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ABSTRACT: Hydrothermal ZnO nanowires have shown great potential for
various nanoscale device applications due to their fascinating properties and low-
temperature processing. A preferential crystal growth of ZnO (0001) polar plane
is essential and fundamental to realize the anisotropic nanowire growth. Here we
demonstrate that a critical concentration for a nucleation strongly depends on a
crystal plane, which plays an important role on an anisotropic growth of
hydrothermal ZnO nanowires. We measure a growth rate of each crystal plane
when varying a concentration of Zn ionic species by using a regular array
structure. Selective anisotropic growth on (0001) plane emerges within a certain
concentration range. Above the concentration range, a crystal growth on (101 ̅0)
plane tends to simultaneously occur. This strong concentration dependence on
the crystal plane is understood in terms of a critical concentration difference
between (0001) plane and (101 ̅0) plane, which is related to the surface energy
difference between the crystal planes.

■ INTRODUCTION

ZnO nanowires formed via a hydrothermal method have
attracted much attention due to their fascinating physical
properties and the potentials for nanodevice applications,
including light-emitting devices, solar cells, power generators,
and others.1−7 One of the reasons why the hydrothermal
method has been so attractive even compared with other
methods is that whole hydrothermal processes can be
performed under a relatively low-temperature range less than
100 °C,8,9 which is hardly attainable to other conventional
vapor-phase methods including VLS mechanism.10−27 This
low-temperature synthesis is favorable, especially when
integrating nanowires with other components (e.g., polymers)
within the devices.9,28 In the hydrothermal growth of ZnO
nanowires, a preferential nucleation at ZnO (0001) polar plane
is essential and fundamental to realize the anisotropic nanowire
growth.4,29,30 The effects of various experimental parameters,
including pH, temperature, and ionic species, have been
examined to understand their roles on the reaction scheme of
hydrothermal growth.30−45 For example, Yamabi and Imai
reported the role of pH on the variation of ionic species during
hydrothermal ZnO nanowire growth.36 Xu et al. demonstrated
the importance of temperature on the morphology of
hydrothermal ZnO nanowires.37 Joo et al. recently reported a

face-selective electrostatic control of hydrothermal ZnO
nanowires by intentionally adding positively charged ions
during growth.32 In most previous studies, the origin of
anisotropic crystal growth in hydrothermal ZnO nanowires has
been interpreted in terms of the variations of ionic species in
aqueous solutions and their electrostatic interactions with ZnO
crystal planes.31,32,38,39

Here we demonstrate that a crystal-plane dependence on
critical concentration for a nucleation plays an important role
on an anisotropic growth of hydrothermal ZnO nanowires. We
found the strong concentration dependence on the crystal
growth of each ZnO crystal plane when varying only a
concentration of Zn species under the same temperature and
pH value. This strong concentration dependence on the crystal
plane can be understood in terms of a critical concentration
difference between (0001) plane and (101 ̅0) plane for a
nucleation. Our findings highlight that controlling precisely a
concentration during growth is essential to tailor the
morphology of hydrothermal ZnO nanowires.
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■ EXPERIMENTAL SECTION

