms, which at high sample temperatures are able
to compete successfully over oxidation. As to the possible presence
of Ag2O, no photoluminescence attributable to such a compound

41

was observed in our experiments, in agreement with the fact that
Ag2O is unstable at temperatures above 200 �C.37
The significant effect of the soda-lime glass substrate on NP

oxidation should be also taken into account. Substrate effects on
Ag/Agþ redox processes in Ag NPs have been studied by Hu et
al.,40 where a significant influence from soda-lime glass because of
an Agþ T Naþ ion-exchange has been observed. In fact, an
interdiffusion process between Agþ ions in doped silica films and
Naþ in soda-lime substrates was previously reported by Li et al.,30

where the resulting content of sodium in the coating was sug-
gested to increase matrix basicity as previously pointed out by
Mennig et al.29 Moreover, studies conducted by García et al.43 on
silver-doped silica coatings deposited on different substrates also
showed that for soda-lime glasses, Agþ ions diffuse into the
substrate, and this results in their stabilization in the glass net-
work by interaction with nonbridging oxygen as indicated by the
resulting photoluminescence. Recent investigations carried out
in our group on thinner Ag:SiO2 nanocomposite films on the
same substrate have also shown consistent results in this respect.22

In fact, photoluminescence spectra in Figure 6 closely resemble
the results for the thin films studied without the influence of the
applied electric field during HT.22 Accordingly, Agþ diffusion
into the substrate is more than likely in our case, which points
toward the observed luminescence being largely due to Agþ ions
incorporated in the soda-lime glass.
Let us now get back to the question as to why the particle size

decrease is followed by NP growth even at the lowest tempera-
ture studied. The temperature dependence of the growth and
oxidation processes appears related to the rates of involved com-
peting processes, as already suggested in connection to oxidation
at 600 �C. The diffusion of “dissolved” Ag atoms must compete
successfully with oxidation in order for the limiting reactant Ag to
reach existing particles and result in NP growth. This becomes
especially important in dealing with low concentrations of silver,
where the average distance that atoms travel becomes large. In
such scenario, it seems that oxidation becomes initially dominant

Figure 6. Photoluminescence of Ag:SiO2 films before and after HT at
500 and 600 �C. Panel (a) shows excitation spectra for emission
monitored at 3.70 eV (335 nm) and (b) shows emission spectra
obtained under excitation at 5.28 eV (235 nm).



453 dx.doi.org/10.1021/am101021a |ACS Appl. Mater. Interfaces 2011, 3, 447–454

ACS Applied Materials & Interfaces RESEARCH ARTICLE

at lower temperatures, whereas at the highest temperature of 600
�C, Ag diffusion competes successfully over the oxidation still
occurring at this temperature as indicated by photoluminescence
data. However, particle growth eventually dominates over oxida-
tion even at the lowest temperature after sufficient holding time.
The reason for this is believed to be related to the fact that the
redox process is indeed a chemical equilibrium, which has also
become evident from additional studies performed by our group
on thinner Ag:SiO2 nanocomposite films.22 Thus, two likely
causes arise which could influence the chemical stability of Ag
NPs facilitating their further growth: (i) an increased density of
the films resulting in a decreased oxygen uptake (a HT atmo-
sphere effect), and (ii) a less efficient removal of silver ions by the
substrate (a substrate effect). The former has been already
suggested from the found tendency of the SPR peak to red shift,
suggesting an increase in the refractive index of the films during
HT. On the other hand, although oxygen incorporation may
decrease with an increase in film density, oxygen diffusion in the
SiO2 matrix likely continues during HT as in fact has been sug-
gested by the experiments on thin films where complete vanish-
ing of the SPR was observed at 600 �C.22 Thus, substrate effects
seem more significant at this stage of the HT. Apparently, the
efficiency of the removal of Agþ ions from the film diminishes
during HT due to the relatively large thickness of the films
studied. A similar result was in fact recently reported by Hu et
al.46 in a comparative study on Ag NP oxidation in thin and thick
films onmesoporous SiO2 prepared by thermal evaporation. The
authors observed that Ag NPs were not completely oxidized
during HT of the thick films in air, which was partially attributed
to substrate saturation by Agþ ions.46 Similarly, it can be considered
herein that the near surface region of the soda glass substrate may
become saturated with silver ions in the early stages of HT,
therefore, suppressing the ion migration, which is necessary for
sustained oxidation. Thereafter, the impaired removal of ions
from equilibrium22 would assist in preserving the supersaturation
in the thick film and at the same time provide additional stability
for the NPs, which may as a consequence participate in the
diffusion-based growth. The fact that the higher the temperature
the shorter the time period shows that the NP size decrease could
be related to a highest oxidation rate with increasing temperature,
which would imply a more rapid saturation of the surface layer of
the substrate. Further assessments on the kinetics of NP oxida-
tion in silica films are underway. As a final remark, it is also
reasonable from this assessment to assume that the NPs grow via
Ag atom diffusion to particle surface. Migration of silver ions
toward the substrate involves their diffusion away from the
particles in the film. Also, a chemical equilibrium implies that
the ion concentration reaches a stable limit in association with the
attained NP stability. Thus, the limiting reactant being steadily
consumed during the growth is suggested to be the neutral silver
atom, which is clearly the specie making the process manifest.

4. CONCLUSIONS

Real-time monitoring of plasmon resonace evolution in Ag
NPs embedded in relatively thick SiO2 films deposited on soda-
lime glass has been conducted during HT in air. Data treatment
in the context of Mie extinction and crystal growth theories,
together with considerations on the oxidation process and sub-
strate influence, has enabled a reliable assessment of Ag particle
transformations for the system. Silver NPs were indicated to
grow at high temperatures, first through a diffusion-based process

and subsequently via Ostwald ripening. It was shown that the
activation energy associated to Ag diffusion in the system can be
estimated by the current technique nondestructively and in situ.
The apparent activation energy associated to the diffusion-based
Ag NP growth phase was determined from a set of isothermal
time dependences of plasmonic evolution, yielding a value of
2.6 eV. This was possible because of the remarkable influence of
film thickness, which allowed for the diffusion-based process to
develop, in contrast to the thin film previously studied,22 where
only Ostwald ripening was manifested. At the lower tempera-
tures studied, an initial decrease in Ag particle size was observed
due to oxidation. The NP size decrease followed by NP growth
was discussed in the framework of the redox equilibrium in the
film being displaced in favor of Ag NP stability mainly due to less
efficient ion removal by the substrate during the late phases of
HT. Therefore, the detrimental effects of the air atmosphere,
previously observed to prevail in thin films, can be overcome by
the use of thicker SiO2 films for Ag NP inclusion. The tempera-
ture and time dependences of the growth and oxidation stages in
the thick film system allow for superior control over nanocom-
posite optical properties relative to the thin film system.22 In
terms of the product of oxidation, no indication of the presence
of Ag2Owas observed. In contrast, AgNP oxidation was found to
generate single Agþ ions as revealed by photoluminescence
spectroscopy.

The current report provides important insights to the tailoring
of material optical properties for prospective applications in photo-
nics. Additional experiments are underway concerning the in situ
assessment of NP growth processes during thermal processing
under an inert atmosphere. Another interesting aspect to further
look at would be to quantitatively evaluate the energy barrier of
the oxidation process itself.
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