
Journal of the Korean Physical Society, Vol. 66, No. 2, January 2015, pp. 229∼233

Tower-like ZnO Nanorods Synthesized by Using a Hydrothermal Process
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We report the effect of growth temperature on the characteristics of Zinc oxide (ZnO) nanorods
(NRs) synthesized by using a hydrothermal process. As the temperature was increased in the range
of 70 − 200 ◦C, the diameter of the ZnO NRs varied from 20 to 45 nm, which might be associated
with the fusing process. The samples grown at temperatures greater than 150 ◦C exhibited tower-
like tips originating from repeated secondary anisotropic growth to minimize the surface energy by
eliminating the polar (002) planes. We also observed that a secondary anisotropic growth occurred
simultaneously, with no disturbance of the atomic arrangement, and that the diameters of the
tower-like NRs converged to approximately 20 nm.
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I. INTRODUCTION

Zinc oxide (ZnO) has been widely investigated be-
cause it has unique properties such as a wide bandgap
of 3.37 eV and a large exciton binding energy of 60 meV
at room temperature (RT) [1, 2]. In particular, one-
dimensional ZnO nanostructures such as nanorods (NRs)
and nanowires have received considerable attention due
to their importance in basic science and technological ap-
plications for electronic and opto-electronic devices. In
order to synthesize ZnO NRs, various fabrication meth-
ods such as the hydrothermal process, pulse laser depo-
sition, and vapor phase transport deposition have been
developed [3–8]. Among them, the hydrothermal process
has many advantages, such as its low cost, the simplic-
ity of the procedure, its applicability to large areas, etc.
Many studies on the controlled growth of ZnO NRs by
varying the experimental parameters have been reported,
and the physical properties of ZnO NRs as functions of
their dimensions have been extensively investigated [5,9–
13]. ZnO NRs of approximately 100 nm in diameter can
be easily fabricated by using the hydrothermal process
whereas reports on the synthesis of ZnO NRs as small
as 30 nm in diameter are quite rare. This might be at-
tributed to the poor mechanical stability of NRs with a
high aspect ratio, i.e., the ratio of diameter to length.
ZnO NRs with a smaller diameter tend to bend during
the early stage of growth and then fuse with neighboring
NRs to form larger NRs, the so-called fusing process [5,
13–15]. The fusing process is well known to depend ex-
tensively on the growth conditions, such as the growth
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temperature and the concentration of reaction species [5,
13–15].

In this study, the effect of growth temperature on the
characteristics of ZnO NRs during the hydrothermal pro-
cess was investigated. ZnO NRs with diameters rang-
ing from 20 to 45 nm were synthesized and character-
ized. We found that the fusing process was facilitated as
the temperature increased, leading to an increase in the
most probable diameter of the NRs. Repeated secondary
anisotropic growth near the tips was also observed with
samples grown at temperatures greater than 150 ◦C, re-
sulting in the formation of tower-like ZnO NRs.

II. EXPERIMENTS

Zinc-acetate-dihydrate [Zn(CH3COO)2·2H2O, Sigma
Aldrich] powder was dissolved in deionized water under
stirring to form an aqueous solution with a concentration
of 0.05 M at RT. Because the pH value is one of the key
parameters for determining the characteristics of the re-
sulting ZnO samples, it was set to pH = 9 in the present
study, at which ZnO was grown in the form of NRs with
very good uniformity in diameter and length. Ammo-
nium hydroxide (NH4OH) was then added to obtain an
alkaline environment. Prior to the hydrothermal process,
a seed layer on a sapphire(001) substrate was prepared
at 250 ◦C for 20 min, in which the zinc acetate dily-
drate/ammonium hydroxide solution, diluted to 0.005 M,
was used to disperse the seeds uniformly. The samples
were then subjected to the hydrothermal process in an
autoclave. To examine the effect of growth temperature
on the properties of the NRs, we prepared five samples
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Fig. 1. (Color online) (a) Top-view and (b) cross-sectional
SEM images of the sample grown at 50 ◦C. (c) θ − 2θ scan
profile and (d) θ-rocking curve measured at the (002) Bragg
peak. The FWHM of the sharp component in the rocking
curve is 0.015◦.

at ambient temperatures of 50, 70, 100, 150, and 200 ◦C.
The samples were kept at the desired temperatures for 2
hours and then cooled naturally to RT. All of the results
presented in this study were reproducible.

