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Abstract

Luminescence properties of nanosized zinc oxide (ZnO) colloids depend greatly on their surface properties, which are in turn largely
determined by the method of preparationnanoparticles in the size range from 3 to 9 nerevprepared by addition of tetramethylam-
monium hydroxide ((CH)4NOH) to an ethanolic zinc acetate solution. X-ray diffran (XRD) indicates nanocrystalline ZnO membranes
with polycrystalline hexagonal wtrite structure. The ZnO membranes have a strosiplg-emission intensity and the intensity depends
upon hydrolysis time. The infrared spectra imply a variety of forms of zinc acetate complexes present on the surface of ZnO particles. The
effect of the ZnO membrane surface properties on photoluminescence is discussed.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction films. In recent years, the sol-gel method has been exten-
sively used to prepare various kinds of oxide films, such
For the past 10 year, research on quantum-size semiconas TiQ, LiNbOs, and ITO films. In comparison to other
ductor particles has accelerated significantly due to their methods, sol-gel techniques are more convenient and less
exciting novel optical and electrical propertigs2]. ZnO, expensive and have general advantages such as easier com-
an important semiconductor material, has attracted consid-position control and superiamiformity of product. Since
erable attention for use in short-wavelength optoelectronic the novel process of synthesizing stable ZnO colloids was
devices because of its wide band gap of 3.34 eV and largereported by Spanhel ans Andergdd], many groups have
exciton binding energy of 60 meV. Moreover, it is a suitable begun to pursue related research. In Re4], quantized ag-
material for applications suchs piezoelectric transducers, gregation, gelation, and crystal growth in concentrated ZnO
varistors, gas sensors, phosphors, and surface-acoustic-wavgolloids were discussed in detail. Meulenkafhp] explored
(SAW) deviced3-7]. the influence of temperature and water during the aging of
To study ZnO properties and obtain high-quality thin  znO sol. Anderson and co-workef6] studied the lumi-
films, a variety of techniques have been used, including nescence properties of ZnO membranes during firing. But,
molecular beam epitaxy (MBEJ8], magnetron sputter- g our best knowledge, no systematic investigation of the ef-
ing [9], metal-organic chemical vapor deposition (MOCVD)  fect of variable hydrolysis time on product preparation has
[10], and sol-gel methodd,11-13] to prepare ZnO thin  yet peen reported in the literature.
This paper describes experiments studying the effect of
" * Corresponding author. hydrolysis time on the luminescence properties of thin ZnO
E-mail address: ycliu@nenu.edu.ciY.C. Liu). membranes prepared by thd-ggel technique. Changes in
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visible luminescence at different hydrolysis times are re-
searched in terms of changes in the surface chemistry of ZnO
crystals.

(o1

—= 90min d=4.9nm

2. Experimental 10min d=3.8nm
The preparation of colloidal suspensions was based on the
method proposed by Spanhel, described briefly in Féf.
The procedure consists of two major steps: (1) prepara-
tion of the precursor and (2) hydrolysis of the precursor to
form the colloidal particles. A few modifications were made
here. Tetramethgimmonium hydroxide replaced lithium hy-
droxide (LIOHH20) as the hydrolytiagent because it is = = = i =
liquid at room temperature, while solid LiOHO is not 2 theta (degree)
easy to dissolve into ethanol. Moreover, it is difficult to
remove the zinc-lithium-acetate complexes derived from Fig. 1. The XRD patterns of the ZnO thin films at different hydrolysis times.
LiOH-H,0[15], whereas it is easier to remove the unwanted
ionic species derived from (GHi;NOH. 90 min, the diffraction peaks are more intense and narrower,
The experimental procedure was of paramount impor- While the (002) reflection becomes a peak, indicating in-
tance in controlling the chemical nature of particles ob- creased crystallinity. The lattice constants calculated from
tained by hydrolysis; details are given as follows. To pre- the XRD pattern are: = 3.252 A, ¢ = 5.208 A for the
pare the zinc precursor, a 0.05 M ethanolic zinc acetate Sample of 90 min and are very close to those of wurtzite
[Zn(CH3COOY-2H,0] solution was magnetically stired ZnO,a = 3.250 A c=5207 A [17]. This result indicates
for 30 min at 50C. The flask was fitted with a condenser that ZnO has a polycrystalline hexagonal wurtzite structure.
and a CaGl trap to avoid moisture exposure. Tetramethy- Average grain size was calculated using Scherrer's equa-
lammonium hydroxide [(Ck)4NOH] was used to hydrolyze  tion[18],
the precursor, with hydrolysis time systematically varying 0.9x
between 10 and 300 min. To prevent particle growth and to ¢ = Bcosig’
remove the undesired ionic specieshexane was used to
“wash” the ZnO sol. The washed ZnO solutions were spin- Wherex, 6g and B are the X-ray wavelength (1.5418 A),
coated onta-type silicon and quartz substrates to form zno  Bragg diffraction angle, and linewidth at half maximum. The
membranes, which were then heated to 40Gor 10 min calculated average crystallite sizes are 3.8 and 4.9 nm in 10-
to remove residual organic solvent. The procedure of spin- 21d 90-min membranes, respectively.
coating could be repeated several times to obtain a desired )
film thickness. 3.2. Absorption spectra
X-ray diffraction was performed using a D/max-rA X-ray
diffractometer (Rigaku) using the G line of 1.54 A to de-
termine the crystal structure. Optical absorption spectra were
investigated with a UV-360 spectrophotometer (Shimadzu).
Infrared spectroscopic studies were conducted using a BIO-
RAD FTS-3000 infrared spectrometer. Photoluminescence
(PL) spectra were measured using a JY 63 Microlaser Ra-
man spectrometer in a back-scattering geometry configura-
tion, with a 325-nm He—Cd laser as the excitation source.

