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The shape deformation of hydrothermal-grown ZnO nanorods is observed. After annealing at high temperature,
hexagonal ZnO nanorods change to become cylinder-like ones. The adjacent nanorods tend to connect to each
other to form one nanostructure. Photoluminescence measurements show that a sample annealed at 600°C' has
a strong ultraviolet emission with a very weak visible emission, and with increasing annealing temperature the
visible emission becomes more intense. It can be concluded from analyses of the morphological changes that
the surface reaction between the doped C and ZnO is the main reason for the shape deformation of the ZnO

nanorods.
PACS: 78.67.—n, 78.67.Qa

As a wide bandgap semiconductor, ZnO nanos-
tructures are a promising candidate for electronic and
optoelectronic applications at the nanoscale.l' % Gen-
erally, materials of reduced size demonstrate melt-
ing points lower than those of their bulk forms. Be-
cause the melting point of bulk ZnO is as high as
1750°C, ZnO shows good thermal stability,*~ " and
the growth temperature for single crystalline ZnO thin
films reaches 700-900°C. By the physical vapor trans-
port method, one-dimensional (1D) ZnO nanostruc-
tures could be obtained with a growth temperature
above 900°C.I*l However, some researchers recently
reported that the melting point of ZnO nanorods
grown by thermal decomposition or the hydrothermal
method could be decreased to 600-700°C.[Y) The di-
ameters of these nanorods can be 10nm to several
tens of nanometers, and a morphological change in
the ZnO nanostructures annealed at high tempera-
ture was reported, which was ascribed to the melting
point decrease for the nano-sized ZnO.l”! Some theo-
retical works have also shown that the size and shape
of ZnO nanostructures can affect the melting temper-
ature T),."'") Moreover, the melting of materials nor-
mally induces structural and property changes, which
is a major concern in applications. Therefore, it is of
great interest to study the melting behavior and the
induced structural and property changes of nano-sized
materials.

In nano- and micro-electronics, the thermal behav-
ior of active components is an important factor affect-
ing the reliability of these devices.[''~' Tt is there-
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fore important to understand the thermal stability of
ZnO nanostructures. In this study, we fabricate ZnO
nanorods using the hydrothermal method. With an-
nealing of the sample at different temperatures, the
structural and photoluminescent (PL) properties are
examined.

A 7ZnO seed layer with a thickness of 100 nm in
the (002) orientation was deposited on an Si sub-
strate by the magnetron sputtering method using a
99.99% ZnO target. The ZnO nanorods were grown
on the ZnO seed layer/Si substrate by a hydrother-
mal method. Zinc acetate [Zn(CH3COO)92H50]
and hexamethylenetetramine (CgHi2N4) were used
as the reactant sources. We dissolved 0.02M
[ZH(CH3COO)22HQO] and 0.02M C6H12N4 in de-
ionized water to form a 50mL solution. Then, a
30mL solution was moved to a reaction kettle with
a 50 mL capacity. The ZnO seeding layer/Si substrate
was put into the solution, and the reaction kettle was
preserved at 90°C for 16h. After the reaction, the
samples were taken out of the reaction kettle, cleaned
with de-ionized water and dried in air at 60°C for 2 h.
Finally, the samples were annealed in air at different
temperatures of 600, 700, 800, 900 and 1000°C for
30 min, respectively.

All the as-grown and annealed samples were
characterized by field-emission scanning electron mi-
croscopy using a Hitachi S4800 microscope, and
energy-dispersive x-ray spectroscopy (EDS, GENE
SIS 2000 XMS 60S, EDAX, Inc.) attached to the
SEM. The crystal structures of the samples were de-
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termined by x-ray diffraction (XRD, D/max-RA) us-
ing Cu Ka radiation with an area detector. Photolu-
minescence (PL, LABRM-UV Jobin Yvon) measure-
ments were performed using a He-Cd laser operating
at 325nm as the excitation source.

Fig.1. SEM images of as-grown ZnO nanorods (a),
and annealed at 600 (b), 700 (c), 800 (d), 900 (e) and
1000°C (f) for 30 min. The inserted image shows the cor-
responding cross-sectional SEM image for the as-grown
ZnO nanorods.
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Fig.2. The x-ray diffraction patterns for ZnO nanorods
that were as-grown and at different annealing tempera-
tures. The inset shows the amplified patterns of the as-
grown ZnO nanorods.

The morphologies of the as-grown and annealed
Zn0O samples are shown in Fig.1. The as-grown sam-
ple (Fig. 1(a)) is composed of straight and hexagonal-
shaped nanorods with different diameters ranging
from 80 to 300nm. The inserted image shows that
the corresponding cross-sectional SEM image for the
as-grown ZnO nanorods is about 1pm in length. At
low annealing temperatures of 600 and 700°C, ZnO
nanorods keep a hexagonal structure without any
changes, as shown in Fig. 1(b) and (¢). However, with
the annealing temperature increasing to 800°C, two

obvious changes could be observed in Fig. 1(d). First,
the adjacent nanorods tend to connect to each other,
designated by the white circle. Second, each angle of
the tops of the hexagonal become less sharp. These
two characteristics are much clearer with a further in-
crease in the annealing temperature to 900 and 1000°C
(Fig.1(e) and (f)). At 1000°C the hexagonal-shaped
nanorods are completely changed into cylinder-like
nanorods. The adjacent nanorods then combine to-
gether to form a whole one (Fig. 1(f)).

