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Abstract

Well-aligned ZnO nanorod arrays were prepared on substrates by hydrothermal growth under different conditions. The effect of
preparing conditions on the deposition of ZnO nanorods was systematically studied by scanning electron microscopy, X-ray
diffraction and photoluminescence spectroscopy. It is demonstrated that the growth conditions such as pre-treatment of the
substrates, growth temperature, deposition time and the concentration of the precursors have great influence on the morphology and
the alignment ordering of ZnO nanorod arrays. Pre-treatment of substrates, including dispersion of ZnO nanoparticles and
subsequent annealing, not only plays a main role in governing the rod diameter, but also greatly improves the rod orientation.
Although the rod diameter and its distribution are mainly determined by pre-coated ZnO nanoparticles, they can also be monitored
to some extent by changing the concentration of the precursors. The growth temperature has a little influence on the orientation of
nanorods but it has great impact on their aspect ratio and the photoluminescent property. Kinetic studies show that the growth of
ZnO nanorods contains two distinct step: a fast steps within the first hour, in which the nanorods tend to be short and wide, and a
slow step, in which long rods with high aspect ratio are obtained.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Nanoscale one-dimensional (1D) semiconductor ma-
terials have attracted great research interest because of
their importance both in fundamental research and in
technological applications [1]. Considerable efforts have
been devoted to the synthesis of 1D nanostructure, and
various approaches have been demonstrated for the
fabrication of semiconducting nanowire or nanorods [2].
To date, although many research efforts are still directed
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toward synthesizing randomly oriented 1D semiconduc-
tor materials, it has been realized that the construction
of semiconductor nanostructures, with well-ordered
alignment and morphology, is critical for scientific and
technological applications [3,4].

Zn0O, as a wide band-gap semiconductor, has been
widely investigated due to its promising application in
catalysis [5], Grétzel-type solar cells [6], short-wave-
length light-emitting devices [7,8], transparent conduc-
tor [9], chemical sensors [10] and piezoelectric materials
[11]. A recent report of ultraviolet (UV) lasing action
from well-aligned ZnO nanorod arrays [12] has greatly
stimulated interest in synthesizing ZnO-based nano-
structures, which were composed of well-aligned ZnO
nanowires or nanorods. Several approaches, including
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vapor-liquid—solid (VLS) growth [12], chemical vapor
deposition (CVD) [13,14], electrochemical deposition
(ED) [15] and hydrothermal approaches [16—19], have
been developed for fabricating well-aligned 1D ZnO
nanostructures. Compared to VLS, CVD and ED
methods that require sophisticated equipment and
rigorous conditions such as single-crystalline substrates
[12-15] and relatively high temperature (=890°C for
VLS [12] and 500 °C for CVD [13]), the hydrothermal
routes are more convenient and economic for large-scale
preparation of well-ordered ZnO nanowire/nanorod
arrays.

Based on the principle that heteronucleation onto a
substrate occurs more easily at a certain saturation ratio
than in homogeneous solution, Vayssieres et al. [20,21]
reported the preparation of highly oriented ZnO
microrods and microtubes via a simple low-temperature
hydrothermal method. Recently, by decreasing the
overall concentration of the reagents, while keeping
the Zn*" to amine ratio constant as 1:1, they have
successfully reduced the diameter of the ZnO rod from
1-2 um to 100-200 nm [17]. Boyle et al. [22] developed a
two-step approach, which involves a pre-coating step of
ZnO template layer and a subsequent solution deposi-
tion process, to produce perpendicularly oriented ZnO
submicrorods. Recently, Govender et al. [16] synthesized
well-oriented ZnO nanocolumns on Au-coated SnO,
substrates via hydrothermal route, and observed room-
temperature lasing from the nanocolumn arrays. This
finding indicates that ZnO nanorod arrays grown from
solution are suitable for UV laser construction. Imai and
Yamabi [18] studied the essential conditions for the
growth of wurtzite ZnO films in aqueous solution by
changing pH and complex agent, and also obtained
arrayed ZnO nanorods on modified substrates. Very
recently, Greene et al. [19] reported the formation of
ZnO nanorod arrays on different substrates and studied
their photoluminescent properties as a function of
temperature.