The crystalline structure of the as-grown samples
was characterized by using synchrotron X-ray diffraction
(XRD) measurements at the 5D beamline of the Pohang
Light Source. A typical powder XRD pattern (θ − 2θ
scan) was measured. The morphologies of the samples
were examined using field-emission scanning electron mi-
croscopy (SEM, Hitachi S-4700). The atomic structure
of individual ZnO NRs was examined using transmis-
sion electron microscopy (TEM, Tecnai F20, operated
at 200 keV) performed at Korea Basic Science Institute
(KBSI) Gwangju Center. Finally, the optical proper-
ties were investigated using micro-Raman spectroscopy
(LabRamHR, Jobin Yvon). An Ar ion laser (wavelength
= 514.5 nm) was used as an excitation source. An input
power of approximately 10 mW at the sample position
was used.

III. RESULTS AND DISCUSSION

We first discuss the characteristics of the sample grown
at 50 ◦C. Figures 1(a) and (b) show top-view and
cross-sectional SEM images of the sample, respectively.
Clearly, the surface is mainly covered by nanometer-
scale grains. The size of the grains is quite uniform,
and a mean value of ∼17 nm was obtained by averaging
the sizes of 200 grains. ZnO with a columnar structure
approximately 240 nm thick was observed in the cross-
sectional SEM image. Although the columns were sepa-

Fig. 2. (a−d) Top-view and (e−h) cross-sectional SEM
images of the ZnO NRs grown at 70, 100, 150, and 200 ◦C,
respectively. A fusing process is highlighted in the inset of (b).
The arrow in (d) indicates the multiple steps representing the
repeated secondary anisotropic growth.

rated, it was unclear from the SEM image whether ZnO
was grown in the form of NRs or thin films.

To clarify the structure of the ZnO sample grown at 50
◦C, we analyzed the XRD patterns. Shown in Fig. 1(c)
is the θ−2θ scan profile. With a sapphire (006) peak for
the substrates, an intense peak at Qz = 2.41 Å−1 was
detected, which was assigned as the (002) Bragg peak of
wurtzite ZnO. The sharp peak implies that the sample is
highly crystalline. Note that a weak (101) Bragg peak at
Qz = 2.53 Å−1 was also observed. Figure 1(d) shows the
θ-rocking curve measured at the ZnO (002) peak. The
full width at half maximum (FWHM) is approximately
0.015◦. This indicates that the (002) planes of ZnO are
highly ordered along the substrate’s normal direction and
that the mosaic structure is remarkably small. We note
that the weak broad profile of the rocking curve with a
FWHM value of approximately 1.2 could originate from
the disordered structure of ZnO. This is also good enough
to ensure preferred growth with a (002) orientation. A
two-component line shape of the rocking curve has of-
ten been observed in high-quality ZnO thin films [16].
Therefore, the XRD results suggest that ZnO grown at
50 ◦C is in the form of a thin film composed of colum-
nar structures rather than NRs. This sample is seen to
have been grown epitaxially to the sapphire substrates,
which is confirmed by the azimuthal angle scan of the
off-specular Bragg reflections (data not shown).

Figure 2 presents typical top-view [(a)−(d)] and cross-
sectional [(e)−(h)] SEM images of the ZnO samples
grown at 70, 100, 150, and 200 ◦C, respectively. The
images illustrate evidently well-defined NR arrays. The
hexagonal NRs, mostly clearly shown in Fig. 2(d), fea-
tured flat basal planes that were mostly oriented perpen-
dicular to the substrates’ surfaces. The growth of ZnO
NRs can be explained by using a classical model based
on anisotropic growth during the hydrothermal process
[5,10,17], in which the growth rate of the (001) planes is
somewhat faster than that of the lateral (101) and (100)
planes. Proper seed layers also contributed to the growth
of NRs by providing nucleation sites on a nanometer scale
[18,19]. We note that all samples exhibited preferential
(002) planes in the direction normal to the surface in the
XRD profiles (data not shown), similar to the θ−2θ scan
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Fig. 3. (Color online) (a) Diameter distributions of ZnO
NRs grown at 70, 100, 150, and 200 ◦C. Each data set was
obtained from 200 NRs. (b) Plots of the most probable di-
ameters and the number density as functions of the growth
temperature.

