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We report the preparation of ZnO nanocrystals embedded in arBadix formed using sequential

zinc and oxygen ion implantations. The optical absorption spectra and photoemission spectra of zinc
implanted and zinc/oxygen coimplanted silica show that the first zinc implantation produces zinc
clusters and that the subsequent oxygen implantation following the zinc implantation rearranges the
distribution of zinc and oxygen ions at an atomic level. While thermal annealing of Zn only
implanted silica leads to the formation of Zn nanocrystals, thermal annealing of zinc/oxygen
coimplanted silica promotes the growth of ZnO nanocrystals. The absorption and
photoluminescence spectra show that ZnO nanocrystals form in an amorphgua&@i and that

their systematic change as a function of annealing temperature corresponds to the typical correlation
between the increase of particle size and a redshift in near-band-edge emission.

© 2005 American Institute of PhysidOI: 10.1063/1.1906304

Following the demonstration of blue-green light- room temperature and a behavior consistent with the quan-
emitting diodes(LEDs) and lasers using 1I-VI compounds, tum confinement effect.
there has been intensive investigation of wide-band-gap Optical grade amorphous sili¢a-SiO,) substrates were
[I-VI compounds for optoelectric applications in both the implanted with 100 keV Zh at doses of 1, 3, 5, and 10
visible and ultraviolet(UV) regions. Among several wide- X 10'®ions/cnf. Subsequently, © ions were implanted
band-gap II-VI semiconductor materials of interest, ZnO hawith an energy of 57 keV at doses of 1, 3, 5, and 10
attracted tremendous attention due to its high exciton binding< 10 ions/cn? into the same range as the *Zions in half
energy (60 meV),1? as compared to 25 meV for GaN, and of the Zn preimplanted substrates. All implantations were
20 meV for ZnSe. This large exciton binding energy of ZnOperformed at room temperature. These two sets of samples
allows excitonic recombination and optically pumped laser(Zn only implanted substrates and Zn+O sequentially im-
oscillations even at room temperatlf?re. planted substratg¢svere annealed in either a vacuum or oxy-

Semiconductor nanocrystals, having dimensions compagen atmosphere at several temperatures ranging from
rable to the Bohr exciton diameter, exhibit changes in opticaB00 to 700 °C.
luminescence spectra due to quantum confinement of exci- The concentration profiles of implanted ions were mea-
tons and the dielectric functional confinemétftThe unique sured before and after the thermal treatment by Rutherford
properties of semiconducting nanocrystals have motivated backscattering spectroscofgBS). Optical absorption mea-
number of studies on ZnO nanocrystals, which were manusurements of implanted silica were performed with a Cary
factured using various synthesis methédsHowever, one  5E spectrophotometer at room temperature. The chemical
of the central problems of ZnO nanocgystals is that the destate of Zn in the silica matrix was analyzed with the aid of
sired UV band-gap luminescence is weak: x-ray photoemission spectroscopfPS to verify the cre-

One solution for enhancing the near-band-edge emissioation of ZnO particles using a PHI5600 ESCA System. The
UV emission in ZnO nanocrystals is to encapsulate the nanac 1s and Si 2 peaks were used to calibrate the binding en-
crystals with protective surface layéfslon implantation is ergy of spectra. During XPS measurement, sputtering was
an effective method to synthesize matrix embedded nangerformed to investigate the depth profiles of samples. The
crystals with controlled particle size, crystallographic orien-PL spectra of nanocrystals were measured by using the
tation, lattice structure, and spatial den r“till.ﬁln the present 266 nm line from a Nd-YAG laser and photomultiplier
study, ion implantation was utilized to produce ZnO nano-detector.
crystals buried in a dielectric host materiedmorphous Figure 1 shows the optical absorption curves for as-
SiO,). Using sequential ion implantation of Zn and O, en-implanted and annealed silica with Zn doses of 1, 3, 5, and
capsulated ZnO nanocrystals were successfully preparedox 10'® ions/cnf. With increasing Zn ion dose, the back-
These nanocrystals, with sizes comparable to the Bohr exciground of the spectra increased and the absorption spectra
ton diameter(3 nm),"" exhibited a strong UV emission at exhibited a peak. For the sample implanted with 10

X 10 Zn/cn?, an absorption peak was observed at 255 nm.

dauthor to whom correspondence should be addressed:; electronic maifiS th_e annealing temperature of the as-implanteq samples
jklee@lanl.gov was increased, the absorption peak of the Zn implanted
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FIG. 1. Optical absorbance curves for Zn ion as-implanted and annealelilG. 3. Zn 3 core levels of x-ray photoemission spect@®S) data of for
silica substrates with different doses:x10%/cm?, 5x 10%/cm?, 1 Zn implanted or Zn/O coimplanted and annealed silica with a dose of 1
X 107/ cré. X 10'7/cn? at a depth of Zn concentration peak.

