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Abstract
ZnO nanoparticles were fabricated in sapphire (α-Al2O3 single crystal) by
Zn ion implantation (48 keV) at an ion fluence of 1 × 1017 cm−2 and
subsequent thermal annealing in a flowing oxygen atmosphere. Transmission
electron microscopy (TEM) analysis revealed that metallic Zn nanoparticles
of 3–10 nm in dimensions formed in the as-implanted sample and that ZnO
nanoparticles of 10–12 nm in dimensions formed after annealing at 600 ◦C.
A broad absorption band, peaked at 280 nm, appeared in the as-implanted
crystal, due to surface plasma resonance (SPR) absorption of metallic Zn
nanoparticles. After annealing at 600 ◦C, ZnO nanoparticles resulted in an
exciton absorption peak at 360 nm. The photoluminescence (PL) of the
as-implanted sample was very weak when using a He–Cd 325 nm line as the
excitation source. However, two emission peaks appeared in the PL spectrum
of ZnO nanopraticles, i.e., one ultraviolet (UV) peak at 370 nm and the other
a green peak at 500 nm. The emission at 500 nm is stronger and has potential
applications in green/blue light-emitting devices.

1. Introduction

Metallic clusters embedded in an insulating host were
among the first nanocomposite systems to be formed by ion
implantation. It has attracted extensive investigation because
of pronounced optical effects, including surface plasmon
resonance (SPR) absorption and strong third-order nonlinear
optical (NLO) susceptibility [1]. Recently, oxide nanoparticles
have been drawing much attention because of their peculiar
optical properties, such as NiO, CuO, Cu2O, and VO2 in
silica glasses SiO2 and sapphire [2–5]. ZnO is well known
as a versatile wide band gap (∼3.3 eV) semiconducting
material with a large exciton binding energy of 60 meV,
which allows excitonic recombination and optically pumped
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laser oscillations even at room temperature [6]. Following
the demonstration of blue-green light emitting diodes (LEDs)
and lasers using II–VI compounds, ZnO has been intensively
studied for optoelectric applications in both the visible and
ultraviolet (UV) regions. Ion implantation has become a
versatile and powerful technique for forming nanoparticles.
ZnO nanoparticles with strong exciton photoluminescence
(PL) have been prepared in silica glasses (SiO2) and CaF2

single crystals by ion implantation and subsequent thermal
annealing [7–11]. Sapphire (α-Al2O3) is a good candidate
to allow the controlled formation of colloidal dispersions of
precipitates using ion implantation, due to its high chemical
and thermal stability. Up to now, there has been no
report about the embedded Zn/ZnO nanopartilces fabricated in
sapphire. In this work, we fabricated Zn and ZnO nanoparticles
embedded in α-Al2O3 single crystals by ion implantation
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with or without subsequent thermal annealing. These
ZnO nanoparticles have strong visible photoluminescence.
Transmission electron microscopy (TEM), optical absorption,
and photoluminescence spectroscopy have been utilized to
characterize the microstructure and optical properties of
embedded Zn/ZnO nanoparticles, respectively.

2. Experimental details

Optical polished (0001) α-Al2O3 single crystals (sapphire),
10 mm × 10 mm × 0.5 mm in dimensions, were implanted
with Zn ions of 48 keV up to a fluence of 1 × 1017 cm−2

in a vacuum chamber of 1.8 × 10−3 Pa. The samples were
kept at room temperature with the circulation of cooling water
during ion implantation. The ion current density was limited
to less than 5 µA cm−2 to avoid overheating the samples. The
samples were tilted off-axis by about 7◦ to avoid channelling
implantation. After implantation, all the crystals turned gray
and their transparency decreased. The as-implanted samples
were annealed for 1 h in a quartz tube furnace at temperatures
between 300 ◦C and 900 ◦C in increments of 100 ◦C under a
flowing O2 atmosphere. The heating rate was controlled at
10 ◦C min−1.

