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Abstract. We propose a method to synthesize oxide nanoparticles in insulators by oxidizing
metal nanoparticles which introduces less damage comparing with commonly used sequential
implantation of metal ions and oxygen ions. Nanoparticles of Ni and Cu were fabricated in SiO2
by the negative ion implantation, and were oxidized in O2 gas flow at 600  1000 °C for 1 hr. The
oxidized nanoparticles were evaluated using optical absorption spectroscopy, SQUID
magnetometry and Rutherford backscattering spectrometry (RBS), in comparison with annealed
samples in vacuum at the same temperatures. Whereas the vacuum-annealed Ni nanoparticles
show a broad absorption over visible and ultraviolet regions, the O2-annealed Ni nanoparticles,
i.e., oxidized ones, become transparent in the visible region and show a steep absorption edge
around ~4 eV. A strong ferromagnetic signal of Ni nanoparticles disappears after the oxidation.
These results strongly indicate formation of NiO. In the case of Cu nanoparticles, the absorption
spectra do not significantly change, except disappearance of a surface plasmon resonance
(SPR) peak after oxidation. The oxidation drastically improves thermal stability against hightemperature diffusion.

1. INTRODUCTION
Metal nanoparticles dispersed in insulators draw
much attention, because of applicability for optical
switches [1] and single electron transistors [2], etc.
Negative-ion implantation is one of the promising
methods to fabricate nanoparticles in insulators,
without heat treatment, with good controllability inherent in ion implantation and without surface charging [3,4]. Up to now, we have succeeded in fabricating Cu nanoparticles in amorphous SiO2 and
some other insulators [5-7], in observing large optical nonlinearity [8], ultra-fast response [9] and single
electron transport [10]. One of the next goals is
addressed to formation of compound nanoparticles
in insulators using the high-flux negative-ion implantation method. Already some groups have partially
succeeded in fabrication of compound nanoparticles
of GaAs [11], Cu2O [12], CuCl [13], VO2 [14], etc.,
using sequential (positive) ion implantation. How-

ever, in some cases, secondary implantation of the
sequence induces too much enhanced diffusion of
the primary implanted atoms, and prevents the compound formation. Even, succeeding in the formation,
the compound nanoparticles may contain a lot of
defects. In this paper, an alternative method, which
is only applicable to oxide compounds, but introduces less defects, i.e., oxidation of metal
nanoparticles, is examined.

2. EXPERIMENTAL
Optical-grade KU-1 silica glasses (OH: 820 ppm)
of 15 mm in diameter and 0.5 mm in thickness were
implanted with Ni or Cu negative ions of 60 keV from
a Cs-assisted plasma-sputter type high-flux ion
source [4]. The ion fluxes and the doses ranged in
160 µA/cm2 and 3.1016 1.1017 ions/cm2, respectively. According to SRIM2000 code [15], the projected range and the straggling of Ni (Cu) ions of 60
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keV are 47 (46) nm and 16 (15) nm in SiO2, respectively.
Heat treatments were carried out at 4001000
°C for 1 hr in a tube furnace, in vacuum of a base
pressure less than 1.10-3 Pa or in oxygen gas flow
of ~ 100 sccm under nearly atmospheric pressure.
A dual-beam spectrometer with a resolution of 1
nm was used for measurements of the transmittance and the reflectance in the wavelength range
of 1901700 nm at room temperature. Absorption
(optical density) spectra free from the incoherent
multiple reflection (ICMR) in samples were obtained
from three sets of measurements [8,16]: The transmittance ΘT = IT / I0, reflectance of the implanted
surface side ΘR = IR / I0 and reflectance of the rear
surface side ΘR= IR / I0, were measured on the
same samples, where I0, IT, IR and IR denote intensities of incident light, transmitted light, reflected
light of the implanted surface and reflected light of
the rear surface, respectively. The ICMR-free transmittance of the implanted layer T and the ICMRfree reflectance of the implanted surface side R1 are
expressed as,
T =
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where dS, R0 and αS denote substrate thickness,
reflectance and absorption coefficient of unimplanted
substrate, respectively [8,16]. We define optical
density (OD) ad of the implanted layer as,
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Fig. 1. Optical absorption spectra of SiO2 implanted
with Ni- ions of 60 keV, in (a) as-implanted state,
and after annealing at 800 °C for 1 hr in (b) vacuum
and (c) O2 gas flow. A spectrum of isolated Ni atoms in silicated glass from Ref. [20] is also shown
in (d).