Even though the hydrothermal approaches are simple,
economic and suitable for large-scale production, the
quality of the arrayed ZnO nanorods fabricated using
these methods are not as good as that of nanorods
prepared via VLS, CVD and ED methods. For example,
the X-ray diffraction (XRD) patterns of ZnO nanorod
arrays grown by VLS [12], CVD [13,14] and ED [15]
show only the diffraction peaks of 002 and 004,
indicating that all the nanorods are exactly perpendicu-
larly oriented to the substrates. Whereas for ZnO
nanorod arrays grown by hydrothermal routes, other
diffraction peaks such as 100, 101, 102, etc. were also
observed [16,17], suggesting that part of the nanorods
deviated from the substrate normal. Furthermore, the
diameter distribution of ZnO nanorods grown from
solution is wider than that of nanorods prepared by
VLS and CVD methods. As a result, controlling the

orientation, morphology, growth density, diameter
distribution and aspect ratio of arrayed ZnO nano-
rods/nanowires is still the most challenging issue in
hydrothermal deposition of well-aligned ZnO nanorod/
nanowire arrays. However, detailed studies on these
issues up to now are inadequate. So, it is necessary to
explore systematically the effect of preparing conditions
on the growth of well-aligned ZnO nanorods in solution.

In this paper, we describe the hydrothermal growth of
ZnO nanorod arrays under various conditions. We
demonstrate that the preparing conditions such as the
pre-treatment of substrates, deposition temperature,
growth time and the concentration of the precursors
have a great influence on the morphological features and
the alignment ordering of ZnO nanorod arrays. We also
show that the orientation, morphology, growth density,
diameter and its distribution of the arrayed ZnO
nanorods can be effectively controlled by using suitable
preparing conditions.

2. Experimental section
2.1. Materials

All chemicals (Beijing Chemicals Co. Ltd.) were of
analytical reagent grade and used without further
purification. All the aqueous solutions were prepared
using double distilled and ion-exchanged water. Indium
tin oxide (ITO, 10Q/cm?) glass plates were used as
substrates and were cleaned by standard procedures
prior to use.

2.2. Pre-treatment of the substrates

Two different methods were used to pre-treat the
substrates.

(A) Precipitate pre-treating method. Aqueous solutions
of Zn(NOs), (1 mL, 0.5 M) and methenamine (1 mL,
0.5M) were added dropwise to 1.5 x 3.0cm? ITO
substrates. After 5min deposition at room tempera-
ture and subsequent spin coating, the substrates
were dried and then annealed at 300 °C for 10 min.
The resulting substrates are referred to as precipi-
tate pre-treated substrates (PPT-substrates) in this
paper.

(B) Colloid pre-treating method. The preparation of the
colloid solution for coating substrates was described
elsewhere [23]. In detail, zinc acetate dihydrate
(Zn(CH5COO), - 2H,0) was dissolved in the mixed
solution of ethanolamine (NH,CH,CH,OH) and
2-methoxyethanol (CH;OCH,CH,OH). The con-
centrations of both Zn(CH;COOQO), and ethanola-
mine in the resulting solution are 0.75M. The
resulting mixture was then agitated at 60 °C for
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30min to yield a homogeneous and stable colloid
solution, which served as coating solution. The
coating colloid solution (~2mL) was dropped onto
1.5 x 3.0cm? ITO substrates for spin coating, then
the substrates were dried and annealed at 300 °C for
10 min. The resulting substrates are referred to as
colloid pre-treated substrates (CPT-substrates) in
the following context.

