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Quantum Confinement and Matrix Effects in Silver-Exchanged Soda Lime Glasses
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This work deals with the X-ray photoelectron spectroscopy study of small silver nanoparticles embedded in
soda lime glass, which is a system largely employed in integrated optics. Silver dispersions with different
concentrations in the host network were obtained through ion exchange without any successive annealing.
Modification of the electronic structure of Ag as well as the role of the host matrix were investigated.
Experiments show that silver condensates in nanoclusters whose dimensions depend on the Ag concentration.
Electronic quantum confinement related to metallic nanoparticles is observed from analyses of the core line,

Auger and valence band features.

Introduction

Quantum size effects of metal nanoparticles embedded in
glassy matrix have been of particular interest during the last
three decades. This interest is linked to the peculiar electronic
properties of metal nanoparticles, which have immediate tech-
nological implications,' particularly in heterogeneous catalysis,>
photonics,’™8 and electronics.!* Early studies on noble metal
nanoparticles in glasses date back to the 1960s with the work
of Doremus et al.!! This pioneering work stimulated theoretical
studies on metal nanoclusters and quantum confinement.'!>~!'4
Later, a contribution in this active area of research was given
by the works of Mason,'>! further supported by the studies of
Wertheim and co-workers!”!® and very recently by Balamurugan
and Maruyama.'® These authors used X-ray excitation to directly
probe the electron configuration of metal nanoclusters deposited
on various specific substrates such as graphite, silicon, mica,
and vitreous silica. Because the process of photoemission from
solids is strictly dependent on the electronic configuration of
the analyzed atoms, they observed sensible modifications of the
X-ray photoelectron (XP) spectral features as the size of the
metallic system reduces to the nanoscale. In particular, a
transition from a metallic to a semiconducting character was
observed. The shape of the photoelectron core line spectra is,
in fact, the result of a variety of distinct processes. Among them,
extrinsic energy losses are due to scattering processes, which
are characteristic of electron transport from emitting atoms to
the system’s surface, leading to extrinsic plasmon excitations.
Intrinsic losses related to excitation of electrons in unoccupied
states are present as well (shakeup and shake-off processes).?’
A third process influencing the photoelectron spectra is related
to generation of a core photohole, which in turn produces a
Coulomb-like potential. The latter causes generation of an
intrinsic plasmon associated with conduction electrons in an
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excited state.?’ The metallic—nonmetallic character of the

analyzed material directly influences the hole lifetime and the
strength of this perturbation. Strong asymmetry of the core lines
in metals associated with the presence of core-hole screening?>%
is described by the Doniach-Sunjic (DS) power law.?* Metallic
nanoparticles have a limited number of electrons in the
conduction band, causing a reduction of core-hole screening.!>~!8
Moreover, when dimensions lower to the nanoscale, the system
tends to assume an atomic-like behavior. This is mirrored by
the narrowing of the valence bands (VB) and by the generation
of an energy gap E,. Quantum size effects are also visible on
the core lines because when core-hole screening decreases, the
core line loses the original DS line shape and moves to higher
binding energies (BE).

Besides studies carried out to understand changes in the
electronic structure induced by the reduction of particle dimen-
sions to the nanoscale, other authors investigated the optical
properties of these systems. A list of papers published in the
literature deals with metal nanoparticles embedded in rare earth-
activated glasses, a material of interest for telecommunication
application. This research was stimulated by the need to
overcome practical limitations due to (i) the small oscillator
strength of the intra-4f transitions of technological interest such
as *l13p—*I;sp of Er¥" at 1.54 um and (ii) the quenching
processes such as concentration quenching and upconversion
in Er-doped glasses.>”32%2 The work of Malta et al.’ is a
pioneering study on the physics underlying rare earth lumines-
cence enhancement induced by the presence of small silver
particles embedded in the matrix. Analysis of the effects of silver
doping in glasses is complicated because single ions, clusters
of a few atoms, and nanoparticles of various sizes can
coexist.®?728 Recently, however, Martens and Polman have
shown that the photoluminescence (PL) intensity of optically
active erbium ions positioned in close proximity to anisotropic
Ag nanoparticles is significantly enhanced if the nanoparticles
support plasmon modes that are resonant with erbium emission.’