- . - " It is well known that the ion-irradiation damage that oc-
samples exhlblteq a progressive blueshift in pe?‘k POSIIOR, 5 i jon implanted silica creates defects and causes
gmd a de(cj:rehas% mkpeak \(’j‘”dth' Also,bthe annealing F;]r,oﬁeﬁfhanges in its optical responSeHowever, the peaks of the

ecreaged the ﬁ‘c gro_un I spectra above 300 nm, which ifiyiica) absorption curve of Zn only implanted silica in the
creased during the Zn implantation process. ange of 210—260 nm cannot be fully explained by defect
The optical gpsorpuon spectra for Squent'a”y 'mplante(generation, for the subsequent O implantation removed the
anq angealed fs|I|ca(\)/1v;th a%nn%ose of<r]]101 |qns/g:n"? gnd peaks observed in the absorption curves of Zn only im-
O on dose of <1 lons/cnf are shown in Fig. 2. In planted silica despite the further increase in irradiation dam-
contrast to the Zn only implantation, the sequential implan- g0 aused by the second implantation. The increase in the
tak;uon of Zn ani o (rjesﬁlted in the redu?tlon of tge 2(155 NMintensity and sharpness of optical absorption peak after ther-
absorption r'?.?a han bt N appearankce of a new Sn argq | annealing also indicates that the peak near 255 nm does
290 nm. While the absorption peak at 255 NM ODSEIVEd 1Rt result from the irradiation damage, for thermal annealing
the Zn only implanted silica showed a blueshift with increas-, - Jiac recovery of irradiation damage and decreases the
ing annealing temperature, the new band at 290 nm observ sorption due to defects.
in sequentially implanted samples showed a redshift with ™ According to Chenet al, surface plasmon absorption
mcree;]smg annealing temperature.3 v imolantegy  WES observed at 240 nm for Zn clustélayhich suggests
Photoemission spectra of Zmp3or Zn only implanted/ ¢ high-dose Zn implantation and subsequent annealing in
annealed ?”d 'Zn/O Seq“e”t'é”y mplantgd/annealgd ?'I'Ct”his study formed Zn clusters instead of ZnO nanocrystals.
are shown in Fig. 3. In Zn only implanted silica, the binding ¢ j;6"of the zn clusters from zn only implantation was
energy of the Zn B peak, at the derf)thb(_)fdmammum ancon- calculated using Mie scattering theory and the width of the
centration(40 nm), was 1021 eV, the binding energy of me- jp,otion peaks. Using a refractive index of 1.5 and a di-
tallic Zn, which reveals the formation of metallic Zn clusters g|actric constant of 4.9 for glass, Zn clusters were found to
after Zn only implantation and subsequent annealfftdow- 1o 0'nm when zn only implanted samples were annealed at
ever, when Zn and O were coimplanted and annealed, thggg o c2122Thg redshift of the absorption peak position with
binding energy of the ZniBpeak was found to be 1023 eV, annealing, can be explained by the overflow of conduction
close to the binding energy of ZnO. This shift of the binding g|ectrons from metal nanocrystals smaller than 10%Am.
energy of the Zn B peak toward a higher value in Zn and O After the subsequent O implantation into Zn preim-
coimplanted silica indicates that the coimplanted O ions PrOplanted silica, the absorption peak observed at 250 nm
moted the formation of ZnO crystals. which is attributed to Zn clusters, disappears. This disappear-
ance of an absorption peak warrants a detailed examination
on the kinetics of nanocrystal growth during the sequential

;f_ (a) 1x10"Zn"/cn? implanted | Zn and O implantation process. When metal clusters in the
5 (b) Zn/O sequentially implanted| preimplanted layer are subsequently irradiated with different
. (¢) Zn/O annealed at 500 C ions, the preexisting clusters are broken down and the second
Ka (d) Zn/O annealed at 700 °C . .. . .
E A | irradiation promotes the nucleauqn_ of new premmtate;
Nt around the periphery of the preexisting clusters, which is
31 called inverse Ostwald ripenirfd:>>The literature on inverse
g - Ostwald ripening suggests that the subsequent O implanta-
"sg -‘(é)'\\ . \ tion decomposed the preexisting Zn clusters, allowing for the
2 R nucleation of new ZnO nanocrystals. The optical absorption
< (l;)‘. Y spectra observed for coimplanted samples are consistent with
A e e this suggestion that the subsequent O implantation destroyed
200 300 400 500 600 the preexisting Zn clusters thus enhancing the formation of
Wavelength (nm) ZnO nanocrystals. While the optical absorption peak at

FIG. 2. Optical absorhance curves for Zn and O sequentially implanted and95 NM was observed for Zn only implanted samples, the Zn
anneaied silica. and O coimplanted and annealed silica exhibited an absorp-
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:@  20C ) of excitons affected PL spectra of ZnO nanocrystals,
‘2 - - -s00°C i which was more pronounced in low temperature annealed
= 700°C nanocrystalé! More investigation is in progress to find the
L |- 900°c_ correlation between nanocrystal size and luminescence prop-
g / “.w erties using transmissional electron microscopy and low tem-
> / Y Ve perature PL.
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