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ABSTRACT
Vertically aligned ZnO nanowires have been synthesized by a hydrothermal method. After being irradiated by
a short laser pulse, the tips of the as-synthesized ZnO nanowires can be tailored into a spherical shape.
Transmission electron microscopy revealed that the spherical tip is a single-crystalline piece connected to the
body of the ZnO nanowire, and that the center of the sphere is hollow. The growth mechanism of the hollow
ZnO nanospheres is proposed to involve laser-induced ZnO evaporation immediately followed by
re-nucleation in a temperature gradient environment. The laser-irradiated ZnO nanowire array shows
hydrophobic properties while the original ZnO nanowire array shows hydrophilicity. The as-grown ZnO
nanowire arrays with hollow spherical tips can serve as templates to grow ZnO nanowire arrays with very fine
tips, which may be a good candidate material for use in field emission and scanning probe microscopy.
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1. Introduction
Engineering and shape-controlled growth of highquality nanostructures is challenging, but very useful
for realizing special nanostructure-induced properties
[1–3]. For example, surface wettability can be modified
by changing straight nanowire (NW) arrays into bent
NW arrays [4, 5], and field emission can be enhanced
by engineering nanotips on ZnO nanobottles [6].
As a wide direct band-gap (~3.37 eV) semiconductor,
ZnO has versatile applications in self-powered devices
Address correspondence to zlwang@gatech.edu

and nanogenerators [7, 8], light-emitting diodes [9],
solar cells [10], gas sensors [11], and many other areas.
A lot of work has been done to produce useful ZnO
nanostructures with various morphologies (including
nanowires [8], nanotubes [10, 12], nanorings [13], and
nanospheres [14]), and several strategies have been
developed for further modification of the shapes of
these post-growth nanostructures. Shen et al. [15]
reported that bent ZnO NWs with a desired shape
can be obtained by depositing a secondary material
sideways using pulsed laser deposition (PLD). Cheng
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et al. [6] and Xu et al. [16] reported that ZnO nanotips
can be decorated on pre-existing ZnO nanostructures
by re-growth of the latter. Hollow ZnO nanostructures
are of particular interest due to their lower densities
and higher surface areas, which lead to potential
applications as capsule agents for drug delivery, or
templates for functional-architectured composite materials [17, 18]. Normally, hollow ZnO nanostructures
are obtained by chemical etching or template-assisted
synthesis [18–21], but single-crystalline spherical ZnO
nanostructures are usually very difficult to fabricate
by these methods. So it would be challenging but
interesting to seek simpler and more effective
processes for the synthesis of hollow spherical singlecrystalline ZnO nanostructures.
In this work, we report a simple strategy for
fabricating single-crystal ZnO hollow nanospheres
(HNSs) at the tips of pre-synthesized ZnO NWs by
using pulsed laser irradiation. Based on the structure
of the HNSs, a growth mechanism has been
proposed. Furthermore, the laser-irradiated ZnO NW
array showed hydrophobic properties, in contrast to
the hydrophilic behavior of the as-grown ZnO NW
array. Furthermore, by re-growth of the laser-irradiated
ZnO NWs, fine ZnO nanotips can be decorated on the
tops of the ZnO HNSs which may greatly enhance the
field emission of the as-synthesized samples.

2. Experimental
2.1 Chemical synthesis of well-aligned ZnO nanowire arrays
Vertically aligned ZnO NW arrays were synthesized
by a simple hydrothermal method [22]. In brief, a
fluorine-doped SnO2 (FTO) glass substrate (2 cm × 2 cm)
was rinsed ultrasonically, successively in acetone,
ethanol, and distilled water. After that, a ZnO seed
layer (50 nm in thickness) was deposited on the
conductive surface of the as-prepared FTO glass by
a thermal evaporator (a 200 nm polycrystalline ZnO
thin film was also obtained by this method). Then the
substrate was immersed in a mixed solution consisting of equimolar (0.02 mol/L) zinc chloride (ZnCl2)
and hexamethylenetetramine (HMTA, (CH2)6N4) with
a small amount of ammonium hydroxide (NH3, 28%,
5 mL in 100 mL solution), and heated at 85 °C for 8 h.