Optical absorption measurements in the UV–visible range
were made in a SHIMADZU UV-2550 spectrophotometer
at room temperature, with a deuterium lamp for UV and a
tungsten halogen lamp for the visible region. The wavelength
used in the experiment ranged from 200 to 800 nm. A JEM
2010F field emission gun electron microscope operating at
200 keV was used for bright-field TEM, selected-area electron
diffraction (SAED) and high-resolution electron microscopy
(HREM). TEM samples were prepared in cross-section to
allow observation of the depth distribution of nanoparticles and
radiation damage [12]. Room-temperature photoluminescence
(PL) was excited by the 325 nm line (3.81 eV) from a Kimmon
He–Cd laser with an excitation power of 65 mW. The spectra
were detected by a SPEX 1403 double grating monochromator
and a CCD array.

3. Results and discussion

The optical absorption spectra of the as-received, as-implanted
and annealed α-Al2O3 single crystals are shown in figure 1.
The spectra have been shifted vertically to avoid overlapping,
except that of the as-received sample. The absorption around
200 nm exists in all the spectra, which is the inherent
absorption of the purchased α-Al2O3 single crystals. After Zn+
ion implantation at a fluence of 1×1017 cm−2, a clear and broad
absorption peak appears at ∼280 nm. This absorption peak
is attributed to surface plasma resonance (SPR) absorption of
metallic Zn nanoparticles. Actually, similar absorption peaks
have been observed at 234–259 nm in SiO2 glasses and at
295 nm in MgO single crystals [7–10, 13]. The absorption
peak shifted slightly towards the longer wavelength due to the
growth of nanoparticles with increasing annealing temperature.
The spectrum of annealed sample at 500 ◦C is a transition
spectrum, because it includes both the absorption peak of Zn
nanoparticles and the absorption edge of ZnO nanoparticles.
After annealing at 600 ◦C for 1 h, the SPR absorption peak
disappears and a clear absorption peak appears at ∼360 nm,
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Figure 1. Optical absorption spectra of as-received, as-implanted
and annealed α-Al2O3 single crystals at different temperatures.

which is consistent with the exciton absorption of ZnO [7–11].
The intensity of this exciton absorption peak decreases with
a further increase in annealing temperature. Apparently, this
intensity decrease does not indicate a decrease of Zn content
in the sample. This may be due to the decreased concentration
of ZnO nanoparticles, because of the formation of ZnAl2O4

spinel during thermal annealing in O2 atmosphere [14]. The
microscopic morphology of Zn and ZnO nanoparticles has
been characterized by TEM imaging with the main results
shown below.

Figure 2 shows a cross-sectional bright-field TEM im-
age (a) and a high-resolution TEM (HREM) image (b) of Zn
nanoparticles embedded in α-Al2O3 formed by Zn+ ion im-
plantation at a dose of 1 × 1017 cm−2. Nearly spherical em-
bedded Zn nanoparticles of 3–10 nm in diameter are observed
and the ion-implanted area is amorphized, which is consistent
with Ni+ ion-implanted α-Al2O3 [15]. The Zn nanoparticles
distribute in a range about 15–45 nm below the surface, which
is consistent with the calculated result by TRIM 96 (the max-
imum concentration of 5 × 1022 Zn+ cm−3 at ∼22 nm) with-
out the consideration of volume swelling due to the implanted
ions [16]. According to the simulation of TRIM code and the
measurement of RBS (Rutherford backscattering spectrome-
try), the implanted ions show a Gaussian distribution. A se-
ries of investigations have been used to find out how to con-
fine the implanted ions in a narrow layer. The methods in-
clude generating chemical barriers, engineering defect barri-
ers on both sides of the implanted layer, as well as combin-
ing two nonequilibrium processes, ion implantation and post-
implantation irradiation [17, 18]. In general, the ion implan-
tation techniques used to form nanoclusters may be catego-
rized as follows [1, 17]: (1) room-temperature implantation
followed by high-temperature annealing; (2) room-temperature
implantation at a dosage above the threshold dose for sponta-
neous nanocrystals formation; (3) ion implantation at elevated
temperatures. In this study, Zn nanoparticle formation is by
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Figure 2. A cross-sectional bright-field TEM image (a) and a
high-resolution TEM image (b) of Zn nanoparticles embedded in
Al2O3 matrix.

