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Production, structure, and optical properties of ZnO nanocrystals
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High-quality ZnO nanocrystals have been fabricated by zinc ion implantati&® keV, 1

X 10'7 ions/cnt) into a Cak(111) single-crystal substrate followed by thermal annealing from 300

to 700 °C. X-ray diffraction results show that ZnO nanocrystals in,ChFl) substrate have(@02)
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. 2@03 American Institute of Physics.

[DOI: 10.1063/1.1591248

ZnO is a versatile wide band g&B.3 eV) semiconduct- method has been used to fabricate Si, Ge, GaAs, and GaN
ing material with a large exciton binding energy of 60 meV nanocrystals embedded in Si@nd ALO;, just to name a
at RT. Recently, it has gained even more interest in the aplew.*’~
plication of optoelectronic devices due to the discovery of In this letter, we report on the formation of ZnO nanoc-
low-voltage electroluminescentand UV lasing effecté. A  rystals in Cak substrate via Zn ion implantation followed by
recent report showed that the homoepitaxial N-dopegpe  thermal annealing. X-ray diffractiofXRD), microphotolu-
ZnO was produced by molecular beam epitdBE) sug- minescence(u-PL), and absorption spectra were used to
gesting that gp—n homojunction device is possibfeznO  characterize the formation and quality of ZnO nanocrystals.
nanocrystals embedded in solid matrix are used to fabricat&€his reports on the ZnO nanocrystals formation in £afth
quantum dots that can lead to further enhancement of light002) preferred orientation synthesized by ion implantation
emission intensity due to the zero-dimensional quantum corand thermal annealing processes.
finement effects of both electrons and holes. The quantum The motivation to choose Cakingle crystal as a host
confinement can also reveal other unique optical propertiegnaterial was that Cafs (1) a highly transparent wide-band
which are not observed in its bulk. High quality ZnO films gap materia(11.8 eV at 298 K.** (2) chemically stable, and
can be prepared by many methods such as sputtépntse  (3) @ low refractive index material with the indices of 1.3 and
laser depositiori,chemical vapor depositichthe oxidation 2.4 for Cak and ZnO in the UV region. Thus, it is possible
of metallic Zn/ and molecular beam epitafydowever, ZnO 10 form a waveguide structure of air/ZnO/GaH he exciton
nanocrystals embedded in solid matrix are difficult to fabri-luminescence of ZnO nanocrystals embedded in,Cah be
cate by aforementioned techniques. Thus, ion implantatiofffectively confined in the ZnO thin layer.
was the purpose of the choice. In addition, ion implantation ~ Highly transparent Caf111) single crystal was used as
is the cleanest and versatile technique to obtain nanocrystafsSubstrate. Zn ions with the energy of 160 keV were injected

in the near surface for a wide variety of materfaf$his  INtO t7h? Caf matrix. The dose of implanted Zn was 1
X 10 ions/cnt. Based on Rutherford backscattering mea-
Sputh . | hould be add i al s surement andriM simulation, the Zn ion distribution in the
Author to whom correspondence snou e addressed; also at: Advanc H H H H
Center for Opto-electronic Functional Material Research, Northeast Nor(—i?IiaB forms a nearly Gaussian shape. The ion denSIty maxi
mal University, 138 Renmin Street, Changchun 130024, People’s RepublifnUm was located 9410 nm below the surface. The samples

of China; electronic mail: ycliu@nenu.edu.cn were annealed in a furnace at temperatures from 300 to
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FIG. 2. Absorption spectra of as-implanted sample and ZnO nanocrystals
embedded in Cafat different annealing temperatures.
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from Cak matrix. In order to evaluate the mean grain size of
20 (deg) ZnO nanocrystals, the Scherrer formi§lwas used
FIG. 1. XRD spectra of as-implanted sample and ZnO nanocrystals embed- 0.9\
ded in Cak at different annealing temperatures. T B g
B cog 6g)

