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Production, structure, and optical properties of ZnO nanocrystals
embedded in CaF 2 matrix
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High-quality ZnO nanocrystals have been fabricated by zinc ion implantation~160 keV, 1
31017 ions/cm2) into a CaF2(111) single-crystal substrate followed by thermal annealing from 300
to 700 °C. X-ray diffraction results show that ZnO nanocrystals in CaF2(111) substrate have a~002!
preferred orientation. The average grain size is ranging from 14 to 19 nm corresponding to the
annealing temperatures from 500 to 700 °C. A very strong ultraviolet near-band edge emission is
observed from 372 to 379 nm. The emission intensity is enhanced and linewidth is narrowed as the
annealing temperature increases. The commonly observed visible green emission associated with
deep-level defects in ZnO is suppressed. ©2003 American Institute of Physics.
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ZnO is a versatile wide band gap~3.3 eV! semiconduct-
ing material with a large exciton binding energy of 60 me
at RT. Recently, it has gained even more interest in the
plication of optoelectronic devices due to the discovery
low-voltage electroluminescence1 and UV lasing effects.2 A
recent report showed that the homoepitaxial N-dopedp-type
ZnO was produced by molecular beam epitaxy~MBE! sug-
gesting that ap–n homojunction device is possible.3 ZnO
nanocrystals embedded in solid matrix are used to fabri
quantum dots that can lead to further enhancement of l
emission intensity due to the zero-dimensional quantum c
finement effects of both electrons and holes. The quan
confinement can also reveal other unique optical proper
which are not observed in its bulk. High quality ZnO film
can be prepared by many methods such as sputtering,4 pulse
laser deposition,5 chemical vapor deposition,6 the oxidation
of metallic Zn,7 and molecular beam epitaxy.8 However, ZnO
nanocrystals embedded in solid matrix are difficult to fab
cate by aforementioned techniques. Thus, ion implanta
was the purpose of the choice. In addition, ion implantat
is the cleanest and versatile technique to obtain nanocry
in the near surface for a wide variety of materials.9 This
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method has been used to fabricate Si, Ge, GaAs, and G
nanocrystals embedded in SiO2 and Al2O3 , just to name a
few.10–13

In this letter, we report on the formation of ZnO nano
rystals in CaF2 substrate via Zn ion implantation followed b
thermal annealing. X-ray diffraction~XRD!, microphotolu-
minescence~m-PL!, and absorption spectra were used
characterize the formation and quality of ZnO nanocrysta
This reports on the ZnO nanocrystals formation in CaF2 with
~002! preferred orientation synthesized by ion implantati
and thermal annealing processes.

The motivation to choose CaF2 single crystal as a hos
material was that CaF2 is ~1! a highly transparent wide-ban
gap material~11.8 eV at 298 K!,14 ~2! chemically stable, and
~3! a low refractive index material with the indices of 1.3 an
2.4 for CaF2 and ZnO in the UV region. Thus, it is possib
to form a waveguide structure of air/ZnO/CaF2 . The exciton
luminescence of ZnO nanocrystals embedded in CaF2 can be
effectively confined in the ZnO thin layer.

Highly transparent CaF2(111) single crystal was used a
a substrate. Zn ions with the energy of 160 keV were injec
into the CaF2 matrix. The dose of implanted Zn was
31017 ions/cm2. Based on Rutherford backscattering me
surement andTRIM simulation, the Zn ion distribution in the
CaF2 forms a nearly Gaussian shape. The ion density ma
mum was located 94610 nm below the surface. The sampl
were annealed in a furnace at temperatures from 300
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700 °C in oxygen for 45 min. X-ray diffraction spectra we
measured by D/max-rA Rigoku x-ray diffractometer with
CuKa line of 1.540 56 Å. Optical absorption spectra we
obtained by an UV 360 spectrophotometer~Shimadzu! at
room temperature.m-PL measurements were conducted w
a J–Y UV-lamb micro-Raman spectrometer in backscatte
configuration. Allm-PL spectra were obtained at RT. A 32
nm line of a He–Cd laser was used as the excitation sou

Figure 1 shows XRD traces~u–2u! of as-implanted
sample and ZnO nanocrystals embedded in CaF2 at the an-
nealing temperatures from 300 to 700 °C. For the
implanted sample, there were no diffraction peaks detect
that were related to either metallic Zn or ZnO nanocrysta
This suggests that the majority of the implanted Zn ions w
well dispersed in the implanted layer and no apprecia
amount of Zn nanocrystals were formed. After the sam
was annealed at 300 °C, only a broad diffraction peak
metallic Zn with a~101! orientation was observed at;43.3°
indicating that the dispersed metallic Zn started to form
Zn nanocrystals with~101! orientation. When the sampl
was annealed from 400 to 700 °C, the XRD diffraction pea
showed coexisting spectra of both Zn and ZnO nanocrys
diffraction peaks illustrating an interplay between the Zn a
ZnO nanocrystals formation. While the formation of Z
nanocrystals occurs through thermal diffusion, ZnO na
crystal formation may be arguably due to the metallic na
crystal oxidation. The formed ZnO nanocrystals had a p
ferred ~002! orientation. As the annealing temperatu
reached 700 °C, most of the Zn nanocrystals were oxidi
into ZnO nanocrystals, but a trace of the Zn nanocrystals
still detectable based on the XRD spectrum. It is known t
the peak position of~002! orientation for bulk crystals should
be at 2u534.42°.15 However, the measured diffraction pea
~002! of ZnO nanocrystals from this experiment was loca
;34.4°–35.0°. The slight shift with respect to the bulk val
may suggest a slight decrease in lattice constant parallelc
axis of ZnO nanocrystals. This may be attributed to the str