S

2

R0 ΘT

179

(3)

1

where α and d denote absorption coefficient and
effective thickness of the implanted layer [16]. A
reference path of the dual-beam spectrometer was
kept vacant.
Several pieces of (2-3)×(2-3.5)×0.5 mm3 were cut
from the implanted samples, and were inserted into
a Superconducting Quantum Interference Device
(SQUID) magnetometer. Magnetic field (H) dependence was measured in H = 050 kOe at T = 300K.
Rutherford Backscattering Spectrometry (RBS)
was conducted to evaluate depth profile changes of
the Ni and Cu atoms after heat-treatments, using
2.06 MeV He+ beam of 1 mm φ in diameter with a
scattering angle of 160 degrees. To reduce charg-

ing of substrates, samples were covered by Al foils
except evaluation spots.

3. RESULTS
3.1. Nickel case
Silica glasses (SiO2) implanted with Ni- ions of 60
keV to 5.5.1016 ions/cm2 show dark brownish color
in as-implanted state. Even after annealing in
vacuum at 800 °C for 1 hr, the color does not change.
However, annealing in O2 gas at 800 °C for 1 hr
bleaches the color completely. The change is clearly
seen in optical absorption spectra in Fig. 1. Two
broad peaks at 3.3 eV and 5.8 eV are characteristic
in formation of metallic Ni nanoparticles in SiO2
[16,17]. The vacuum annealing at 800 °C induces
almost no changes except absorption around 6 eV
which is probably due to defect annihilation [16].
However, the oxygen annealing at 800 °C extends a
transparent region over the visible region up to 3.5
eV. According to isochronal annealing in O2 gas flow
for 1 hr each, the spectrum does not change up to
400 °C. After 600 °C annealing, the spectrum is
similar with that of 800 °C, i.e., a plateau absorption
from 4.5 to 6.5 eV instead of the 5.8 eV peak due to
Ni nanoparticles. However, a weak absorption is still
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Fig. 2. RBS spectra of SiO2 implanted with Ni- ions
of 60 keV, in (a) as-implanted state, and after annealing at 800 °C for 1 hr in (b) vacuum and (c) O2
gas flow.

observed in the visible region even after 600 °C annealing. At 700 °C, transparency up to ~3.5 eV is
attained.
Fig. 2 shows RBS spectra of Ni edge in as-implanted, vacuum- and O2-annealed samples, which
correspond to depth distribution of Ni atoms beneath
the surface. The Ni edge shown as an arrow corresponds to the surface position. Comparing with the
as-implanted state, Ni peak concentration slightly
decreases in both the vacuum- and the O2-annealed
samples. The profile of the O2-annealed sample
slightly becomes wider. However, most of Ni atoms
still remain in a similar depth with the as-implanted
state. The drastic changes in absorption spectra
are not due to decreases of Ni atoms in the sample.
Fig. 3 shows field dependence of magnetization
of SiO2 implanted with Ni- ions of 60 keV, measured
at room temperature after vacuum and O2 annealing
at 800 °C for 1 hr. The field dependences were recorded with both increasing and decreasing the field.
No hysteresis was observed within experimental
errors. Both the samples show negative magnetization at high fields, because of diamagnetic signal
of SiO2 matrices. The vacuum annealed samples
shows positive magnetization at weak fields, which
is due to ferromagnetic signal from Ni metallic
nanoparticles. Although the magnetization turns to
decrease exceeding 1 kOe, it is reasonable because
the ferromagnetic signal saturates less than 1 kOe.

Fig. 3. Field dependence of magnetization M of SiO2
implanted with Ni- ions of 60 keV, after annealing at
800 °C for 1 hr in vacuum (solid lines) and O2 gas
flow (dotted lines). Both the curves with increasing
and decreasing field are shown.

