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ABSTRACT: Ammonia is a well-known additive to promote crystal growth in hydrothermal
synthesis of ZnO nanowires. Although the eﬀect of ammonia on the nanowire growth has been
intensively investigated, its inﬂuence on the seed layer, which governs the initial nanowire
growth, is rarely discussed. Here, we demonstrate that ammonia strongly aﬀects the seed layer
as well as the following nanowire growth. On increasing the ammonia concentration, the
nanowire density ﬁrst increases and then decreases, while the nanowire growth rate keeps
increasing. Experimental results and thermodynamic calculations of the initial growth process
reveal that the transformation of the seed layer induced by ammonia prior to nucleation
critically determines the nanowire density and thus also inﬂuences the following nanowire growth. Present results highlight the
critical importance of discussing the variation of seed layers in ammonia-involved hydrothermal synthesis and suggest a novel seed
engineering approach for tailoring the ZnO nanowire growth.

1. INTRODUCTION
The application ﬁeld of single-crystalline zinc oxide (ZnO)
nanowires has recently been extended from the previous optics
and electronics to the newly emerging nano-bio analysis due to
their various fascinating features including the wide direct band
gap,1,2 large exciton binding energy,1−3 piezoelectricity,4,5
Lewis acidity,6,7 high isoelectric point,8 and biocompatibility.9,10 Thanks to such a variety of features, unique devices
including light-emitting diodes (LEDs), nanogenerators,
biochemical sensors, and biomedical analysis devices have
been developed so far using ZnO nanowires.11−15 A hydrothermal synthesis is among the most broadly utilized
techniques for fabricating ZnO nanowires.16−18 This is because
the hydrothermal process is conducted at a temperature of less
100 °C and the diameter and position of nanowires are
designable via seed crystals. These allow us to integrate ZnO
nanowires with various materials and devices on a
substrate.19,20 Fundamentally, the anisotropic crystal growth
of ZnO nanowires originates from a preferential nucleation on
the ZnO(0001) plane, which is dominated by zinc hydroxide
complex (Zn(OH)n) precursors.21−23 Ammonia is a wellknown additive to promote the growth of ZnO nanowires.24−28 Such an eﬀect of ammonia has been interpreted
in terms of the variations of ionic species in aqueous solution
and their electrostatic interactions with ZnO crystal planes.22,29
A recent study by Sakai et al. has further revealed that the
increase of growth rate is mainly due to the change of the ratelimiting process from the precursor diﬀusion process to the
ligand-exchange process, which is caused by the decreased
concentration of Zn(OH)n.21 On the other hand, ammonia
causes a dissociation of ZnO during the nanowire growth.
© 2020 American Chemical Society

Sharp and uniformly-shaped nanowire tips are formed as a
result of ammonia-induced face-selective etching on
ZnO(101̅1) planes.30,31 Using this etching eﬀect, Zhao et al.
demonstrated the synthesis of monodisperse ZnO nanowires
from randomly sized seeds.31 The role of ammonia on the
nanowire growth has been intensively investigated as described
above, however, its inﬂuence on seeds, which govern the
nanowire growth, is rarely discussed. Clarifying how ammonia
inﬂuences the seeds is of crucial importance to comprehensively understand and tailor the ammonia-induced ZnO
nanowire growth. Thus, in this study, we investigated the
eﬀect of ammonia on seeds in hydrothermal synthesis of ZnO
nanowires. We found that ammonia transformed the seed layer
prior to nucleation and strongly aﬀected the following
nanowire growth.

