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Monodisperse ZnO Nanodots: Synthesis, Charaterization, and Optoelectronic Properties
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An effective and reliable synthetic route has been developed for the preparation of almost perfectly
monodisperse 3 te-4 nm ZnO nanocrystals. In addition, a PL peak with a blue-shift of 0.16 eV has been
observed in the PL spectrum, showing good size uniformity of the nanodots. The band gap has also been
verified in the analysis df—V characteristics of an ITO/ZnO/Si&\ structure, from which the band alignment

of the ZnO nanodots on ITO has been determined. This work demonstrates an efficient synthesis of ZnO
nanodots and an easy approach to studying physical properties of nanocrystals that will help the material
optimization in device application.

Introduction interfaces, an extensive group of nanocrystals with tunable sizes
and hydrophobic surfaces has been prepared. Previously, the
LSS synthesis route was described, in which sodium linoleate
was used to prepare monodisperse metal, semiconductor, and
rare-earth fluorescing nanocrystals successfiillyowever, in

Deemed as large artificial atoms, semiconductor nanocrystals
(so-called quantum dots) exhibit a tunable density of electronic
states, which controls many physical properties that can be

widely and easily adjusted by modifying composition, size, and this study, we employed a highly water-soluble alkali (NaOH)

shapel Nanocrystals provide strong quantum confinement of S .
electronic carriers (i.e., electrons and holes) at nanometer scale%o S|mpl|f_y the LSS synthesis route for ZnO nanocrystals and
0 make it more stable and controllable.

such that their band gaps and luminescence energies are size- Thi h h I d the | | thesis of
and shape-dependent. These dots have now been widely IS approach has allowe € large-scaie synthesis o

employed as targeted fluorescent labels for biomedical applica—monOd'Sperse Zn0 nanocrystals with d'm_eF‘S'O”S of abeut 3
tions2-5 nm, whose photoluminescence (PL) exhibits an obvious blue-

Because of the size and shape dependence of physicaIShifted peak indicative of good size uniformity. The band gap

properties, much effort has been focused on the developmentOf ZnO nanodots was obtained from the PL measurement, while

of new strategies for synthesizing nanocrystals with high the band _ahgnment on |nd|um_t|r_1 oxide (ITO) was mgasured
monodispersity and high size uniformity in recent years, as '[heseby analyzing thel —V characteristics of an ITO/ZnO/Sa\

are favorable building blocks for the fabrication of nanodevices structure.

and are essential for advanced developments in nanoscience an
nanotechnolog$-8 ZnO, with a bulk band gap of 3.3 eVis a
useful wide band gap material in various applications, such as  All the chemical reagents were purchased from Sigma-Aldrich
solar cells, ultraviolet (UV) luminescent devices, and chemical and used without further purification. The ZnO nanocrystals
sensors? ! Furthermore, since ZnO is one of the few oxides were synthesized as follows. First, 4 mL of linoleic acid, 0.5 g
that shows quantum confinement effects in an experimentally of NaOH, and 16 mL of ethanol were mixed by stirring at room
accessible size range'{ nm), monodisperse ZnO nanocrystals temperature to form a homogeneous solution. Subsequently, 0.5
are attracting more and more interest in fundamental researchg of zZnChL was dissolved in 7 mL of deionized water by
and practical applicatior3:'3Very recently, ZnO nancrystals  yltrasonic vibration for 5 min. The mixed solution was obtained
with various shapes were synthesized using a variety of py adding them together and maintained at room temperature
surfactants, such as trioctylphosohine oxide (TOPO), oleic acid for a few minutes under stirring. Finally, the mixed reactants
(OA), 1-hexadexylamine (1-HAD)ert-butylphosphonic acid  were transferred into a 40 mL autoclave, sealed, and heated at
(TBPA), and tetradecylphosphonic acid (TDPA):® However, 110 °C for 10 h. The system was allowed to cool to room
synthesis is challenging because ZnO nanodots tend to aggregateemperature, and the product was collected by centrifugation.
or undergo Ostwald ripening due to their high surface en- The product was washed 3 times with deionized water and
ergy 920 absolute ethanol.

These obstacles can be overcome by employing ligsadid The X-ray powder diffraction (XRD) measurement of the
solution (LSS) SyntheSiS routes. The LSS Strategy is based Onsamp|e was performed on a Siemens D5005 X_ray diffracto-
controlling the phase transfer and separation process across thgneter with Cu K radiation at a scanning rate of 0.06 ded.s
liquid, solid, and solution interfaces. It has been demonstrated The TEM and HRTEM images were recorded at 200 keV with
that by carefully properly tuning the chemical reactions at the 3 JEM-2100F fiele--emission transmission electron microscope
- (JEOL). The PL spectrum was measured on a Fluorolog-3
e_;;ﬁ”ﬁ&?%’:}%j‘ggﬂfg@.Te": 0065-67904387; fax: 0065-67904161; spectrofluorimeter, and tHe-V curves were characterized using

t School of Electrical and Electronic Engineering. a HP 4155A semiconductor analyzer. The ITO/ZnOLEAD

* School of Materials Science and Engineering. structure was fabricated as follows. First, ZnO nanodots were
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Figure 1. XRD pattern of ZnO nanocrystals.
coated on a layer of 20 nm thickness on the ITO by a spin L(0110)
coating machine at 3000 rpm for 30 s. Then, SKDO nm in o1y SRR
thickness was sputtered on the ZnO nandot layer by a Univex o e M
450B Sputtering System, and the Al electrode was deposited § 2 o0

on the SiQ layer by a Denton Vacuum DV-502 E-beam system.

zno[1011]

Results and Discussion

The composition and phase purity of the as-prepared nanoc-
rystals were established by powder X-ray diffraction (XRD),
which confirmed a high degree of crystallinity, with all
reflections indexed to wurtzite structured ZnO (JCPDS card no.
89—-0511) with cell parameters= 3.249 A andc = 5.205 A
(in Figure 1). No characteristic peaks of impurities such as Zn-
(OH), were present in detectable quantities.

