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Abstract

Formation of elemental ultrafine particles in silica glass has been discussed.

The transport process of

implanted ions in matrix glass during ion implantation is an important factor for the formation of the particles.

In addition, the formation of particles of a gold-copper alloy has been studied.

Competition between the

collision process and precipitation process determines the resultant particle size.

I. Introduction

Glasses doped with semiconductor or metal
ultrafine particles show high refractive index,"”
optical nonlinearity,” and light emission,” and
are attractive candidates for utilization in
optical devices. For the production of these
glasses, it is required to disperse a large
amount of ultrafine particles in glasses. An ion
implantation method is suitable for this
purpose, since this method is free from
solubility restrictions. In addition, this method
has many advantages for the production of
optical devices, owing to the easy
controllability of ion beam position® and the
exact controllability of dopant concentration.
In order to synthesize the glasses dispersed
with ultrafine particles by ion implantation, it
is important to study the formation process of
particles and to study the structure of particles.
In this paper, the formation of elemental and
metallic alloy ultrafine particles in silica glass
has been discussed.

II. Formation of ultrafine particles
Formation of elemental ultrafine particles
such as Au,” Ag,” Cu,” etc. has been observed
in oxide glasses. As to the formation of
elemental ultrafine particles in silica glass,
Hosono et al.® has proposed a simple criterion;
ultrafine particle formation occurs when the
free energy of oxide formation of implants is
greater than that of silica at 3000K. It has been
shown, however, that the particles are not
formed at low local concentration. For example,
Perez et al. have shown that implanted iron
atoms are mainly in ionic states at low dose and

in metallic state at high dose.” In addition, it
has been shown that implanted Cu atoms are in
ionic state in silica glass implanted at a dose of
1x10" jons/cm? and an acceleration energy of
2MeV," although Cu ultrafine particles are
formed in silica glass by 160 keV ion
implantation at a dose less than 1x10"
ions/cm”.” The increase in acceleration energy
leads to an increase in the width of the
concentration profile of implanted ions along
the depth, that is, the decrease in average
concentration of implanted ions. Figure 1
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Fig.1  The depth profile of Ag atomic concentration
and Auger parameter of Ag atoms in the
1.5MeV 1x10" Agrions/cm*implanted silica

glass.
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shows the Auger parameter and concentration
of silver atoms against depth obtained by the
XPS measurement in 1.5MeV 1x10"”
Agrions/cm’-implanted silica glass.'”  This
glass did not show the plasmon absorption due
to Ag ultrafine metallic particles, although the
absorption has been observed in the glass
implanted with Ag* ions at an acceleration
energy of the order of 100keV.'» Figure |
indicates that the chemical state of implanted
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Fig.2  Chemical shifts of (a) Al Ka X-rays in

200keV Al*-ion implanted silica glasses and
(b) Si Ko X-rays in 200 keV Si*-ion
implanted alumina, before and after heat
treatment. Circles, triangles and squares
represent as-implanted samples, samples
heated at 760°C and samples heated up to
920°C.

Ag atoms depends on the local concentration
in the glass. Therefore, it is deduced from
these findings that the chemical state of
implanted ions depends on the local
concentration of implanted atoms.

The chemical shifts of AlKa X-rays in 200keV
Al-ion implanted silica glass and SiKo X-rays
in 200keV Si*-ion implanted alumina'® are
shown in Fig.2. It can be seen that the
chemical state of Si atoms in alumina depends
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Optical absorption spectra of (a) Au*-ion
implanted silica glasses and (b) (Cu*+Au-)-
ions implanted silica glasses. Solid and
dotted lines in (a) represent as-implanted
glass and glass heated at 1000°C for 8h,
respectively. Solid, dotted, dashed and dash-
dotted lines in (b) represent glass with no
heat-treatment, glass heat-treated only before
Cur-ion implantation, glass heat-treated only
after Cu*-ion implantation and glass heat-
treated before and after Cu*-ion implantation.
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on the doses and the subsequent heat treatment
in an argon gas atmosphere, while that of Al
atoms in silica is independent of the doses and
the heat treatment. From the viewpoint of
formation energy, it is expected that Al atoms
should form AlLO: in the glass and Si atoms
should form elemental silicon in alumina. The
result of this experiment shows that the
chemical state of implanted atoms is controlled
by the transport process of implanted atoms,
although the chemical state tends to obey the
thermodynamic stability. Therefore, it is
deduced that the dependence of particle
formation on local concentration is due to the
transport process of implanted atoms. As to the
precipitation of crystals from solution, it is known
that the nucleation rate is proportional to exp
[-C/(In a )*], where «. is the supersaturation
ratio and C is the factor which depends on
temperature and surface tension."” Furthermore,
the growth rate is proportional to (n-(0)-
nmi)/(no-ni) and diffusion coefficient, where no,
n: and ne represent the concent-rations of the
solute atoms in the precipitate, in the solution
which is in equilibrium with the precipitate
and in the solution far away from the
precipitate, respectively.'® Accordingly, the
nucleation rate and the growth rate increase
with an increase in the local concentration of
implanted atoms. Therefore, ion implantation
at high dose and low acceleration energy is
suitable for the formation of metallic particles
in silica glass.

