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Recibido el 7 de julio de 2006; aceptado el 7 de diciembre de 2006

Ion implantation has attracted considerable interest as a method to modify the optical properties of insulators in order to produce materials
with nonlinear optical properties. In this work we describe the synthesis of metallic nanoparticles in silica by MeV ion implantation using
the IFUNAM’s Pelletron accelerator. Several factors such as the ion fluence, the radiation damage induced by the ion implantation, and the
subsequent thermal annealing conditions (temperature, atmosphere, etc.) can determine the shape, size and distribution of the clusters in the
sample. High-purity silica samples were implanted at room temperature with Cu, Ag or Au ions at various fluences up to 6×1016 ions/cm2.
The samples were then annealed in either a reducing or an oxidizing atmosphere at temperatures ranging from 300 to 900◦C. The samples
were characterized by optical absorption and HRTEM. Rutherford Backscattering Spectrometry was used to determine the concentration of
the implanted ions and their depth distributions in the samples. Changes in the optical properties of the samples arise from nanometer-sized
metallic clusters produced as a result of implantation and/or annealing. The metallic nanoclusters strongly absorb optical radiation at the
surface plasmon resonance wavelength (∼560 nm for Cu,∼400 nm for Ag,∼520 nm for Au). Reducing and oxidizing annealing atmospheres
affect in a different way the nucleation and growth of Cu, Ag and Au nanoparticles. The implications and the possible mechanisms concerning
this behavior are discussed in this paper.

Keywords:Metallic nanoparticles; optical properties; silica, optical absorption; ion implantation.

La implantacíon de iones es una técnica muýutil para cambiar las propiedades de muy diversos tipos de materiales, y en el caso de materiales
aislantes permite modificar especialmente sus propiedadesópticas no lineales. En este trabajo describimos la sı́ntesis de nanopartı́culas
met́alicas en śılice por medio de la implantación de iones energéticos usando el acelerador Peletrón del IFUNAM. Varios factores pueden
influir en cuanto a la forma, el tamaño y la distribucíon de las nanopartı́culas en la muestra: la afluencia de iones, los daños por radiacíon
inducidos por la implantación y los tratamientos térmicos posteriores (temperatura, atmósfera, etc.). Una serie de placas de sı́lice de alta
pureza se implantaron a temperatura ambiente con iones de Cu, Ag y Au a varias afluencias hasta llegar a 6×1016 iones/cm2. Las muestras
implantadas se recocieron tanto en una atmósfera reductora como en una oxidante en el intervalo de temperaturas de 300 a 900◦C, y luego se
caracterizaron por absorción óptica y por HRTEM. La concentración de los iones implantados y su distribución en profundidad al interior de
las muestras se determinó por medio de la retrodispersión de Rutherford. Los cambios observados en las propiedadesópticas de las muestras
se deben a las partı́culas met́alicas de tamãno nanoḿetrico formadas durante la implantación y los tratamientos térmicos. Las nanopartı́culas
met́alicas absorben fuertemente radiación a la longitud de onda correspondiente a la resonancia del plasmón de superficie (∼560 nm para
Cu,∼400 nm para Ag,∼520 nm para Au). Las atḿosferas reductora y oxidante afectan de manera diferente los mecanismos de nucleación
y de crecimiento de las nanopartı́culas de Cu, Ag y Au.

Descriptores:Nanopart́ıculas met́alicas; propiedadeśopticas; śılice; absorcíon óptica; implantacíon de iones.

PACS: 61.46.-w; 78.67.–n; 81.07.–b; 61.82.-d

1. Introduction
The exceptional properties of silica such as high transparency
in a wide spectral region (visible, UV, vacuum-UV) and low
conductivity, in combination with favorable mechanical char-
acteristics, have led to its widespread utilization in many
technological applications [1]. Hardness, fracture and cor-
rosion resistance originate from the strong covalent bond-
ing between Si and O atoms, while the transparency and the
low conductivity arise from the large energy gap (approxi-
mately 9 eV) from valence to conduction band. Recently,
metal ion implantation has been widely used to introduce for-
eign ions into pure bulk silica to produce metallic nanoparti-
cles, at the near-surface region of the samples, after an ad-
ditional thermal annealing [2-4]. Moreover, the composites
formed by metallic nanostructures embedded in glass matri-
ces exhibit large optical nonlinearities, as their high third-
order dielectric susceptibilityχ(3), and therefore these ma-