Intensity ( a. u.)

It is known that intensitied; and Iy of transmitted and
incident light are related by Beer’s law, = Ipexp(—«L),
wherea is an absorption coefficient an is optical path
length. ZnO is a direct-band semiconductor for whicls
related to the excitation energ¥éyc = hv) by a (hv) =
A(hv — Eg)Y/? (for hv > Eg), whereEq is a band gap en-
ergy. Therefore, to obtain the absorption onsétiy Io) is
plotted versus energy,v. Extrapolation of the linear part
until it intersects therv-axis givesEg. Such plots for the
ZnO sols prepared at various hydrolysis times are presented
in Fig. 2, where the onset of absorption shifts from 3.53 to
3.38 eV as the hydrolysis time was increased from 10 min
to 300 min. Such a shift in the onset of absorption indicates
a decreasing optical band gap of the semiconductor, which

Fig. 1shows X-ray diffraction (XRD) fingerprints of two is attributed to size quantization effects. The dependence of
7n0 rﬁembrane samples isolated from 10-min and 90-min particle size on absorption onset can be confirmed based on

hydrolysis-time colloids. The diffraction peaks of the 10- " effective mass approximation,
min sample are broader than those of the 90-min sample, h2n2< 1 1 ) 1.8¢2

with the (002) reflection not apparent. After hydrolysis for £9=Fgo+ -5 ed

3. Resultsand discussion

3.1. Structural propertiesfor ZnO membranes

me  Mnp
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Fig. 2. Shift of the onset of absorption spectra of the ZnO sols at different

hydrolysis times.
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Fig. 4. Room-temperature photoluminescence spectra of the ZnO thin films
at different hydrolysis time. The inset shows the ratio of intensity in the
visible-emission and the near-band emission at different reaction times.

emission is normalized. All the spectra show near-band-edge
emission and visible (vis) emission. The NBE emission peak
position shifts to low energy as hydrolysis time increases.
This is because theotloidal nanoparticles grow slowly and
the quantum confinement effect is weakened. This is consis-
tent with the UV/vis results above. It is remarkable that the
visible emission band near 2.45 eV is observable. The inset
of Fig. 4shows the PL intensity ratios of the vis emission to
the NBE emission as a function of hydrolysis time. As hy-
drolysis time increases from 10 to 90 min, the PL intensity
ratio decreases remarkably, i¢hit increases after 90 min.
Since the colloidal ZnO particles prepared by these methods
are not likely pure crystals, organic molecules (derived from
precursors used in the synthesis of the colloid) adsorbed onto

Fig. 3. The average particle size determined by the effective mass model atthe surface of ZnO crystallites might affect the visible lu-
different hydrolysis times.

where the cluster and bulk-state band gap energieggre
and Eqp, andme andmyp, are the effective masses of an elec-
tron and a hole, respectively. Herés the dielectric constant
of a semiconductor andlis the average particle size. Gener-
ally, itis accepted that in Zn@go = 3.34 eV,me = 0.24my,

mn = 0.45mq, ¢ = 3.7 [19]. The effect of hydrolysis time

minescence. To explain the effect of surface states on the
photoluminescence, FTIR spectra were measured. The rea-
son for the change of luminescence is revealed by analysis
results of infrared (IR) spectra.

