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Abstract—Metal-nanoparticle-containing composite layers were synthesized by implantation of 60 keV Ag+

ions into a soda-lime silicate glass to a dose of 3 × 1016 ion/cm2 at an ion beam current density of 3 µA/cm2 and
a substrate temperature of 35°C. The results of implantation depend on the temperature effects developed in the
glass targets of various thicknesses. Data on the silver distribution profile and the nucleation and growth of
metal nanoparticles in depth of the implanted layers were obtained from the optical reflection spectra. It is
demonstrated that even small variations in the surface temperature of the ion-bombarded glass substrate lead to
significant changes in the conditions of nanoparticle formation in the sample. © 2001 MAIK “Nauka/Interpe-
riodica”.
Ion implantation is one of the most effective and
technological methods available for the synthesis of
nanoparticles in solids [1]. For example, silicate glasses
containing nanoparticles of Ag, Au, or Cu can be used
for solving the tasks of nonlinear optics [2, 3], layers
containing Fe clusters can be employed in magnetic
data storage elements [4], and silicon dioxide films
with Sn or Sb nanoinclusions on silicon substrates can
serve a base for combined optoelectronic devices [5].
The main advantage of ion implantation in the synthe-
sis of composite materials is the possibility of filling the
implanted layer with atoms of almost any metal at an
amount above the equilibrium solubility limit.

Despite obviously good prospects, the synthesis of
metal nanoparticles in insulating matrices by the ion
implantation technique is a complicated process
depending on a large number of factors. One of the
main features in the ion implantation process is a statis-
tical scatter in the penetration depth of implanted ions
and, hence, an inhomogeneous distribution of the con-
centration of impurity atoms in the subsurface layer of
the ion-irradiated target. This results in that the nano-
particles formed are characterized by a size distribution
both in the lateral direction (parallel to the target sur-
face) and in depth of the ion-implanted material [1, 6].
However, the conditions of formation of the implanted
metal nanoparticles can be changed by varying param-
eters of the ion implantation process.

It is well known that the temperature of an ion-bom-
barded substrate is one of the most important factors
affecting the implanted impurity distribution (depth–
1063-7850/01/2707- $21.00 © 20554
concentration profile) in the target. Unfortunately, this
parameter is frequently not controlled in the course of
the ion implantation process, although an increase in
the substrate temperature by only a few dozen degrees
may lead to intensive thermostimulated diffusion of the
impurity in depth of the target, thus reducing the local
concentration of metal atoms in a glass substrate [7]. In
practice, a preset substrate temperature is usually main-
tained by forced cooling of the target holder. However,
this approach is insufficiently effective in the case of
insulators, which typically possess low thermal con-
ductivities. This circumstance increases the role of the
thickness of dielectric substrates as a factor determin-
ing the target surface temperature during the ion
implantation and, hence, influencing the synthesis of
nanoparticles. The purpose of this study was to experi-
mentally verify this assumption in the case of Ag nano-
particles formed by silver ion implantation into a soda-
lime silicate (SLS) glass.

A composite material was based on an SLS glass
(Societa Italiana Vetro company, Italy) representing a
homogeneous mixture of the chemical components:
70% SiO2, 20% Na2O, 10% CaO. The SLS glass was
characterized by an optical transmission of ~90% in the
350–900 nm range. The samples were prepared in the
form of plane-parallel plates with lateral dimensions
1.5 × 1.5 cm and two thicknesses: 0.15 mm (thin sam-
ples) and 3.1 mm (thick samples). These glass sub-
strates were implanted with 60 keV 107Ag+ ions at an
ion beam current of 3 µA/cm2 to a dose of 3 ×
1016 ion/cm2; all samples were processed under identi-
001 MAIK “Nauka/Interperiodica”
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cal conditions on a Whickman implanter system in a
vacuum of 10–5 Torr. The glass substrates were fixed
with a heat-conducting glue on a massive metal plate.
The temperature of this target holder could be moni-
tored and stabilized by a system including a resistive
heater and a gas cooler. During the implantation pro-
cess, the target holder temperature was maintained
at 35°C.

The ion-implanted samples with inhomogeneous dis-
tribution of metal nanoparticles in depth of the material
were analyzed by a method described previously [6],
based on the light reflection measurements from both
the front (ion-irradiated) and the rear (unirradiated) sur-
face of a glass target. The reflection and transmission
spectra of the samples were measured at room temper-
ature using a single-beam fiber spectrometer of the
Monolight type. The spectra were measured in the
range from 350 to 800 nm at a 90° angle of the probing
beam incidence on the sample surface. The intensities
of reflection spectra were corrected for the signal atten-
uation depending on the sample thickness.

An increase in the concentration of Ag atoms in the
glass above the solubility limit leads to the nucleation
of metal nanoparticles. Assuming that the nanoparticle
growth results from the sequential attachment of Ag0

atoms formed upon the neutralization of Ag+ ions, we
may suggest that the growth of nanoparticles is con-
trolled simultaneously by the diffusion coefficient and
the local concentration of silver atoms. If the mobility
of Ag0 in the glass matrix is low, the growth will pro-
ceed mostly at the expense of incorporated Ag+ ions
(the nanoparticle growth under limited diffusion condi-
tions [8]). Since an increase in the absolute concentra-
tion of metal ions in the implanted layer is described by
the depth–concentration profile depending on the irra-
diation time (or on the accumulated ion dose), the pro-
cess of nucleation and growth of metal nanoparticles is
also time-dependent.

