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Controlled growth of ZnO nanorods by polymer
template and their photoluminescence properties
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A large amount of one-dimensional ZnO nanorods with diameters in 15—50 nm aligned in radial cluster
were successfully synthesized by polar polymer polyvinyl alcohol (PVA) as soft-template. The growth
of ZnO nanorods was controlled by changing annealing temperature. The evolution of the morphology
and microstructure was investigated by scanning electron microscope, transmission electron micro-
scope and X-ray diffraction. It is shown that ZnO nanorods tend to be uniform and the crystallization is
gradually improved with the temperature increasing from 400°C to 700°C. The photoluminescence
spectra of products show a strong ultra violet emission and relatively weak defect emissions. The
sharp strong emission peak at 354 nm owing to the inter-band transition indicates the extraordinary

photoluminescence property of ZnO nanorods.
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1 Introduction

Quasi-one-dimensional nanometer materials such as
nanowires, nanorods and nanobelts have attracted much
attention due to their remarkable morphology-dependent
properties and potential applications in nano-optoelec-
tronics devices!'!. As a wide band gap semiconductor
(3.37 eV), ZnO is one of the most promising materials
for photo-catalysis™™, ultraviolet/blue emission devices!!
and field emission devices'.

Among the various growth techniques for nanostruc-
ture ZnO such as hydrothermal method™, chemical va-
por deposition'®, self-assembly method” etc., soft-tem-
plate has some advantages including simple and facile
technique, mild condition and low energy consumption.
Polymer coils of polyvinyl alcohol (PVA) insert each
other in the semidiluted solution and form crosslinking
network template whose meshes size can be adjusted
from nanometer to micron. The steric hindrance of polar
polymer PVA can control ZnO nucleation. In this paper,
a large amount of 1D ZnO nanorods with diameters

in 15—50 nm aligned in radial clusters were success-
fully fabricated by PVA as soft template. In the case of
1D nanostructure™), the formation process and photo-
luminescence property of ZnO nanorods aligned in ra-
dial cluster has not been investigated before. The unique
geometrical structure of ZnO exhibits a particular ultra-
violet emission peak at 354 nm.

2 Experiment

In a typical synthesis, PVA (the alcoholysis degree =
97%, the average degree of polymerization 1750 + 50)
was first dissolved in deionized water. Zn (CH;COO), -
2H,0 (99%, Aldrich) and the homogeneous PVA aque-

ous solution were mixed by mass ratio of 2:1 under
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magnetic stirring in water bath at 60°C for 1—2 h.
Glass substrate was cleaned using acetone and ethanol in
ultrasonic cleaning machine, and then washed thoroughly
with distilled water. The substrate was coated with the
uniformly dispersed mixed solution by spin coating at
3000—3500 rpm, and then dried in infrared ray. The
products were obtained by annealing at 400°C —700°C
for 3 h in the muffle furnace with a constant air flow.

The crystal structure of the products was investigated
by X-ray diffraction (XRD, D/MAX-2500). The mor-
phology of the products was analyzed by scanning elec-
tron microscopy (SEM, JEOL/JEM-6700F) and field
emission gun transmission electron microscope (TEM,
TECNAI GZF—20). Photoluminescence spectrum was
performed at room temperature using F-4500 spectro-
fluorometer (Hitachi) with a Xe lamp as the excitation
light source.

3 Results and discussion
3.1 X-ray diffraction analysis

The XRD patterns of bare glass substrate and the sam-
ples annealed at different temperatures are shown in
Figure 1. The diffraction peaks of the samples are all in
good agreement with the typical wurtzite-type ZnO
crystals according to JCPDS card (36-1451) except the
minor peaks from ~ 15° to ~ 25° in Figure 1(curve 2)
which are attributed to PVA incomplete decomposed
products. It is also noted that the XRD curves turn to be
sharp and clear continuously, which shows that the
crystallinity is improved with the annealing temperature
increasing from 400°C to 700°C.

—_
=
=

(0o1)
(zo0)

1)
o)
(go1)

Intensity (a.u.)
(
= Ln

.-
%

. A N P 3
':“MU{ A A A e 2
et 1 T + . + Y !
20 40 60 80
209

Figure 1 X-ray diffraction patterns for glass substrate (curve 1), samples
annealed at 400°C (curve 2), 500°C (curve 3), 600°C (curve 4), and 700°C
(curve 5).

3.2 SEM and TEM morphology and possible for-
mation mechanism of ZnO nanorods

In the SEM images of the sample annealed at 400°C,
there are numerous ZnO prisms with an unequal rectan-
gular-like cross-section area. They are conglutinated
together to form a cluster-shaped structure with the av-
erage size of ~ 20 um (Figure 2).
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Figure 2 SEM images of samples prepared at 400°C. (a) Low-magnifi-
cation; (b) high-magnification.

