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Mesoporous Single-Crystal ZnO
Nanowires Epitaxially Sheathed with
Zn,Si04**

By Xudong Wang, Christopher J. Summers,
and Zhong Lin Wang*

Zinc oxide has been recognized as one of the most impor-
tant semiconductor materials for optoelectronics'! and piezo-
electricity??! effects because of its direct wide bandgap
(3.37 V) and non-centrosymmetric structure. Recently, in-
tensive research has been focused on fabricating ZnO nano-
structures and revealing their growth mechanisms and optical
and electronic properties. A variety of ZnO nanostructure
morphologies, such as nanobelts,m nanowires,m nanorods,[S]
nanotubes,®  and nanohelices/nanospringsm have been
synthesized. Metal catalysts, such as gold!"*®! and tin>%1%
have been employed in the synthesis to align the struc-
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tures,'** confine them in size,’*”! or to form junctions."”! Ap-
plications of ZnO nanostructures are closely related to their
morphology, and most of the ZnO nanostructures reported
are dominated by the {0001}, {2110}, and {0110} facets with
solid walls/interiors.!"]

Porous materials have exhibited a wide variety of applica-
tions in bioengineering, catalysis, environmental engineering,
and sensor systems, owing to their high surface-to-volume
ratio. Normally, most mesoporous structures are composed of
amorphous materials!'>'*! and the porosity is achieved by sol-
vent-based organic or inorganic reactions.'"* There are few re-
ports of mesoporous structures based on crystalline materials.

In this paper, we report for the first time a new wurtzite
ZnO nanowire structure that is single crystalline but com-
posed of mesoporous walls/interiors. The highly porous ZnO
nanowires were also enclosed by a thin layer of epitaxial
7Zn,Si0y at the exterior surface, which was formed during syn-
thesis performed with the use of a silicon substrate. A possible
growth mechanism is proposed to understand the formation
of the structure. These high-porosity single-crystal wire-like
structures have potential applications as filters, catalyst sup-
ports, and gas sensors.

The synthesis is based on a modified solid—vapor process.
The morphology of the porous ZnO nanowires is shown in
Figure 1. Figure 1a is a low-magnification scanning electron

Figure 1. a) Low-magnification SEM image of high-porosity ZnO nano-
wires grown on a tin-coated silicon substrate; b) higher magnification
SEM image showing the high-porosity morphology; c) a close-up view of
the tetrapod structure; d) porous ZnO sprouts grown on a non-tin-cov-
ered region; e) a close view of the ZnO sprouts; f) partially aligned ZnO
sprouts in the form of coral-like structure.
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microscopy (SEM) image of the as-synthesized ZnO nano-
wires deposited on a silicon substrate coated with a thin layer
of tin to act as a catalyst for growth. The typical length of the
nanowires varies from 100 um to 1 mm and the diameter is in
the range of 50-500 nm. The porous structure of the ZnO
nanowires is shown more clearly in a high-magnification SEM
image in Figure 1b, which display a hexagonal surface mor-
phology. Moreover, most of the nanowires have the tetragonal
configuration at the end as shown in Figure 1c.

On the silicon substrate surface not covered by tin, low-den-
sity ZnO tubular sprouts were found growing upwards from
the silicon substrate as shown in Figure 1d. All of the sprout-
ing tubes have about the same length and diameter and exhib-
it high-porosity walls/interiors (Fig. 1e). Most of the sprouting
tubes retain the tetrapod structure, as indicated by arrow-
heads. Moreover, many sprouting tubes can grow together in
tightly confined regions and form partially aligned ZnO coral
structures as shown in Figure 1f, where the tetrapod structure
is identified at the side of the coral structure.

Crossed structures consisting of two nanowires have also
been observed (Fig.2a). The porosity in the nanowire is
apparent, and its hexagonal shape is clearly visible. Arrays of
short nanowires (nanorods) have also been formed, as pre-
sented in Figure 2b, which have rib-like structures.

Figure 2. a) A junction between two porous ZnO nanowires; b) rib-like
structure formed by aligning porous ZnO rods side-by-side on a nano-
wire.

Transmission electron microscopy (TEM) studies were car-
ried out to examine the crystallography and the growth mech-
anism of the ZnO nanowires. The porous structure is clearly
seen in the TEM image (Fig. 3a). A corresponding electron
diffraction pattern recorded from the nanowire is shown in
Figure 3b, but it presents two sets of patterns: the brighter
spots come from ZnO, which is the [2110] zone axis pattern,
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displaying the nanowire axial direction of [0001]; the weaker
diffraction spots correspond to a different phase. A high-reso-
lution TEM image recorded from the side of the nanowire
shows that the phase is sheathed on the surface of the nano-
wire and has an epitaxial orientation related to ZnO. In Fig-
ure 3c, on the top of the ZnO crystal, which has a lattice
fringe spacing of ¢=0.52 nm perpendicular to the growth di-
rection, a few fringes with a spacing of ~1 nm from the new
phase are present and lie parallel to the wire axis.