2.3. Hydrothermal deposition

The precursor solutions were prepared by mixing
Zn(NOs3);, (0.1 M) with methenamine ((CH;)¢Ny, 0.1 M)
while keeping their volume ratio at 1:1. For the
experiments studying the effect of concentration, the
volume ratio of the two solutions was kept constant at
1:1, while changing the concentrations to meet the
experimental requirements. Unless specified, the hydro-
thermal growth was carried out at 95°C in a quartz
beaker placed in a sealed kettle by immersing the pre-
modified or unmodified substrates in precursor solutions
(60 mL).

2.4. Characterization

The morphology and size distribution of the nanorods
were characterized using scanning electron microscopy
(SEM) (Philips FEI XL30 SFEG operated at 5 or
10 KeV). XRD analysis was performed with a Rigaku
Dmax-2000 diffractometer using CuKo radiation.
Room-temperature photoluminescence (PL) spectra
were recorded on a fluorescence spectrophotometer
using Xe lamp with an excitation wavelength of
350 nm.

3. Results and discussion
3.1. Effects of substrate pre-treatment

3.1.1. Effect of pre-coating layer of ZnO nanoparticles on
ZnO nanorod growth

As is well known, the homogeneous nucleation of
solid phase in solution usually does not occur even
though the system is beyond the saturation concentra-
tion to some extent. The resistance to homogeneous
nucleation is associated with the surface energy of
forming a small nucleus. Although heterogeneous
nucleation onto a foreign surface occurs more easily
compared to homogeneous nucleation [20], the process
is difficult to control due to the random and complex
nature of the nucleus forming on a foreign surface.
Therefore, from the aspect of heterogeneous nucleation,
pre-coating the substrates with seeds of the same
material as nanocrystals being grown is an effective

way to control the morphology, texture and even
orientation of the deposited crystals.

Fig. 1 shows the SEM photographs of arrayed ZnO
rods grown on substrates with or without pre-coated
ZnO nanoparticle layers. From the top view and side
view SEM images (Figs. 1b, c, e, f, h and 1), it can be
clearly seen that, no matter which pre-coating method
was used, the obtained ZnO nanorod arrays have
improved structure ordering. Figs. 1b, ¢ and h clearly
show that the average rod diameter decreases from
microscale without substrate pre-treatment to nanoscale
with substrate pre-treatment. Furthermore, with the pre-
coating of ZnO nanoparticle layers, the diameter
distribution of the rods becomes narrower and the rod
density increases significantly. Side view SEM images
(Fig. Ic, f and 1) indicate that the length of the ZnO rod
decreases after substrate pre-treatment. All these phe-
nomena can be well explained by nucleation theories.
For the growth of ZnO rods on unmodified ITO surface,
the formation of initial ZnO nucleus is crucial. However,
only a part of the initial nucleus, which occupies the
most favorable energy sites and is beyond the critical
nuclear size, can survive [24]. Consequently, the number
of growing points on unmodified ITO substrates is
limited and this leads to the slow consumption rate for
precursors. As a result, the concentration of the
precursor solution remains at a relatively high satura-
tion level, and the crystal growth rate on each nucleus is
greater compared to that on the substrate with a large
number of nuclei. Moreover, early and newly presented
ZnO nuclei will grow into larger and smaller rods,
respectively. All this finally results in large diameter and
length, wide diameter distribution and low growth
density of the ZnO rods. As for ZnO rods grown on
pre-modified substrates, large number of ZnO nanopar-
ticles serve as crystal seeds, which promote the rate of
relieving supersaturation, reduce the possibility of
forming a new nucleus, lower the growth rate on single
rod and, therefore, lead to small diameter, narrow
diameter distribution, short length and high density of
the ZnO rods.