This large amount of data indicates that optimization of the
device efficiency requires the study of the interaction of metal
nanoparticles with the environment, namely, investigation of
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the electronic configuration of nanoclusters embedded in the
host network.

In this work, we performed XPS and TEM measurements to
analyze Er’*-activated soda lime glasses containing different
amounts of silver in order to investigate quantum confinement
of electrons in one of the most common systems used in
integrated optics.?> With respect to the usual fabrication protocol,
which insists on control of the size of silver nanoparticles by
thermal annealing of silver-exchanged glasses, we work with
as-prepared samples in this paper, differing only by silver
content. Different spectral regions were investigated with the
aim to correlate changes of line shape and binding energies to
the chemical state and size of silver particles. Further incentive
for performing this study is the fact that an increase in amplitude
of 1.5 um luminescence in Ag-exchanged soda lime glasses has
been demonstrated for nonresonant Er®" excitation, when the
excitation wavelength is in the same spectral range as the
plasmon absorption of silver nanoparticles.®326:30

Experimental Section

Molar composition of the Er—Yb-activated glass is as follows:
67 SiO,, 14.4 Na,O, 9.1 CaO, 1.9 Al,05, 0.9 P,0s, 0.9 K,O,
1.9 Er,03;, and 3.9 Yb,03 (mol %). Four samples were produced
cutting the glasses into plates, which were thinned to 200 ym
and optically polished. One plate was kept as a glass reference
for absorption measurements, while three other samples were
Ag* ion-exchanged by keeping them at 390 °C for 67 h in a
molten salt bath of NaNOs;, containing a variable molar
concentration (0.5, 1.5, and 5%) of AgNO;. These ion-
exchanged plates will be referred to as SAg0.5, SAgl.5, and
SAg5.0, respectively.

Absorption measurements were performed using a Cary 5000
UV—vis NIR spectrophotometer in dual beam mode.

XPS measurements were taken on SAg samples as well as
on a pure soda lime glass and on a pure (99.99%) silver sample
(AgRef), previously sputter cleaned, which were used as
references for data analysis. The XP spectra were acquired by
using a Scienta ESCA 200 analyzer (Gammadata, Sweden)
equipped with a monochromatized Al Ka X-ray source. Core
lines were acquired at 150 eV pass energy that corresponds to
an energy resolution of 0.35 eV, taking into account the effects
of charge compensation. Auger and valence band spectra were
acquired at 300 eV pass energy to increase the signal-to-noise
ratio without significant loss of spectral resolution. All spectra
were aligned fixing the Cls deriving from contamination at
284.6 eV.’! We note that a nonoptimal charge compensation
may contribute to spectral broadening. For this reason, to reduce
the extent of charging, the X-ray source was operated at 300
W, instead of its maximum power of 500 W. The SiO, core
line was always perfectly symmetric with a full width at half-
maximum (fwhm) in the range of 1.7—1.9 eV, comparable with
those reported in the literature for silicate glasses.’>* During
spectral acquisition, we did not observe any peak drift, therefore,
confirming the homogeneity and stability of the compensation.

Oxygen core line peak fitting was performed using three
Gaussian components. Each of them is associated with a specific
chemical bond formed by oxygen with other chemical elements
in the soda lime glass. Four components were needed to fit the
Ag 3d doublets to describe the oxidized and nonoxidized states
of silver in the glassy matrix. Voigt line shape was employed
to fit the Ag 3d reference spectra. The Auger parameter was
computed fitting the MyNysNys spectra with five Gaussian
components. The number and energy positions of these com-
ponents were selected on the basis of the shape of the Auger
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TABLE 1: Binding Energy (BE) and Integrated Intensity (I)
of Two Ag 3ds, Gaussian Components, Ag 3ds, Peak fwhm,
Auger Parameter (o), Fermi Cutoff Energy, and Valence
Band Width (VBy)