means of the second of the above. At room temperature, the
ion fluence of 1 × 1017 cm−2 certainly leads to a local Zn con-
centration far above the solubility limit of Zn in Al2O3, thus
the implanted Zn precipitate out. This is because the free en-
ergy of the system may be minimized by movement from the
separation of metal into colloidal precipitates, i.e., large num-
bers of free metal ions tend to aggregate, precipitate, and form
nanocrystals [19].

Figure 3 contains a cross-sectional bright-field TEM
image (a) and a selected-area electron diffraction (SAED)
pattern (b) of ZnO nanoparticles embedded in α-Al2O3 formed
after annealing at 600 ◦C. The ZnO can be confirmed by the
SAED pattern. Figure 4 is a high-resolution TEM image of
ZnO nanoparticles, showing the nanoparticles of 10–12 nm
in dimensions. The moiré fringes indicate the precipitation
of ZnO nanoparticles after annealing. It is clear that the
ZnO nanoparticles formed close to the surface of the α-Al2O3

single crystal, with a depth shallower than the projectile range
of implanted Zn atoms. This indicates that the Zn atoms
migrated towards the surface of the crystal during annealing
in the oxygen atmosphere. At the same time, some high
densities of large voids (labelled in figure 3(a)) are observed in
the near-surface region due to the migration and precipitation
of irradiation-induced vacancies. In the previous studies,
multilayer structures were observed in the cross-sectional TEM
images of the Zn+-ion-implanted and subsequently annealed
SiO2. In detail, Liu et al observed three clear zones, i.e., a
ZnO layer with particles of about 90×90 nm2, a Zn-implanted
silica layer, and a silica substrate [9]. Amekura et al observed
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Figure 3. A cross-sectional bright-field TEM image (a) and a
selected-area electron diffraction pattern (b) of ZnO nanoparticles
embedded in Al2O3 matrix.

5 nm

Figure 4. A high-resolution TEM image of ZnO nanoparticles in
Al2O3 matrix.

four clear zones: droplet-like ZnO nanoparticles larger than
30 nm in diameter on the surface, nanoparticles of ∼5 nm in
diameter in the shallower region, nanoparticles of ∼10 nm in
diameter in the deeper region, and silica substrate. However,
there are only two zones in the α-Al2O3 single crystal, i.e.,
a ZnO layer and a sapphire substrate. The difference may
result from the two very different substrates. i.e., SiO2 is
amorphous and sapphire is crystalline. After annealing, the
amorphous Al2O3 begins to recrystallize first at the interface of
the amorphous and crystalline zones (labelled in figure 3(a)).
The recrystallized Al2O3 grains have a different orientation
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Table 1. PL of ZnO nanoparticles embedded in several insulator matrices.

Intensity ratio of
Matrix Annealing PL peaks (nm) green to UV (≈) Reference

SiO2 700 ◦C 1 h 375 500 1:2 [7]
700 ◦C 2 h 377 500 1:7 [9]

CaF2 400 ◦C 45 min 384 500 2:1
500 ◦C 45 min 372 — — [11]
700 ◦C 45 min 379 — —

Al2O3 600 ◦C 1 h 370 500 3:1 This study

2 nm Al2O3 matrix 

recrystallized Al2O3

amorphous Al2O3

Figure 5. A high-resolution TEM image showing the recrystallized
Al2O3 with different orientation relation with the matrix.

relationship with the original matrix, which can be observed in
figure 5. However, the recrystallization was not complete after
annealing at 600 ◦C for 1 h. The front surface area (labelled in
figure 5) remained amorphous. Apparently, longer annealing
time or higher annealing temperatures are needed to complete
the recrystallization.

