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Synthesis and characteristics of large-scale ZnO rods by wet chemical method
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Abstract: The large-scale ZnO rods of submicrometer were prepared on the bare glass using a wet chemical method under different
experimental parameters, such as the reactant concentration and the growth time. The microstructure of the ZnO rods was
characterized by X-ray diffractometry(XRD) and field emission scanning electron microscopy (FESEM) with the energy dispersive
X-ray spectroscopy(EDX), and the optical property was investigated by the room-temperature photoluminescence (PL) spectra. XRD
and FESEM results show that the wurtzite structure and rod-like ZnO is obtained. The length (3—8 um) and the diameter (400 nm— 3
pum) vary with the experimental parameters. A strong UV emission at 384 nm and a weak visible yellow-green emission around 570
nm are observed in the PL spectrum. After annealing at 600 C in air, the UV peak intensity increases obviously and the
yellow-green peak intensity decreases greatly. The near-band-edge UV emission is attributed to the exciton recombination; the
yellow-green emission can be associated with the defect recombination; and some defect complexes may be responsible for the latter

emission.
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1 Introduction

ZnO is a well-known semiconductor with a direct
wide-band gap energy (3.37 eV) and a large exciton
binding energy (60 meV) at room temperature, which
makes it a significant material of catalytic, electronic,
optoelectronic and piezoelectric properties. Recently,
one-dimensional(1D) semiconductor nanostructures have
attracted considerable attention, especially for 1D ZnO
nanostructure due to its unique and novel application to
nanodevices such as ultraviolet light-emitting devices[1],
field-effect transistor[2], solar cells[3], and chemical
sensors[4]. Such kind of 1D ZnO nanostructures has
been realized as nanorods, nanowires, nanobelts,
nanotubes, nanorings, nanobridges, nanonails and so on
[5]. Among these 1D nanostructures, ZnO nanorods have
been widely studied for their easy synthesis and
application in nanoscale devices.

At present, 1D ZnO nanorods have been obtained
mainly by vapor-liquid-solid(VLS) process, metal
organic chemical vapor deposition(MOCVD) and wet
chemical route. The VLS process requires higher growth

temperature than 500—550 °C, expensive substrates and
the metal catalyst assistant[6]. The catalyst-free MOCVD
enables to grow ZnO nanorods at 400—500 C that is
still relatively high[7]. The wet chemical route exhibits
several advantages like low cost, large-scale production,
low-temperature process and no catalyst assistant. It can
be performed on various substrates, which promotes its
applications in versatile fields. Therefore, it will be the
most promising method to synthesize ZnO nanorods.
VAYSSIERES[8] proposed the preparation of ZnO
nanorods by a wet chemical method. However, there is a
little report on the optical properties of ZnO rods that are
developed directly on the bare glass. In this work,
large-scale ZnO rods were prepared directly on bare
glass by wet chemical method under different
experimental parameters. The influences of the
experimental parameters on the
morphologies and the optical properties of ZnO rods are
investigated in details.

microstructures,

2 Experimental

All the chemicals in experiments were in analytical
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grade without any purification. The bare glass was used
as substrate. The substrate was cleaned with scour and
rinsed thoroughly with deionized (DI) water, then stirred
for 30 min in ethanol with ultrasonic vibration and again
rinsed with DI water thoroughly. The reactant solution
was prepared by equi-amount zinc nitrate hexahydrate
(Zn(NO3),"6H,0) and methenamine (C4H;,N,) aqueous
solution mixed in a sealed glass vessel. The glass
substrate was immersed into the reactant solution. The
reaction temperature was kept at 95 C . The
concentration of the reactant solution changed from
0.001 to 0.1 mol/L. The reaction time changed from 0.5
to 4 h. Subsequently, the substrate covered with a white
layer was washed carefully with DI water and then dried
at the same temperature.

The morphologies and the crystalline structures of
the as-grown products were characterized by field
emission scanning electron microscope (FESEM, JEOL
JSM-6700F, Japan) and X-ray diffractometer (XRD,
Rigaku D/max, Japan) with the Cu K, radiation of 1.541
7 A and a monochrometer at 50 kV and 300 mA with the
scanning rate and step being 4 (°)/min and 0.02°,
respectively. The infrared (IR) spectrum of the ZnO rods
was measured by a Nexus670 Fourier transform
spectrometer (FT-IR, Thermo Nicolet, USA). The
room-temperature PL spectrum was measured with a
fluorescence spectrophotometer using a He-Cd laser with
a wavelength of 325 nm as the excitation light source.