Fig. 4. RBS spectra of SiO2 implanted with Cu- ions
of 60 keV, in (a) as-implanted state, and after annealing at 1000 °C in (b) vacuum for 1 hr, (c) vacuum
for 2 hr, or (d) O2 gas flow for 1 hr.

The as-implanted sample (not shown in Fig.) shows
a similar behavior [17]. Field dependence of the O2annealed sample is almost similar to that of an
unimplanted SiO2. Results observed in the O2 annealed sample are not inconsistent with a weak linear positive signal expected from antiferromagnetic
NiO.

Modification of metal nanoparticles in SiO2 by thermal oxidation
Disappearance of the hysteresis is due to superparamagnetic behavior of Ni metallic nanoparticles in the vacuum annealed sample, and due to
antiferromagnetic nature of NiO nanoparticles in the
O2 annealed sample. The O2 annealing drastically
changes the magnetic properties of Ni implanted
SiO2.

3.2. Copper case
Copper nanoparticles are oxidized by O2 annealing
for 1 hr at 600 °C or higher. Since the band-gap
energy of Cu2O is ~2 eV, similar to the absorption
edge of Cu metal nanoparticles, a drastic shift of
absorption spectrum cannot be observed. Just the
SPR peak disappeared after oxidation.
Once metal nanoparticles are converted to the
oxides, thermal stability against high temperature
diffusion is improved. This tendency is somewhat
observed in Ni case, but is more pronounced in the
Cu case. The results are summarized in Fig. 4. The
Cu nanoparticles in SiO2 are unstable against
vacuum annealing at 1000 °C or higher [18,19], as
shown in Fig. 4 as disappearance of Cu RBS signal. Enhanced diffusion of Cu atoms results in disappearance of Cu atoms in SiO2. However, Cu atoms stably exist in SiO2 even at 1000 °C with O2
atmosphere.

4. DISCUSSION
One might consider the observed absorption
changes in the Ni implanted SiO2 was due to isolated Ni ions which would be dispersed in SiO2 after
destruction of Ni nanoparticles under O2 annealing.
Fig. 1(d) shows a spectrum from the isolated Ni
atoms in silicate glass [20]. Structures at 2 ~ 3 eV
are characteristic in the isolated Ni atoms. Since
the structures are not observed in the O2 annealed
samples, the destruction of Ni nanoparticles to isolated atoms is not the case. It should be noted that
the structures at 2 ~ 3 eV was not observed also in
the as-implanted state. According to an estimation,
~85% of implanted Ni atoms form nanoparticles even
in the as-implanted state [21].
As shown in a previous paper [17], Ni silicide
particles, at least NiSi, Ni2Si and Ni3Si, in SiO2 are
not transparent in visible region. Since band-gap
energy of Ni oxide (NiO) is ~4 eV, the spectrum
change is well explained as formation of NiO. The
formation of NiO is consistent with the magnetic
behaviors. Thus, we have succeeded in the synthesis of metal oxide in SiO2, using thermal oxidation
of metal nanoparticles.
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5. CONCLUSION
Using Ni and Cu nanoparticles in SiO2 as examples,
we have shown that thermal oxidation drastically
modifies optical, magnetic and thermodynamic properties of metal nanoparticles via oxide nanoparticle
formation. Metal nanoparticles of Ni and Cu in SiO2
fabricated by the negative ion implantation were
oxidized in O2 gas flow at 600  1000 °C for 1 hr.
Although the vacuum-annealed Ni nanoparticles
show a broad absorption over visible and ultraviolet
regions, the oxidized Ni nanoparticles become transparent in visible region and show a steep absorption edge around ~4 eV. The oxidation changes the
magnetic properties, i.e., a strong ferromagnetic
magnetization of Ni nanopariticles disappears after
the oxidation. Observed changes in optical and
magnetic properties strongly indicate the formation
of NiO. In the case of Cu nanoparticles, the absorption spectra do not significantly change, except disappearance of a surface plasmon resonance (SPR)
peak after oxidation. The oxidation improves thermal stability against high-temperature diffusion
around 1000 °C.
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