The effect of the annealing temperature on the mor-
phology evolution of ZnO nanorods is shown in Figure 3
(a)—(1). It can be observed that the length-diameter ratio
of ZnO nanorods is significantly increased from 500°C
to 700°C and the nanorods morphology becomes more
uniform with diameters in 15—50 nm finally.

Figure 4 shows TEM images of local morphology of
nanorods at 700°C and corresponding fast Fourier
transform (FFT) patterns as in the insets. It can be seen
that nanorods are structurally uniform with lattice
fringes spacing of 0.52 nm, which confirms that the
grown nanostructures are preferentially oriented in the
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Figure 3 SEM images of ZnO nanorods with different morphologies obtained at (a)—(d) 500°C; (e)—(h) 600°C; (i)— (1) 700°C, respectively.

0.52 nm

7 /1000

Figure 4 TEM images and Fast Fourier Transform (FFT) patterns of ZnO nanocolumn at 700°C. (a) Low-magnification; (b) high-magnification.
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[0001] (c-axis) direction.

ZnO crystal nucleuses form easily on the glass sub-
strate with low surface barrier and tend to gather into
cluster in the annealing process. In our work, uniformly
distributed polar hydroxy groups of PVA can coordinate
with Zn*" to form stable and dispersive ZnO crystal nu-
cleuses, and polymer network prevent ZnO nanoparti-
cles from agglomeration efficiently at the same time.

PVA begins to decompose at 120°C and disappears
completely at 500°C!"%). With the samples annealed from
RT to 400°C for 3 h, polymer network gradually col-
lapses. Incompletely decomposed products of PVA block
the surface adsorption of ZnO nanocrystal, which leads
to the different development of the same crystal facets
and disproportion of the various crystal facets relative
growth rate (see Figure 2). When the samples are an-
nealed from RT to 500°C for 3 h, polymer network is
finally removed completely with the prolonging of reac-
tion time. Amorphous ZnO nanoparticles begin to ag-
gregate and form spherical shape. The surface energy of
(0001) faces of the wurtzite structure ZnO is much lar-
ger than those of other faces, which finally results in
progressive elongation along [0001] directions of the
ZnO nanocrystals. Characteristic of ZnO crystals pref-
erential growing is helpful for the orientation growth
along radial direction anisotropically of ZnO nanoparti-
cle aggregates and formation of one-dimensional nano-
rods in radial clusters (see Figure 3(a)—(d)).

When temperature increases to 600°C or 700°C,
sufficient energy accelerates the thermal motion of Zn
and O ions and adatoms migration at ZnO surface. As a
result, crystalline ZnO tends to be perfect and nanorods
arrange more tightly in order.

3.3 PL spectrum

Room temperature PL spectra excited by 310 nm are
shown in Figure 5. For comparison, PL spectrum of bare
glass substrate is also given. There are two weak blue
emission peaks centered at 411 nm (3.03 eV) and 434
nm (2.86 eV) respectively for the sample annealed at
400°C (Figure 5(curve 2)). When temperature increases
to 500°C, the intensities of the two blue peaks increase
and an additional broad emission peak consisting of two
weak ultraviolet emission peaks centered at 354 nm
(3.51 eV) and 384 nm (3.24 eV) appears. At relative
high temperature (600°C or 700°C), the ultraviolet
emission intensity increases significantly compared with
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Figure 5 Photoluminescence spectra for bare glass substrate (curve 1),
samples annealed at 400°C (curve 2), 500°C (curve 3), 600°C (curve 4)
and 700°C (curve 5).

that of the blue emission.

The spectra of ZnO nanostructures usually consist of
a near band edge UV emission peak at ~ 380 nm (3.27
eV) which comes from the recombination of free exci-

tons[“’m

and visible emission peak which is related to
deep level structural defect or impurity!'>'*"*!. How-
ever, the UV emission peak at 354 nm has been scarely
observed. Ni YongHong et al. reported the UV emis-
sion peak at around 353 nm which was attributed to the
ZnO surface partially passivated by CTAB as the sur-
factant'®. Zhang et al!'? observed a high-energy
photoemission at 356 nm which was interpreted as
quasi-Fermi level shift in the conduction band. In this
work, the UV emission at 354 nm appears until PVA is
completely descomposed at 500°C. We attribute it to the
inter-band radiation combination of photogenerated
electrons with high concentration in conduction band
and holes in valence band. The improved crystallization
of ZnO nanorods is helpful to reduce the density of sur-
face state of ZnO nanoparticles and non-radiative
recombination centers. Consequently, the UV emission
intensity at 354 nm contributing to inter-band is im-
proved greatly compared with the blue emissions com-
ing from defects.

4 Conclusion

In summary, ZnO nanocolumns clusters have been suc-
cessfully synthesized on glass substrate via a novel
polymer soft template method. As network template,
PVA can control ZnO nucleation and crystal growth. The
annealing temperature plays an important role to control
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the morphologies and photoluminescence of ZnO nano-

columns clusters. The intensity of UV emission peak at
354 nm increases by improved crystallinity at higher
temperature.
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