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Abstract

ZnO hexagonal prisms have been successfully synthesized in large scale by microemulsion method with polyvinyl pyrrolidone (PVP)
used as surfactant to form the template for the growth of ZnO and passivant for the modification of ZnO prisms surface, simultaneously.
The as-prepared prisms show high crystal quality and Raman spectra indicate that the ZnO prisms are in wurtzite phase. In the presence
of adsorbed PVP, the ZnO hexagonal prisms show an intensive near-band-edge emission. Our protocol provides an effective method to
synthesize ZnO nanomaterials with perfect morphology, pure crystal quality and intensive UV emission.

© 2006 Elsevier B.V. All rights reserved.

1. Introduction

Recently, numerous researches have been focused on
novel synthetic methodologies for well-controlled nanoma-
terials, including controlled size and shape, which are impor-
tant for their chemical and physical properties. Among these
materials, the II-VI n-type direct wide band-gap semicon-
ductor ZnO, with a large exciton binding energy (60 meV),
is considered to have possible applications in blue/ultraviolet
(UV) optoelectronic devices and piezoelectric devices [1]. In
addition, low dimensional ZnO nanomaterials, due to the
quantum confinement effects, offer the possibility for further
improving lasing conditions [2]. Therefore, preparing ZnO
nanomaterials with controlled shape is a focus for chemists,
physicists and material scientists.

Up to now, several physical and chemical methods have
been demonstrated for the preparation of ZnO nano- and
micro-structures with different morphologies [3-6]. How-
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ever, these methods still have some disadvantages. For
example, the physical methods require exacting experimen-
tal conditions, such as high vacuum or high temperature,
which make them inconvenient for large-scale production
[3,4]. While for the chemical methods, although cheap
and flexible, contamination or defect is usually hard to
avoid, this in turn deteriorates the photoluminescence
and hinders the application of ZnO in optoelectronic and
lasing devices [5,6]. Therefore, how to improve the crystal
quality of ZnO and realize UV emission and lasing, are still
major challenges.

Herein, we introduce a polyvinyl pyrrolidone (PVP)
assisted microemulsion method to prepare ZnO hexagonal
prisms in large scale with intensive UV photoluminescence.
PVP has shown the surface modification for ZnO nanopar-
ticles [7], while in our method, PVP molecules are
employed as both passivants to quench the visible emission
of ZnO and surfactants to form the template for the growth
of ZnO. In the presence of PVP, the as-prepared ZnO hex-
agonal nanoprisms exhibit high crystal quality as well as
the intensive near-band-edge UV photoluminescence.
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2. Experimental section

Firstly, 5 g PVP (Mw = 30,000) was dissolved in 7 ml 1-
butanol under vigorously stirring, then the as-prepared
PVP solution was added to an aqueous solution of
Zn(NOs3), - 6H,0 (0.025 M) to form a PVP microemulsion.
The volume ratio of the aqueous phase to the organic
phase was kept at 10:1. After stirred for 2 h, a concentrated
aqueous solution of NH;-H,O (NH;-H,0:Zn(-
NO3), - 6H,O =4, molar ratio) was added dropwise to
the microemulsion and kept stirring for another 3 h at
room temperature. Subsequently, the resulted milky white
mixture was kept at 75 °C for 5 days. Then the obtained
white suspension was centrifuged to separate the precipi-
tate, which was washed several times by distilled water
and absolute ethanol to remove the un-adsorbed PVP mol-
ecules, sequentially. Finally, some white powder was
obtained.

The surface morphology was investigated by a field-
emission scanning electronic microscopy (FESEM) (XL
30 ESEM FEG SEM, FEI Company) and a transmission
electron microscopy (TEM) (JEOL-JEM-2010, JEOL) with
accelerate voltage of 200 kV. For FESEM measurement,
the as-prepared sample was stick to the metal substrate
by conductive rubber fabric without gold coating. Fourier
transform infrared spectroscopy (FTIR) spectrum was
obtained on Magna 560 FTIR spectrometer with resolu-
tion of 1cm™'. X-ray diffraction (XRD) pattern was
recorded by a Siemens D5005 Diffractometer, scans were
ranged from 25° to 70° (20) at the speed of 2° min~', using
Ni-filtered CuKo line of 1.5418 A. Non-resonant Raman
and photoluminescence (PL) measurement was performed
on a HR-800 LabRam confocal Raman microscope made
by JY Company, excited by the 488 nm line of an argon-
ion laser and the 325 nm line of a continuous He—Cd laser
at room temperature, respectively.

3. Results and discussion

The size and morphology of the samples were examined
by FESEM. Fig. la shows the typical low-magnification
SEM image of ZnO. The as-synthesized product is domi-
nated by hexagonal prisms with uniform size and well-
defined shape. Fig. 1b gives the high-magnification SEM
image. The prisms show well-resolved edges and corners
with smooth surfaces. The angle between the two adjacent
edges of an individual prism is about 120°, average size of
the side edge is about 500 nm and average height about
600 nm. Energy-dispersive X-ray spectroscopy (EDS) com-
position analysis (Fig. 1¢) shows that only Zn and O signal
were detected within experimental limits.