Figure 6 shows the photoluminescence (PL) spectra of
the as-implanted crystal and the annealed crystal at 600 ◦C
using He–Cd laser excitation at 325 nm at room temperature.
There is a very weak PL band peaked at ∼470 nm in the as-
implanted crystal. This may be due to the photoluminescence
combination of both F (PL at 3.0 eV) and F2 (PL at 2.4 eV)
centres coexisting in Al2O3 induced by ion implantation [20].
The PL spectrum of the annealed crystal shows two PL
peaks, one at 370 nm and the other at 500 nm, which have
been observed in Zn+-ion-implanted SiO2 [7, 9]. The UV
emission is the characteristic PL peak ascribed to ZnO free-
exciton recombination at room temperature, which confirms
the formation of ZnO nanoparicles after thermal annealing.
This is because ZnO is a wide band gap semiconducting
material with a large exciton binding energy of 60 meV, which
allows excitonic recombination and optically pumped laser
oscillations even at room temperature. The UV PL peak with
a full width at half maximum (FWHM) of 11.5 nm (100 meV)
is comparable to the high-purity ZnO grown by plasma-
assisted MBE [21] and the ZnO nanoparticles in SiO2 [7, 9],
indicating good crystallinity of ZnO nanoparticles in this study.
According to the previous studies, the green emission at
∼500 nm may originate from the deep levels [22, 23]. The
deep-level emission at around 2.5 eV is associated with either
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Figure 6. Photoluminescence spectra of the as-implanted (a) and the
annealed (b) crystal at 600 ◦C at room temperature.

surface state emission or excess Zn interstitials (or oxygen
vacancies).

Up to now, both UV and green PL peaks of embedded ZnO
nanoparitlces have been observed in SiO2, CaF2 and Al2O3

matrices by ion implantation and thermal annealing (listed
in table 1). These PL spectra are similar to those of ZnO
nanowires and nanorods [24]. Among them, the spectrum
of the ZnO nanoparticles in Al2O3 is the most like those of
ZnO nanowires and nanorods, and its intensity ratio of green
to UV emission is highest. Furthermore, it was reported that
the oxygen vacancies responsible for the green emission are
located at the surface [22, 23]. Huang et al have reported the
progressive increase of green light emission intensity relative
to UV emission as the wire diameter decreases, which suggests
that there is an increasing fraction of oxygen vacancies in the
nanowires [25]. Dijken et al have also confirmed an increase
in the visible emission intensity as the size of the ZnO particles
decreases [26]. Therefore, the ratio of green to UV emission
is dependent on the ZnO nanostructure’s size. Consequently,
the fact that the ZnO nanoparticles in Al2O3 have a higher
ratio of green to UV emission than those in SiO2 and CaF2

should result from their smaller sizes. The green emission has
potential applications in green/blue light-emitting devices.

4. Conclusion

ZnO nanoparticles were fabricated in α-Al2O3 single crystal
by Zn ion implantation and subsequent thermal annealing
in an O2 atmosphere. TEM analysis revealed metallic Zn
nanoparticles of 3–10 nm in the as-implanted sample and ZnO
nanoparticles of 10–12 nm after annealing at 600 ◦C. A new
broad absorption band, peaked at 280 nm, appeared in the
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as-implanted crystal, due to SPR absorption of metallic Zn
nanoparticles. After annealing at 600 ◦C, ZnO nanoparticles
caused an exciton absorption peak at 360 nm. Two emission
peaks appeared in the PL spectrum of ZnO nanopraticles, i.e.,
one UV peak at 370 nm and the other green peak at 500 nm.
The green emission is stronger and has potential applications
in green/blue light-emitting devices.
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