II1. Structure of gold particles in silica glass

Gold particles were formed in silica glasses
implanted with 1.5MeV Au* ions, as depicted
in the optical absorption spectra in Fig.3.
Absorbance of a plasmon band at about 530nm
due to Au ultrafine particles increases
parabolically with an increase in doses from
1x10% to 1x10" ions/cm>'® This is due to the
increase in local concentration, as mentioned
above. In the glass implanted with 1x10"
Autions/cm?, Au atoms form gold ultrafine
particles whose average coordination number
is about 4, according to the extended x-ray
absorption fine structure (EXAFS) spectro-
scopic measurements.'” It is known that the
interatomic distance between the nearest
neighbors in ultrafine metallic particles
decreases with decreasing particle size."® In the
gold ultrafine particles within silica glass, the
Au-Au bond distance is shorter than that in
bulk gold by 0.05 A. The reduction of the bond

length in the gold ultrafine particles within
silica glass is less than that within a Mylar film
in the previous study.'™ This difference is
probably caused by the chemical interaction
between gold atoms and matrix silica glass.
In fact, it was found that the gold atoms form
Au-O bonds at the surface of gold ultrafine
particles.'”

Gold ultrafine particles grew after heat
treatment, as shown in Fig.3. Since the growth
rate 1s proportional to (heating time)'”, it is
deduced that gold particles grow through the
Ostwald ripening mechanism.? The well-
grown particles in the glass after heating at
1000°C for 36h have an fcc structure as bulk
gold, according to an x-ray diffraction study.'”
The coordination number and the bond length
in the particles are the same as that in bulk
gold, according to an EXAFS study.”” The
particles are highly defective and include a few
layers of plane faults, probably due to the
mismatch of thermal expansion coefficient
between gold particles and matrix silica glass.

IV. Formation of gold-copper alloys

Next to the formation of elemental ultrafine
particles, it is interesting to form the ultrafine
particles of compounds by the co-implantation
technique. Since it is known that gold and
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Fig4  Magnitude of fourier-transform in the (Cur-
Au*)-ions implanted silica glass. (a); Cu
metal, (b); glass heat-treated before and after
Cu*-ion implantation,(c); glass heat-treated
only after Cu*-ion implantation, (d); glass
heat-treated only before Cu*-ion implantation,
and (e); glass with no heat-treatment.
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copper metals form gold-copper solid solution
and gold-copper intermetallic compounds in
all the compositional region, co-implantation
of Au* and Cu* ions 1s a simple and good
example for the formation of compounds in
glass. The optical absorption spectra of 1x10"
1.5MeVAu’ ions/cm*-implanted silica glass
and 1x10'" 0.5MeVCu* ions/cm? + 1x10"
1.5MeVAu* ions/cm*implanted silica glass is
shown in Fig.3. Au* and Cu* ions were located
at 0.38um and 0.34pum in depth with
distribution widths of 0.16um and 0.19um,
respectively, according to the TRIM code
simulation. Although Au*-ion implanted glass
followed by heat treatment at 1000°C for 8h in
air showed a distinct absorption band at about
530 nm, the subsequent Cu*-ion implantation
into this glass decreased the intensity of the
band at 530 nm drastically. The absorption
band at 530 nm in the co-implanted glass which
was heat-treated before Cu*-ion implantation
was as small as that in the co-implanted glass
which was not heat-treated before Cu*-ion
implantation.

Figure 4 shows the magnitude of fourier
transform (k=3.5-9 A", k is the wavevector) of
the k’>-weighed EXAFS function of the glasses
obtained from x-ray absorption spectra around
the Cu K edge. This measurement was carried
out by the fluorescence mode with a Lytle
detector equipped with a Ni filter at room
temperature at the Photon factory BL-12C. In
addition, the x-ray absorption spectra were
measured on Cu metal by the transmittance
mode, for comparison. The k dependence of
phase shifts and backscattering amplitude was
ignored in the fourier-transformation. It can
be seen that the implanted Cu atoms mainly
form Cu-O bonds and scarcely form Cu-Cu or
Cu-Au bonds in the Au*-ion implanted glasses
followed by Cu*-ion implantation. This implies
that the decrease in the absorption band at 530 nm
by the subsequent Cu*-ion implantation in the
heat-treated glass is not due to the formation of
Cu-Au metallic alloy particles. Therefore, the
decrease in the absorption band means a decrease
in size of gold particles. It was deduced that
the collision process partially destroys the
well-grown Au ultrafine particles. On the other
hand, the absorption band in the glass with no
heat-treatment did not disappear by the
subsequent Cu*-ion implantation. This implies
that there is a counter-effect to the decrease in
particle size. As mentioned above, the
transport process plays an important role for

