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1. Introduction :
Various kinds of new methods are explored to form nano-materials with more excellent properties, and soon
some of the most excellent nano-materials will be used in industry. However, what does "the excellence" mean
for industry? Nano-materials which have good compatibility with the present technology can be one of "the
excellent materials". In near-future some excellent nano-materials / nano-devices can be introduced in
semiconductor integrated circuit technology. However, because the semiconductors are very weak against
contamination, nano-materials / nano-devices which are made by low-purity methods, e.g., some kinds of wet
chemical processes, cannot be used. Contrary nano-materials / nano-devices made by high-purity processes,
such as ion implantation, are greatly hopeful. Consequently we have studied nanoparticle (NP) formation by ion
implantation.
For these years, we have proposed a new method to fabricate oxide NPs using Ion Implantation and Thermal
Oxidation (II&TO) [1-3]. In this method, metal ions, e.g., Zn+ ions, of 60 keV are implanted to SiO2 substrate
up to a concentration much higher than the solubility limit, forming a super-saturated solid solution of Zn atoms
in SiO2. Spontaneously the secondary phases of nano-meter sizes, i.e., the metal NPs, are formed inside the SiO2
substrate as a consequence of phase separation. After the implantation, the samples are annealed in an oxidizing
atmosphere in order to enhance the migration of oxygen inside the SiO2 substrate and to oxidize the metal NPs
embedded in the substrate to oxide NPs.

2. Experimental :
Optical-grade silica glasses of KU-1 type (OH- 820 ppm) were implanted with Zn+ ions of 60 keV up to a
fluence of 1.0 × 1017 ions/cm2. Isochronal annealing was carried out from 400 to 900°C with 100°C steps for 1 h
each, in a tube furnace under O2 gas flow of 100 sccm. The samples were evaluated at room temperature (RT)
by optical absorption spectroscopy (OAS), Grazing incident X-ray diffraction (GIXRD), cross-sectional
transmission electron micropscop (XTEM), X-ray photoelectron spectroscopy (XPS), Rutherford backscattering
spectrometry (RBS), and photoluminescence (PL) spectroscopy.
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3. Results and Discussion :
Figure 1 shows isochronal annealing effects on the optical density spectra of SiO2 sample implanted with Zn+
ions to 1.0 × 1017 ions/cm2 [4]. In as-implanted state, a strong absorption peak was observed around 4.8 eV.
GIXRD pattern of the as-implanted sample is shown in Fig. 2. All the diffraction peaks except a broad one from
amorphous SiO2 substrate are ascribed to diffraction peaks of Zn metal. These observations indicate that Zn NPs
are formed in SiO2 even in the as-implanted state. to 600°C, the spectrum shows little change. After 700°C
annealing, drastic changes are induced. The absorption in the visible region disappears and an absorption-edge
appears at ~3.25 eV. The GIXRD clearly shows a transformation in the diffraction patterns from Zn metal to
ZnO at 700°C, as shown in Fig. 2. As the absorption in the visible region is almost zero, most of Zn NPs
transform to ZnO NPs. It should be noted that a small kink appears at ~3.3 eV even after 600°C annealing. A
small portion of Zn NPs starts the transformation to ZnO NPs even at 600°C. After the transformation to ZnO
NPs, the optical density decreases to ~1/4 of that of Zn NPs. However, RBS results show that Zn content is
almost constant up to 900°C, although the depth profile changes. The decrease of optical density after the
transformation to ZnO NPs is primarily due to decrease of the oscillator strength in the observed energy region,
not due to decrease of Zn content in the sample.

370

After 800°C annealing, the absorption due to ZnO NPs slightly decreases. After 900°C annealing, the absorption
edge at ~3.25 eV completely disappears, and the edge shifts to ~5.3 eV. The new absorption edge of ~5.3 eV is
close to a literature value of the bandgap energy of Zn2SiO4. The GIXRD measurements confirm the
transformation of the diffraction patterns from ZnO to Zn2SiO4 at 900°C, as shown in Fig. 2.
The formation of Zn metallic NPs in the as-implanted state was confirmed by XTEM as shown in Fig. 3(a) [5].
No NPs are observed on the surface or in the region shallower than ~10 nm. The depletion of NPs close to the
surface is typical for metallic NPs formed by ion implantation, since the incident Zn ions of 60 keV are too
energetic to stop close to the surface. After
annealing in oxygen gas at 600°C for 1 h,
the absorption spectrum rarely changes
except appearance of a small kink around
370 nm. The color of the sample is still
brownish. However, XTEM shows
formation of ZnO NPs of droplet shape on
the surface (Fig. 3(b)). Since ZnO NPs
form on the surface of the SiO2 substrate
where no Zn NPs are observed in the asimplanted state, transport of Zn atoms
from the deeper region to the surface is
induced during the annealing at 600°C in
oxygen gas. The kink at 370 nm in the
absorption spectrum is ascribed to the
exciton peak of the ZnO NPs on the
surface. After annealing in oxygen gas at
700°C for 1 h, the absorption in the visible
and NIR regions completely disappears,
Fig. 3. Coss-sectional TEM images of SiO2 samples
and a steep absorption edge appeared
implanted with Zn+ ions of 60 keV to a fluence of 1.0×1017
around 370 nm. The color of the sample
ions/cm2, (a) in as-implanted state and after annealing in
changes to transparent. As shown in Fig.
oxygen gas for 1 h at (b) 600°C, (c) 700°C and (d) 900°C. In
3(c), a lot of the droplet-like ZnO NPs and
Fig. 3(a), the substrate surface is indicated by a line.
smaller NPs are observed on the surface
and around 50 nm in depth, respectively.
Since the absorption in the visible region due to Zn metal NPs completely disappears, not only the NPs on the
surface but the NPs inside of SiO2 have transformed to ZnO or other transparent phase. After annealing at
800°C, the spectral shape of the absorption hardly changed, but the absorption intensity slightly decreases. After
annealing at 900°C for 1 h, the absorption edge again moves to ~5.3 eV, indicating the transformation of ZnO
NPs to Zn2SiO4 phase whose band-gap energy is ~5.3 eV. XTEM shows the transformation from the dropletlike ZnO NPs on the surface to a continuous-layer-like Zn2SiO4 phase.

4. Conclusions :
The fabrication of ZnO NPs by ion implantation and thermal oxidation has been succeeded. However, in spite
of the expectation, the ZnO NPs were mainly formed on the surface of the SiO2 substrate, while Zn NPs were
formed inside the substrate as embedded NPs. A lot of further new results are obtained so far. See Refs [1,610] .
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