Finally, the sample was cooled down to room temperature naturally and thoroughly washed by ethanol
and deionized water.
2.2

Pulsed laser irradiation of ZnO nanowires

The as-synthesized ZnO NW array was mounted on
a target which was ~50 cm away from the laser source
and ablated by one short pulse of a KrF excimer laser
(wavelength 248 nm, pulse time = 25 ns, energy per
pulse = 210 mJ, energy density = 230 mJ·cm–2) directly
from its top side. The laser ablation was performed in
an ambient environment at room temperature.
2.3

Chemical synthesis of fine ZnO nanotips

The laser-irradiated ZnO NW array was immersed
in a mixed solution of 5 mmol/L ZnCl2 and 5 mmol/L
HMTA, and first heated at 85 °C for 2 h and subsequently followed by heating at 65 °C for 4 h. After
that, the sample was cooled down to room temperature
naturally and thoroughly washed by ethanol and
deionized water.
2.4

Instruments and measurements

A pulsed UV laser beam was emitted from a Coherent
Complex 205 KrF excimer laser source. Scanning
electron microscopy (SEM) was performed using a
Leo 1550 scanning electron microscope at 5 kV. Highresolution transmission electron microscopy (HRTEM)
and energy-dispersive X-ray spectroscopy (EDS) results
were obtained from a JEOL 4000EX and a Hitachi
HF-2000 transmission electron microscope. Water
contact angle measurements were performed with a
Ramé-Hart goniometer that had an attached Chargecoupled Device (CCD) camera equipped for image
capture. The deionized water droplet volume was 4 μL,
and the measurements were obtained under ambient
atmospheric conditions.

3. Results and discussion
Vertically aligned ZnO NWs with uniform size of
around 3.6 μm in length and 150 nm in diameter
(Fig. 1(a) and its inset) were synthesized by a
hydrothermal method. The as-synthesized ZnO NW
array was mounted in an ambient environment
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approximately 50 cm away from the laser source, and
was then irradiated by one short pulse of a KrF excimer
laser directly from its top side. Dramatic changes were
observed after laser irradiation. All tips of the NWs
changed into a spherical shape, as shown in Fig. 1(b).
The modified ZnO NWs were further investigated by
transmission electron microscopy (TEM) and EDS. As
shown in Fig. 2(a), the cross-section of the original
nanowire had a hexagonal shape (Fig. 2(a) inset, top
left corner), which is the standard morphology of
ZnO NWs. What is interesting is that hollow ZnO
nanospheres (Fig. 2(a) inset, bottom right corner) can
be obtained on the tips of these NWs after laser
irradiation, which indicates that the formation of the
spherical tips not only includes simple melting and
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cooling processes of the target material, but also the
formation of new nanostructures. The insets of Fig. 2(a)
show the selected area electron diffraction (SAED)
patterns of the ZnO HNS and the original ZnO NW.
It is noteworthy that a hollow ZnO nanosphere still
has a single-crystal structure, showing that a rapid
crystallization occurred during the re-growth procedure. Moreover, traditional ZnO single crystals grown
by a gradual procedure usually have a hexagonal
shape. A spherical hollow single-crystalline ZnO
nanostructure is rare, and the mechanism of its
formation will be discussed below. EDS analysis
results acquired from the spherical area (red curve)
and nanowire region (black curve) in Fig. 2(a) are
displayed in Fig. 2(b), indicating that these two areas

Figure 1 Morphology change of the as-grown ZnO NW arrays before and after laser irradiation. (a) 30°-tilted-view and side-view
(inset) SEM images of the as-synthesized ZnO NW array. (b) 30°-tilted-view SEM images of the as-synthesized ZnO NW array after
pulsed laser irradiation with a fluence of 230 mJ·cm–2

Figure 2 Single-crystal structure nature of the ZnO hollow sphere formed at the tip. (a) TEM image of a laser-irradiated ZnO NW,
with the insets showing the SAED patterns of the wire region and the spherical tip. The inset image at the top-left hand side is a
cross-section TEM image from a NW, showing its hexagonal shape. (b) EDS results obtained from the wire region (black curve) and the
spherical tip (red curve)
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have similar Zn/O ratios (Cu and C signals are from
the TEM grid). In other words, significant oxygen loss
did not occur during the formation of our ZnO HNSs
because the laser process was carried out in an
ambient environment which promotes re-combination
of Zn2+ and O2– ions.
Observation from different lattice planes is helpful in
studying the detailed structure of ZnO nanocrystals.
To this end, we embedded the laser-irradiated ZnO
NWs in epoxy and used an ultramicrotome to cut the
ZnO HNSs along different directions. HRTEM was
utilized for analysis of the obtained slices (40 nm in
thickness) to further study the structure of our ZnO
HNSs. Figures 3(a)–3(c) show HRTEM images of a
ZnO HNS cut along the c-plane, from which we can
see that the ZnO HNS has a shell of about 35 nm in
thickness (Fig. 3(a)) and a smooth surface (Fig. 3(b)).
The image in Fig. 3(c) taken from the central region
in Fig. 3(a) (as marked by the red rectangle) shows
that the atoms in the c-plane are well-arranged one
by one, and no obvious oxygen or zinc vacancies are
observed. Figures 3(d)–3(f) show HRTEM images of
another ZnO HNS cut perpendicular to the c-plane.
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The image acquired from the middle region in
Fig. 3(d), shown in Fig. 3(f), confirms that the number
of oxygen vacancies is small, further demonstrating
the good re-combination of Zn2+ and O2– ions during
the formation of ZnO HNSs.
Although Lee’s group has reported that excimer
laser annealing can introduce morphology changes of
ZnO NWs [23], only solid spherical tips were observed
and a detailed mechanism for the formation of the
spherical ZnO nanostructures was not proposed. We
illustrate the processes involved in the formation of our
ZnO HNSs in Fig. 4. As is well known, the effect of
laser irradiation can be ascribed mainly to the thermal
effect caused by the absorption of excimer laser energy.
Szorenyi et al. [24] have simulated the temperature
profiles of indium tin oxide (ITO) thin films on a glass
substrate after a single pulse of KrF excimer laser
irradiation, and similar temperature changes may be
expected to take place in the presence of ZnO NWs.
From their work, we can infer that, when irradiated
with a laser fluence of 230 mJ·cm–2, the surface temperature of ZnO NWs can rise to ~2400 K which is
higher than the melting point of ZnO (2248 K). What is