terials are particularly promising candidates for technologi-
cal applications in the fields of nonlinear integrated optics,
photonics and in all optical switching technology [2]. The
nonlinear optical properties depend on the size and shape
of the clusters, and on the interaction of the metallic clus-
ters with the host matrix. Because of the interest for opto-
electronic applications, most of the recent papers in litera-
ture deal with implantation of metals with very weak reac-
tivity, i.e. mainly copper, silver and gold, in silica [5-11].
These metallic nanoparticles can be synthesized within sil-
ica glasses by ion implantation followed by thermal anneal-
ing [2-5]. However, not only the implanted ions, but also the
defects generated during the implantation and the subsequent
heat treatment can modify the optical properties of the im-
planted silica. Therefore, it is also very important to assert
if the modification of the optical properties in silica is due
to defects or to the implanted ions [12]. The present work
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deals with the optical absorption of nanometer-sized metal-
lic nanoclusters formed into high-purity silica glass by ion
implantation and subsequent thermal treatments either in air
or in a hydrogen-rich atmosphere. The metallic nanoparti-
cles strongly absorb optical radiation at the surface plasmon
resonance wavelength (∼560 nm for Cu,∼400 nm for Ag,
∼520 nm for Au). Several features in the extinction spec-
tra significantly changed as the material evolved as a func-
tion of the annealing parameters (temperature, atmosphere).
The samples were mainly characterized by high-resolution
transmission electronic microscopy (HRTEM) and Ruther-
ford Backscattering Spectrometry (RBS).

2. Ion implantation and the creation of defects
in silica

It is well known that ion implantation is widely used in the
fabrication of devices with industrial applications because
the implanted species allow the modification of the physical
properties of the material [3,13,14]. High-energy positive-ion
implantation meets other attractive demands: deep level ion
implantation, 1-2µm in silica with MeV ions, three dimen-
sional modification of materials, good controllability of dop-
ing levels and spatial distribution of impurity [13,15]. Also,
ion bombardment induces complex microstructural changes,
such as point defects and amorphous regions, in the near-
surface region of a crystalline solid. Thus, the mechanisms
concerning damage production by ion implantation have been
a very attractive subject of study for many years. Defects
encountered in radiation or implantation damage studies are
characterized by their influence on the physical properties of
semiconductors, metals or oxides [16,17].

The presence of defects in fused silica, generated either
during fabrication or by external treatments, degrades its fea-
tures of transparency and low conductivity since the differ-
ence between the electronic states localized in defects is less
than the energy gap from valence to conduction band in pure
silica [18]. To our knowledge, little work has been done on
optical emission of ion-implanted silica in order to establish
the evolution of defects in ion-implanted silica after thermal
annealing [12]. Moreover, the OH content in SiO2 can affect
the formation of defects and/or the transformation of exist-
ing defect precursors in SiO2 [19]. It has been observed that
swift ions in SiO2 produce point defects, like E’ and B2 cen-
ters, generated by oxygen displacements [20]. An oxygen
vacancy can generate two kinds of defects depending on its
electronic charge: the E’ and B2 centers, which are consid-
ered the most typical defects in SiO2. The E’ and B2 centers
have well-known absorption bands at 214 and 248 nm, re-
spectively [12,20]. The paramagnetic characteristic of the E’
center, allows the use of Electron Paramagnetic Resonance
(EPR) analysis to study the E’ defects in ion-implanted sil-
ica [21,22].