Chemical analysis provides the first hint for defining the
structure of the new phase. The energy-dispersive X-ray spec-
trum (EDS) (Fig. 3e) recorded from the edge of the nanowire
shown in Figure 3d indicates the presence of Zn, Si, and O in
the new phase. The atomic ratio of Si to Zn is about 2:3, small-
er that than in Zn,SiO,4, due to the presence of a thin silica
layer on the surface of the nanowire. In reference to the real
space interplanar distance of ZnO, the corresponding reflec-
tion planes of the new phase can be determined from the
electron diffraction pattern presented in Figure 3b. The dif-
fraction pattern from the new phase can be indexed to be the
[100] zone axis of Zn,SiO4. The orientation relationship
between ZnO and Zn,SiOy4 is: (0001)zno || (001)z sios,
[2110]zno || [100]z4,si04- Structurally, Zn,SiOy4 has an ortho-
rhombic crystal structure with lattice constants of
a=0.9085 nm, b =1.0625 nm, and ¢=0.5962 nm. Figure 3f is a
high-resolution TEM image that clearly shows the formation
of the Zn,SiOy4 layer. A 20 nm thick layer on the bottom is
clearly single-crystalline Zn,SiO,. Figure 3g shows the pure
ZnO crystal lattice recorded at the end of the nanowire; the
outer layer is shown in Figure 3h, which exhibits a pure
Zn,Si04 crystal structure surrounded by a thin layer of amor-
phous SiO,.

The formation of the tetrapod structure presented in Fig-
ures 1c,d indicate that the solid ZnO nanowire is formed first.
According to the Iwanaga model™! (so-called octa-twin mod-
el),[“’] the first homogeneous ZnO nuclei formed are octa-
twins, and consist of eight tetrahedral-shape crystals, each
consisting of three {1122} pyramidal facets and one (0001)
basal facet. The eight tetrahedral crystals are connected to-
gether by contacting the pyramidal faces with one another to
form an octahedron. The surfaces of the octa-twins are all
basal planes, but the eight basal surfaces of the octa-twin are
alternately the Zn-terminated (0001) surfaces and the oxygen-
terminated (0001) surfaces. Since the (0001) surface is chemi-
cally active, while the (0001) surface is inert,'” the growth of
nanowires along [0001] from the Zn-terminated (0001) sur-
faces results in the formation of the tetrapod. The four legs of
each tetrapod structure are expected to have equivalent
growth rates, at least during the early growth stage, as sup-
ported by the image in Figure 1d recorded from an area un-
covered with tin catalyst. In the region covered with tin, the
leg that is directly in contact with the tin catalyst on the sub-
strate surface is likely to grow much faster, due to a vapor-lig-
uid-solid growth mechanism occurring at the root (interface
with the catalyst), than the legs that are grown by self-catalyz-
ing"”! without the assistance of tin. This could cause the tetra-
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pod structure with one leg longer than the other three pre-
sented in Figure 1c.

In accordance with the TEM data, a possible growth mecha-
nism is proposed in Figure 4. Starting from the tin catalyst de-
posited on the substrate as a thin film, ZnO nanowires are
formed by supplying Zn vapor and oxygen from the source
material (Figs. 4a,b). The nanowire grows along [0001] and its
side surfaces are {2110}. In a high-temperature region, ZnO
nanowires can decompose into the original Zn vapor and O,
at a local substrate temperature of ~ 600 °C. Meanwhile, Si-O
vapor sublimated from the silicon substrate can quickly be de-
posited on the nanowire surface and diffuse into the ZnO lat-
tice, resulting in the formation of a new phase, Zn,SiO,. The
electronegativity of Si is 1.9 and that of Zn is 1.65, which are
quite close values. Additionally, the atomic size of Si and Zn,
0.117 and 0.133 nm, respectively, are also comparable. Addi-
tionally, ZnO and SiO vapor can quickly combine to form a
new phase:

27n0 + Si0, — Zn,SiO, 1)
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Figure 3. a) Low-magnification TEM image of a
porous ZnO nanowire and b) corresponding
diffraction pattern; c) high-magnification TEM
image taken on the edge of the porous ZnO
nanowire; d) low-magnification TEM image of
a porous ZnO nanowire with thick Zn,SiO,4
layers; e) EDS spectra of the Zn,SiO, layer;
f-h) high-magnification TEM images recorded
from the areas indicated in (d), showing the
Zn,Si04/Zn0O  interface, ZnO core, and
Zn,SiO, layer, respectively.