Side view SEM images (Fig. Ic, f and i) also show
that, before substrate pre-treatment, only a part of the
ZnO rods align nearly normal to the substrate. How-
ever, after pre-treatment, the orientation of the rod is
greatly improved. In order to provide further evidence
that the improvement of the rod alignment is related to
the introduction of ZnO nanoparticles onto substrates,
we modified the substrates by the precipitate pre-
treating method (see Section 2) with a very small
amount of Zn(NOs3), and methenamine solutions (ca.
0.5mL each). The substrates with a tiny drop of mixed
solution were divided into two groups. Substrates in one
group were immediately dried and heated at 300 °C for
10min to produce ZnO nanoparticles. Substrates in
another group were firstly rotated for a few minutes and
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Fig. 1. SEM images of ZnO nanorods and corresponding substrates. (a) Unmodified ITO substrate, (b) top view, (c) side view of ZnO nanorods
grown on unmodified substrate, (d) PPT-substrate, () top view, (f) side view of ZnO nanorods grown on PPT-substrate, (g) CPT-substrate, (h) top-
view and (i) side view of ZnO nanorods grown on CPT-substrate. Growth time: 2 h.
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Fig. 2. Typical SEM images of the (a) patches and (b) lines of aligned ZnO nanorods showing the improvement of the nanorod alignment by pre-

coated ZnO nanoparticles. Growth time: 2 h.

then dried and heated at 300 °C for 10 min. From the
SEM image of all these substrates (not shown) patches
of ZnO nanoparticles can be observed, and more
interestingly, nanoparticle lines caused by centrifugal
force can be seen on the rotated substrates. After
hydrothermal growth, patches of well-aligned ZnO
nanorods appear on both kinds of substrates, and as
expected, standing nanorod lines can be clearly identi-
fied on the rotated substrates. Typical SEM images of
the patch and lines of well-aligned nanorods are shown
in Figs. 2a and b, respectively, which provide strong
evidence that ZnO nanoparticles greatly promote the
orientation of the nanorods. XRD spectra further

confirm the improvement of the alignment of ZnO rod
arrays. Typical XRD patterns of ZnO rods deposited on
modified and unmodified substrates are shown in Fig. 3
with all diffraction peaks well indexed to the standard
diffraction pattern of hexagonal phase ZnO (Fig. 3d;
JCPDS 36-1451), indicating a wurtzite structure with
high crystallinity. In comparison with the standard
XRD pattern, the much higher intensity of the 002
diffraction peaks for all samples indicates that ZnO rods
are preferentially oriented perpendicularly to the sub-
strate regardless of the pre-treatment. In addition,
Figs. 3a, b and c show that the intensity ratio of
002 to 101 diffraction peaks increases significantly on
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Fig. 3. XRD patterns of ZnO nanorods grown on: (a) unmodified ITO
substrate (*), (b) PPT-substrate, (c) CPT-substrate, and (d) standard
ZnO (JCPDS No.36-1451).

pre-treated substrates, suggesting that the orientation of
ZnO rods is further improved. In other words, the
introduction of ZnO nanoparticle layers on the sub-
strate not only helps to control the rod density, diameter
and its distribution, but also promotes the overall
alignment ordering of ZnO rod arrays.

3.1.2. Effect of different pre-treating methods on ZnO
nanorod growth

Although substrate pre-treatment leads to well-
aligned ZnO nanorod arrays, ways of pre-treatment
have a great influence on the morphology, texture and
alignment of the rod arrays, as can be seen clearly from
Figs. le, f, h and i. The diameter distributions of the
ZnO nanorods grown both on PPT- and CPT-substrates
(see Section 2) are illustrated in Fig. 4. From Fig. 4 it
can be clearly seen that nanorods grown on CPT-
substrates have not only a smaller average diameter
(~30nm) compared to those grown on PPT-substrates
(~150 nm), but also a narrower size distribution. More-
over, the nanorod growth density on CPT-substrates is
about 2.0 x 10"*rod/cm?, which is much higher than the
value of 2.0 x 10°rod/cm® on PPT-substrates. The
different rod diameters and densities are believed to be
due to the difference of nanoparticle size generated by
the two pre-coating methods (see Figs. 1d and g). Small
crystal seed finally results in small rod size and high
growth density.