3. Experimental
High-purity silica glass plates (16×16×1 mm3), with OH
content less than 1 ppm and impurity content less than

20 ppm (with no individual impurity content greater than
1 ppm), were implanted at room temperature with 2 MeV Cu,
Ag and Au ions at various fluences up to 6×1016 ions/cm2.
After implantation, all the samples were cut into identical
small pieces (5×8 mm2) and thermally annealed in either a
reducing (N2+H2) or an oxidizing (air) atmosphere at vari-
ous temperatures up to 1100◦C for 1 hour. The ion depth
distributions and fluences were determined by RBS measure-
ments using a 3 MeV4He+ beam. Ion implantation and
RBS analysis were performed at the 3 MV Tandem accelera-
tor (NEC 9SDH-2 Pelletron) facility at the Instituto de Fı́sica
(UNAM). HRTEM was performed using a JEOL JEM-2010F
FasTEM microscope operating at 200 kV (0.19 nm point-to-
point resolution) and equipped with a GATAN digital micro-
graph system for image acquisition (version 3.7.0). The sam-
ple preparation procedure includes mechanical polishing and
Ar+ ion beam milling from the glass substrate side to gener-
ate a cross-section sample. The final thickness of the sample
is <100 nm, to be transparent to the electron beam. High-
resolution images were obtained at the optimum focus condi-
tion (Scherzer condition) [23]. Also, nanoparticle image sim-
ulation was performed with the SIMULATEM software [24].
Optical absorption spectra were obtained at room tempera-
ture using a Perkin-Elmer 330 double-beam spectrophotome-
ter in the wavelength range 190-900 nm.

4. Results and discussion

The ion projected ranges (i.e., the mean value of the depth
at which the implanted atoms stop inside a solid matrix) of
2 MeV Au, Ag and Cu ions in silica are 0.5, 0.9 and 1.6µm,
respectively, as calculated by the SRIM-2003 code [25]. The
ion projected range depends on the type of ion, its energy
and on the host material, and their physical interaction re-
sults in the deposition of the ion energy into electronic pro-
cesses of ionization and excitation, and into atomic colli-
sional events [26]. Figure 1 shows the Monte Carlo SRIM
calculation of the ion depth distribution into the sample in the
case of 2 MeV Ag ions in silica. One can observe that the cal-
culated ion depth distribution is almost Gaussian with an ion
projected range of∼0.9 µm. Figure 1 also shows the depth
distribution of the vacancies created in the host material by
the ion implantation, corresponding to the region of the max-
imum rate of the collisional energy deposition (eV/nm), that
is, where the silica network is highly damaged [26]. It is im-
portant to notice that the maxima of these distributions are not
located at the same depth,i.e., the maximum of the damage
distribution is placed nearer to the sample surface in compar-
ison with the one corresponding to the ion depth profile. This
is a general behavior observed for any projectile-target com-
bination. The4He+ RBS measurements of the as-implanted
samples indicate that the Au, Ag and Cu depth profiles show
a near-Gaussian distribution and that the experimental values
for the ion projected ranges agree with the SRIM-2003 sim-
ulations. The property modifications of the host material due
to the ion implantation depend on the energy, fluence, cur-
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rent density of the implanted ions, as well as on the matrix
material itself.

According to our previous experience, nanoclusters may
get formed or not even during the implantation process de-
pending on the ion beam current and they may get formed
or modified by subsequent thermal treatments [5,6,27]. Fig-
ure 2 shows the optical absorption spectra of the silica sam-
ples implanted with 2 MeV Ag ions at three different flu-
ences, after the annealing at 900◦C in either a reducing or
an oxidizing environment. At this temperature occurs a sig-
nificant increase in the surface plasmon resonance intensity
compared with that observed at lower temperatures, in par-
ticular for the samples annealed in a reducing atmosphere.
The surface plasmon resonance associated with the forma-
tion of metallic Ag nanoparticles appears at around 400 nm
and increases with the ion fluence. It is clearly greater in
magnitude for the samples annealed at 900◦C in a reducing
environment in comparison with those annealed in air, for the
same fluence.

Our results suggest that the formation of Ag nanoclusters
is enhanced favorably by the annealing in the reducing

FIGURE 1. Calculated depth profile distribution of the 2 MeV Ag
ions implanted in silica (solid line) and the one corresponding to
the vacancies produced by the same ion implantation (dashed line).