2. EXPERIMENTAL SECTION
ZnO nanowire growth was conducted by a hydrothermal
synthesis. First, 20 mm × 10 mm silicon substrates (N-type)
were cleaned in a mixture of 98% sulfuric acid and 35%
hydrogen peroxide with a volume ratio of 3:1 at 180 °C for 2 h.
After cooling down to room temperature, the substrates were
taken out from the cleaning solution, washed with ultrapure
water, and dried by blowing nitrogen gas. The ZnO seed layer
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growth rate increases. The observed trend is consistent with
many previous studies, which can be interpreted in terms of
the variations of ionic species in aqueous solution, their
electrostatic interactions with ZnO crystal planes, and the rapid
ligand-exchange process between diﬀerent zinc complexes.21−28 On the other hand, the areal number density of
nanowires (hereafter, nanowire density) and the diameter
show unique trends as explained in the following. Figure 1B
shows the quantitative CNH3 dependence on the nanowire
density and the diameter. We found that the nanowire density
tends to ﬁrst increase and then decrease with increasing CNH3,
and the diameter inversely correlates with the nanowire
density. These trends cannot be explained by the ammoniainduced crystal growth promotion. Although the diameter is
aﬀected by various factors, the observed correlation indicates
that the diameter is predominantly determined by a material
competition eﬀect between adjacent nanowires.32 Thus, these
results show that ammonia aﬀects not only the nanowire
growth rate but also the nanowire density and the diameter.
We found that the seed layer located at the bottom of
nanowires tends to be thinner with increasing CNH3, as shown
in Figure 1A,C. This result indicates the signiﬁcant eﬀect of
ammonia on the seed layer and therefore strongly recommends
observation of the seed layer at the initial growth process,
although has rarely been discussed previously. Figure 2A shows
SEM images of the seed layer observed after 10−30 min of
growth process with various CNH3. At a relatively low CNH3 in
the range of 0−600 mM, the nanowire growth immediately
occurs within 20 min. In this condition, the nanowire density
tends to increase with increasing CNH3. On the other hand, in a
relatively high CNH3range of 800−1000 mM, the seed layer
seems to be removed from the substrate and no nanowire
growth can be seen. We found that the seed layer is removed
within the ﬁrst 10 min and the nanoparticles tend to form in
the following 20 min. The variations of nanowire and
nanoparticle density observed at the initial growth process is
consistent with that of the nanowire density in Figure 1B,
suggesting that the nanowire density is determined by the
morphology of the seed layer formed at the initial growth
process. Thus, the result in Figure 2A clearly reveals that
ammonia strongly aﬀects the seed layer at initial growth
process, as well as the following nanowire growth.
Here, we consider how ammonia aﬀects the seed layer at the
initial growth process. First, we discuss the increasing trend of
nanowire density with increasing CNH3 in a relatively low
concentration range. Since the seed layer fully covers the
substrate in this CNH3 range, the variation of nanowire density
is determined by the nucleation phenomena on the seed layer.
As seen in Figure 1A, a nanowire is grown from several seed
crystals at CNH3 0 mM, while it tends to grow from an
individual seed crystal by increasing CNH3. This trend can be
interpreted in terms of the suppression of merging of nuclei via
ammonia-induced sharp tip formation as demonstrated by our
previous study.31 When using the densely deposited seed
crystals, the adjacent nuclei spontaneously merge during the
nanowire growth, leading to the decrease of nanowire density.
In the previous study, we found that the sharp tip seeds formed
by ammonia-based etching provided the spatially separated
nucleation sites and suppressed the merging of nuclei. Since
the sharp tip formation on seeds is promoted by increasing

was then deposited on the substrate by radio frequency (RF)
sputtering with an RF power of 50 W under an ambient
pressure of 1 Pa with an Ar/O2 ratio of 5:1 at room
temperature. The deposition rate of the ZnO seed layer was 10
nm/min. The thickness of ZnO seed layer was controlled to be
75 nm, where the highest areal density of uniformly shaped
nanowires was available (see Supporting Information Figure
S1). The nanowire growth solution was prepared by mixing
zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 40 mM), hexamethylenetetramine (HMTA, 40 mM), and ammonia solution
(25 wt %) with varying concentrations in the range of 0−1000
mM at room temperature. The seed layer coated substrates
were immersed into Teﬂon cups ﬁlled with 50 mL of growth
solution in an upside down manner. Then, the Teﬂon cups
were put into an oven was set at 95 °C. The growth time was
varied between 10 and 180 min. After the growth, the samples
were washed with ultrapure water and acetone and then dried
at 80 °C for 10 min. The morphologies of the ZnO seed layer
and ZnO nanowires were evaluated by scanning electron
microscopy (SEM; Zeiss Supra 40 VP). The ZnO nanostructures constructed at an early stage were characterized by
grazing incidence X-ray diﬀraction (GI-XRD; Rigaku FR-E).
For GI-XRD, a radiation source of Cu Kα (λ = 0.154 nm) was
used and the incident angle of the beam to the sample surface
was adjusted at about 0.18−0.22°.