Fig. 1d shows the XRD pattern of the as-prepared ZnO
nanoprisms. All the reflection peaks of the samples are
indexed to pure hexagonal wurtzite structural ZnO,
(JCPDS card number 36-1451). The full width at half max-
imum (FWHM) of (101) peak is only 0.07°, indicating
super crystal quality. Because of low content and poor

crystal property of PVP, the semi-crystal diffraction peaks
of PVP were not detected by the XRD characterization.

The typical TEM morphology of the samples is shown
in Fig. 2, which shows the top and side view of the hexag-
onal prism. Insert is the corresponding selected area elec-
tron diffraction (SAED) pattern, indicating a single
crystal structure, which consists with XRD result. The
top view of the TEM images confirms the perfect hexago-
nal structure of the samples. While from the side view,
top and bottom of the ZnO nanoprisms show different
morphologies. The bottom surface of the prism is smooth,
flat, and perfect, while the top side is coarse, convex and
incomplete at the edge.

From the viewpoint of the molecular structures, the oxy-
gen atom is more electronegative than nitrogen atom and it
is expected that the negative charge on PVP prefers to
reside on oxygen atom. The partial positive charge on the
nitrogen atom and the partial negative charge on the oxy-
gen atom can behave as electron acceptor and donor,
respectively [8,9]. Hence, the PVP molecules may exist in
two resonance structures as shown in the Scheme 1. In
polar circumstance, such as in water, the inner molecular
acylamino bond (a) is intent to transform to hydrophilic
—N"=C—0O" bond (b). Together with the hydrophilic
C—O~ bond, the hydrophobic C—C bond makes the
PVP an alternate surfactant. The atom N locates inner
the PVP molecule and has a saturated covalent bond, while
the atom O locates outside of the molecule, thus PVP
shows more anionic properties. The PVP can be made to
form micelles by adjusting experimental parameters. The
self-assembled PVP layers at the interface of water and
oil can act as template for the growth of ZnO. The hydro-
philic head of PVP is supposed to be exposed to water, and
thus Zn>" cation can directly attach to the negatively
charged C—O™ group of PVP template to initiate the first
layer of crystal growth. By reaction with NH; - H,O and
hydration at high experiment temperature, the positively
charged Zn*" is transformed to the surface of ZnO. Due
to electrostatic interaction, a number of alternating planes
composed of tetrahedral coordinated O*~ and Zn*" ions
stacks alternatively along the ¢ axis.

The growth mechanism of such morphology with differ-
ent top and bottom surface is quite similar to the growth
mechanism proposed by Li et al. [10]. According to Li,
the Zn>" surface bonds strongly to PVP due to charge
interaction, and the densely packed PVP will protect the
surface from further ‘etching’ or reaction, resulting in the
formation of the flat side of the prism. The PVP template
stabilizes the surface charge and the structure. While in
the absence of PVP, the exposed negatively charged O?~
surface of the prism may react with NH;, then forming
the rougher surface.

In order to prove the existence of PVP in the as-pre-
pared sample, FTIR spectrum was applied, as shown in
Fig. 3. In the spectrum of PVP molecule (Fig. 3a), the
peaks labeled by number located at 3450, 2930, 1675,
1420, and 1290 cm™!, are assigned to the O—H stretching



342

X. Sui et al. | Chemical Physics Letters 424 (2006) 340-344

v

| WD Exp |——¢—$’|
S 10.9 1

A

500 nm

Energy (keV)

Zn
0
Zn
) ) . ‘ Zn
0 2 4 6 8 1

(101)

(100)
(002)

{103}

Intensity (a.u.)

(110)

= (102}

L

40

30 50

20 (degree)

60 70

Fig. 1. Low magnification scanning electron micrograph image recorded from the as-prepared ZnO hexagonal prisms grown in PVP microemulsion (a).
Enlarged image display detailed structures of the prisms (b). Energy-dispersive X-ray spectroscopy of the sample and (c). X-ray diffraction pattern of

wurtzite ZnO hexagonal prisms with a high degree of crystallinity (d).
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Fig. 2. Transmission electron micrograph image of top-view and side-view
of PVP-assistant ZnO hexagonal prisms and corresponding selected area
electron diffraction pattern inserted.
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Scheme 1. Schematic of the resonance structures of PVP molecule.

vibration, CH, unsymmetrical stretching vibration, C=0
stretching vibration, CH, bending vibration and C—N
stretching vibration band, respectively. The intensive and
sharp vibration band of C=O indicates that the structure
in Scheme 1a is the dominant structure. In the FTIR spec-
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Fig. 3. FT-IR spectra of PVP molecules (a) and PVP-assistant ZnO
hexagonal prisms (b). The peaks labeled numerically are assigned to the O-
H stretching vibration, —CH,— stretching vibration, C=0 stretching
vibration, CH, bending vibration and C—N stretching vibration band of
PVP, respectively. The arrow indicates the stretching vibration of Zn—O
bond.