FIGURE 2. Optical absorption spectra from 1 mm thick silica glass
plates implanted with 2 MeV Ag ions at various fluences and an-
nealed at 900◦C in either an oxidizing (solid line) or a reducing
atmosphere (dashed line).

atmosphere. We consider that the reducing atmosphere is
more favorable to the formation of larger Ag nanoclusters
because the presence of hydrogen atoms during the anneal-
ing allows the passivation of defects such as Si- or O- broken
bonds, which may act as nucleation centers for Ag nanoclus-
ter formation. Then, in the case of annealing in a reducing
atmosphere, the concentration of nucleation centers should
be lower compared with that expected in an oxidizing envi-
ronment. While the Ag nanoclusters can grow larger in a re-
ducing atmosphere, they could be smaller but numerous after
the annealing in air [5]. Therefore, the higher intensity in the
optical resonance peak of the samples annealed in a reducing
atmosphere compared to the ones annealed in air is due to
their larger cluster size and in some samples greater cluster
number. Also, it is important to take into account that the
mobility of Ag atoms in silica is very high [5,8], especially at
high temperatures, allowing the formation of larger Ag clus-
ters in the samples implanted with higher fluences. Then,
the increase in the absorption peak intensity with the anneal-
ing temperature is due to the increase in the volume fraction
of silver precipitates in the implanted samples. Also, a red-
shift is observed for increasing nanoparticle size and simul-
taneously a broadening of the resonance occurs, for a given
annealing atmosphere. On the other hand, not only particle
parameters such as size and shape influence the plasmon res-
onance energy, but also the refractive index of the surround-
ing medium. Increasing refractive index of the medium leads
to a red-shift of the resonance, and this red-shift is due to the
shielding of the surface charges by the polarization of the em-
bedding medium [14]. This effect must be studied in detail
and we will address this behavior in a future work.

Figure 3 shows the optical absorption spectra of the silica
samples implanted with 2 MeV Cu ions at 3×1016 Cu/cm2,
and the corresponding ones annealed at 900◦C in a reduc-
ing or an oxidizing atmosphere. In the case of metallic
Cu nanoparticles, the surface plasmon resonance appears at
∼560 nm, but it is clearly less intense than the Ag plasmon
resonance. Again, it seems that the annealing in a reduc-
ing atmosphere favors the formation of the Cu nanoparticles.
One can also observe, especially in the as-implanted sample,
the absorption band at 248 nm associated with the B2 cen-
ters. In the case of Au implantation, higher annealing tem-
peratures were required to induce the formation of the Au
nanoparticles. Figure 4 shows the optical absorption spec-
tra of the silica samples implanted with 2 MeV Au ions at
three different fluences, after the annealing at 1100◦C in ei-
ther a reducing or an oxidizing atmosphere. The surface plas-
mon resonance associated with the formation of metallic Au
nanoparticles appears at around 520 nm and increases with
the ion fluence. Our results indicate that for the same flu-
ence, the formation of larger Au nanoclusters is enhanced
favorably by the annealing in the oxidizing atmosphere. Ac-
cording to the previous discussion concerning the formation
of nucleation centers, in the case of annealing in a reducing
atmosphere the concentration of nucleation centers should be
lower compared with that expected in an oxidizing environ-
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ment. Therefore, due the low mobility of Au atoms in silica,
it is expected that Au nanoclusters will grow larger and nu-
merous in an oxidizing atmosphere, because in the case of
annealing in a reducing atmosphere the potential nucleation
centers are more isolated from each other.

Figure 5a shows a typical low magnification TEM micro-
graph from a cross-section view of a 2 MeV Ag-implanted
silica sample after an annealing in a reducing atmosphere.
This kind of micrographs allows us to study the poly-
dispersity of the nanoparticle sizes. For a fluence of
6×1016 ions/cm2 and after an annealing at 600◦C in a re-
ducing atmosphere, micrographs containing about 200 Ag
nanoparticles were analyzed and a narrow size distribution

FIGURE 3. Optical absorption spectra from 1 mm thick silica glass
plates implanted with 2 MeV Cu ions at a 6×1016 Cu/cm2 fluence
and annealed at 900◦C in either an oxidizing (solid line) or a re-
ducing atmosphere (dashed line). The spectrum corresponding to
the as-implanted sample is also included (dotted line).

FIGURE 4. Optical absorption spectra from 1 mm thick silica glass
plates implanted with 2 MeV Au ions at various fluences and an-
nealed at 1100◦C in either an oxidizing (solid line) or a reducing
atmosphere (dashed line).