The orientation of the nanorods grown on both CPT-
and PPT-substrates were analyzed using XRD spectra,
as shown in Figs. 3b and c. From Fig. 3c we note
that, for the nanorod arrays grown on CPT-substrates,
only the diffraction peaks of 002 and 004 appear,
indicating excellent overall c-axis alignment of these
nanorod arrays over a large substrate area. It should be
pointed out that the XRD spectra of arrayed ZnO
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Fig. 4. Diameter distribution of ZnO nanorods grown on: (a) PPT-
substrate and (b) CPT-substrate. Growth time: 2 h.

nanorods grown on CPT-substrates are quite different
from those on PPT-substrates (Fig. 3b) and other
substrates unmodified or pre-modified by other methods
[16-18,20,22], wherein other diffraction peaks appear in
addition to those of 002 and 004. This means that, by
using a simple wet chemical approach, we can prepare
high-ordering ZnO nanorod arrays, which were usually
fabricated only by high-temperature methods [12—14].

3.1.3. Effect of substrate annealing on ZnO nanorod
growth

In the process of preparing PPT- and CPT-substrates,
there is a substrate annealing step that refers to heating
the substrates, which are modified with coating solution
and dried at room temperature. Herein, the annealing
step in the preparation of CPT-substrates was taken, for
example, to elucidate its effect on ZnO nanorod growth.
Before annealing, the deposit layer, produced by
drying the colloid solution of Zn(CH;COO), and
NH,(CH,),OH on substrates, was composed of floc-
like nanoparticles, as illustrated in Fig. S5a. These
substrates will lead to, if used to grow ZnO nanorods
without annealing, poor alignment of nanorod arrays
(see Fig. 5b). Comparing Fig. 5a with Fig. 1g, we note
that the relatively large floc-like particles change to
small nanoparticles after annealing. The structural
difference of the coating films before and after annealing
was analyzed by XRD. From XRD spectra (Fig. 5¢), no
diffraction peaks of wurtzite ZnO can be observed
before annealing. However, after annealing, 002, 100
and 101 diffraction peaks of wurtzite ZnO can be clearly
identified with 002 peak having the highest intensity,
indicating that the annealing treatment results in the
formation of oriented ZnO nanoparticles on ITO
substrates [25]. These oriented particles help form well-
aligned ZnO nanorods in the hydrothermal process, as
can be seen in Figs. 1h and i. Based on the above results,
we believe that the difference of nanoparticle morphol-
ogy and, more importantly, of the crystalline structure
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Fig. 5. SEM images of: (a) CPT-substrate dried in air but without annealing, (b) ZnO nanorods grown on this substrate, and (c) XRD pattern of
CPT-substrate before and after annealing (* peaks of ITO substrate). Growth time: 4 h.

Fig. 6. SEM images of ZnO nanorods grown at: (a) 40 °C, (b) 60 °C (c) 80 °C and (d) 95 °C. Growth time: 4 h.

and the orientation of nanoparticles is responsible for
the different alignment ordering of ZnO nanorod arrays.

3.2. Effect of temperature on ZnO nanorod growth
To study the effect of deposition temperature on the

microstucture and properties of ZnO nanorod arrays,
hydrothermal growth of the nanorod arrays were

performed on CPT-substrates at 40, 60, 80 and 95 °C,
respectively. The corresponding SEM images of the
nanorods grown at each temperature are shown in
Fig. 6. From Fig. 6, we note that nearly all the ZnO
nanorods are perpendicularly oriented to the substrate
regardless of the growth temperature. Top-view SEM
images (insets in Fig. 6) reveal that the nanorods are
hexagonal, suggesting that the nanorods grow along the
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[001] direction at various temperatures. XRD experi-
ments of all samples give the same wurtzite ZnO pattern
with 002 and 004 as the only appearing diffraction
peaks, providing further evidence that the growth
temperature has little influence on the orientation of
the nanorods.