Figure 2 shows the XRD curves of ZnO nanorods
under different annealing temperatures. For all the
samples, the positions of the diffractive peaks in the
XRD curves are the same. All the diffraction peaks
originate from the ZnO wurtzite structure, with lattice
parameters of a = 0.325 and ¢ = 0.521 nm. The strong
ZnO (002) diffraction peak indicates that the samples
are of c-axis orientation. The full width at half maxi-
mum (FWHM) of the sharp (002) diffraction peak for
all the samples is only 0.11-0.12°. The inset shows
the amplified patterns of the as-grown ZnO nanorods,
with the two peaks located at 34.43 and 34.52° from
the Kaq and Koy diffractions. The XRD results in-
dicate that after annealing, the crystalline structure
does not change.
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Fig. 3. The PL spectrum of the as-grown ZnO nanorods
and those at different annealing temperatures, measured
at room temperature.
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Fig.4. The PL spectrum of the as-grown ZnO nanorods
and those at different annealing temperatures, measured
at 83 K.
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To study the effect of annealing on the PL emis-
sion, PL spectra were measured using a He-Cd laser
at 325nm as an excitation source, as shown in Fig. 3.
The PL spectrum of the as-grown ZnO nanorods con-
sists of a UV emission and a deep-level emission.
The UV emission could be attributed to the exci-
ton recombination-related near-band edge emission
in ZnO. The deep-level emission is mainly ascribed
to oxygen vacancies.['”] For the sample annealed at
600°C, the visible emission is completely quenched.
Only a strong UV emission with a narrow FWHM
could be observed. The deep-level related emission
appears at 700°C and becomes stronger with a further
increase in the annealing temperature, which indicates
the evaporation of the O atoms to generate more O va-
cancies in ZnQO. There is a competing process between
the O atoms getting into the lattice and the thermal
evaporation out of the ZnO lattice in atmosphere.['"]
At low annealing temperatures (600°C), the adsorp-
tion rate of the O atoms is faster than that of the
escaping ones. Hence, more O atoms can compen-
sate for the O vacancies at lower annealing temper-
atures, resulting in the weakening of the visible PL
emission. However, at high annealing temperatures
(700-1000°C), the escape rate of the O atoms becomes
larger than the adsorption rate, which leads to the for-
mation of more O vacancies in the ZnO lattice.

To further understand the origin of the PL emis-
sions in ZnO nanorods, low-temperature PL. measure-
ments were performed at 83 K as shown in Fig. 4. The
PL spectra from all the samples are dominated by the
neutral donor bound exciton (D°X) emission located
at 3.358 eV, with two weak emission peaks located at
3.310 and 3.236 €V, which are attributed to the first-
order and second-order LO-phonon replicas of the free
exciton emission (FX-1LO and FX—QLO).[W] For the
samples annealed at 600°C, a weak free exciton (FX)
emission located at 3.370€V could be observed. The
FX-1LO and FX-2LO peaks become more sharp at
an annealing temperature of 600°C. However, with an
increase in the annealing temperature, the sharp tran-
sitions develop into a broad band. The intensity of the
DYX emission decreases more slowly than that of the
FX-1LO and FX-2LO, and gradually, the FX-1LO and
FX-2LO peaks merge into the low-energy tail of the
DX peak.

According to the study carried out by Guisbiers
et al., the T, of ZnO nanowires with a radius of 5nm
and a length of 100 nm is about 1430°C, which is much
lower than the bulk one.[’) However, based on our
data, this explanation is not appropriate due to the
following reasons. First, the diameters of our ZnO
nanowires are in the range 80-300nm. In this value,
the size effect is so weak that the physical properties
of the nanowires are almost the same as the bulk ones.
Second, the melting process leads to a phase change

from the solid state to the liquid one, resulting in the
great shape change. However, in our result with the
increasing annealing temperature from 600 to 1000°C,
the nanostructures keep the 1D shapes and the di-
ameters are not decreased by too much. Referring
to the physical transfer method, the ZnO nanostruc-
tures grown at high temperature (950°C) are still of
a hexagonal shape. Therefore, we attribute the shape
deformation in our experiment to the surface reaction
in ZnO nanorods.
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Fig. 5. The XPS spectrum of the annealed ZnO nanorods.

When the contents of the elements in the ZnO
nanostructures were analyzed, C could be detected,
as shown in the x-ray photoelectron spectrum (Fig. 5),
which may be due to the C doping into ZnO during the
growth process. Based on the XRD and PL spectra,
the doping does not affect the structural and lumines-
cent properties. By Gauss fitting, two binding energy
peaks located at 284 and 288eV could be obtained,
which correspond to the C-H and C-O bonds. With
an increase in the annealing temperature, the C could
react with the ZnO to form CO and Zn vapors, like
a carbothermal method (above 800°C). Then the va-
pors react again to grow ZnO. Because of the above
process, shape deformation occurs and the adjacent
nanorods can be connected, and due to the escape
of oxygen from the ZnO nanorods, this process could
generate more oxygen vacancies in ZnQO. The emission
intensity of the visible band increases with enhancing
annealing temperature.

In conclusion, hydrothermal-grown ZnO nanorods
only show good thermal stability under annealing tem-
peratures below 600°C. At high annealing tempera-
tures, the morphology of the ZnO nanorods changes
greatly. At 1000°C the hexagonal-shaped nanorods
are completely changed into cylinder-like ones, and
the adjacent nanorods are combined together to form
a whole one. We attributed the shape deformation to
the surface reaction in the ZnO nanorods.
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