Ag 3d BE Ag3d/ Ag3d fwhm o Fermi cutoff VBw

samples eV) (%) (eV) eV) (eV) (eV)
AgRef 36822  — 0.5 7260 0 2.0
SAg05 22?22 ggé L5 724.8 0.8 1.4
SAgl> 22?32 ggé 1.6 725 1.4 L5
SAg.0 §2§j§8 ?2:? 13 725.3 1.7 1.8

spectrum from the pure Ag sample (AgRef), where the structures
are well-defined. After background subtraction, the position of
the Fermi cutoff was estimated by fitting the step spectra with
a linear function and taking the midpoint position on the stepping
shoulder as the value for the Fermi cutoff. To study Ag VB,
subtraction of the pure glass contribution was performed after
normalization of the spectra to oxygen 2p integrated intensities.
The remaining Ag 4d band was fitted using two Gaussian
components. Maintaining their width unchanged, the Gaussian
positions allowed us to describe changes in the VB width (VBy)
due to changes in the Ag cluster dimension.

We also prepared specimens for TEM observations by
scraping off thin films in absolute ethanol using a diamond knife.
A drop of the suspension was deposited and dried onto a carbon-
coated copper grid. Samples were observed using a Philips
CM12 TEM operated at 120 kV and equipped with an energy
dispersive X-ray spectrometer (EDXS).

Results

Three series of measurements were performed on samples
SAg0.5, SAgl.5, and SAg5.0. Table 1 reports average values
obtained from the XP spectra.

Figure 1 shows the absorption spectra of the SAg samples.
The sharp weak peaks are due to Er** and Yb*' absorption.?’
The intense band centered at 443 nm in the absorption spectrum
of the SAg5.0 plate arises from surface plasmon absorption of
Ag nanoparticles.!'*!%%°

Figure 2 shows the XPS Ag 3d core level spectra for the
ion-exchanged soda lime glasses and for the bulk silver
reference. Doublet structures corresponding to 3ds, and 3ds,
electrons are due to spin—orbit splitting. The BE of the Ag core
line increases with Ag concentration in the glasses. In Table 1,
the position and relative integrated intensities are reported for

Absorbance

O 1
300 400 500 600 700 800 900 1000
Wavelength [nm]

Figure 1. Absorption spectra of ion-exchanged soda lime glasses as
a function of silver content. Solid line, nonexchanged glass (10 times
magnified); squares, SAg0.5; circles, SAgl.5; and triangles, SAg5.0.
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Figure 2. XPS Ag 3d core level spectra for the ion-exchanged soda
lime glasses (SAg) and for the bulk silver reference (AgRef). The

spin—orbit components, 3ds, and 3ds),, are labeled. Solid and broken
lines indicate the BE of Ag nanoclusters and silver oxide, respectively.
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Figure 3. (a) XPS valence band of the SAg and AgRef samples upon
subtraction of the pure soda lime VB contribution. (b) Position of the
Fermi cutoff (O) and values of the VB width (VBy) for the SAg ion-
exchanged samples (H). The solid line is a guide for the eyes.

the two Gaussian components used to fit the Ag 3ds, peak as
well as its fwhm.

Figure 3a shows the XPS valence band of the SAg and AgRef
samples upon subtraction of the pure soda lime VB contribution.
It is apparent that the VB undergoes a loss of feature definition.
VB width (VBw) of the ion-exchanged glasses (Table 1)
increases with increasing Ag content but remains smaller than
that of the silver reference. Figure 3b shows the position of the
Fermi cutoff and the VBw for the SAg ion-exchanged samples;
the higher the VBw, the higher the amplitude of the gap at the
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Figure 4. (a) Evolution of the oxygen core line as a function of silver
content. The inset shows an example of peak fitting performed on the
oxygen core line (sample SAgl.5), using three Gaussian components.
(b) Relative amount of bridging oxygens (00) and nonbridging oxygens
(M) for the SAg ion-exchanged samples. The solid line is a guide for
the eyes.

TABLE 2: Relative Amount of BO and NBO in SAg
samples: BO% = BO/(BO + NBO) and NBO% = NBO/(BO
+ NBO)

samples BO% NBO%
SAg0.5 78 22
SAgl.5 85 15
SAg5.0 88 12

Fermi edge. Also, the silver MyNysNys Auger spectra were
acquired to compute modified Auger parameters, o, which are
reported in Table 1.

