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Zinc-oxide �ZnO� nanoparticles �NPs� are fabricated in silica glasses �SiO2� by implantation of Zn+

ions of 60 keV up to 1.0�1017 ions/cm2 and following thermal oxidation. After the oxidation at
700 °C for 1 h, the absorption in the visible region due to Zn metallic NPs disappears and a new
absorption edge due to ZnO appears at �3.25 eV. Cross-sectional transmission electron microscopy
confirms the formation of ZnO NPs of 5–10 nm in diameter within the near-surface region of
�80 nm thick and larger ZnO NPs on the surface. Under He–Cd laser excitation at �=325 nm, an
exciton luminescence peak centered at 375 nm with FWHM of 113 meV was observed at room
temperature. © 2005 American Institute of Physics. �DOI: 10.1063/1.1989442�

Nanometer-size zinc-oxide �ZnO� receives much atten-
tion due to the possible applications in high-performance op-
toelectronic devices.1,2 In previous experiments we have fab-
ricated metal-oxide nanoparticles �NPs�, such as NiO,3,4

CuO,5 and Cu2O,6 in silica glasses �SiO2� using metal-ion
implantation and subsequent thermal oxidation. In this study,
this approach is used to form ZnO NPs in SiO2. Indepen-
dently, Chen et al.7 carried out Zn+ ion implantation into
SiO2 at 160 keV, using fluence up to 1.0�1017 ions/cm2 and
a following thermal oxidation step, but they did not obtain
clear evidence for the formation of ZnO NPs. Liu et al.8,9

succeeded in the formation of ZnO using a fluence of 3.0
�1017 ions/cm2 at the same energy of 160 keV and subse-
quent thermal oxidation. With increasing the oxidation time,
they observed a ZnO signal from the surface by x-ray pho-
toelectron spectroscopy �XPS�. They assumed that the ZnO
NPs were formed as a layer on the substrate surface, but not
in the substrate.8,9 From their results it is impossible to judge,
whether ZnO was formed as NPs or as a thin film. In this
study, the depth profile of ZnO NPs has been determined
using cross-sectional transmission electron microscopy
�XTEM�, Rutherford backscattering spectrometry �RBS�,
and sputtering depth profiling by XPS. Our results show that
the ZnO NPs form not only on the surface, but also exist in
the SiO2 substrate.

Optical-grade silica glasses of KU-1 type �OH− 820
ppm� of 15 mm diameter and 0.5 mm thickness were im-
planted with Zn+ ions of 60 keV up to a fluence of 1.0
�1017 ions/cm2. Since the oxidation processes are governed
by diffusional migration of O2 molecules in the substrate, a
lower energy such as 60 keV, i.e., a thinner implanted layer,
is better for a homogenous oxidation than higher implanta-
tion energy of 160 keV which was used in past studies.7–9

The ion flux was limited to less than 2 �A/cm2 in order to
maintain a sample temperature below 100 °C during the im-
plantation. The implanted samples were annealed for 1 h in a

tube furnace at a temperature between 400 and 900 °C under
flowing O2 gas.

A dual-beam spectrometer with a resolution of 1 nm was
used for the transmittance and reflectance measurements in
the wavelength range of 190–1700 nm at room temperature
�RT�. The absorption was determined from the transmittance
and the reflectance, applying corrections for multiple reflec-
tions in the sample.10 Grazing incidence x-ray diffraction
�GXRD� measurements were performed with an incident
angle of 3 degrees using a Cr x-ray source to detect the
formation of Zn NPs and ZnO NPs. XTEM observation was
conducted at an acceleration voltage of 200 kV, to evaluate
the size and depth distribution of ZnO NPs. Rutherford back-
scattering spectrometry �RBS� was carried out to determine
the Zn content and the depth profile in as-implanted state and
after oxidation, using a 2.06 MeV He+ beam of 1 mm in
diameter with a scattering angle of 160 degrees. Photolumi-
nescence �PL� was excited by the 325 nm line �3.81 eV�
from a He–Cd laser. The excitation power and the spot size
on the samples were �3 mW and �0.4 mm in diameter,
respectively. The spectra were detected by a 30 cm single-
monochromator and a CCD array.

Figure 1 shows the absorption spectra of a SiO2 sample
implanted with Zn+ ions to 1.0�1017 ions/cm2, in as-
implanted state and after oxygen annealing at 600 and
700 °C. In the as-implanted state, a strong and broad peak at
�4.8 eV is observed. The peak is ascribed to metallic Zn
NPs, because similar peaks were reported in the literature as
�5 eV peak in Zn-implanted SiO2

7 and �4.3 eV peak in
Zn-implanted MgO,11 and both are ascribed to Zn metallic
NPs. The formation of Zn metallic NPs in the as-implanted
state is confirmed by GXRD, as shown in Fig. 2. Even in the
as-implanted state, the GXRD spectrum shows relatively
sharp peaks which agree well with a powder diffraction spec-
trum �PDS� of Zn metal,12 indicating the formation of crys-
talline Zn NPs. Since the intensity ratios between the diffrac-
tion peaks are almost the same as the PDS, no correlated
alignment is expected between Zn NPs. As shown in Fig. 1,
the absorption spectra show little changes up to 600 °C. After
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annealing at 700 °C for 1 h, drastic changes are induced in
the spectra: the absorption in the visible region due to Zn
metallic NPs disappears and a new absorption-edge appears
around �3.25 eV, with a distinct peak at �3.40 eV. It
should be noted that the spectrum after annealing at 700 °C
was four times magnified: the absorption decrease in the vis-
ible region induced by the oxidation is drastic. The GXRD
spectrum shown in Fig. 2 also indicates a drastic transforma-
tion from metallic Zn NPs to hexagonal ZnO NPs. Within the
detection limit, no diffraction related to Zn metal was ob-
served after oxidation at 700 °C for 1 h. While the diffraction
intensity of each line of Zn NPs agrees well with the inten-
sity ratios of the PDS of Zn metal, preferential intensity ratio
was observed in ZnO NPs. ZnO �002� diffraction at �52