3.4. IR spectra for the ZnO membranes

Fig. 5shows infrared (IR) spectra of samples identical to

on calculated band gap energy and average particle size ighose used for PL analysis. Each spectrum has some absorp-
shown inFig. 3. It can be concluded that enhancing the aver- tion bands, and some peaks in such bands, which are nearly
age particle size with increasing hydrolysis time reduces the coincident with those typidly observed for acetate groups
quantum confinement effect; hence a red shift in the band complexed with a metal such as zinc and which correspond
gap energy is observed kig. 3.

3.3. Photoluminescence of the ZnO membranes

to C-O and GO stretching. In general, three bonding struc-
ture are well known for acetate groups complexed with zinc.
These are the unidentate, bidentate, and bridging types, as
shown inFig. 6, and the vibration frequencies in wavenum-

Fig. 4 shows room-temperature PL spectra of ZnO films bers are listed ifable 1 [20] It has been reported that the
for the various hydrolysis times between 10 and 300 min. unidentate complex appears to be more capable of trapping
For convenience, the intensity of the near-band-edge (NBE)a hole because it has an elect-rich free carbonyl group
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hydrolysis time 90 min, the C-O and<D stretching inten-
sities of unidentate and bidentate complexes appear equiv-
alent, which implies that the numbers of unidentate and
bidentate complexes are similar. As illustrated above, the

mum ratio in the inset ofig. 4 In the range of 90 min,
the number of unidentate complexes, compared with that
of bidentate modes, decreases gradually with increasing hy-
drolysis time; i.e., the density of surface-defect-bound ZnO
decreases. Therefore, vigdduminescence is reduced.

For hydrolysis times greater than 90 min, the intensi-
ties of peaks at 1547 and 1456 Tthcontinue to increase,
and the number of bidentate complexes on the surfaces of

‘;‘ unidentate and bidentate types of complexes easily trap holes
& 60min and electrons, respectivelyhe captured hole and electron

8 recombine through a nonradiative recombination mecha-
g 30min nism [22]. Therefore, the intensity of visible emission has
2 . a minimum at the time of 90 min, as seen by the mini-
Fe) 10min

0

Q

<

1456 1547
1425
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Wavenumber(cm’') Z'nO'partches increases. Intrlnsu': defects.su.ch as interstitial
zinc ions (Zr) or oxygen vacancies () exist in ZnO par-
Fig. 5. Changes in the infrared specbf ZnO films at different hydrolysis ~ ticles, and at room temperature almost aly \enters are
times. thermally dissociated into  centers and conduction-band
M—O\\ M—Ox_ eIectron_s. The 8 centers have an energy (2 eV) below the
P >c—R )C—R conduction-band edd@2]. The bidentate type of complexes
o? M—0 easily trap photogenerated electrons, which can tunnel back
into ZnO particles, where they recombine Witrf)\ten-
— — Bilsging ters, resulting in the complgxes:BVelectron] or [\70 , twq
electrons], the recombinatiarenters for the visible emis-
Fig. 6. Types of bonding structures for acetate and metal. sion [23]. That is, the increase of the bidentate complexes
corresponds to the increase of the concentration of the re-
Table 1 combination centers involved in the visible luminescence of
Peak wavenumbers for various modes of acetate group coordination with ZNO. Consequently, the visdbluminescence increases after
metal 90 min.
ve—o (cm™1) ve_o (em™1)
Unidentate 1579 1425
Bidentate 1547 1456 4. Conclusions
Bridging 1600 1441

ZnO nanocomposite membranes were prepared in a sol—
(C=0), and the bidentate form might be capable of captur- gel process using tetram'ethylam'monium hydroxide as the
ing an electrori21]. hydrolyst. The ZnO colloidal partlclgs grow gradually and
As is seen irFig. 5, various structures of acetate com- the onset of the absorbance band shifts toward the red as hy-
plexes on the surface of ZnO particles are all observed. drolysis time increases. The membranes show strong visible
Moreover, the vibration intensity of each mode, which indi- €Mission. Analysis of IR spectiadicated a variety of forms

cates the amount of these complexes to some extent, dependf acetate complexes present on the surface of ZnO particles,
on the hydrolysis time. Although it is difficult to give exact which absorb UV emission and affect the surface defect con-

amounts of unidentate, bidentate, and bridging type com- centration of ZnQ membrgngs, accounting for.the observed
plexes, trends can be identified by comparison of the changesiependence of visible emission on hydrolysis time.
in relative intensity of the absorbance bands between hydrol-
ysis times.
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