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Abstract—The effect of the ion beam current density, varied within 4-15 pA/cm?, on the formation of metal
nanoparticles in asubsurface layer of SiO, substrates implanted with 30-keV Ag* ionsto adose of 5 x 10'® cm™
was studied by optical spectroscopy and atomic force microscopy techniques. An increasein theion beam cur-
rent density leadsto the formation of nanoparticles of agreater size asaresult of the glass substrate heating and
due to an increase in the diffusion mobility of implanted silver atoms. These results suggest the possibility of
controlling the dimensions of implanted nanoparticles in dielectrics by means of variation of the ion beam cur-

rent density during the process. © 2003 MAIK “ Nauka/Interperiodica” .

lonimplantation isatechnologically convenient and
effective method for introducing impurities into solids,
in particular, for the obtaining of composite materials
based on dielectrics containing dispersed metal nano-
particles[1]. Such compositesare promising materials
for ultrafast-response nonlinear optical devices deal-
ing, for example, with pico- and femtosecond laser
pulses [2, 3]. The synthesis of nanoparticles in dielec-
trics by ion implantation is a complicated process
depending on a large number of factors, including ion
energy, dose, type, and the dielectric matrix [4].
Recently, we have demonstrated that substrate temper-
ature isan important factor influencing the sizeand dis-
tribution of nanoparticles [5-8].

This study was aimed at determining the influence
of another implantation parameter—the ion beam cur-
rent density—on the formation of nanoparticles.

The substrates for the obtaining of composites were
made of asilicate glass (SIO,, Heraeus). The glass sub-
strates were implanted with 30-keV Ag* ionsto a dose
of 5x 10 cm, at anion beam current density variable
from 4 to 15 pA/cm?. The process was conducted in a
vacuum of 10~ Torr using an ILU-3 implanter system.
At the beginning of ion bombardment, the substrates
occurred at room temperature.

The optical properties of the metal-implanted com-
posite material (Ag:SIO,) were studied by absorption
spectroscopy. The measurements were performed on a
Perkin-Elmer Lambda 19 spectrophotometer. The sur-
face morphology of ion-implanted glasses was studied
on a Dimension 3000 scanning probe microscope
(National Instruments) operating in the atomic force
microscopy (AFM) regime in the tapping mode.

Figure 1 shows the optical transmission spectra of
synthesized Ag:SiO, composite layers. As can be seen
from these spectra, the samples exhibit selective
absorption in the visible spectral range, which isindic-
ative of the formation of silver nanoparticles in the
glass matrix and is explained by the plasma polariton
resonance of these nanoparticles [9]. The spectra are
typical of the silver nanoparticles in a SO, matrix,
while a shift of the resonance absorption band toward
long-wavelength spectral region with increasing ion
beam current density can berelated to an increasein the
nanoparticle size and in the efficiency of aggregation of
the implanted silver atoms[9].
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Fig. 1. The optical absorption spectra of SiO, implanted
with 30-keV Ag* ions at various ion beam current densities
(MA/cmA): (1) 4; (2) 8; (3) 12; (4) 15.
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Fig. 2. AFM images of the surface of SiO, substrates implanted with 30-keV Ag* ions at various ion beam current densities

(uA/cmz): (a 4; (b) 8; (c) 12; (d) 15.

Previously [10], the depth—concentration profiles of
implanted silver were computer-simulated using a
DYNA algorithm. The results showed that prolonged
ion irradiation (to adose of >10% cm) leads to a shift
of the maximum in the implanted silver concentration
profile toward the SiO, surface (to a depth of ~10 nm),
with a monotonic decrease of the metal concentration
in depth of the sample. The effective accumulation of
silver atomsto alevel exceeding the solubility limit for
this metal favors intensive nucleation and growth of
nanoparticles immediately at the glass surface. It
should be also noted that an important factor in the case
of high-dose implantation is the effect of surface sput-
tering. Estimates show that, in the ion bombardment
regime employed, the thickness of a sputtered glass
layer amounts to severa tens of nanometers[1]. Under
these conditions, we may expect that metal nanoparti-
cles can be exposed on the dielectric surface. Indeed, it
was demonstrated that, during the high-dose implanta-
tion of low-energy (<60 keV) Fe" ionsinto SIO, [11],
Ag'ions into Ta,0s, SIO,, SizN, [12, 13], and soda
lime silicate glass [14], and Cu?* ions into Al,O5 [15],
the formation of metal nanoparticlesisaccompanied by
the appearance of hemispherical protrusions on the
dielectric surface.