However, the growth temperature has a strong impact
on the aspect ratio of the nanorods. As shown in
Figs. 6(a)—(d), the average diameter of the nanorods
remains almost unchanged but the average length of the
nanorod increases greatly from ca. 200 nm to ca. 1.2 pm
when the deposition temperature is increased from 40 to
95°C. This implies that the growth rate along [001]
direction is more sensitive to temperature compared to
those along [101] and [100] directions. Therefore, changing
the growth temperature is one of the important means to
control the aspect ratio of the nanorod arrays. Thin films
composed of short ZnO nanocolumns are formed at low
temperatures (for example, 40°C) due to the similar
growth rates along all directions, while thick films
composed of long nanorods are obtained at higher
temperatures due to the greatly enhanced deposition rate
along c-axis direction.

The UV and visible PL of ZnO nanocrytal is one of
the most interesting and important property that has
been intensively investigated recently. To study the
influence of growth temperature on the optical property
of the nanorod arrays, PL measurements were con-
ducted at room temperature and the results are
presented in Fig. 7. The PL spectra of ZnO nanorods
prepared at different temperatures show the similar PL
features, in which there are three obvious emission
bands, including the strongest UV emission band
centered at 387nm, a weak blue band at around
470 nm, as well as a strong and broad green band at
around 530 nm. The UV emission band results from the
recombination of free exciton [26]. The green PL has
been observed in ZnO nanocrystals grown by hydro-
thermal [27,28], VLS [26], CVD [13,14] and electro-
chemical methods [29,30], and its origin is commonly

—95°%C
1N 80°C
] X

PL Intensity /a.u.
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Fig. 7. Photoluminescence spectra of ZnO nanorods grown at: (a)
40°C, (b) 60°C (c) 80°C and (d) 95 °C. Growth time: 4 h.

ascribed to the recombination of the photo-generated
holes with the singly ionized oxygen vacancies [31].
More singly ionized oxygen vacancy defects will result in
higher green PL intensity. The weak blue emission band
was also observed in ZnO nanorod films fabricated by
CVD method [13,14], but its mechanism is not fully
understood.

Here, we should point out that the PL spectra in our
case are quite different from those reported in Yong’s
work where a weak UV emission band at 378 nm and a
very strong orange emission band at 605nm were
observed [19], though the preparation procedures for
ZnO nanorod arrays in both works are similar except
that we use higher precursor concentration, sealed
reaction system and different substrate pre-treating
method. The orange PL in Yang’s work was also
believed to be associated with the atomic defects in ZnO
[19]. The green PL in our work and the orange PL in
Yang’s work imply that the preparing conditions have a
great influence on the formation of different kinds of
atomic defects in ZnO nanorods.

Fig. 7 also shows that the PL spectrum of ZnO
nanorod arrays is dependent on the growth temperature.
The band-edge PL intensity increases greatly and the
green PL intensity decreases a lot when the growth
temperature is increased to 95 °C. This means increasing
the growth temperature to a certain extent will improve
the crystal quality of ZnO nanorods. The reason for the
growth temperature dependent PL, although not quite
clear, is believed to be related to the formation
mechanism of oxygen vacancies. Furthermore, for the
nanorods grown at all temperatures in our case, the
intensity ratio of band-edge PL to green PL is much
larger compared to the ratio of band-edge PL to orange
PL in Yang’s work, suggesting that the ZnO nanorods
prepared in our work have better crystal quality.

