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Abstract

Structural characteristics and optical properties of monometallic and bimetallic Ag and Au nanoparticles in the surface region of
soda-lime glass fabricated by ion implantation have been studied by transmission electron microscopy and optical spectroscopy. As a
result it has been found that both, implantation dose and process temperature, strongly influence the metal nanoparticle formation gov-
erned by ion diffusion and metal precipitation as well as the involved stress generation around the particles. Thus, the mean size of metal
nanoparticles and the width of the particle containing region beneath the glass surface increase with increasing temperature as well as
implanted dose. Upon sequential high-dose double implantation to form bimetallic Ag–Au nanoparticles a rather complex configuration
has been obtained. Particles of sizes above a threshold of 5–10 nm exhibit distinct image contrast features indicating the development of
central voids whose sizes are proportional to the outer particle diameter.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Metal nanoparticles embedded in glass have been thor-
oughly studied because of their optical properties and
potential technical applications [1–4]. There are a number
of methods currently used for the fabrication of such com-
posite materials. One of them, namely ion implantation,
enables to introduce high concentrations as well as different
metals into surface-near regions of the glass. This way, spe-
cific linear and non-linear optical properties have been
achieved, especially, for Au, Ag or Cu nanoparticles in sil-
ica glasses, see for example [5–7].

Recently, the preparation of bimetallic nanoparticles
has been intensively investigated because of the far-reach-
ing possibilities to modify the macroscopic properties,

e.g. the optical absorption and chemical reactivity, of such
materials. Studies on Ag–Au nanoparticles are typically
concerned with the issues of separated monometallic parti-
cles, segregated bimetallic particles, and alloy particles [8–
11]. Some work has been done dealing with the formation
of bimetallic or alloy nanoparticles by double ion implan-
tation in silica glass [12–15] where the existence of such
particles, their structure and thermal stability have been
explored using optical spectroscopy, transmission electron
microscopy (TEM), X-ray absorption fine structure
(EXAFS) spectroscopy as well as of X-ray diffraction and
scattering.

The present work is directed to the fabrication by ion
implantation of monometallic and bimetallic Ag and Au
particles in commercial soda-lime glass and to the optical
and structural characterization of the obtained materials
using high-resolution electron microscopy (HREM) in
addition to TEM. In a first approach, the influences of
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substrate temperature and implantation dose have been
investigated for single Ag ion implantation.

2. Experimental procedures

Soda-lime glass containing (in mol%) 72.4% SiO2, 14.4%
Na2O, 6.4% CaO, 6.0% MgO, 0.5% Al2O3, 0.20 K2O, 0.3
SO3 and 0.04% Fe2O3 were exposed to Ag+ (200 keV),
and/or to Au+ (150 keV) ion implantation at 77 K, and
at room temperature. On glass sheets of 1mm thickness
areas of 20 · 10 mm2 have been subjected to implantation
for each type of ions at doses ranging from 0.5 · 1016 to
4 · 1016 ions/cm2. The beam current density has been var-
ied in the range of 0.5–2 lA/cm2. Charge buildup reduction
at the glass surface during implantation was achieved by
electron beam irradiation onto the surface. The depth dis-
tribution of glass constituents and of the implanted ions
was measured by Rutherford backscattering spectroscopy
(RBS) using He+ ions. To characterize the surface plasmon
resonance due to the metal nanoparticles formed in the
implanted areas the optical density of glass samples was
recorded by means of a Perkin–Elmer spectrometer in the
wavelength range of 250–900 nm.

Transmission electron microscopy examination to eval-
uate size, size distribution, and penetration depth of silver
particles was done by means of a JEM 1010 operating at
100 kV. To this aim planar and cross-section preparation
were applied including mechanical grinding, polishing and
ion-beam etching. For advanced structural characteriza-
tion a high-resolution electron microscope (HREM) oper-
ating at 400 kV (JEM 4010) was used. Lattice parameters
of individual particles were determined from digitized
HREM micrographs by image processing (real space
and diffractogram evaluation) using the Digital Micro-
graph (GATAN) and NIH Image software [16]. For this
evaluation only images of single crystalline particles have
been considered which mostly displayed {1 11} and/or
{20 0} lattice planes according to a face centered cubic
structure.