Figure 3 TEM and HRTEM images of a ZnO HNS cut (a)–(c) along the c-axis and (d)–(f) perpendicular to the c-axis to illustrate the
single-crystal structure of the hollow shell
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more, the photon energy of the KrF excimer laser
used here (479.6 kJ·mol–1) is high enough to break the
Zn–O bonds (248 kJ·mol–1) [25]. By mass spectrometry
and photoionization studies of the ablation of ZnO
with a 248 nm KrF excimer laser, Leuchtner found that
the most prominent ejected species were monatomic
Zn and O atoms and their ions [26]. So in our case, as
shown in Fig. 4(b), a short and strong laser pulse with
a fluence of 230 mJ·cm–2 heated the ZnO within the
laser irradiation region and melted it into a cluster
cloud of Zn, O, Zn2+ and O2–. When the heating
procedure was continued, more raw ZnO NWs were
depleted and the cloud volume increased (Fig. 4(c)).
Subsequently, once the laser pulse was switched off,
ambient cooling air (represented by arrows in Fig. 4(d))
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around the sample caused a sharp temperature gradient
from the surface to the center of the ejected species
(Fig. 4(d)) and introduced a cooling and shrinking of
the cluster cloud (Fig. 4(e)). Because ejected species at
the outer side were cooled down most rapidly due to
rapid heat exchange, and the remaining NW can serve
as a nucleation site there, the first re-crystallization and
epitaxial growth step was realized at the outermost
region closest to the top of the remaining NW
(Fig. 4(f)), and subsequently the outer clusters further
away from the NW re-crystallized. As the nucleation
continued, a closed shell formed (Fig. 4(g)) and its inner
surface acted as a new nucleation site for absorbing
encircled clusters onto its inside wall, resulting in
re-crystallization (Fig. 4(h)). After exhausting all of the

Figure 4 Schematic illustration of the processes involved in the formation of the ZnO HNSs
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vapor phase, there will be a hollow inside the sphere,
which may be under vacuum due to the shrinkage
and disappearance of the “gas” type species. Finally,
a ZnO HNS formed on the top of the corresponding
ZnO NW (Fig. 4(i)).
To further study the mechanism of formation of our
ZnO HNSs, several supplementary experiments were
carried out. All of the experiments were performed
under the same conditions as discussed above except
that different laser fluences were used to irradiate the
target material. When irradiated by one pulse of low
fluence laser (70 mJ·cm–2), no change could be observed on the tops of the ZnO NWs (Fig. 5(a) and 5(b)),
because the laser power was too weak to induce a
high enough surface temperature to melt the ZnO
NWs. However, when irradiated with one laser pulse
of high energy density (1750 mJ·cm–2), a huge amount
of heat was introduced and caused more ejections and
a wider diffusion of ejected species. As a result, clusters
formed by adjacent NWs mixed with each other,
and finally formed an irregular surface coating on
the remaining NWs after cooling (Fig. 5(c)). As for a
polycrystalline ZnO thin film (Fig. 5(d), 200 nm in
thickness), after irradiation with one laser pulse with
a fluence of 230 mJ·cm–2, no ZnO HNSs were formed,
and a porous re-crystallized thin film was found
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instead (Fig. 5(e)). This is because fine ZnO crystals
were well-distributed on the substrate surface and,
when irradiated by a laser pulse, ejected species
became distributed nearly uniformly on top of the
target material instead of forming several isolated
cluster clouds. Furthermore, nucleation sites exist
randomly on the remaining thin film. As a result,
during the cooling procedure, a porous re-crystallized
ZnO thin film with an irregular shape was obtained
on top of the target thin film. Based on above
discussions, we can conclude that irradiation with a
suitable laser fluence and isolated ZnO NWs are both
required for formation of ZnO HNSs.
As a novel nanostructure of single-crystalline ZnO,
the specific properties and applications of the hollow
ZnO nanospheres are of considerable interest. Herein,
we have demonstrated the changes in surface wettability
of a ZnO NW array before and after laser irradiation
and the results are shown in Figs. 6(a) and 6(b). From
these two figures we can see that the as-grown ZnO
NW array was originally hydrophilic with a water
contact angle of 20° (Fig. 6(a)). However, after laser
irradiation with a fluence of 230 mJ·cm–2, the material
surface displayed water-repellent properties (with a
water contact angle of 120°, shown in Fig. 6(b)). This
change in surface wettability must be due to the

