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Abstract

ZnO colloidal spheres were synthesized by sol-gel method with a narrow size distribution. We controlled the size of
the spheres during the secondary reaction with various amounts of primary reaction supernatant. The optimized
condition of ZnO powders with an average diameter of 185 nm was obtained for structure analysis and study of optical
properties. Transmission electron microscopy and X-ray diffraction reveal that the spheres are polycrystalline in the
pure wurtzite phase. Markedly enhanced near-band-edge ultraviolet photoluminescence and significantly reduced
defect-related visible emission were also observed. We attribute this observation to the localized bound excitons with
high density of defect states. In addition, broad yellow emission and green emission were observed when the powders
were post-annealed at 500 °C in air ambience. The origins of the defect-induced visible emissions are attributed to
oxygen interstitials and oxygen vacancies.
© 2005 Elsevier B.V. All rights reserved.
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applications as a transparent electrode [7,8] for
photovoltaic and electroluminescent devices and as
a promising material for ultraviolet light emitting
devices and laser diodes [9,10]. Furthermore,
luminescence of ZnO phosphors has recently
regained much interest because of its potential use
in low-voltage fluorescence. Especially, since ZnO
has a direct band gap of 3.37e¢V at room
temperature, high mechanical and thermal stabili-
ties, and much larger free exciton binding energy
(60meV) than that of GaN (25meV), it ensures an
efficient excitonic emission up to room temperature.

Accordingly, the preparation of uniform prop-
erty about ZnO powders has attracted much
attention in order to possess stable luminescent
properties. Different methods such as precipitation
[11,12], spray pyrolysis[13,14], microemulsion
[15,16], hydrothermal synthesis [17,18] and sol—gel
process [19,20] have been utilized for preparing
ZnO powder. Among these methods the sol-gel
process is a relatively simple one for preparation of
ZnO nanoparticles. It allows the production of
ZnO colloids with narrow size distribution and
excellent crystallization. However, the character-
istics of electronic and luminescence are markedly
influenced by the experimental parameters used in
the sol-gel method such as the precursor, solvent,
heating temperature and so on.

In the present work, sol-gel method was used to
synthesize monodisperse ZnO colloidal spheres. The
ZnO colloidal spheres appear to be formed by the
aggregation of very small primary crystallites and
those secondray clusters were investigated to have
the random lasing effect [20]. However, the influ-
ences of luminescence on the primary particles were
not discussed before. We demonstrated the high-
efficient ultraviolet (UV) emission of the primary
single crystallites by measuring room-temperature
(RT) and low-temperature (LT) photoluminescence
(PL). The synthesis mechanism and crystal structure
of the ZnO colloidal spheres are also discussed.

2. Experiments
The ZnO colloidal spheres were produced

by a two-stage reaction process similar to that
described by Seelig et al. [21], and reactions were

ascribed as the following equations:

Zn(CH3C00), + xH,0 —25 Zn(OH"),
(CH;CO0™),_, + xCH;COOH, 1)

Zn(OH™) (CH;COO™),_, —2 ZnO
+ (x — )H20 + (2 — x)CH3;COOH. 2)