The newly formed Zn,SiO, layer tends to have an epitaxial
relationship with ZnO in order to reduce the interface lattice
mismatch (Fig. 4c). On the other hand, the lattice mismatch
between (0001)z,0 and (001)z,sios is 14 %, and between
(0110)zn0 and 4(010)zn sios is 9 %. Zn,SiO, tends to form
textured islands on the surface of ZnO, but they cannot form
a continuous single-crystalline film due to the large lattice
mismatch; this results in the growth of epitaxial Zn,SiOy, is-
lands on the ZnO surface. The newly formed Zn,SiO, may be
more stable than ZnO at the local growth temperature. There-
fore, there are open areas on the ZnO surface that are not
covered by the Zn,SiO,4 network. The evaporation of ZnO
from the open areas may form the porous interior of the
nanowire. The sublimation of ZnO and growth of Zn,SiO,
proceed simultaneously and finally result in a high-porosity
ZnO nanostructure (Fig. 4d).

It is well known that Zn,SiO, is a green luminescent materi-
al and ZnO has a near-UV luminescence. A UV photolumi-
nescence (PL) system was used to characterize the optical
properties of the porous ZnO nanowires that are enclosed by
Zn,Si0y4. As shown in Figure 5, a near-UV luminescence peak
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Figure 4. Schematic of the proposed mechanism for growth of high-
porosity ZnO nanowires.
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Figure 5. Photoluminescence spectra of high-porosity ZnO nanowires.
The inset is an enlarged spectral region showing the luminescence peak
contributed by Zn,SiOj.

is observed at 387 nm, which is consistent with our previous
results on other ZnO nanostructures. Additionally, a small
green peak located at 512 nm is also observed (see the inset),
which is attributed to Zn,SiO,4. It was reported that both
pure“sl and magnesium-doped“gl 7Zn,Si0,4 bulk crystals have
a luminescence peak at 525 nm. A shift of the peak to 512 nm
in our case is possible owing to the small thickness of the
Zn,SiOy layer.

In summary, high-porosity ZnO nanowires were synthesized
for the first time using a solid—vapor process on a silicon sub-
strate. The nanowires were single crystals and grew along the
[0001] direction. The thermal decomposition of ZnO and the
formation of a non-continuous Zn,SiO,4 network on the sur-
face of the nanowire are the key for forming the high-porosity
volume. This technique reveals a new approach for fabricating
high-porosity nanowires as well as composite ZnO-Zn,SiO4
luminescence materials. Some other complex junctions such
as tetrapod sprouts and rib-like arrays were also found. These
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unique structures exhibit a very high surface-to-volume ratio
and are expected to have a high absorptive capacity and par-
ticular chemical selectivity that could be applied to filter and
sensor systems.

Experimental

The high-porosity ZnO nanowires were synthesized using a solid—
vapor process. The ZnO powders (99.9 %) acquired from Alfa Aesar
were used as source materials. In a typical experiment, a {111} orien-
tated silicon substrate was cleaned by a 2:1 mixture (by volume) of
H,S0, (98 %) and H,O, and a 10 nm thin film of tin was coated onto
the silicon substrate using a thermal evaporator with a quartz crystal
thickness monitor for obtaining exact tin film thickness. 2 g of ZnO
powder was loaded into an alumina boat and placed in the center of
an alumina tube in a horizontal tube furnace. The tin-coated silicon
substrate was located about 12 cm downstream from the source. Both
ends of the tube were water cooled to achieve a reasonable tempera-
ture gradient. The tube was first pumped down to 5 x 107 torr at room
temperature and then heated to 800 °C at a rate of 25 °Cmin™". After
being held at this temperature for 20 min, the furnace was heated up
to 1300 °C at a rate of 20°Cmin~'. Meanwhile, a constant flow of Ar
gas was introduced at 20-30 sccm to bring the pressure back to 200-
300 torr. This condition was held for 30 min to achieve the final nano-
structure geometry. The furnace was then shut down and cooled to
room temperature under an Ar flow.

The products were characterized by scanning electron microscopy
(SEM) (LEO 1530 FEG at 10 kV) and transmission electron micros-
copy (TEM) (Hitachi HF200 at 200 kV). Energy-dispersive X-ray
spectroscopy (EDS) analysis was performed during the TEM mea-
surements. Photoluminescence (PL) measurements were performed
at room temperature using a 337 nm N, pulsed laser as the excitation
light source. The laser repetition rate was 15 Hz, with a 800 ps pulse
duration at an average energy of 50 mW.
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