FIGURE 5. TEM micrographs from a cross-section view of a
6×1016 Ag/cm2-implanted sample after an annealing at 600◦C in
a reducing atmosphere: a) low magnification image; b) HRTEM
image of a∼4 nm diameter Ag nanoparticle and its corresponding
Fast Fourier Transform.

with an average size of 5.9±1.0 nm was obtained. The crys-
talline nature of these nanoparticles was studied by high-
resolution TEM. Figure 5b shows a typical HRTEM image
of a∼4 nm diameter Ag nanoparticle presenting atomic res-
olution and in the inset is shown the Fast Fourier Transform
(FFT), calculated using a Gatan Digital Micrograph software.
The measured interplanar distances d1 = 2.05Å, d2 = 2.30Å
and d3 = 2.34Å are very close to the planes d002 = 2.030Å
and d111 = 2.36 Å, which correspond to crystallographic
planes that should be observed in fcc Ag crystals in [110]
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FIGURE 6. HRTEM micrograph of a truncated decahedra shape
corresponding to a 5 nm diameter Ag nanoparticle from a 6×1016

Ag/cm2-implanted sample after an annealing at 600◦C in a reduc-
ing atmosphere: a) original HRTEM image; b) its corresponding
Fast Fourier Transform; c) model used in the simulation; d) sim-
ulated HRTEM micrograph obtained using the multislice method.

zone axis orientation. A majority of the particles were
found to have well defined polyhedral shapes. Besides single
crystalline particles (fcc Ag nanoparticles and cuboctahedral
shapes), non-crystalline structures such as truncated decahe-
dra shapes were observed. Figure 6 shows an example of a
∼5 nm diameter Ag nanoparticle with a truncated decahedral
shape, together with its FFT image, the model used and the
simulated HRTEM micrograph.

In the case of Cu-implanted silica we have obtained by
HRTEM not only direct evidence for the formation of metal-
lic Cu nanoparticles, but also for the existence of copper ox-
ide nanoparticles in the samples, especially in the ones an-
nealed in air [27]. This result was also confirmed by X-ray
photoelectron spectroscopy (XPS) studies [27]. The size dis-
tribution of the metallic Cu nanoparticles was estimated to be
about 4.5±0.85 nm for the samples annealed in the reducing
atmosphere, and 3.5±1.4 nm for those annealed in the oxidiz-
ing atmosphere. Thus, smaller nanoparticles and narrow size

distributions are obtained after the annealing in a reducing
atmosphere. On the other hand, the Cu nanoparticles exhibit
also well defined polyhedral shapes, such as cuboctahedral
and pyramidal structures. These results will be discussed in
detail in a forthcoming paper.

5. Conclusions

The synthesis of metallic nanoparticles in silica by MeV ion
implantation using the IFUNAM’s Pelletron accelerator was
described. 2 MeV Cu, Ag and Au ions were implanted in
fused silica glasses with different fluences and annealed be-
tween 300 and 1100◦C to study the effect of thermal treat-
ments on the nanoparticles formation. We have determined
a correlation between the experimental parameters (fluence,
annealing temperature, reducing or oxidizing atmospheres)
and the intensity of the surface plasmon resonance of the
metallic nanoparticles. It seems that a thermal treatment
in a reducing atmosphere has several advantages compared
with an oxidizing one, especially in the case of Ag- and Cu-
implanted silica. Narrower size distributions are obtained
with the reducing atmosphere annealing, and this seems to
be related with the diffusion of hydrogen, which interacts
with the ion-beam induced defects, avoiding then their an-
nihilation during the heating process and therefore creating
nucleation centers that allow the growth of more monodis-
perse nanocluster distributions. On the other hand, in the
case of Cu-implanted silica, besides the formation of metal-
lic Cu nanoparticles, copper oxides nanoparticles were also
observed. Finally, HRTEM images revealed the existence of
metallic nanoparticles with well defined polyhedral shapes.
Further studies are in progress in order to determine not only
the actual size distribution of the different nanoparticles, but
also the shape distribution, because these two characteristics
are fundamental for the potential technological applications.
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