3.3. Effect of the concentration of precursors on ZnO
nanorod growth

Vayssieres [20] reported the formation of ZnO
microrods on unmodified substrates and found that
the width of ZnO rods can be reduced from 1-2pum to
100-200 nm by lowering the overall concentration of the
reactant while keeping the ratio of Zn>' to amine
constant at 1:1 [17]. Since the substrates used in our
work were pre-modified with ZnO nanoparticles and the
nanoparticles have a great influence on the diameter of
the ZnO rods, it is necessary to investigate the effects of
precursor concentration on the size of ZnO nanorods
grown on modified substrates.

Fig. 8 shows the diameter distribution of ZnO
nanorod arrays prepared on CPT-substrates in precur-
sor solutions with different concentrations, from which
it can be seen that the average diameter of the ZnO rod
decreases from ca. 170 to 23 nm when the concentrations
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Fig. 8. Diameter distribution of ZnO nanorods grown at different
reactant concentrations. The concentrations of both Zn(NOs), and
methenamine in mixed solution are: (a) 0.10M, (b) 0.050M, (c)
0.025M and (d) 2.5 x 107> M. Growth time: 4h.

of both Zn(NOs), and methenamine are decreased from
0.10 to 2.5x 107>*M. The dependence of nanorod
diameter on the concentration of reactant is not linear.
At relatively high concentration range, the average rod
diameter decreases nearly three times (from ca. 170 to
65nm) when the concentration is lowered two times
(from 0.10 to 0.050 M), but at low concentration range,
the rod diameter decreases only a little (from ca. 38 to
23nm) when the concentration is lowered an order
of magnitude (from 0.025 to 2.5 x 107> M). It should
be pointed out that, at low concentration range, the
decreasing rate of rod width in our case is not as large as
that reported in Vayssieres’ work [17], where the
nanorods were prepared on unmodified substrates and
the rod width decreased the same order of magnitude as
the concentration of reactant. This suggests that, for the
ZnO nanorods prepared on modified substrates, the pre-
coated ZnO nanoparticle layer plays the main role in
governing the nanorod diameter, while on the other
hand, the nanorod diameter can also be controlled to
some extent by monitoring the concentration of the
reactant. Furthermore, the diameter of the ZnO
nanorod can also be reduced by decreasing the
concentration of Zn(NOs), while keeping that of
methenamine constant.

From Fig. 8, it can also be seen that the diameter
distribution of the nanorod becomes narrower with the
decrease of reactant concentration. For the nanorods
grown in 0.1 M precursor solution, the diameters of the
ZnO nanorod distribute in a range from 90 to 390 nm
(300nm range width). When the concentration is
reduced to 0.05M, ca. 88% of the nanorods have
diameters from 55 to 75nm (20 nm range width). While
the concentration is further reduced to 2.5 x 1072 and

2.5 x 1073 M, about 92% and 88% of the nanorods fall
into the ranges from 30 to 45nm (15nm range width)
and from 15 to 30nm (15nm range with), respectively.
This fact suggests that well-aligned ZnO nanorods with
uniform diameter can be fabricated at low concentra-
tions. The low supersaturation degree is believed to be
responsible for the small-diameter and the narrow size
distribution of the ZnO nanorods grown in solutions
with low concentration.

3.4. Effect of growth time at early stage of solution
deposition

Greene et al. [19] studied the average diameter and
length of ZnO nanorods as a function of growth time,
and reported a nearly linear dependence of these
parameters on time. However, their work mainly
focused on the long time growth. In fact, the early stage
of hydrothermal growth, especially within the first 1 h, is
very important for the ZnO nanorod arrays, because, at
this stage, the supersaturation of the solution is the
highest, and the nanocrystalline grains on which
nanorods grow are generated with the help of pre-
coated ZnO nanoparticles.