3. Results

3.1. Ag single ion implantation

The evolution of absorption spectra shown in Fig. 1 for
Ag+ fluences between 5 · 1015 and 4 · 1016 ions/cm2, with
the beam current density set to 1 lA/cm2 in all cases, exhib-
its considerable differences for different process tempera-
tures. At 77 K it needs a distinctly higher dose
(>1 · 1016 ions/cm2) than at 295 K to induce measurable
particle formation. Maximum position and full width at
half maximum of the absorption band of the low tempera-
ture samples indicate the presence of extremely small Ag
nanoparticles (<2 nm) of appreciable high concentration
[17] while the corresponding parameters of the room tem-
perature (RT) samples indicate the presence of distinctly
larger nanoparticles [18].

As can be seen from TEM images of the RT sample
shown in Fig. 2, with 2 lA/cm2 beam current density Ag
nanoparticles are formed even at the lowest implantation
dose applied. From the cross-section micrographs it may
be recognized that with increasing implantation dose the
width of the particle layer beneath the glass surface
increases. Simultaneously, the mean particle size is
enhanced from �4.4 to �7.8 nm while the size distribution
broadens considerably. From the size-dependent lattice
plane spacings evaluated from HREM images (see inset
in Fig. 2) almost no additional stress may be deduced.

3.2. Ag and Au double ion implantation

Based on the above findings sequential double ion
implantations have been performed with Au+ and Ag+.
A number of absorption spectra of glasses subjected to
implantation of both ions of varying dose together with
comparative spectra from single ion implantation are com-
prised in Fig. 3. From this figure it can be seen that for
double ion implantation with 1 lA/cm2 at RT the spectra
are dominated by the absorption of Au nanoparticles hav-
ing band maxima around 550 nm [19] and only at doses as
high as 4 · 1016 ions/cm2 for both metals a shift to a max-
imum position in between those of monometallic Ag and
Au nanoparticles occurs. The shift of the peak maximum
to about 570 nm for the 2 · 1016 Ag+ plus 4 · 1016 Au+

sample indicates that in this case silver ion implantation
mainly results in the formation of larger particles [18]
rather than contributing to alloy formation.

The cross-section TEM of the high-dose sample is
shown in Fig. 4. Besides the finding that the particle layer
of 135 nm thickness begins from the very surface of the
glass it reveals the presence of extraordinary large nanopar-
ticles in the center of this layer. The smaller nanoparticles
are of �5 nm mean size, but the larger ones of �15 nm
mean size have irregular image contrasts that point to the
presence of central voids of considerable size. From the
HREM image of one of the larger particles shown in
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Fig. 1. Optical density of glasses implanted at various doses of Ag+ ions/
cm2 performed at two different temperatures of 77 K (dashed lines) and
295 K (full lines).
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Fig. 5 one may clearly recognize the reduced contrast in its
central region. The whole particle exhibits typical lattice

plane fringes corresponding to a (110) zone axis orienta-
tion of a single-crystalline configuration.