the formation of the particles during ion
implantation. The counter-effect is enhancement
of precipitation through the increase in total
dose and the ion-beam heating. The particle
size depends on the competition of these
opposite effects during ion implantation.

The fourier-transform magnitude curves of
the co-implanted glasses showed peaks due to
Cu-Cu bonds and Cu-Au bonds after heating at
900°C for 30 min , indicating that the particles
of Au-Cu metallic alloys are partially formed
in the glass. The optical absorption spectra of
the co-implanted glass after heating showed a
broad band at about 565 nm. The peak
wavelength of this band is longer by 45 nm
than that of the band observed in the Au*-ion
implanted glass followed by heat-treatment
and is shorter by 5 nm than that of the band
observed in the Cu*-ion-implanted glass
followed by heat-treatment. This is due to the
formation of alloy particles and the dissolution
of Cu ions in silica glass, as explained below.
The optical absorption coefficient of the
plasmon peak is expressed by eq.(1)*"

w 2
a =p’75|f,| €.

(1),
: e,
f'(w)_e,ﬂ((u)+2€,,

where en( w)= ew’+1 en”, complex and
frequency dependent, is the dielectric constant
of the metallic particles and eq, real, is that of
matrix glass. The symbols « ,p,w,n,c, and fi
represent the absorption coefficient of the
sample, the volume fraction of the particles,
the angular frequency, the refractive index of
the matrix glass, the velocity of light and the
local field factor, respectively. Since eq.(1)
shows that the plasmon band has a peak at ew’
=-2 €4, the peak wavelength of the band
depends on the dielectric constants of the
matrix and the particles. The real part of
dielectric constant of the particles in the free-
electron region is expressed by eq.(2).2"
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T THwiz @,
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where w, and 7 is the plasma frequency
and relaxation time, respectively. It is
possible that the addition of copper atoms in
gold particles as impurities decreases the
relaxation time, resulting in an increase in €’
according to eq.(2). Eq.(2) also shows that en’
is higher, as the wavelength is shorter. The
condition em’=-2 €4 is held at longer wavelengths

—217—



Journal of Surface Analysis, Vol. 4, No. 2(1998), Kohei Fukumi et al., Forrnation of Metallic Ultrafine Particles in Silica Glass by lon...

for the gold particles including copper atoms
than pure gold particles. That is, the plasmon
band of the gold particles including copper
atoms is longer in wavelength than that of pure
gold particles. Furthermore, it has been shown
that the plasmon band due to the particles of
Ag-Au alloy is located between the bands due
to Au particles and Ag particles.”® As an
analogy of Ag-Au alloy, it is expected that the
plasmon band due to the particles of Au-Cu
alloy is located between the bands due to Au
particles and Cu particles. On the other hand, it
is expected from the refractive index of Cu.0*
that the formation of Cu-O bonds in the glass
increases the refractive index of the matrix
glass. Since en’ decreases with an increase in
wavelength, as mentioned above, the increase
in e leads to the shift of the plasmon band
toward longer wavelength.

Third order nonlinear susceptibility y*was
measured by a degenerated four-wave mixing
method at room temperature.In this measure-
ment, a frequency-doubled Q-switched
Nd:YAG laser provided 44 ps pulses with an
energy of about 16 MW/cm® and 8ns pulses
with an energy of 1.7 MW/cm*® at a wavelength
of 532 nm. Configuration of the measurement
has been described elsewhere.”” The value of
y " for 8 ns and 44 ps pulses was about 8x10*
esu and 2x10*esu, respectively, in the co-
implanted glass after heat-treatment.

V. Conclusions

The formation of ultrafine particles is
controlled by the transport process of
implanted atoms in matrix, although it tends to
obey the thermodynamic stability. Ultrafine
particles of copper-gold alloy were formed in
silica glass by co-implantation of Au* and Cu*
ions. It was deduced that competition between
the collision process and precipitation process
determines the resultant particle size. The peak
wavelength of plasmon band in the co-
implanted glasses was longer than that in Au*-
ion implanted glass, after heat-treatment,
probably due to the dissolution of Cu* ions in
silica matrix and the formation of Cu-Au alloy.
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