3. RESULTS AND DISCUSSION
Figure 1A shows the cross-sectional SEM images of ZnO
nanowires grown for 3 h with varying ammonia concentrations
(CNH3) of 0−1000 mM. Upon increasing CNH3, the nanowire

Figure 1. SEM images and statistical analysis of nanowires grown in
various concentrations of ammonia after growth time for 3 h. (A)
Nanostructure morphology variation along the horizontal direction
with increase of ammonia concentration. Yellow squares are enlarged
views of nanowire roots. Images in the same row use the same scale
bars. (B) Nanowire areal density and diameter in various
concentrations of ammonia. Error bars show the standard deviation
for a series of measurements (for nanowire number: N = 10, for
diameter: N = 100). (C) Thickness of the ZnO seed layer in various
concentrations of ammonia. Error bars show the standard deviation
for a series of measurements (N = 3).
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We also found in Figure 2B that the seed density increases
by extending the growth time to 30 min, which is consistent
with the result in Figure 2A and conﬁrmed by the variation of
Zn intensity in Figure 2C. To specify the variation of seed
crystals observed above, we performed GI-XRD measurements
with varying growth time in Figure 2D. In this experiment, the
samples of CNH3 800 mM were evaluated. Two trends were
found as to the variation of seed crystals. First, on increasing
the growth time, the ZnO(002) peak intensity initially
decreased at 10 min and then increased at 30 min consistent
with results in Figure 2A−C. This indicates that the seed
crystals are reconstructed after the dissociation. Second,
although only the ZnO(002) peak is observable in the initial
seed layer, the (100) peak and the (101) peak also tend to
appear with increasing growth time, showing that variously
oriented seed crystals are reconstructed after the dissociation.
Such reconstructed seed crystals led to a variety of orientation
in the nanowires grown at high CNH3 conditions (see Figure
1A). It should be noted that the seed density at 30 min of
growth time is very similar to that observed in Figure 1A. Thus,
these results highlight that the nanowire density at high CNH3
conditions is strongly governed via dissociation and
reconstruction of the seed crystals.
To gain an in-depth insight into the experimental results
observed above, we performed thermodynamic calculations at
the given growth conditions. In this calculation, the solubility
of ZnO, i.e., the saturated Zn concentration, was estimated by
involving all of the related zinc ions that existed in the growth
solution. The details of the calculation are provided in
Supporting Information S4. The pH value and the temperature
of growth solution were measured at each growth time and
utilized for estimating the solubility (see Supporting
Information Figure S2). Figure 3A,B shows the pH-dependent

Figure 2. Characteristics of ZnO seed layers. (A) SEM images of
synthesis products at the initial 10, 20, and 30 min. Product
morphologies vary with increase of ammonia concentrations. Images
in the same row have the same scale bar as given in the last image of
the row. (B) Energy dispersive spectroscopy (EDS) mapping analysis
of seed layer transformation after immersing into growth solution with
800 and 1000 mM ammonia for 10 and 30 min, respectively. Images
have the same scale bar as given in the last image of the row. (C)
Normalized Zn intensity of the substrate during the initial 30 min of
the hydrothermal process. (D) GI-XRD proﬁles of the prepared ZnO
seed layer and after immersing it into growth solution with 800 mM
ammonia for 10 and 30 min. Vertical light blue lines indicate typical
wurtzite (JCPDS No. 36-1451) peak positions.

CNH3, this might lead to an increase in nanowire density in a
relatively low concentration range.
Second, we discuss the decreasing trend of nanowire density
with increasing CNH3 in a relatively high concentration range.
According to the results in Figure 1C and Figure 2A, we
assume that the seed layer is dissociated prior to the
nucleation, and the number of remaining seeds might
determine the nanowire density. In fact, the pH becomes
over 11 by introducing 800 mM ammonia (see Supporting
Information Figure S2), which is high enough for dissociating
ZnO.31,33 Figure 2B shows the Zn mapping of seed layers
characterized by energy-dispersive spectroscopy (EDS). The
images are taken from the initial seed layer, and after 10−30
min of growth process with various CNH3 (all data are shown in
Supporting Information Figure S3). We found that the seeds
are inhomogeneously distributed at CNH3 800 mM, and only
sparsely distributed nanoparticles are seen at CNH3 1000 mM.
More speciﬁcally, the relative Zn intensity normalized by the
initial ZnO seed layer decreases by 88−90% after 10 min of the
growth process at CNH3 800−1000 mM (Figure 2C). These
results clearly reveal that the seed layer is dissociated during
the initial growth process in a relatively high CNH3 range.