We utilize a series of ZnO nanowire arrays to measure a growth
rate of each crystal plane. We have fabricated the ZnO
nanowire arrays on spatially patterned photoresist/ZnO seed
layer/Al2O3 substrates by utilizing conventional hydrothermal
method. The schematic of fabrication process is shown in
Figure 1a. First, a ZnO seed layer of 20 nm thickness is
deposited onto Al2O3 (0001) substrate by pulsed laser
deposition method. Prior to the deposition, the substrate is
heated up to 600 °C. The oxygen partial pressure during the
deposition is set to be 1 Pa. The fabricated ZnO seed layer is
grown along the ⟨0001⟩ orientation, as shown in Figure 1b of
XRD data. After the preparation of the seed layer, we coat
photoresist (AZ5206/Z5200 2:1) onto ZnO/Al2O3 substrate
by spin-coating at 5500 rpm for 60 s and subsequently bake it at
90 °C for 3 min. Then, we create the circular hole array
patterns with 610 nm diameter and 390 nm interval distances
by nanoimprint lithography, as shown in Figure 1c. After
making the hole array patterns, the patterned photoresist is
then solidified at 120 °C for 5 min. The photoresist residuals at
the bottom of patterned hole are removed by reactive ion-
etching process. The remained photoresist thickness on
nonpatterned area is ∼50 nm. After these patterning processes,
we perform the hydrothermal growth of ZnO nanowires. A
solution for the hydrothermal reaction is prepared by using
equimolar zinc nitrate hexahydrate (Zn(NO3)2•6H2O) and
hexamethylenetetramine (HMTA, (CH2)6N4). All materials are
analytical grade and used without further purifications. Aqueous
solution is prepared at room temperature, and the concen-
tration is varied from 0.01 to 40 mM to examine the
concentration dependence. We measure the pH values by
using a pH meter. The measured pH values are ranged from
6.58 to 6.98 when varying the concentration. The patterned-
photoresist/ZnO/Al2O3 substrate is then immersed upside
down into the growth solution in a sealed beaker and kept at 95
°C for a given time. Structural characterizations of fabricated

ZnO nanowires are performed by using X-ray diffraction and
field emission scanning electron microscopy.

■ RESULTS AND DISCUSSION

Figure 2a shows the typical SEM images of ZnO nanowire
arrays when varying the concentration range from 0.01 to 40
mM. The nanowires grown for 20 h are shown in the Figures.
ZnO nanowires are vertically grown from the substrate. The
nanowire morphology drastically changes with varying
concentration. Figure 2b shows the XRD data of fabricated
ZnO nanowires. No additional peaks are observed in XRD data
even after ZnO nanowires growth, indicating the nanowire
growth orientation of ⟨0001⟩ direction. For further con-
firmation, we perform TEM measurements, as shown in Figure
S1 in the Supporting Information, which also highlights the
⟨0001⟩ growth orientation. There are several features in regards
to the concentration dependence on the nanowire morphology
in Figure 2a. For the 0.01 mM case, there is no visible crystal
growth due to the diluted environment. Above 0.1 mM, the
nanowires start to grow and the nanowire length increases with
increasing the concentration. The multinanowires exist within
one hole array, which tend to be unified when increasing the
concentration above 5 mM. In such high concentration range,
the nanowires tend to grow even along lateral direction,
resulting in an increase in nanowire diameter and a decrease in
the interval between nanowires. Figure 2c shows the aspect
ratio data of nanowires, defined as a ratio of length to diameter.
The aspect ratio data shows the maximum around between 1
and 5 mM, highlighting the significant role of concentration on
the morphology of nanowires. To examine this concentration
dependence as a time series data, Figure 3a,b shows the SEM
images of nanowires grown under 1 and 20 mM for different
growth time (1, 5, and 20 h). There is clearly a significant
difference between the two concentrations on the time series
data. In the case of 1 mM, the nanowires grow mainly only
along the ⟨0001⟩ direction without any significant lateral

Figure 1. (a) Schematic of fabrication process of hydrothermal method for ZnO nanowires. (b) XRD data of ZnO seed layer on Al2O3 substrate. (c)
SEM images of fabricated hole array patterns on substrate.
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sidewall growth for all growth time. For 20 mM, the nanowires
tend to unify within an array even at short growth time, 1 h, by

growing not only a ⟨0001⟩ direction but also a lateral sidewall
direction. Similar trends on the time series data are also

Figure 2. (a) Concentration dependence on ZnO nanowire morphology. The varied concentration range is 0.01−40 mM. (b) XRD data of ZnO
nanowires. (c) Aspect ratio data when varying the concentration.