700 °C in oxygen for 45 min. X-ray diffraction spectra were where\, 6y, andB are the x-ray wavelengtfl.54056 A,
measured by D/max-rA Rigoku x-ray diffractometer with a Bragg diffraction angle and the full width at half maximum
CuKa line of 1.54056 A. Optical absorption spectra were (FWHM) of (002 diffraction peak around 34.42°, respec-
obtained by an UV 360 spectrophotomet&himadzy at  tively. The calculated grain sizes of ZnO nanocrystals were
room temperatureu-PL measurements were conducted with14, 16, and 19 nm for annealing temperatures of 500, 600,
a J-Y UV-lamb micro-Raman spectrometer in backscatteringnd 700 °C, respectively. As expected, the average particle
configuration. All u-PL spectra were obtained at RT. A 325 size increased with the increase of annealing temperatures.
nm line of a He—Cd laser was used as the excitation source. Figure 2 shows the absorption spectra of as-implanted
Figure 1 shows XRD trace$6—26) of as-implanted and annealed samples at different temperatures. When the
sample and ZnO nanocrystals embedded in,G&#Rhe an- annealing temperature was below 500 °C, the observed broad
nealing temperatures from 300 to 700°C. For the asand featureless absorption was primarily due to the ion beam
implanted sample, there were no diffraction peaks detectabldamage to the host material, which masked the relatively
that were related to either metallic Zn or ZnO nanocrystalsweak absorption of Zn and ZnO species and clusters. The
This suggests that the majority of the implanted Zn ions werabsorption due to ion beam damage is attributed to the F
well dispersed in the implanted layer and no appreciableenters(an electron trapped at a fluorine vacancseated in
amount of Zn nanocrystals were formed. After the samplehe Cak single crystal. When the temperature increased,
was annealed at 300°C, only a broad diffraction peak ofome of the F centers was annealed out via thermally assisted
metallic Zn with a(101) orientation was observed at43.3°  diffusion of displaced F ions refilled the F centers. As dis-
indicating that the dispersed metallic Zn started to form thecussed later, F-center diffusion was also occurred to form
Zn nanocrystals with(101) orientation. When the sample F-center clusters—fcenters. The exciton absorption peak at
was annealed from 400 to 700 °C, the XRD diffraction peaks353 nm started to appear when the annealing temperature
showed coexisting spectra of both Zn and ZnO nanocrystalsicreased to 500 °C. The absorption peak intensity was fur-
diffraction peaks illustrating an interplay between the Zn andher enhanced with a slight redshift as the temperature fur-
ZnO nanocrystals formation. While the formation of Zn ther increased. Qualitatively, the weakening of quantum con-
nanocrystals occurs through thermal diffusion, ZnO nanofinement effect may explain the redshift of the exciton
crystal formation may be arguably due to the metallic nanoabsorption peak. The observation of the distinct exciton ab-
crystal oxidation. The formed ZnO nanocrystals had a presorption feature in the ZnO nanocrystals embedded in, CaF
ferred (002 orientation. As the annealing temperatureis attributed to the large exciton binding energy of ZnO itself
reached 700 °C, most of the Zn nanocrystals were oxidized-60 meV.
into ZnO nanocrystals, but a trace of the Zn nanocrystals was Figure 3 shows the RT PL spectra of the as-implanted
still detectable based on the XRD spectrum. It is known thasample and the ZnO nanocrystals embedded in, ®@dtich
the peak position of002) orientation for bulk crystals should were annealed at different temperatures. For the as-implanted
be at #=34.42°1° However, the measured diffraction peak sample, two emissions could be detected located-240
(002 of ZnO nanocrystals from this experiment was locatedand~418 nm, although they were very weak. The two bands
~34.4°-35.0°. The slight shift with respect to the bulk valuecould be assigned to F ang, Eenters and to a possible Zn
may suggest a slight decrease in lattice constant paraltel toion replaced Ca ion sité<:'® Certainly, the emission at

axis of ZnO nanocrystals. This may be attributed to the stress-340 nm may also be due to the unidentified trace level
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40 ] shift of the exciton emission peak is expected to be mainly
- / ) .
10000 | ::30 O due to a quantum-confinement-induced energy gap enhance-
<% ment.
7500 k] 10 In conclusion, we have synthesized ZnO nanocrystals
5000 500 °C" ol O embedded in CafFmatrix with (002 preferential orientation
i 200 560860704 by the thermal annealing the Zn ion implanted into €aF

400°C anneating Temperature ('c substrate in oxygen ambient. XRD results show the Zn metal

PL Intensity (a.u.)

2500
starts to be oxidized at 400 °C annealing temperature. As the
0 annealing temperature increases from 500 to 700 °C, the fol-
401, lowing effects are observedt) the grain size increases from
20+ as-implanted 14 to 19 nm(2) the PL spectra at RT show the UV emission
—— . . = ; intensity increases and the deep-level green emission
350 400 450 500 550 600 decreasesfor the sample annealed at 700 °@) the deep-
Wavelength (nm) level emission is almost quenched4) the UV emission

FIG. 3. R _ 8eak position has a redshift from 372 to 379 nm due to the
. 3. Room temperature PL spectra of as-implanted sample and Zn . .
nanocrystals embedded in Gakt different annealing temperatures. The quantum confinement effect and stress effect, &dits
inset shows the intensity ratio of the UV near-band edge emission to th& WHM decreases from 207 to 91 meV, compared with the
deep level emission for the samples annealed at different temperatures. 98 meV observed for ZnO epilayers grown on Gaby
MBE. These results indicate the high-quality ZnO nanocrys-

impurities present in the as-received wafer. While the emis'-[als embedded in CaFare formed.
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