Kinetic studies of the nanorod growth were per-
formed on PPT-substrates, since the nanorods grown on
these substrates have a relatively larger diameter and
length (see Section 3.1 B), which will make the
observation easier, especially in the early stage of
hydrothermal growth. Fig. 9 shows the SEM images of
ZnO nanorod arrays grown on PPT-substrates within
the first 1 h. A large amount of small hexagonal ZnO
crystals can be narrowly identified when the growth time
is 20 min (Fig. 9a); however, it is very hard to make out
any hexagonal crystals when the growth time is less than
15min. This implies that, within the first 20 min, the
growth rate of nanorods is very low and the main
process taking place in this initial stage might be the
formation of hexagonal ZnO nanocrystalline grains on
which the nanorods grow. After the initial 20 min, the
growth of nanorods goes into a fast step and the
hexagonal ends of nanorods can be clearly observed
(Fig. 9b,c and d).

The dependence of the average diameter and length of
nanorods on deposition time is illustrated in Fig. 10. For
the growth in radial direction, two distinct growth
kinetics can be observed: a very fast step, which takes
less than an hour with a growth rate of ~2.4 nm/min, by
the end of which the average diameter reaches ~125nm,
and a relatively slow step with a growth rate of
~0.54 nm/min, which is about one-fourth of the rate in
the fast step. In addition, results of long time deposition
(>6h) indicate that the average diameter almost stops
to increase, and the nanorods begin to become rough,
implying partially dissolving of the nanorods [20].
However, in the axial direction, the growth rate keeps



1872 M. Guo et al. | Journal of Solid State Chemistry 178 (2005) 1864-1873

Spot Magn Det WD Bp F———1 500nm
10.0kv 3.0 100000x TLD 6.3 1

Fig. 9. SEM images of ZnO nanorods grown on PPT-substrates for: (a) 20 min, (b) 40 min, (c¢) 50 min and (d) 60 min.
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Fig. 10. Average diameter and length of ZnO nanorods as a function
of growth time.

increasing within 2h and only decreases slightly when
the deposition time is beyond 2h. All these results
indicate that the early stage of hydrothermal deposition
(within the first 1h) benefits the growth in radial
direction, in other words, ZnO nanorods with small
aspect ratio tend to be formed in this stage. After the
early stage, the radial growth rate drops abruptly while
the axial growth rate still remains at a relatively high
level, resulting in the long rods with high aspect ratio.
Because the supersaturation of precursors is the highest
in the early stage of deposition, it can also be deduced
from Fig. 10 that high precursor concentration favors
the formation of nanorods with larger average diameter.
This is in good agreement with the effect of concentra-
tion on the rod diameter discussed in Section 3.3.

4. Conclusions

In summary, to our knowledge, this work provides,
for the first time, a systematic study of the hydrothermal
growth of ZnO nanorod arrays on substrates. It has
been demonstrated that the preparing conditions such as
substrate’s pre-treatment, deposition temperature,
growth time and the concentration of the precursors
have a great influence on the microstructure and
ordering of ZnO nanorod arrays. The introduction of
ZnO nanoparticle layer on substrate not only helps
control the rod density, diameter and its distribution but
also promotes the overall orientation of the nanorod
arrays. The pre-coated ZnO nanoparticles with smaller
size lead to small rod diameter, narrow diameter
distribution and high growth density. The substrate
annealing is crucial for the improvement of alignment
ordering of ZnO nanorod arrays. Although growth
temperature has little influence on the crystalline
structure and the orientation of the nanorods, it has a
great impact on the aspect ratio and the PL of the
nanorods. High growth temperatures result in thick
ZnO films composed of well-aligned nanorods with high
aspect ratio. The concentration of precursors can
influence the nanorod size to some extent, although
the pre-coated ZnO nanoparticle layer plays the main
role in governing the nanorod diameter. Kinetic studies
show that the growth of ZnO nanorod in radial
direction contains two distinct steps: a fast step in the
early stage, in which short but wide rods are formed,
and a slow step, in which long rods with high aspect
ratio are obtained. Finally, this work sheds light on the
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factors that govern the growth of well-aligned ZnO
nanorod arrays, and gains access to the controlled
fabrication of 1D alignments of other materials by
hydrothermal deposition.
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