The corresponding bright field transmission electron micros- £
copy (TEM) image is shown in Figure 2a, and the histogram
of the size distribution is given in the inset. This result confirms - : :
that the sample consists of nearly monodisperse nanocrystalszlgure 2. Characterization of monodlsperse ZnO nanodots: (a) bright
about 3.5 nm in diameter. Figure 2b is the high-resolution field TEM |mage and the histogram of the size distribution (inset) and
transmission electron micrography (HRTEM) image with fast (P) HRTEM image with FFT of the ZnO nanodot.

Fourier transform (FFT) of the ZnO nanodots. It invariably
reveals regular lattice spacings, and favorable cases, where the 362
nanocrystal is aligned along a principal axis. The Fourier
reconstruction yields a pattern consistent with the wurzite / \

structure. / '\

The PL spectrum of the as-prepared nanodot sample was / i
measured at room temperature with the excitation at a wave- /' \

n

length of 325 nm, as shown in Figure 3. A strong UV light

emission peak is clearly observed at 362 nm, corresponding to

a transition energy of 3.42 eV. A remarkable blue-shift of 0.16

eV with respect to the edge emission gap energy (3.26 eV) of

bulk ZnO crystal® is obtained due to the quantum confinement

effect in the ZnO nanodots. The corresponding band gap energy L]

is larger than the emission peak energy by the excitonic binding

energy. Such an enlarged band gap implies a diameter of 3.5

nm of QDs?3 !
The ZnO nanodots were assembled into an ITO/ZnG4SiO

Al structure (in Scheme 1) to further determine the band 3;5 T 3‘;0 T 3‘155 T 270

alignment of ZnO nanodots on ITO via the analysisl eV

chgracteristics. Figure 4 presents the band diagrar)rqs of the ITO/ Wavelength(nm)

ZnO/SiGQy/Al structure under the two opposite biases. Because Figure 3. PL spectrum of ZnO nanocrystalée( = 325 nm).

of high barriers in both conduction and valence bands at the

Al/SiO; interface, electron and hole injections from the SiO that the current ratio of ITO/ZnO/SKAI to ITO/SIO/AI is

end were negligible. This is evidenced by the experimental result about 100. Figure 5a shows the forward biake¥ character-
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Figure 4. Energy band diagrams for the ITO/ZnO/%IAl structure 5 02-
biased under a high field showing hole and electron tunneling, ©
respectively. 014
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SCHEME 1 Fabrication of ITO/ZnO/SiO ,/Al Structure
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istics of these two structures. Therefore, we can consider
unipolar carrier injection in the ITO/ZnO/SHAI structure. For

a sufficiently high bias as illustrated in Figure 4, holes or
electrons may tunnel through the ZnO nanodot layer and
contribute an appreciable current that follows the Fowler
Nordheim (FN) tunneling equatiéh?>

w) 12,372

ler = ConE? exp(—i‘m‘f’—)
3 e E

wherelgy is the currentE is the electric field across the oxide,
m* is the electron or hole effective mass,is the electronic
chargefi is the reduced Planck’s constant, afé the barrier
height. As shown in Figure 5b,c, the FN plotsIli&f) versus
1/E at high electric field show a good linearity as a sign of the
FN tunneling mechanism. The slopes-62 x 109 and—3 x
1(° can be determined from the linear regions in forward bias
and reverse bias, respectively. Apart from the linear regions,
other current injection mechanisms may be dominant (e.g., space
charge limited current, etc.). Given effective masse$,
(0.59mp) andm, (0.19m) for hole and electroA®27the barrier
heights are calculated to be 2.44 and 1.0 eV, indicating the band
alignment of the ZnO nanodots on ITO. The barrier heights
sum up to be 3.44 eV, which agrees with the value of the band
gap of the ZnO nanodots derived from the PL test very well.

Conclusion

In summary, we have developed an effective and reliable
synthetic route for the preparation of almost perfectly mono-
disperse 3 te~4 nm ZnO nanocrystals. In addition, a PL peak
with a blue-shift of 0.16 eV has been observed in the PL
spectrum, showing a good size uniformity of nanocrystals. The
band gap has also been verified in the analysisl-eV
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characteristics of an ITO/ZnO/SiA structure, high bias, as  Figure 5. (a) 1=V characteristics of the ITO/ZnO/Sial and ITO/
holes or electrons may tunnel through the ZnO nanodot layer SiOJ/Al structures at forward bias andFN plots for the ITO/ZnO/
and contribute an appreciable current that follows the FN SiOZAl structure at (b) forward biases and (c) reverse biases.
tunneling equation, from which the band alignment of the ZnO

nanodots on ITO has been determined. This work demonstrates Acknowledgment. The authors gratefully acknowledge
an efficient synthesis of nanodots and an easy approach tofinancial support (Research Grant ARC 2/05) from the Ministry
studying physical properties of nanocrystals that will help the of Education (MOE) and the Agency for Science, Technology
material optimization in device application. and Research (A*STAR), Singapore.
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