Finally, to complete the survey, Figure 4a shows the evolution
of the oxygen Is (O1s) core line as a function of Ag content.
The inset shows the decomposition of three Gaussian compo-
nents for sample SAgl.5. The component at 532.3 eV is related
to the bridging oxygen (BO) in SiO,; the component at 530.3
eV is assigned to the nonbridging oxygen (NBO) atoms, and
the component at 531.2 eV is due to other oxides present in the
glass.**32 Similar binding energy values were obtained for the
other SAg samples. The relative amount of BO and NBO was
obtained by the integrated intensity of the corresponding
Gaussian components. Figure 4b and Table 2 show the ratio of
BO% = BO/(BO + NBO) and NBO% = NBO/(BO + NBO).
Measurements show the BO% content increasing as the Ag
content increases.

TEM analysis was performed on all SAg samples. Good
results were obtained only from the SAg5.0-exchanged glass
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Figure 5. (a) TEM image of the SAg5.0 sample. A large quantity of
small nanoparticles is visible in the lighter region of the glassy matrix.
(b) Size distribution obtained from the TEM image (a).

because of its higher silver concentration. Figure 5a shows a
TEM image of the SAg5.0 sample; a large amount of small
nanoclusters is visible, especially in the lighter region of the
photograph. Figure 5b illustrates the distribution of nanocluster
dimensions, as computed from the TEM image.

Discussion

The presence of a glassy network surrounding metal nano-
particles introduces experimental and analytical complications
related to the ability to (i) optimally compensate the charge in
order to detect small BE shifts and (ii) single out the interactions
of silver in a complex system as its concentration changes.

As seen in Figure 2 and Table 1, it is noted that with
increasing silver concentration in the samples, the Ag 3ds/, peak
moves from lower to higher BE values, with respect to that of
AgRef.

To explain this finding, at least three mechanisms may be
considered: (i) the presence of surface states in competition with
bulk states, (ii) the quantum confinement and reduced core-
hole screening in the final state, and (iii) the role of the
environment.

According to mechanism (i), the BE should approach that of
the surface atoms when the cluster size become small. For metals
having more than half-filled d bands, as in the case of Ag, the
surface states fall to lower BE values than those found for the
bulk. The transition to the nanometer size further increases this
negative BE shift. However, this negative BE shift is expected
to be very small in comparison to that measured for SAg0.5.'8
Mechanism (ii), with reducing the cluster dimension, determines
the electronic confinement and the cluster charge mobility
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decrease, leading to an increase of the core-hole lifetime. In
other words, there is a net reduction of core-hole screening with
respect to the Ag bulk system, resulting in positive BE shifts.
On the other hand, during the ion exchange process, Ag* ions
replace Na™ ions, and strong electrostatic interactions between
Ag and its environment are expected. Because of this, it is also
reasonable to take into account mechanism (iii).

The mechanisms presented are effective with different weights
because of the complex structure of the ion-exchanged glasses.
To explain the positive and negative BE shift of the Ag 3d core
line, we consider that silver arranges differently in the host
network on the basis of its concentration. In particular, Table 1
reports the positions and integrated intensities of two Gaussian
components obtained by fitting the Ag 3ds, peak of Figure 2.
For the SAg0.5 sample, the main contribution arises from the
lowest-energy component. Moving from the SAg0.5 to SAg5.0
samples, the integrated intensities of the highest-energy com-
ponent become predominant. In samples SAg0.5, where the Ag
content is very low, Ag 3d falls at BE values close to those
reported in the literature for Ag,O at 367.9 eV and for AgO at
367.6 €V.*>* This allows us to assign the lowest-energy
component to oxidized silver. Besides, in insulating materials
as our glasses, possible participation of charges coming from
environmental ligands to the screening process was proposed
in the literature.’” Because the charge mobility is very low in
all analyzed glassy systems, this process induces only small
differences in the Ag BE of the three SAg samples. We then
expect that the chemical bond with oxygen is predominant,
which explains the negative BE shift with respect to AgRef.
The predominance of oxidized silver with respect to silver
nanoclusters is the reason for the absence of the plasmon band
in the absorption spectrum of the SAg0.5 sample (Figure 1).