3 Results and discussion

3.1 Basic chemistry

In the experiment, the
maintained in the weak acid condition. The reaction
processes in the system can be expressed by the
following equations:

reaction system was

C¢H,2N4+10H,0— 6HCHO+4NH;-H,0 (1)

Zn**+4NH;-H,0— [Zn(NH;),]*' +4H,0—~
Zn(OH),+4NH, +20H" )

Zn(OH),— ZnO+H,0 (3)

In the aqueous solution of zinc nitrate, the
methenamine decomposes to aldehyde and ammonia
(Eqn.(1)) in the weak acid condition. Then ammonia
combines with Zn>" to produce a large number of Zn**
amino complexes in the solution. The Zn®* amino
complexes will be directly hydrolyzed (Eqn.(2)), and
ZnO can be formed on the glass substrate and vessel
inter-surface through the decomposition reaction shown
in Eqn.(3).

3.2 Structure and morphology
Fig.1 shows the XRD patterns of the as-grown ZnO

rods on the bare glass developed for 1 h. All diffraction
peaks can be indexed to hexagonal wurtzite ZnO, and no
diffraction peaks of any other impurities are detected.
The dominated orientation of the ZnO rods varies with
the concentration of the reactant solution. At lower
concentrations of 0.001—0.005 mol/L, the (100) preferred
orientation is observed, which means that most of the
ZnO rods along c-axis growth lay parallelly on the
substrate. Then the (100) preferred orientation becomes
weaker as the concentration of the reactant increases and
the (002) orientation growth is eventually observed as
the concentration of the reactant increases to 0.08—0.1
mol/L, which implies that most of the ZnO rods grow
with c-axis vertical to the glass substrate.

Figs.2(a) and (b) show the XRD patterns of the ZnO
rods grown in the solution of 0.1 mol/L of the reactant
for 1 h and 4 h, respectively. The intensity of (002) peak
increases with the growth time increasing, while the
random orientations emerge simultaneously. It is obvious
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Fig.2 XRD patterns of ZnO rods grown in 0.1 mol/L reactant
for 1 h (a) and 4 h (b)
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that the crystallinity of the samples increases and the
ZnO rods exhibit some random growth, but the rods with
c axis being vertical to the substrates are still dominated.
The morphologies and microstructures of the
as-grown samples were characterized by FESEM. The
morphologies of the samples grown in the solutions with
different concentrations and for different time are shown
in Fig.3. The inserts of Figs.3(c) and (d) are their section
images. It is clearly seen that hexagonal ZnO rods are
obtained. They always grow along the ¢ axis that is of
lowest energy in hexagonal structure. As seen in
Figs.3(a)—(c), at lower concentration, the ZnO rods are
parallel to the substrate. Several rods perpendicular to the
substrate appear gradually with increasing the
concentration. When the concentration reaches 0.1 mol/L,
most of the rods get perpendicular to the substrate. With
growth time increasing to 4 h, the vertical rods become a
compact array ensemble, as shown in Fig.3(d). The direct
observations on the evolution of morphologies and
microstructures are in agreement with the above analyses
based on the XRD patterns. It can be also observed that
these ZnO rods are 3—8 um long with diameters in the

range of 400 nm—3 pm. The average diameters of
samples increase with the reactant concentration, while
the average lengths do not follow this rule. This is not
exactly similar with the results reported by JANOTTI et
al[9]. However, the ratio of the length to diameter
decreases with the reaction concentration increasing,
which is almost conformed by the results of JANOTTI et
al[9]. The average diameter decreases with the growth
time increasing, so does the average length. However,
the ratio of the length to diameter increases weakly. The
energy dispersive X-ray spectroscopy(EDX) analysis
results show that the molar ratio of oxygen to zinc is
1.24:1, which indicates that there is excessive oxygen in
the as-grown ZnO rods. Table 1 summarizes the
geometrical parameters of the as-grown ZnO rods under
different experimental conditions.

In most cases, homogenous nucleation of solid
phases from solution requires a higher activation energy
barrier than heterogeneous nucleation and therefore,
heterogeneous nucleation is energetically more favorable
if there are some substances served as nuclei[10]. In our
experiments, there is almost no nucleus on the bare glass,

Table 1 Geometrical parameters of as-grown ZnO rods at different experimental parameters

Concentration/(mol-L_l) Growth time/h Average diameter/nm Average length/um Ratio of length to diameter
0.005 1 400 4.5 11.25
0.03 1 500 3 6
0.1 1 3000 7-8 2.5
0.1 4 1 000 3 3

mol/L, 1h; (d) 0.1 mol/L, 4 h
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so the homogenous nucleation is dominated. Nuclei grow
up and then are adsorbed onto the substrates. The
concentration of the homogeneous nucleation is low at
the lower reactant concentration and becomes higher
with the reactant concentration and growth time
increasing rapidly, which can be distinctly seen from
Fig.3 and Table 1. Too many nuclei interact each other,
which restrains the growth of every single rod in spite of
the diameter and the length.