4. Discussion

4.1. Effect of process temperature and dose

As already indicated by preceding studies [19,20] the
present work verifies that the implantation dose and the
beam current density influence strongly diffusion and pre-
cipitation processes as well as size and stress state of Ag
nanoparticles formed. The low temperature inhibition of
metal precipitation might be employed to achieve Ag
doping of glass samples independent on subsequent
thermally-induced particle formation. At increased doses
of 2 · 1016–4 · 1016 ions/cm2 the input of collisional energy
obviously suffices to generate Ag nanoparticles even at
77 K, although of rather small size. However, the shift of
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Fig. 2. Cross-section TEM image of glasses subjected to Ag+ implantation at doses of 5 · 1016 and 2 · 1016 ions/cm2; inhomogeneities in the particle layer
are due to preparation effects (thickness variation). HREM lattice plane images of Ag nanoparticles are shown in the inset at the bottom.
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Fig. 3. Optical density of single Ag+ or Au+ and double implanted glasses
at beam current density of 1 lA/cm2 and at 295 K.
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Fig. 4. Cross-section TEM image upon sequential implantation of 4 · 1016 Au+ plus Ag+ ions/cm2 at beam current density of 1 lA/cm2.
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absorption maxima towards shorter wavelengths upon
implantation at RT indicates a distinct increase of particle
sizes. Consequently, the particles are attainable to TEM
examination so as to evaluate extension of the particle layer
and of the mean particle size. The particle size distribution
always exhibits a non-Gaussian shape with asymmetric tail
at larger sizes. These findings demonstrate that at RT the
precipitation of implanted Ag ions to form crystalline Ag
nanoparticles is nearly completed. At lower temperatures,
however, a certain part of Ag species is assumed to remain
in the ionic state as confirmed by EXAFS studies at the Ag
K-edge of the Ag–O neighborhood.

4.2. Formation of alloy nanoparticles

The experimental results reveal that the formation of
alloy Au/Ag particles could be achieved for high-dose
implantation (4 · 1016 ions/cm2 or more) of both, Ag+

and Au+ ions only. The evaluation of size-dependent lattice
plane spacings from HREM images confirms that also
upon double implantation nearly no additional stress is
present in the particles. In particular, the lattice parameters
determined for the fraction of larger particles agrees within
the obtainable precision of about 1% to that of bulk Au or
Ag (0.2355 nm or 0.2359 nm) being nearly the same. Con-
sequently, also the lattice spacings of alloy nanoparticles
should be the equal. The missing signature of alloy forma-
tion in the spectra of samples subjected to lower doses of
double implantation may be discussed in terms of the
well-known threshold of energy impact and sample heating
required to achieve stable incorporation of a distinct frac-
tion of the implanted Ag+ into the nanoparticles formed
[21]. Reports on the formation of Au–Ag alloy particles
upon of 3 · 1016 ions/cm2 double implantation in silica
[12,13] did not mention any threshold, but instead an
increase of the corresponding absorption upon subsequent
annealing in air. This is different from the behavior of our

double implanted glass samples where the alloy formation
is assumed to be accompanied by complete reduction of the
implanted ions present.

Although a definitive proof of a detailed void formation
mechanism cannot yet be given, we assume that the image
contrast features observed in larger alloy particles are due
to a hollow nanoparticle configuration. This interpretation
has been confirmed by preliminary studies using analytical
transmission electron microscopy. Another example of
void formation in nanoparticles has been found for sequen-
tial implantation of Cd+ and S� in silica [22]. Image con-
trast features comparable to those observed in our large
alloy nanoparticles have been reported for sequential
implantation of Ag+ and Cu+ in silica glass [23] and
explained as a result of the aggregation of vacancies to
nanovoids induced by irradiation. Accordingly, we assume
the high energy impact accompanied by collision cascades
during ion implantation to be responsible for the formation
and aggregation of vacancies to nanovoids and their coa-
lescence to larger cavities. Efforts are in progress now to
confirm this assumption by additional experiments at var-
ious process temperatures.

5. Conclusion

The implantation of noble metal ions to form Ag nano-
particles, and Ag–Au nanoparticles in a surface-near region
of commercial soda-lime glass has been studied for various
process conditions. Ag+ implantation at low temperatures
has been found to cause an inhibition of the particle forma-
tion below a threshold dose, while at temperatures near RT a
rather effective precipitation of the implanted Ag has been
achieved for all doses applied. That should enable a better
control of nucleation and growth processes involved in the
nanoparticle formation using well-defined thermal process-
ing and multiple implantation.

High-dose sequential implantation of Au+ and Ag+

resulted in the formation of Au–Ag alloy nanoparticles
where the larger particles mostly exhibit an internal void
configuration being caused by the ion implantation pro-
cess. Although such configurations should influence the
corresponding surface plasmon absorption band, it may
be difficult to separate these effects from the absorption
of the majority of smaller alloy particles.
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