Evidently, the size of metal particles formed at a cer-
tain depth is proportional to the factor of glass matrix
filling with metal at the same depth and, hence, is also
determined by the depth–concentration profile of
implanted ions. According to the theoretical profiles of
Ag distribution in SLS glass, which were calculated
with an allowance for the sputtering effects but with
neglect of the diffusion mobility, the Ag concentration
exhibits a maximum at the target surface and then
monotonically decreases in depth of the sample [9].
Therefore, the largest Ag nanoparticles also form at the
target surface and a decrease in the implanted ion con-
centration with depth must be accompanied by a drop
in the particle size, which was confirmed by the elec-
tron-microscopic observations in the cross sections of
metal-implanted glass samples [3, 10].

The experimental reflection and transmission spec-
tra of SLS samples of different thickness implanted
with Ag+ ions are presented in the figure. The broad
selective spectral bands observed in the visible spectral
TECHNICAL PHYSICS LETTERS      Vol. 27      No. 7      200
range are related to the formation of Ag nanoparticles
in the glass matrix and explained by the phenomenon of
plasma polariton resonance [6, 11]. The transmission
spectra measured from both the ion-irradiated and unir-
radiated sides of the substrate are identical. As is seen,
there is no visible distinctions between the absorption
bands at 425 nm (corresponding to the optical reso-
nance of Ag nanoparticles) in the spectra of thick and
thin samples. A small difference in the long-wavelength
part of the spectrum was due to the intrinsic absorption
spectrum of SLS glass, which was manifested because
the transmission measurements were performed with-
out compensation for the sample thickness.

As was demonstrated previously [6], the optical
transmission spectra do not reflect the character of dis-
tribution of the impurity nanoparticles in depth of the
implanted samples. We will compare the samples based
on their reflection spectra. If a sample features inhomo-
geneous distribution of the nanoparticle size with
depth, this unavoidably leads to variation in the light
absorption and reflection conditions in the layers con-
taining particles of different size and must be mani-
fested by a difference in the shape of reflection spectra

24

20

16

12

8

400 500 600 700 800
100

80

60

40
(b)

R, %

λ , nm

T, %

I

II

24

20

16

12

8

80

60

40

(a)

I

II

Experimental optical spectra of reflection R and transmis-
sion T for the Ag+-ion implanted soda-lime glass samples
with a thickness of (a) 0.15 mm and (b) 3.1 mm measured
from the (I) ion-irradiated and (II) unirradiated side.
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measured from the ion-irradiated and unirradiated sides
of the glass substrate. Indeed, this difference is clearly
observed for the reflection spectra of a thick sample
presented in panel (b) of the figure. According to these,
the reflection spectrum measured from the ion-irradi-
ated side exhibits a broad intense band with a maxi-
mum at 460 nm, whereas the spectrum measured from
the opposite side displays a much less intense band
peaked at a wavelength of 485 nm. This difference is
explained [6] by dissimilar distribution of meal nano-
particles in depth of the sample, whereby greater parti-
cles are located at the ion-irradiated surface while the
smaller species are incorporated deeper into the sam-
ple. This situation is typical and was frequently
observed in ion-implanted glasses [10, 12].

A somewhat different situation is observed in the
spectra of thin sample presented in panel (a) of the fig-
ure. Here, the reflection spectra measured from both the
ion-irradiated and unirradiated sides of the glass sub-
strate are almost identical with respect to both intensity
and position of the absorption peak (475 nm) and the
shape (spectral intensity distribution). This similarity is
indicative of a uniform distribution (symmetric profile)
of Ag nanoparticles in depth of the implanted layer.

Apparently, the difference observed between the
spectra of thin and thick samples implanted under iden-
tical conditions can be attributed to a difference in the
temperature gradient developed in the subsurface lay-
ers of two glass targets heated by the ion beam. Since
the surface temperature of a thick sample must be
higher (because of the hindered heat removal) than that
of a thin one, the implanted atoms in the former case
would possess a higher mobility and more readily dif-
fuse from the surface inward the sample. This leads to
a more uneven accumulation of impurity in the
implanted layer and, eventually, to the formation of an
inhomogeneous particle depth–concentration profile.
In a thin sample, featuring a lower temperature gradient
between the ion-irradiated surface and the unirradiated
surface contacting with the cooled plate, the target sur-
face is not subject to overheating—a factor stimulating
redistribution of silver nanoparticles in depth of the
implanted layer.

Thus, we have experimentally established the effect
of the surface temperature of a soda-lime glass target on
the final distribution of implanted silver. It was demon-
strated that the effect is more significant for thick sam-
ples, where a greater temperature difference between
the ion-irradiated and cooled sample surfaces can be
T

expected. Such temperature gradients lead to an inho-
mogeneous depth–concentration profile of impurity in
the target and, eventually, to an inhomogeneous nano-
particle size distribution in depth of the sample.
Although the difference in the thickness of glass sub-
strates used in our experiments was very small (below
two millimeters), the spectral characteristics of ion-
implanted samples were significantly different. This
fact suggests that the optical spectra can be used in
practice for monitoring the fabrication of optical
devices.
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