At higher silver concentrations, as in sample SAg5.0, a higher
binding energy value with respect to the bulk is found. Now,
comparing the position of the AgRef core line with that of the
Gaussian component at high BE, we observed a small but
significant BE positive shift of about 0.3 eV (Table 1). In
agreement with the literature, we can assign the latter shift to
silver nanoclusters.3®3? The high silver concentration causes Ag
condensation into the nanoparticles, and the chemical effect
becomes marginal. It is possible to estimate the mean cluster
size from data in the literature.’®3 From these data, a BE shift
of ~0.3 eV may be related to a mean cluster diameter of ~2
nm. Moreover, we observe that the Ag® component of the Ag
3d core line was fitted with a Gaussian component, indicating
the size distribution is sharp,*’ and the quantum confinement is
responsible for line broadening.

These results are confirmed by the intense absorption band
of the SAg5.0 slab due to the surface plasmon of silver
nanoclusters (Figure 1) and by TEM analysis (Figure 5a,b). The
average diameter, d, of the silver nanoclusters can also be
calculated from the fwhm of the optical absorption peak, using
the relation

_ Vf;Lpz
T eAA

where 2t (1.39 x 10% cm s™') is the Fermi velocity of electrons
in bulk silver, ¢ is the speed of light, and 4, and A4 are the
characteristic wavelength and the fwhm of the surface plasmon
resonance, respectively.**~*? Using 4, = 443 nm and fwhm ~
150 nm obtained from the absorption spectrum of Figure 1, we
roughly estimate an average diameter of about 2 nm for the
SAGS5.0 sample, which is in agreement with that obtained from
XPS analysis.
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A very good agreement was also obtained when comparing
the XPS analysis with TEM images. Figure 5a shows that the
SAg5.0 glassy matrix is populated with a high number of silver
nanoparticles. The size distribution, estimated on a population
of 260 TEM spots, appears to be rather sharp and centered at
~2.5 nm, as shown in Figure 5b. TEM analyses were also
performed on SAgl.5 and SAg0.5 samples. A lower Ag content,
the presence of a high abundance of silver oxide, and the high
mobility of silver in the soda lime glass prevented the acquisition
of TEM images suitable to measure the nanoparticle dimension.
On the other hand, higher silver concentrations should cor-
respond to larger nanoparticles. We then expect that an average
nanocluster dimension of ~2 nm is also a good estimate for
the SAgl.5 sample.

With respect to this latter sample, an intermediate situation
occurs, where the absorption is still present but to a lesser extent
(Figure 1). The chemical and structural states described for
samples SAg0.5 and SAg5.0 are now simultaneously visible.
As seen in Figure 2 and Table 1, the fwhm of the Ag 3d peak
is higher than those of samples SAg0.5 and SAg5.0. This
broadening corresponds to high intensities for the two Gaussian
components related to silver oxide and silver nanoparticles. Also
the position of the Ag’ component falls at a slightly higher BE,
which corresponds to a mean diameter of ~1.8 nm.

All of these results are consistent with the values calculated
for Auger parameter, o, reported in Table 1. The a value of
724.8 eV measured for SAg0.5 is very close to the value of
724.5 eV reported in refs 35and 36 for silver oxide. A slightly
larger value of o is found for samples SAgl.5 and SAg5.0,
which falls between those of silver oxide and pure bulk silver.
Although, in the case of silver, the influence of quantum
confinement on the Auger parameter is very small, a decrease
with respect to the pure metal is expected with the presence of
the initial and final state effects.**