trum of ZnO hexagonal prisms (Fig. 3b), the most intensive
sharp band in the vicinity of 460-500 cm™' is assigned to
the Zn—O vibration [11]. Besides the vibration band of
Zn—O bond, the strong sharp vibration band of C=0 is
replaced by a weak and broad band located from 1400 to
1700 cm™' which is considered to be combined of the
stretching vibration band of PVP molecule’s C=0 group
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and resonant structure >N"=C—O~ [12,13]. The C—N
stretching vibration band is hard to be observed, indicating
the structure (b) is the dominant structure under the inter-
action of Zn>* and C—O~ group of PVP. The intensity of
the O—H stretching vibration, CH, symmetrical and
unsymmetrical stretching vibration of the sample become
weak evidently compared to that of PVP molecules, which
may be caused by the low content of PVP absorbed on the
surface of ZnO prisms. The FTIR results indicate that
there remain chemical absorbed PVP molecules on ZnO
nanoprisms. It is expected that PVP molecules absorbed
on the surface of ZnO prisms may influence the optics
properties of ZnO.

Fig. 4 shows the Raman spectrum of the sample. Wurtz-
ite ZnO belongs to the C‘gv space group (P6;3mc). At the I
point of the Brillouin zone, the normal lattice vibration
modes are predicted on the basis of group theory:
Topt = A1(z) + 2B, + Ei(x, y) + 2E, [14,15]. Among these,
E,, E>, and A4, are the first-order Raman active modes.
E; and A, are also infrared active. Bj is forbidden. In bulk
ZnO, generally, only E, and the 4; (LO) modes can be
observed in unpolarized Raman spectra taken in backscat-
tering geometry according to the well-known selection
rules. The band at 378 cm™' corresponds to 4; symmetry
with the TO mode. The bands at 408 and 583 cm™' are
E; symmetry with TO and LO modes, respectively. The
band at 436 cm™! is attributed to ZnO nonpolar optical
phonons high FE, vibration mode, which correspond to
the characteristic band of wurtzite phase with high crystal
quality. The Raman results confirm the conclusion drawn
from the former discussion.

Fig. 5 shows the PL spectrum of the ZnO hexagonal
nanoprisms. PVP has a neglectable emission band under
the 325 nm line of He—Cd laser. The typical PL spectrum
of ZnO usually exhibits two emission bands located at
about 370 and 550 nm, respectively. The emission band
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Fig. 4. Raman spectrum of ZnO hexagonal nanoprism. The band at
436 cm ™! is attributed to ZnO nonpolar optical phonons high E, vibration
mode, which correspond to the wurtzite phase with high crystal quality.
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Fig. 5. Photoluminescence spectra of ZnO hexagonal prisms and PVP. At
the passivation effect of PVP molecules adsorbed on the surface, the ZnO
prisms exhibit intensive UV near-band-edge photoluminescence.

at about 370 nm is typically originated from the exciton
combination of ZnO [16,17], and can be attributed to UV
near-band edge emission. The green emission at about
550 nm is the transition between the electron close the con-
duction band and deeply trapped hole at V' centre (oxy-
gen vacancy containing no electrons) [18,19], which is
also attributed to the transition between the electron at
[V§, electron] or [V, two electrons] and the hole at
vacancy associated with the surface defects [20]. Due to
the poor crystal quality of ZnO synthesized by other chem-
ical methods, the UV emission of ZnO is liable to be
quenched and only defect-related emission in visible region
is detected [5].

By the addition of PVP, the PL spectrum of ZnO prisms
shows an intensive UV emission and the visible emission is
quenched. The PL intensity ratio of the UV band-edge
emission to the deep-level green emissions (Iy/Ip), which
can be used to estimate the relative density of defects, is
drastically high. In terms of experimental results, two rea-
sons are supposed to contribute to the high Iy/Ip ratio.
One is that the crystal quality of the as-prepared sample
is enhanced by reducing the density of defects inside the
crystals during the growing of ZnO prisms. The second rea-
son is that PVP molecules adsorbed onto the surface of
prisms decrease the density of oxygen vacancy sites on
ZnO facets. These two effects prevent the formation of
V5 to decrease the recombination centers of visible emis-
sion, and thereby decreasing the intensity of the visible
emission.

4. Conclusion

In summary, a microemulsion method has been devel-
oped for the growth of ZnO hexagonal prisms with PVP
serving as surfactant and passivant. The as-prepared ZnO
hexagonal prisms exhibit perfect morphology and high
crystal quality. The PVP-assisted ZnO prisms show
enhanced near-band-edge UV emission and reduced
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defect-relate green emission. In general, under certain mod-
ification, the method reported in this article can be applica-
ble for preparation of many other oxides, carbides, nitrides,
etc., with both good morphology and optic properties.
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