FIG. 1. XRD spectra of as-implanted sample and ZnO nanocrystals em
ded in CaF2 at different annealing temperatures.
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from CaF2 matrix. In order to evaluate the mean grain size
ZnO nanocrystals, the Scherrer formula16 was used

D5
0.9l

B cos~uB!
,

wherel, uB , andB are the x-ray wavelength~1.540 56 Å!,
Bragg diffraction angle and the full width at half maximu
~FWHM! of ~002! diffraction peak around 34.42°, respe
tively. The calculated grain sizes of ZnO nanocrystals w
14, 16, and 19 nm for annealing temperatures of 500, 6
and 700 °C, respectively. As expected, the average par
size increased with the increase of annealing temperatur

Figure 2 shows the absorption spectra of as-implan
and annealed samples at different temperatures. When
annealing temperature was below 500 °C, the observed b
and featureless absorption was primarily due to the ion be
damage to the host material, which masked the relativ
weak absorption of Zn and ZnO species and clusters.
absorption due to ion beam damage is attributed to th
centers~an electron trapped at a fluorine vacancy! created in
the CaF2 single crystal. When the temperature increas
some of the F centers was annealed out via thermally ass
diffusion of displaced F ions refilled the F centers. As d
cussed later, F-center diffusion was also occurred to fo
F-center clusters—Fn centers. The exciton absorption peak
353 nm started to appear when the annealing tempera
increased to 500 °C. The absorption peak intensity was
ther enhanced with a slight redshift as the temperature
ther increased. Qualitatively, the weakening of quantum c
finement effect may explain the redshift of the excit
absorption peak. The observation of the distinct exciton
sorption feature in the ZnO nanocrystals embedded in C2

is attributed to the large exciton binding energy of ZnO its
;60 meV.

Figure 3 shows the RT PL spectra of the as-implan
sample and the ZnO nanocrystals embedded in CaF2 which
were annealed at different temperatures. For the as-impla
sample, two emissions could be detected located at;340
and;418 nm, although they were very weak. The two ban
could be assigned to F and Fn centers and to a possible Z
ion replaced Ca ion sites.17,18 Certainly, the emission a
;340 nm may also be due to the unidentified trace le

d-

FIG. 2. Absorption spectra of as-implanted sample and ZnO nanocry
embedded in CaF2 at different annealing temperatures.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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impurities present in the as-received wafer. While the em
sion at;418 nm was argued to be the results of Fn center
formation at higher temperature. An article was planned
submit soon that is primarily focused on the defects rela
emission. An additional UV emission band at 384 nm with
broad linewidth was also observed at the annealing temp
ture at 400 °C together with another band at;500 nm. These
two emissions were attributed to ZnO nanocrystals forme
the host as the results of thermal annealing and oxidat
The former was due to free and bound exciton emiss
while the later was attributed to deep level and surface de
emissions of the ZnO nanocrystals. When the annealing t
perature was above 500 °C, a strong UV emission was
served. As the annealing temperature increased from 40
700 °C, the UV emission peak intensity further increased,
linewidth narrowed, and the peak position redshifted fro
372 to 379 nm. The measured the FWHM were 207, 1
110, and 91 meV, respectively for the samples anneale
400, 500, 600, and 700 °C.

On the other hand, the intensity of the emission at;500
nm was decreased quickly as the annealing temperatur
creased. When the sample was annealed at 700 °C, the d
level emission was almost quenched similar to the study
polycrystalline ZnO thin film prepared by the oxidation
the metallic Zn.7 One way to evaluate the concentration
structural defects in ZnO nanocrystals is to compare the
intensity ratio of the UV emission to the deep level gre
emission. In our experiment, the largest ratio is 41 at RT~see
inset in Fig. 3!, compared with the 20 observed for MBE
grown ZnO films at RT.8 These indicate the concentrations
the defects responsible for the deep level emission are
tively low.

Because the exciton binding energy of ZnO is about
meV, exciton emission can be observed at RT. In the
spectra in Fig. 3, Exciton emission peak was redshifted;62
meV to the low energy side with an increase of grain s
from 14 to 19 nm corresponding to the annealing tempe
ture from 500 to 700 °C. The particle size dependence on

FIG. 3. Room temperature PL spectra of as-implanted sample and
nanocrystals embedded in CaF2 at different annealing temperatures. Th
inset shows the intensity ratio of the UV near-band edge emission to
deep level emission for the samples annealed at different temperature
Downloaded 21 Oct 2004 to 128.219.12.140. Redistribution subject to AI
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shift of the exciton emission peak is expected to be mai
due to a quantum-confinement-induced energy gap enha
ment.

In conclusion, we have synthesized ZnO nanocrys
embedded in CaF2 matrix with ~002! preferential orientation
by the thermal annealing the Zn ion implanted into Ca2

substrate in oxygen ambient. XRD results show the Zn m
starts to be oxidized at 400 °C annealing temperature. As
annealing temperature increases from 500 to 700 °C, the
lowing effects are observed:~1! the grain size increases from
14 to 19 nm,~2! the PL spectra at RT show the UV emissio
intensity increases and the deep-level green emis
decreases~for the sample annealed at 700 °C,~3! the deep-
level emission is almost quenched!, ~4! the UV emission
peak position has a redshift from 372 to 379 nm due to
quantum confinement effect and stress effect, and~5! its
FWHM decreases from 207 to 91 meV, compared with
98 meV observed for ZnO epilayers grown on CaF2 by
MBE. These results indicate the high-quality ZnO nanocr
tals embedded in CaF2 are formed.
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