Figure 3. pH value-dependent theoretical solubility of Zn(II) in
aqueous solutions with varied concentrations of ammonia. (A) pH
value-dependent theoretical solubility of Zn(II) in aqueous solutions
with varied concentrations of ammonia at 25 °C. (B) pH valuedependent theoretical solubility of Zn(II) in aqueous solutions with
varied concentrations of ammonia at 60 °C. Intersection points of the
solid curve and the dashed line in the same color represent theoretical
solubility of Zn(II) at corresponding measured pH values. Horizontal
dotted line represents Zn(II) concentration in the prepared aqueous
solution, which is equal to zinc nitrate hexahydrate concentration, 40
mM.

solubility of ZnO with various CNH3 at 25 and 60 °C,
respectively, where 60 °C is associated with the growth time of
10−20 min. Note that the dotted lines and the ﬁlled circles in
the ﬁgures represent the Zn concentration used for the
nanowire growth and the solubility of ZnO at the measured
pH conditions, respectively. In a relatively low CNH3 range (i.e.,
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400−600 mM), the growth solution is almost saturated at 25
°C and supersaturated at 60 °C. This result shows good
consistency with the results of Figure 2A, of which the
nanowire growth immediately occurs after 10 min of growth
time at this condition. In contrast, in a relatively high CNH3
range (i.e., 800−1000 mM), the growth solution is not
saturated and aﬀords dissociation of ZnO at 25 °C, while it
becomes supersaturated on increasing the temperature up to
60 °C. Such a temperature dependence observed in the higher
CNH3 range is consistent with a previous study, where
Zn(NH 3) 42+ ions dominate the solubility of ZnO in
ammonia-added aqueous solution.21 In fact, our calculations
reveal that the solubility of ZnO in our experimental
conditions is governed by the concentration of Zn(NH3)42+
ions (see Supporting Information Figure S5). Thus, the
dynamic change of saturation degree induced by temperature
variation reasonably explains why the seed layer is dissociated
at ﬁrst and then reconstructed during the initial growth
process.

■

immersing into growth solution with varying ammonia
concentration for 10 and 30 min, respectively (Figure
S3); thermodynamic calculation of Zn(II) solubility in
aqueous solutions (S4); speciation of dissolved Zn(II)
versus pH and temperature in growth solution (Figure
S5) (PDF)
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In conclusion, we investigated the eﬀect of ammonia on the
seed layer in hydrothermal synthesis of ZnO nanowires, which
had been rarely discussed previously. The nanowire growth
rate increase accompanying the increase of CNH3 is consistent
with many previous studies. On the contrary, the nanowire
density and the diameter exhibited unique tendencies, of which
the nanowire density ﬁrst increased and then decreased with
increasing CNH3 and the diameter inversely correlated with the
nanowire density. The detailed experimental analysis revealed
that the transformation of the seed layer occured prior to the
nucleation and critically determined the features of fabricated
nanowires including the nanowire density and the diameter.
We found that the nanowire density was governed by two
dominant transformations of the seed layer, i.e., the formation
of sharp tips on the seed increased the nanowire density by
suppressing the merging of adjacent nuclei in a relatively low
CNH3 range and the dissociation of the seed layer decreased the
nanowire density in a relatively high CNH3 range. We also found
that in a relatively high CNH3 range, the seed crystals were
reconstructed after the dissociation. Thermodynamic calculations revealed that the variation of saturation degree at the
initial growth process is responsible for the reconstruction of
seed crystals. Our results highlight that observing the variation
of seed layers at the initial growth process is of critical
importance to understand the comprehensive growth mechanism in ammonia-involved hydrothermal ZnO nanowire
synthesis and also suggest a novel seed engineering approach
for tailoring the ZnO nanowire growth.
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