Figure 3. (a) Time series data on ZnO nanowire morphology with the concentration of 1 mM. (b) Time series data on ZnO nanowire morphology
with the concentration of 20 mM.
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confirmed for different concentrations, as seen in the
Supporting Information, Figure S2. Thus, the variation of
concentration seems to affect not only the growth rate but also
the growth direction.
To specify more quantitatively the above trends in regards to

the concentration dependence, we extract the length and radius
data of fabricated nanowires as a function of a concentration,
and the results are shown in Figure 4a. It is noted that there are
several reports on the concentration dependence of hydro-
thermal ZnO nanowires.40−43 However, the intrinsic mecha-
nisms in regards to the concentration dependence on the
growth direction have not been discussed. Data of nanowires
grown for 20 h are shown in the Figure. The length data are
measured over 100 nanowires in cross-sectional SEM images.
The radius data are measured over 100 nanowires in top-view
SEM images. The nanowire growth along the ⟨0001⟩ direction

starts at around between 0.01 and 0.1 mM, and the nanowire
length increases up to over 2 μm when increasing the
concentration. On the contrary, the nanowire radius remains
almost constant below 5 mM and starts to increase above the
threshold concentration around 5 mM. The magnified figures
for radius data can be found in the Supporting Information,
Figure S3, which more clearly shows the increase in radius
values above 5 mM. Although these data are taken from
nanowires grown for 20 h, the similar trend is also observed
even for nanowires grown for shorter time, 5 h, as shown in
Figure 4b. Obviously, there are two threshold concentrations
for nanowire growth, one (around 0.01 to0.1 mM) for a growth
of (0001) plane and the other (around 1−5 mM) for a lateral
sidewall direction-mainly (101 ̅0) plane. As for the growth time
dependence of concentration in a closed system, we perform
experiments by exchanging a solution every 5 h to maintain a

Figure 4. (a) Concentration dependence on the nanowire morphology data (length and radius). The growth time is 20 h. (b) Concentration
dependence on the nanowire morphology data (length and radius). The growth time is 5 h.

Figure 5. (a) Morphology time series data of nanowires when exchanging a solution every 5 h for 1 mM. (b) Morphology time series data of
nanowires when exchanging a solution every 5 h for 20 mM.

Figure 6. (a) pH data variation when varying the concentration. (b) Concentration dependence on the nanowire morphology data (length and
radius) under a constant pH experiments. The growth time is 20 h.
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concentration. The time series data of nanowire morphologies
are shown in Figure 5. The growth time is 20 h, and the
concentrations are 1 and 20 mM. For comparison, previous
data without exchanging a solution are shown. Although there
is a quantitative effect of maintaining a concentration on the
growth rate, especially for the length data at longer growth time
above 15 h, the difference tends to be smaller, <20% below 10
h. Thus the concentration decrease in our closed system can be
estimated to be <20% in the early stage below 10 h of reaction
time by assuming first-order reaction. In addition, the
concentration dependence on the morphology data is almost
independent of the growth time (5 and 20 h), as seen in the
similarity between Figure 4a,b. These results consistently
demonstrate that the major semiquantitative trends of
concentration dependence shown in Figure 4 are valid. These
morphology data also highlight that the concentration
significantly influences not only the growth rate but also the
growth direction. The concentration dependence on the
growth rate of nanowires is solely a matter of supplied flux.
The concentration dependence on the growth direction seems
to be not readily interpreted in terms of existing models based
on the variations of ionic species in a solution and their
electrostatic interactions with ZnO crystal planes.32,38