profile shown in Fig. 1(c).
The top-view SEM images shown in Fig. 2 reveal that

the diameter and the number density of the ZnO NRs
drastically changed with increasing growth temperature.
In Fig. 3(a), we present the diameter distribution of ZnO
NRs. The data were obtained by analyzing 200 NRs.
The number density, defined as the number of NRs per
μm2, decreased from ∼741 to ∼113 in the temperature
range of 70 − 200 ◦C. In addition, the diameter distribu-
tion of the NRs narrowed and showed a simple Gaussian
profile for samples grown at lower temperatures. The
most probable diameters were estimated to be approx-
imately 20, 26.5, 37.7, and 45 nm at 70, 100, 150, and
200 ◦C, respectively, as plotted in Fig. 3(b). The de-
pendence of the most probable diameter on the growth
temperature can be explained by the fusing process, as
highlighted by the inset of Fig. 2(b). The fusing process
originates from the disturbance of the capillary force be-
tween NRs as they became longer and closer to each
other, resulting in bundling of NRs to form larger ones
[20, 21]. Fusing was facilitated as the growth tempera-
ture increased. Moreover, multiple steps near the tips, as
indicated by an arrow in Fig. 2(d), were observed clearly
for samples grown at 150 and 200 ◦C. Note that the elec-
trostatic force induced by the piezoelectric characteristic
of ZnO NRs might also be a possible origin; however, a
further investigation is required.

Fig. 4. (Color online) (a) Cross-sectional SEM image taken
from the sample grown at 200 ◦C. This confirms the growth
of tower-like ZnO NRs. (b) Diameter distributions of both
the host stem and the tip in individual tower-like NRs. The
data show that the diameters of the tips in the tower-like
NRs converge to approximately 20 nm by repeated secondary
anisotropic growth. The inset shows a schematic illustration
of the diameter of the ZnO NR stem and tip.

Shown in Fig. 4(a) is a cross-sectional SEM image
taken from the sample grown at 200 ◦C. The figure shows
a continuous decrease of the diameter with each step.
This observation suggests that secondary anisotropic
growth was repeated and changed the tip shape to form
tower-like NRs. Typically, multiple steps are associ-
ated with the repeated formation of layered structures
with hexagonal basal planes, which has been observed
in tower-like ZnO NRs synthesized by using the vapor
transport method [22–25].

The synthesis of tower-like ZnO NRs can be rational-
ized in terms of the competition between axial and lateral
growth. In other words, the total surface energy can be
minimized spontaneously by eliminating the polar (002)
planes, leading to a large growth rate in the polar (001)
direction as compared with the non-polar (101) and (100)
directions. One may postulate that the association and
dehydration of complex molecules such as Zn2+, OH−,
[Zn(NH3)4]2+, and [Zn(OH)4]2− at the growing interface
between the precursor solution (mostly solvents) and the
NR tip are associated with the change in the growth
rates for the axial and the lateral directions, resulting
in a repeated secondary anisotropic growth of NRs [24,
26]. The repeated formation of two-dimensional discs
on the growing front of the hexagonal stems is thought
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Fig. 5. (a),(b) TEM images of individual tower-like ZnO
NRs. (c) Selected-area electron diffraction patterns of the
ZnO NR in (a), suggesting that the tower-like ZnO NR is
single-crystal wurtzite ZnO. (d) High-resolution TEM image
taken from the region marked by a box in (a). No significant
atomic inhomogeneities are observed. (e) High-resolution
TEM image shows that the atomic sequence is perfect from
tip to stem, without stacking faults or twins.

to be a plausible mechanism. This is confirmed by the
presence of multiple steps near the tips. In addition, such
anisotropic growth results in a significant decrease in the
diameter of a single NR by a factor of more than 5, as
shown in Fig. 4(a). We analyzed the diameter distribu-
tion of 80 tower-like NRs from the sample grown at 200
◦C, and the results are presented in Fig. 4(b). The inset
is a schematic of the measured diameters of tower-like
NRs. The diameters of the stems were dispersed widely
from 30 to 145 nm whereas those of the tips converged
to approximately 20 nm. This might be an equilibrium
value constrained by the surface energies between polar
and non-polar surfaces under the present growth condi-
tions.