Eq. (1) is the hydrolysis reaction for Zn(OAc), to
form metal complexes. We increased the tempera-
ture of reflux from RT to 160 °C and maintained
for aging. The zinc complexes would dehydrate
and remove acetic acid to form pure ZnO as Eq.
(2) during the aging time. Actually, these two
reactions described above proceed simultaneously
while the temperature is over 110 °C. All chemicals
used in this study were reagent grade and
employed without further purification. In a typical
reaction, 0.01 mol zinc acetate dehydrate (99.5%
Zn(OAc),, Riedel-deHaen) was added to 100 ml
diethylene glycol (99.5% DEG, EDTA). Then the
temperature of reaction solution was increased to
160 °C and maintained for aging at least for 1h.
White colloidal ZnO was formed in the solution
that was employed as the primary solution. The
secondary solution was composed of Zn(OAc),
(0.01 mol) and various amounts of primary super-
natant (5-20ml) in 100ml DEG and the reaction
began in the same way as the primary reaction.
The white gelatinous production of ZnO particles
ranging in diameter from 50 to 300 nm (depending
on the amount of primary supernatant [21]) were
successfully synthesized under the well-controlled
concentration with stable heating rate. From our
observations, the particles with a diameter of
nearly 185nm have the optimal size that can be
used to fabricate self-assembled periodic array; we
therefore choose the ZnO colloidal spheres with
size lying in 185nm to study their structural and
optical properties throughout this report. The
powder specimens were prepared by placing a
drop of colloidal suspension on preheated Si(100)
substrates and carbon-coated copper grids and
were then allowed to dry in air to remove the
excess solvent. Finally, the dry powders were
inserted in a furnace and heated at 350°C and
500 °C for 1h in air ambience.
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The crystalline structure of the samples was
analyzed by using Philips PW1700 X-ray diffract-
ometer (XRD) with Cu Ko radiation and JEOL
JEM-2000FX transmission electron microscope
(TEM) operated at 200keV. The morphology
and size distribution were characterized using a
LEO-1530 field emission scanning electron micro-
scope (FE-SEM) operated at 5keV. The composi-
tion of specimens was analyzed using an EDAX
energy-dispersive X-ray (EDX) spectrometer
attached to the SEM. The Raman spectroscopy
was performed using an Ar-ion laser with 488 nm
wavelength and 150 mW power as the excitation
source. The scattered light was collected in the
back-scattering geometry and detected by the
SPEX-1877 triplemate equipped with liquid nitro-
gen cooled CCD. The photoluminescence mea-
surement was made using a 20 mW He-Cd laser at
wavelength of 325nm and the emission light was
dispersed by a TRIAX-320 spectrometer and
detected by a UV-sensitive photomultiplier tube.
A closed cycle refrigerator was used to maintain
the measured temperature at 10 K.

3. Results and discussion

The SEM photographs shown in Fig. 1 are the
products synthesized in various aging times using

10ml of primary supernatant. ZnO was agglom-
erated from the beginning as white seeds shown in
Fig. 1(a). The zinc complexes link as networks
initially [see Fig. 1(b)] and condensed isotropic to
finally form hierarchical packing of colloidal
particles as shown in Fig. 1(c). The unidirectional
aggregate phenomenon and formation mechanism
were presented by Ocana et al. [22] in other metal
oxide colloidal systems. The monodispersed sphe-
rical ZnO colloids with an average particle size of
ca. 185nm were obtained after at least one hour
aging. Careful analysis of the micrographs deter-
mines that the spheres formed are monodispersive
within 5-10%. The EDX spectra of the products
with different aging times in Fig. 2 reveal that they
contain Zn, O and C. The carbon proportion
decreases as the aging time increases. This means
that it is necessary for the products to have enough
aging time to remove ethanoate ion.

Fig. 3 shows TEM micrograph of the above
investigated samples. A spherical shape of the ZnO
clusters is recognized at about 185nm with
agglomeration of primary single crystallites ran-
ging from 6 to 12 nm. Electron diffraction pattern
confirms the polycrystalline structure of the
secondary colloidal ZnO spheres that were aggre-
gated of the primary single crystallites.

Crystal structure of the ZnO spheres was
analyzed by using a powder XRD as shown in

Fig. 1. Large and local scale of scanning electron micrographs of various aging time products synthesized using 10 ml of primary
supernatant. The aging times are (a) 15min, (b) 30 min and (c) 60 min.
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Fig. 2. Composition variation analysis by energy dispersive X-
ray spectra of different aging time products as (a) 15min, (b)
30min and (c) 60 min.