Here we discuss what essentially causes the concentration
dependence on the growth direction in Figures 3 and 4. First,
we examine the effect of pH when varying the concentration of
(Zn(NO3)2•6H2O) and HMTA. This is because Zn(NO3)2
might act as an weak acid and HMTA is a weak base,29 and the
pH value of solution strongly affects a reaction scheme of
hydrothermal ZnO growth via changing the concentration of
existing ionic species in a solution.32,36,38 Figure 6a shows the
variation of pH values when varying the concentration. As can
be seen, even increasing the concentration from 0.01 to 40 mM,
the pH value decreased from 6.98 to 6.58. Additional data in
regards to the pH value variation during ZnO nanowire growth
can be seen in the Supporting Information, Figure S4.
Obviously the pH variation range is quite small, and such pH
variation does not seem to impact the reaction scheme of ZnO
hydrothermal synthesis as reported in previous works.32,38 To
confirm the effect of pH variation on our observations in
regards to the nanowire morphology change, we have
performed hydrothermal experiments under a constant pH
condition via adjusting the pH value 7 using NaOH. The
nanowire data of such pH-controlled experiments are shown in
Figure 6b. The nanowires were grown for 20 h. Clearly the
concentration dependence on the nanowire morphology data
and the growth direction is consistent with those of pH-
uncontrolled experiments in Figure 4. Other possible
experimental parameters, which affect a reaction scheme of
ZnO hydrothermal synthesis, are typically a temperature and an
ionic species.33,38,45 Because we control these parameters to be
constant in our experiments, these contributions do not seem
to be major factors to cause the drastic change of the nanowire
morphology in our experiments. Therefore, we consider how a
change of concentrations affects a crystal nucleation event at
different crystal planes, which essentially determines the
anisotropy of crystal growth.
Here we consider a nucleation of ZnO crystal at a solid−

liquid interface. In principle, a nucleation in a solution occurs
when a surrounding concentration exceeds a critical concen-
tration for a nucleation, which is above a saturated
concentration.46−50 When a nucleation occurs within a solution
in the presence of solid surfaces, an interaction between a

nucleus and a solid surface has to be considered to understand
the free energy gain of growth system.48,50 It is well known that
the presence of solid surfaces significantly reduces a free energy
barrier for a nucleation because a free energy gain due to an
interaction between a nucleus and a solid surface is larger than
that between a nucleus and a liquid in most cases.48−50 If there
is a surface energy difference between crystal planes, then each
crystal plane may have the different free energy barrier for a
nucleation. In the case of ZnO crystal, a (0001) polar plane is
well-known to have a highest surface energy (2.0 J/m2)
compared with other crystal planes, for example, (101 ̅0) plane,
1.16 J/m2.51−53 The crystal plane with larger surface energy
should have a lower free energy barrier for a nucleation (i.e., a
lower critical concentration for a nucleation), and a crystal
growth appears when a concentration exceeds a critical
concentration for each crystal plane. On the basis of this
scenario, when increasing a concentration, first a nucleation at a
(0001) plane only emerges without any nucleation at other
crystal planes, and such <0001> oriented crystal growth in
principle can continue until the concentration exceeds next
lower critical concentration of other crystal planes, for example,
(101 ̅0) plane. Above such concentration, the anisotropic crystal
growth along ⟨0001⟩ no longer exists and the crystal growth
along lateral directions can coexist. Figure 7 shows the

schematic of the above implications to interpret the
concentration dependence on the morphology of hydrothermal
ZnO nanowires. As clearly seen in the schematic image, to
maintain the anisotropic crystal growth along a ⟨0001⟩
direction, controlling a concentration to be within between
the critical concentration for (0001) plane and the next lowest
critical concentration for (101̅0) plane is essential. Thus the
present concept based on a crystal-plane dependence of a
critical concentration for a nucleation can rigorously explain
why we have observed the concentration dependence on the
growth direction in hydrothermal ZnO nanowires.

■ SUMMARY
In summary, we show that a critical concentration for a
nucleation strongly depends on a crystal plane, which plays a
critical role in the anisotropic growth of hydrothermal ZnO
nanowires. We measure the crystal growth of each crystal plane
when varying the concentration of Zn ionic species by using a
regular array structure. Selective anisotropic growth on (0001)
plane emerges within a certain concentration range. Above the

Figure 7. Schematic of a concentration dependence on a crystal
growth of hydrothermal ZnO nanowires as a crystal-plane dependence
of a critical concentration for nucleation.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp3113232 | J. Phys. Chem. C 2013, 117, 1197−12031201



concentration range, a crystal growth on (101̅0) plane tends to
simultaneously occur. This strong concentration dependence
on the crystal plane is understood in terms of a difference
between (0001) plane and (101̅0) plane at a critical
concentration for a nucleation. Considering the universality of
the present design concept, controlling a concentration during
the nanowire growth process would impact not only hydro-
thermal ZnO nanowires but also any anisotropic 1D nanowire
growths.
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