We investigated the atomic structure of individual
tower-like NRs by using TEM, and high-resolution im-
ages near the tips of the NRs are shown in Fig. 5. The
NRs are single crystals, as confirmed by the well-defined
electron diffraction patterns shown in Fig. 5(c). All
diffraction spots are assigned to wurtzite ZnO. As ex-
plained above, the straight stems of the NRs were mod-
ified into tower-like tips. Figure 5(d) shows a high-
resolution TEM image of the atomic structure at the
region of interest (near the step) indicated by a box in
Fig. 5(a). The interplanar distance was measured to be
0.26 nm, corresponding to the distance between the (002)
planes of wurtzite ZnO. Although the growth behavior of
the NRs was changed at the steps, there are no remark-
able structural inhomogeneities such as stacking faults or
twins. In particular, the atomic stacking sequence is per-
fect from the tip to the straight stem, with no stacking
faults or strained layers, as shown in Fig. 5(e). Indeed,
we inspected many individual tower-like NRs by using
high-resolution TEM; however, no meaningful planar de-

Fig. 6. (Color online) Micro-Raman spectra of ZnO NRs
with different growth temperatures. The E2 (high) mode is
shown to be intensified with increasing growth temperature.

fects at the steps were observed [27,28]. This evidently
indicates that the morphological changes to the tower-
like tips occurred with no disturbance in the atomic ar-
rangement.

Figure 6 shows the micro-Raman spectra of ZnO sam-
ples in the frequency range from 200 to 600 cm−1 for dif-
ferent growth temperatures. Note that the intense peak
at 418 cm−1 arises from the single-crystal sapphire sub-
strate. Six Raman active phonon modes are well known
in the wurtzite ZnO crystal [29]. In the present study, the
transverse optical (TO) A1 mode, the high-frequency E2

mode, and the longitudinal optical (LO) E1 mode were
clearly detected at 379, 439, and 579 cm−1, respectively.
The A1 and the E1 modes are associated with the po-
lar orientations, and the E2 (high) mode arises from the
non-polar orientations. From the sample grown at 50 ◦C,
the A1 and the E1 peaks are clearly shown whereas no E2

peak is observed. This is consistent with the XRD results
shown in Fig. 1, confirming that the ZnO sample grown
at 50 ◦C was grown in the form of a thin film rather than
as NRs. The E2 mode peak appeared when the growth
temperature was increased up to 70 ◦C, and it increased
in intensity with increasing growth temperature, indicat-
ing an improving crystallinity of the wurtzite ZnO NRs.
In particular, the FWHM of the E2 mode peak for the
sample grown at 200 ◦C is 9.5 cm−1, indicating that the
ZnO NRs are high-quality single crystals, consistent with
the TEM results. Note that a weak broad peak at 330
cm−1 was also detected, which can be assigned to the
second-order optical mode of the E2 phonon mode (2E2)
[30].

IV. CONCLUSION

The influence of growth temperature on the morphol-
ogy of ZnO NRs synthesized by using the hydrothermal
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process was investigated. ZnO NRs aligned perpendicu-
lar to the substrates were synthesized. We found that the
growth temperature in the hydrothermal process was a
key experimental parameter for controlling the diameter
of the ZnO NRs. Furthermore, at temperatures greater
than 150 ◦C, tower-like ZnO NRs were observed. This
was attributed to repeated secondary anisotropic growth,
which minimized the surface energy. We will perform fur-
ther investigations of one-pot synthesis of metal nanopar-
ticles attached to ZnO NRs by using the hydrothermal
process, in which the optical properties can be greatly
improved via surface plasmonic effects.
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