Fig. 4. We demonstrated the XRD profiles of the
as-grown powders and the samples post-annealed
at 350°C and 500°C in air ambience for 1-h,
respectively. The diffraction peaks and their
relative intensities coincide with the JCPDS card
no. 36-1451, so that the observed patterns can be
unambiguously attributed to the presence of
hexagonal wurzite crystallites. Diffraction finger-
prints can also be indexed to a structure of
polycrystalline ZnO with cell constants of a =
3.251 A and ¢ = 5.208 A. Furthermore, the crystal-
line sizes were approximately estimated to be 9, 14,
and 20nm for as-grown, 350°C-annealed and
500 °C-annealed samples, respectively, by using
the Scherrer equation from the full-width at half-
maximum (FWHM) of diffraction peaks by
considering instrumental broadening effect. The
result was directly implied the grain growth of the
ZnO colloidal spheres under heat treatment.

Fig. 3. Transmission electron micrograph and selected area
diffraction pattern of the secondary ZnO clusters.
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Fig. 4. X-ray diffraction patterns of (a) as-grown, (b) 350°C
annealing for 1 h and (c) 500 °C annealing for 1 h polycrystalline
ZnO colloidal spheres.

To investigate the relationship of the crystalline
quality, Raman spectra were also measured for
ZnO spheres before and after heat treated under
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Fig. 5. Raman spectra of (a) as-grown, (b) 350 °C annealing for
1h and (c) 500 °C annealing for 1h ZnO colloidal spheres.

various temperatures. Fig. 5 presents the spectra of
the as-grown powders, and after 350 °C annealing
and 500°C annealing for 1h, respectively. The
dominant feature at ~520cm ' is due to the TO
phonon mode from the Si substrate. The peak at
380cm ! corresponds to A(TO) phonon of ZnO
crystal, while the peak at 437cm ' corresponds to
E>(high) mode of ZnO crystal [23]. We found that
there is no significant change of Raman spectra for
the 350 °C-annealed and 500 °C-annealed samples.
Consequently, after thermal annealing over
350°C, the E,(high) mode became sharper and
stronger and another E{(LO) mode was observed
at 580cm~'. A stronger E,(high) mode means
good crystallinity. Whereas, the observance of
E{(LO) mode is associated with existence of the
oxygen vacancy, interstitial zinc, or their com-
plexes [24-26].

The room-temperature (RT) PL of the ZnO
spheres with different calcination temperatures is
shown in Fig. 6. For the as-grown ZnO spheres
[Fig. 6(a)], the spectrum consists of a strong UV
band emission, located at 3.3eV with the FWHM
160 meV, and there are relatively by no other
visible emissions. The UV emission is attributed to
excitonic recombination [27]. After post-annealing
in air ambience [Fig. 6(b) 350°C and Fig. 6(c)
500°C], the UV band emission was slightly red
shifted to 3.2eV with reduced intensity and
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Fig. 6. Room-temperature photoluminescence spectra of (a) as-
grown, (b) 350 °C annealing for 1 h and (c) 500 °C annealing for
1h ZnO powders.

broadened FWHM, while the broad visible band
emission at local maximum 2.1eV was enhanced
with increasing annealing temperature. Fig. 7
shows the low temperature (LT) PL spectra of
the same samples measured at 10K. The LTPL
indicates that the UV band emission is still broad
for the as-grown ZnO spheres [Fig. 7(a)] and the
peak position located at 3.37eV with FWHM of
130meV. As the annealing temperature is in-
creased [Fig. 7(b) 350°C and Fig. 7(c) 500 °C],
the FWHM of UV peaks becomes narrower
especially for the 500 °C-annealed sample. This is
due to grain growth at high annealing temperature
and is also confirmed by the peaks width of XRD
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Fig. 7. Low-temperature (10 K) photoluminescence spectra of
(a) as-grown, (b) 350°C annealing for 1h and (c) 500°C
annealing for lhour ZnO powders.

in Fig. 4. The donor-bound exciton (D°X) peak
situated at 3.37eV of Fig. 7(c) is predominant with
its longitudinal (LO) phonon replicas at the lower
energy side, which is similar to the bulk crystal for
the annealed temperature at 500 °C.