degrees is much stronger than ZnO �101� diffraction at �55
degrees in the observed spectrum, while the ZnO �101� dif-
fraction is stronger than ZnO �002� diffraction in the PDS
spectrum. ZnO �xx2� lines, i.e., ZnO �002�, �102�, �112�, and
�202�, are more pronounced than other lines.

The XTEM image shown in Fig. 3 clearly confirms that
the formation of ZnO NPs not only on the surface but also in
the SiO2 substrate. NPs of �10 nm in diameter are observed
around the projectile range of �48 nm,13 while smaller NPs
of �5 nm in diameter are observed in shallower region. On
the surface, droplet-like NPs larger than 30 nm in diameter
are observed. As pointed out by Liu et al.,8,9 the NPs on the
surface may contribute the preferential orientation of ZnO
�xx2� direction observed in Fig. 2.

Figure 4 shows the RBS spectra of the sample in the
as-implanted state and after thermal oxidation at 700 °C for 1
h. The oxidation at 700 °C for 1 h moves the peak of Zn
distribution towards the surface, and extends the other tail of
the distribution slightly deeper. The shift of Zn distribution to
the surface side is clearly observed in the XTEM image in
Fig. 3. This is also confirmed by sputter profiling by XPS
and will be reported elsewhere. The Zn content determined

FIG. 1. Absorption spectra of SiO2 samples implanted with Zn+ ions of 60
keV to 1.0�1017 ions/cm2, in as-implanted state, after annealing under
oxygen gas flow for 1 h at 600 and 700 °C. The spectra are shifted vertically
for clarity. The spectrum after the annealing at 700 °C is four-times magni-
fied ��4�.

FIG. 2. GXRD patterns of SiO2 samples implanted with Zn+ ions of 60 keV
to 1.0�1017 ions/cm2, in as-implanted state and after annealing under oxy-
gen gas flow at 700 °C for 1 h. The incident angle of x-ray was 3°. A Cr
x-ray source was used. Powder diffraction patterns of Zn and hexagonal-
ZnO from JCPDS library �Ref. 12� are shown as rectangles. The numbers in
parentheses indicate the diffraction indices.

FIG. 3. Cross sectional TEM image of SiO2 sample which was implanted
with Zn+ ions of 60 keV to 1.0�1017 ions/cm2, and annealed under oxygen
gas flow at 700 °C for 1 h. ZnO NPs are observed as black circles.

FIG. 4. RBS spectra of SiO2 samples implanted with Zn+ ions of 60 keV to
1.0�1017 ions/cm2, in as-implanted state �broken lines� and after annealing
under oxygen gas flow at 700 °C for 1 h �solid lines�. The upper half and the
lower half show spectra around Si edge and Zn edge, respectively.
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from the peak area using the RUMP code14 were 1.03�1017

and 0.94�1017 ions/cm2 in the as-implanted state and after
the 700 °C annealing for 1 h, respectively. As shown in Fig.
1, the absorption of the UV region �from �3 to �6 eV�
drastically decreases after the oxidation at 700 °C. The de-
crease of the absorption is mainly due to lower oscillator
strength of ZnO NPs in the UV region than Zn NPs, not due
to a decrease of the Zn content in the sample.

Under He–Cd laser excitation at 325 nm in wavelength,
the sample oxidized at 700 °C for 1 h shows an exciton PL
line at 375 nm with FWHM of 113 meV at room tempera-
ture, as shown in Fig. 5. The observed FWHM is comparable
to literature values of high-purity ZnO grown by plasma-
assisted MBE �110 meV �Ref. 15� and 117 meV �Ref. 16��,
probably indicating good quality of our ZnO NPs. The
sample also shows a broad PL band centered at �500 nm.
Since similar PL bands were observed in ZnO thin films15,16

as deep-level emission, the origin of the PL band around
�500 nm in our samples are speculated as the same origin,
i.e., deep levels in NPs. In as-implanted state, almost no PL
signal was observed. It is contrast with Liu et al. who ob-
served a weak but distinct PL peak at �380 nm �Ref. 8�

which could be ascribed to ZnO free-exciton recombination.
Liu’s results indicate existence of ZnO NPs even in the as-
implanted state. This is mysterious because all the Zn ions
were implanted within the SiO2 and have no chance to inter-
act with an oxygen atmosphere.

In conclusion, we have shown that ZnO NPs are formed
in SiO2 by ion implantation combined with thermal oxidation
at 700 °C for 1 h. ZnO NPs are formed both on the SiO2
substrate and in the near-surface layer of �80 nm thick in
the substrate. The depth profile of ZnO NPs shifts to the
surface side comparing with that of the Zn NPs in the as-
implanted state. Relatively strong exciton PL was observed
at RT under He–Cd laser excitation.
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FIG. 5. PL spectra of SiO2 samples implanted with Zn+ ions of 60 keV to
1.0�1017 ions/cm2, in as-implanted state and after annealing under oxygen
gas flow at 700 °C for 1 h. PL was excited by a 325 nm line from He–Cd
laser of �2 W/cm2.
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