Figure 2 presents the AFM images of the SIO, sur-
face after implantation with Ag* ions at various ion
beam currents. In contrast to a smooth surface of the
initial glass, the morphology of ion-implanted samples
is characterized by the presence of hemispherical pro-
trusions reflecting the “emergence” of spherical nano-
particles to the surface as a result of glass sputtering.
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This phenomenon providesfor a methodological possi-
bility of qualitatively estimating the dimensions of larg-
est nanoparticles synthesized in the subsurface layer.
As can be seen from Fig. 2, thereis aclear tendency of
the size of hemispheres to increase in the glasses
implanted at a higher ion beam current density. A com-
parison of the results presented in Figs. 1 and 2 shows
that an increase in the ion beam current density is
accompanied by a correlated variation of the optical
absorption spectrum (growth of the absorption intensity
and shift of the peak toward long-wavelength region)
and the AFM images (increase in the size of protrusions
indicative of coarsening of the nanoparticles).

The most probable factor responsible for the growth
of silver nanoparticles in the samples studied is the
increase in the glass substrate temperature during ion
implantation. Previously [6], we experimentally dem-
onstrated that the implantation of 60-keV Ag*ionsto a
dose of 4 x 10% cm at arelatively low ion beam cur-
rent density (3 pA/cm?) into silicate glasses maintained
at 20 or 60°C leads to the formation of greater particles
in the substrates heated to the higher temperature. The
results of theoretical modeling [8] indicate that, as the
temperature of an ion-irradiated glass matrix increases
from 20 to 100°C, the coefficient of silver diffusion in
the glass grows by at least three orders in magnitude.

The whole process of nanoparticle synthesis by ion
implantation can be divided into several stages, includ-
ing incorporation of accelerated ions, diffusion, nucle-
ation, and growth. In our experiments, all samples prior
to the implantation occurred under equal conditions at
room temperature. Different values of the ion beam
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current density imply adifferencein the number of ions
supplied to the target and in the energy flux that is con-
verted into heat. Thus, both the rate of substrate heating
(i.e., the temperature gradient) and the temperature of
glass are obviously higher under the conditions of
greater ion current density. According to our estimates,
an increase in the ion beam current density from 4 to
15 pA/cm? may increase the temperature of the sample
surface layer up to 80—100°C. Comparing these esti-
mates to the results obtained in [6, 8], we may ascertain
that temperature-enhanced (thermostimulated) diffu-
sion of metal in the glass takes place under the condi-
tions of implantation at elevated ion beam current den-
sities.

According to this, the higher temperature of the
glass matrix and the greater temperature gradient in this
matrix increase the diffusion mobility of silver atoms,
thus leading to their effective sink to the nuclei and,
hence, to coarsening of the nanoparticles (diffusion
growth). As aresult, a smaller proportion of implanted
silver atomsin the “hot” matrix (in comparison to that
in the “cold” samples) remain unattached to nanoparti-
cles and stay dispersed in the implanted layer. In addi-
tion, heating creates conditions for the coarsening of
nanoparticles due to the Ostwald maturation mecha-
nism, whereby smaller nuclei (possessing lower melt-
ing temperatures) dissociate into atoms and this mate-
rial is spent for the growth of other nanoparticles, this
also resulting in a decrease in their total number.
Apparently, under the implantation conditions studied
in our experiments, the substrate temperature not yet
reaches alevel at which there arises an effective diffu-
sion flow of incorporated atoms from the implanted
subsurface layer to deeper layers.

In conclusion, we have established that using higher
ion beam current densities during Ag* ion implantation
into glass leads to the formation of metal nanoparticles
of greater dimensions and even to their aggregation,
probably as a result of the substrate heating and an
increasein the diffusion mobility of incorporated silver
atoms. This effect suggests the possibility of obtaining
composite materials with the metal nanoparticlesizein
the subsurface layer controlled by variation of the ion
beam current density during implantation.
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