Figure 5 Top-view SEM images of (a) the original ZnO NWs, and the original ZnO nanowires after laser irradiation with a fluence of
(b) 70 mJ·cm–2 and (c) 1750 mJ·cm–2. Top-view SEM images of a polycrystalline ZnO thin film (d) before and (e) after laser irradiation
with a fluence of 230 mJ·cm–2
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change in ZnO surface energy induced by laser
irradiation. It is well known that nanostructures with
low surface energies can prevent the penetration of
water and lead to a high contact angle. In contrast,
nanostructures with high surface energies exhibit
hydrophilicity due to the nanowicking of water into
the nanostructure via three-dimensional capillaries
[27–29]. For ZnO, the {0001} plane is a polar surface
with a higher surface energy than the other planes
[30, 31]. From the TEM results shown in Fig. 2(a) we
can see that the as-fabricated ZnO NWs grew along
the c-axis and kept the c-plane exposed at their ends.
But after irradiation by a laser pulse, the NW tips
changed into a spherical shape with a very tiny
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exposure of c-planes. That is to say, laser irradiation
can modify the exposed area of the c-plane of ZnO
and consequently cause a reduction in surface energy.
As a result, the ZnO NW array changed from a
hydrophilic surface to a hydrophobic one. This result
indicates that laser irradiation may become a new
effective way to change the surface wettability of ZnO
nanostructures, in addition to the traditional way of
surface modification by an appropriate chemical
reagent [27–29]. In addition, based on the tiny exposure
of c-planes, a sub-ZnO nanostructure synthesis
procedure was carried out using the ZnO HNSs as
templates. This growth was enabled by a two-step
hydrothermal method, with growth temperatures of

Figure 6 SEM images and measured water contact angles of a ZnO NW array (a) before and (b) after laser irradiation with a fluence
of 230 mJ·cm–2. (c) 30°-tilted-view SEM and (d) TEM images of a laser-irradiated ZnO NW array after the formation of nanotips by
re-growth. HRTEM images taken from (e) the end and (f) the edge area of the fine ZnO nanotip
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85 °C for the first 2 h and 65 °C for the next 4 h. It is
impressive that fine ZnO nanotips were obtained on
the tops of ZnO HNSs after this secondary growth, as
shown in Fig. 6(c). The boundary between the two
growth steps can be easily found in the TEM image
(marked by a green dashed line in Fig. 6(d)). As previously reported for ZnO NWs, sub-ZnO nanostructures
always favor epitaxial growth from pre-existing ZnO
structures in order to reduce system energy, interface
strain and lattice mismatch [6, 16, 32]. Thus, the tiny
c-plane on the top of the ZnO HNS can easily enable
the growth of sub-ZnO nanostructures on it. Because
the diameters of these new nanostructures strongly
depend on the areas of the nucleation sites provided
by the precursors, the very tiny area of the c-plane
on the ZnO HNS can help to induce secondary ZnO
nanotips with a very small diameter. Moreover, because
ZnO NWs will not only grow along their length
direction, but also have a lateral expansion, it is difficult
to get very fine NWs from a one-step synthesis. In our
two-step growth method used here, the tiny c-plane on
the top resulting from the first growth step will further
act as the template for the second step to promote the
formation of extremely fine nanotips.
As we can see from Fig. 6(d), the first synthesis
step resulted in a nanotip with a larger diameter.
Subsequently, a lower temperature growth procedure
took place, and a fine tip grew from the c-plane top
formed by the first step. From HRTEM images of the
top (Fig. 6(e)) and edge region (Fig. 6(f)) of the nanotip
shown in Fig. 6(d), we can find that the fine ZnO
nanotip is well crystallized and also grows along the
c-axis. What is more, the diameter at the end of the
nanotip can be as small as 10 nm which gives huge
potential improvements in the field-emission performance of the resulting material.

the ZnO NW array can be changed from the original
hydrophilic to hydrophobic, and fine ZnO nanotips
can be obtained on the tops of the HNSs after a
re-growth procedure, which may result in dramatic
improvements in the field-emission performance of
our ZnO NWs.
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