3.3 Luminescent properties

Fig.4 shows the PL spectra of as-grown ZnO rods at
room temperature. Two emitting bands, including a
strong UV emission centered at about 384 nm and a
visible yellow-green emission centered at about 570 nm,
are observed. The PL intensity increases with the reactant
concentration because of the increase of ZnO rods with
increasing the reactant concentration. The strong UV
emission must be contributed to excitonic recombination
corresponding to the near band edge emission of the
wide band-gap ZnO. In addition to UV excitonic
emission peak, ZnO also exhibits visible luminescence at
different emission wavelengths owing to intrinsic or
extrinsic defects. The deep level yellow-green emissions
observed in Fig.4 of the ZnO rods should be related to
these defects. A number of different hypotheses have
been proposed for green emission, such as singly ionized
oxygen vacancy[l11], doubly charged oxygen vacancy
[12], oxygen antisite[13] and surface defects[14]. Green
emission is commonly attributed to the singly ionized
oxygen vacancy and is easily affected by surface
modifications. The yellow emission, which is usually
observed in ZnO synthesized by a wet chemical method,
is commonly attributed to interstitial oxygen[15], and is
not affected by surface modification[16]. The green and
yellow emissions in ZnO are also attributed to the
presence of Zn(OH), on the surface[17]. However, there
are different origins related to mutative PL centers. Since
excessive oxygen has been confirmed by the EDX, and
there is no hydroxyl —OH presented in the as-grown
Zn0O rods by the FT-IR spectroscopy, interstitial oxygen
perhaps is one of the origins of the visible emission in
the experiment. The PL spectra are measured with
ensemble of ZnO rods, and therefore, the wvisible
emission is an ensemble of different effect emission.
There may be still other defects that should be
responsible for yellow-green emission. The ZnO rods
exhibit steady PL properties, which can be recurred by
the repeated experiments.

Fig.5 shows the PL spectra of ZnO rods before and
after being annealed at 600 “C for 1 h. It is seen that the
intensity of UV emission increases and that of
yellow-green emission decreases after annealing. The
peak intensity ratio of the UV to visible emission

increases obviously from 1.7 for the ZnO rods before
annealing to 11.6 after annealing. The latter ratio is
comparable to that of ZnO films deposited by pulse laser
deposition[18]. So, the optical quality of ZnO rods is
enhanced after annealing. But the visible yellow-green
emission does not completely fade away, whose energy
level is about 2.18 eV. The calculated energy levels from
different studies were summarized by TAM et al[19] and
the results are shown in Fig.6. It should be mentioned
that the majority of calculations only predicts energies of
single point defect. However, the energy of the neutral
oxygen vacancy-zinc interstitial complex defect is
calculated to be 2.16 eV below the conduction band
minimum. The single point defect, such as neutrally
charged zinc vacancy[20] and neutral zinc interstitial[9],
have been confirmed to be mobile at relatively low
temperatures below 600 C. However, the yellow-green
emission persists after annealing at as high as 600 C in
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Fig.6 Energy levels of different defects in ZnO from different
studies in the literature (V(Zn), V(Zn') and V(Zn>") denote
neutrally, singly charged, and doubly charged zinc vacancy,
respectively; 1%(Zn) and I(Zn) indicate neutral zinc interstitial
while I'(Zn) denotes singly charged zinc interstitial; V(0°) and
V(O) denote neutral oxygen vacancy while V(O") denotes
singly charged oxygen vacancy; 1(O) and I(H) represent
oxygen and hydrogen interstitial, respectively; V(O)I(Zn)
denotes a complex of oxygen vacancy and zinc interstitial): (a)
Ref.[21]; (b) Ref.[22]; (c) Ref.[13]; (d) Ref.[23]

air. This indicates that defect complexes not just single
point defect are responsible for this emission. The energy
level of this emission (2.18 e¢V) is close to the neutral
oxygen-zinc interstitial (2.16 eV), which may be one
reason responsible for the yellow- green emission.

4 Conclusions

1) The dominated orientation of ZnO rods varies
from parallel at lower concentration to perpendicular to
the substrate when the concentration increases to 0.1
mol/L and the vertical rods become a compact array
ensemble as growth time increases to 4 h.

2) The ratio of the length to diameter decreases with
increasing the reaction concentration but increases
weakly with the growth time.

3) A strong UV emission and a weak visible yellow-
green emission are observed for all as-grown ZnO rods
and the optical quality of ZnO rods is enhanced after
annealing.
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