This interpretation also agrees with the position of the Fermi
cutoff and with values of VB,,. Referring to the values of the
Fermi cutoff presented in Table 1, we can see in the presence
of silver oxide (sample SAg0.5) the Fermi cutoff is placed at
0.8 eV, which is in good agreement with the literature.*>"*7 In
sample SAgl.5, because of the coupled effect of electron
quantum confinement® and of the presence of oxide, the Fermi
cutoff moves to 1.4 eV (Table 1). Finally, in sample SAg5.0,
quantum confinement dominates over the influence of oxide,
giving a higher BE for the Fermi cutoff of 1.8 eV (Table 1 and
Figure 3b). This trend is consistent with results obtained by
Wertheim,*® although the presence of the glassy environment
in our case leads to different values of Fermi cutoff positions.
With respect to the trend of VBw summarized in Table 1, all
VBw values for the three samples are lower than that of pure
bulk silver because of strong electron localization. The VBw
value relative to sample SAg0.5 reflects the presence of highly
localized electron states due to bonds with oxygen. An
intermediate situation is found for sample SAgl.5, where the
value of VBw slightly increases. Finally, for sample SAg5.0,
where the quantum confinement is dominant, the VB acquires
a more relevant metallic character, and the VBw value comes
close to the value measured for AgRef. The effect of quantum
confinement leads to a 4d bands narrowing,38 which is limited
by the presence of a cluster size distribution, especailly for the
SAg5.0 sample.

The effect of the glassy matrix and involvement of silver
valence electrons in chemical bonds are also explained by
analyzing the oxygen core line (Figure 4a). The interaction of
silver with oxygen in the glassy matrix must determine chemical
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shifts. Further, Ag clustering leads to unpaired oxygen atoms
in the host matrix and to silver aggregates not well-coordinated
to oxygen. The oxygen core line was deconvoluted in three
Gaussian components, as shown in the inset of Figure 4a. As is
shown in Figure 4b, the BO% increases with increasing silver
concentration in SAg samples. The insertion of Ag in the
samples leads to strong modification of the glassy network. The
trend of BO%, NBO%, and the silver behavior can be described
with the following structural model. At low Ag concentrations,
silver atoms replace sodium atoms, and a strong interaction with
oxygen atoms takes place. This is the case with a higher NBO%
value. With an increase in silver concentration, unpaired oxygen
radicals and Ag® atoms formed. The high Ag® mobility leads to
the formation of Ag clusters with the oxygen radicals free to
rearrange with silicon. This induces a silica network reconstruc-
tion with the emission of oxygen atoms in excess.’! The increase
of BO% with increasing amounts of silver, shown in Figure 4b
and Table 2, confirms this model. Also, the small shift of the
Si 2p BE core lines to higher BE (not reported here) describes
the change in the chemical state of this element associated with
this chemical process.**

Conclusions

X-ray photoelectron spectroscopy was performed on three
Ag-exchanged soda lime glasses produced for photonic applica-
tions. The aim of this work was to understand the effect of
different Ag concentrations on the electronic structure of silver
nanoparticles in the glassy network. Different spectral features
were analyzed to clarify the effect of progressive silver
clustering. Our results are listed:

* A strong interaction between oxygen of the glassy matrix
and silver is present, as shown by the trend of BO% and NBO%.

* At lowest concentrations, Ag is mainly in oxidized form
and nanoclusters constitute a minor part of the total amount of
silver exchanged.

* At intermediate concentrations, both silver nanoparticles and
silver oxides are present, leading to marked changes of the
spectral features such as fwhm of Ag 3ds,,, Fermi cutoff position,
and value of the Auger parameter.

At higher Ag concentration, silver is essentially condensed
in nanoparticles consistent with the higher BE of the Ag 3d
core lines, Fermi cutoff positions, and values of the relative
Auger parameter.

* The VBw value reflects an increasing metallic character,
when increasing the Ag content of the samples.

These results confirm that XP spectral changes correspond
to well-defined chemical and structural organization of silver
in the soda lime glasses. In particular, the position of the Ag3d
core line at the intermediate and higher silver concentrations
corresponds to clusters with an average diameter of about 2
nm. Gaussian fit suggests that quantum confinement effects are
predominant in Ag® 3ds, line broadening. These results are in
agreement with the estimates obtained from the plasmon
resonance frequency and TEM analysis.

The obtained results enrich the knowledge of the structure
and physical phenomena that are involved in the performance
of glasses with potential photonic applications.
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