With comparison of the RTPL studies, the
temperature dependences of the peak shifts for as-
grown and 500 °C-annealed powders in Fig. 6(a)
and (c¢) and Fig. 7(a) and (c) were obvious. The
differences of the peak energy between bulk ZnO
and both of the as-grown and the 500 °C-annealed
powders were 0.07 and 0.14eV, respectively.
Since the annealed 500°C powders present the
bulk property and the donor-bound exciton was

reported as temperature dependent exciton lumi-
nescent energy [28], the broadening UV emission
of as-grown powders must come from another
physical mechanism. Yang et al. [27] have pro-
posed that bound to deep centers (localized states)
exist in the ZnO quantum dots. The emission peak
of the bound excitons hardly changes with
temperature and presents broad LTPL spectrum.
Furthermore, those defect-bound excitons have a
large density of states, so they probably enhance
the emission intensity of UV luminescence. The
UV emission at 3.3 eV of the as-grown powders of
our work may also be due to the defect-related
levels but do not come from free exciton.

It is generally agreed that the visible emission is
due to nonstoichiometric composition and visible
photoluminescence is most commonly green
[29-32], though other peaks are, for example,
yellow [33-35] and orange emission [36]. In our
RTPL spectra, the broad yellow emission at local
maximum position 2.1eV was observed when we
increased annealing temperature from 350 °C to
500°C. The deep level involved in the yellow
luminescence of ZnO is attributed to oxygen
interstitials (O;) [33,35]. The origin is due to
oxygen diffusion of the ZnO spheres after anneal-
ing in air atmosphere and is also consistent with
the previous study for ZnO samples sintered in
moist air [33]. Furthermore, Greene et al. [34] have
also provided the strong evidence of disappearance
of the yellow emission in oxygen-deficient ZnO
nanowires after annealing in reducing atmosphere.
Consequently, the yellow emission in our present
work is associated with oxygen interstitials (O;)
beyond all doubt.

However, LTPL spectra shown in Fig. 7 depict
the broad visible emission of the 500 °C-annealed
powders at around 2.3eV (green emission) in low
temperature. The green emission may come from
oxygen vacancies (V,) as the previous reports
indicate [29-32], and the results also agree with the
previous discussion on Raman spectra. The
possible reason is the suppression of yellow
luminescence while green emission remained be-
cause of their different activation energies. Due to
the activation energy of O; induced excitation was
71 meV[Ref. [34]; yellow emission can be seen at
room temperature readily. The binding energy of
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green emission could be smaller than thermal
energy at room temperature (25 meV) and result in
hardly appearing at RT in our case. Although no
evidence of the suggestion we described above is
appropriate, the origin of the visible emissions in
ZnO is a controversial one. The other analytical
methods such as electron paramagnetic resonance
(EPR) and temperature-dependent photolumines-
cence can be used to confirm this controversy in
our further investigation.

4. Conclusion

In summary, we have successfully demonstrated
the monodispersed secondary ZnO colloidal
spheres synthesized by a simple sol-gel method
and the influence of aging time on the density of
powders was presented confidently. Transmission
electron micrograph shows ZnO clusters were
aggregated of primary single crystallites with a
size of 6-12nm. Higher efficient near band edge
UV luminescence was attributed to defect-bound
excitons with high density of states and we confirm
it by using room-temperature and low-tempera-
ture photoluminescence analyses. The assumption
was proved from the observation of peak broad-
ening and unchanged position in low-temperature
photoluminescent spectra. The interesting features
are similar to the behavior of ZnO quantum dots
in the previous study. In addition, broad yellow
emission and green emission were observed in
RTPL and LTPL, respectively. The defects such as
oxygen interstitials (O;) and oxygen vacancies (V)
dominate the visible emissions of ZnO spheres in
temperature-dependent photoluminescence.
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