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Abstract

Polar surface induced asymmetric growth of single-side teethed ZnO nanocombs was attributed to the self-catalysis of the Zn-termi-
nated (0001) surface (Z.L. Wang, X.Y. Kong, J.M. Zuo, Phys. Rev. Lett. 91 (2003) 185502). In this Letter, nanocombs of ZnO with
double-sided teeth have been observed. This symmetric growth of the fish-ribbon like teeth has been identified due to the existence of
an inversion domain boundary along the ribbon, so that both side surfaces of the ribbon are terminated with the chemically active
Zn-(0001) plane. A model is also given about the formation of �110� double-sided nanocombs based on the nucleus composed of mul-
tiply twinned pyramids. The data show that the Zn-terminated (0001) surface is responsible for the formation of the teeth, while the
oxygen-terminated (000�1) surface is chemically inactive and does not grow teeth.
� 2005 Elsevier B.V. All rights reserved.
Wurtzite structured ZnO, with a wide band gap of
3.37 eV and piezoelectricity, is a good candidate for opto-
electronics [1], sensors [2] and transistors [3]. Research in
ZnO related nanostructures is a forefront in nanotechnol-
ogy because of the divisive morphologies of nanostructures
and unique properties. From crystal structure, ZnO has
three types of fast growth directions: Æ0001æ, h01�10i and
h2�1�10i, together with the ±(0001) polar-surfaces, various
unusual structural configurations have been reported, such
as nanobelts [4], nanosprings [5], nanorings [6], nanohelices
[7] and nanocombs [8,9].

This letter focuses on a newly found structure of ZnO:
double-side teethed nanocombs. We first present the syn-
thesis of the symmetric nanocombs. Then, its formation
process will be investigated. Finally, some other types of
nanocomb structures will be presented. The data clearly
support that the Zn-terminated (0001) surface is chemi-
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cally active for inspiring self-catalysis, which leads to the
formation of the comb structure.

The synthesis of the comb-like nanostructures of ZnO is
based on a high-temperature solid–vapor deposition pro-
cess [4]. The experimental apparatus included a horizontal
high temperature tube furnace, an enclosed alumina tube, a
rotary pump, and a gas controlling system. In the experi-
ments, 2 g of commercial (Alfa Aesa) ZnO powder was
loaded on an alumina holder and placed in the center of
the tube as the source material. Several pieces of polycrys-
talline Al2O3 substrates were positioned downstream as
substrates to collect the products. The furnace was then
heated up to 1400–1450 �C at a ramping rate of 20 �C
per minute with Ar carrier gas of flowing rate of 50 sccm
(standard cubic centimeters per minute) at pressure of
200–250 mbar. With a constant pressure and gas flow rate,
the evaporation process was kept running for 100–150 min.
Then the grown nanostructures were collected at a temper-
ature zone of 600–800 �C. The as-synthesized structures
were characterized with scanning electron microscopy
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(FE-SEM, field emission LEO 1530 FEG) and transmis-
sion electron microscopy (TEM, field emission TEM Hit-
achi HF-2000).

Fig. 1a is a low magnification SEM image of the as-
grown single-sided ZnO combs with asymmetric teeth dis-
tribution [8–12]. The yield of the nancombs is �100%. A
typical nanocomb is magnified and is inserted, showing
many thin teeth of similar lengths and diameters growing
out of a straight primary ribbon. These teeth have spacing
around 200 nm, diameter �50 nm and length �2 lm.
Fig. 1b is another configuration for the single-sided combs,
in which a row of hexagonal nanowires with two segments
of different diameters stacking one on the other along the
length direction. From the hexagonal symmetry of the
nanowire, its growth direction is [0001]. Fig. 1c shows a
Fig. 1. (a) As-grown, single-side teethed ZnO comb structures. Inset is a magni
combs with different morphologies. (e) A typical TEM image of the single-side
the growth direction of the teeth is [0001].
comb structure with a series of long thin belts (40–50 lm
in length, 0.5–4 lm in width), growing in parallel out of
one side of the ribbon and forming a �waterfall-like� config-
uration. In Fig. 1d, the nanocombs have a set of much
wider teeth, with a wide range of inter-teeth spacing, a
length from 1 to 5 lm and a width of 200–500 nm. The
upper inset image reveals the quasi-rectangular shape of
the cross section of the teeth. Fig. 1e is a TEM image of
a typical single-sided comb structure and the correspond-
ing electron diffraction pattern. The diffraction pattern
shows that the growth direction of the teeth is [0001]
and of the primary ribbon is [2�1�10], and both share the
same top and bottom surfaces of ±(01�10).

The formation of one-sided asymmetric nanocombs has
been attributed to the self-catalysis effect of polar surface
fied image of a single-sided comb; (b) to (d) are SEM images of single-sided
d nanocomb. Inset diffraction pattern is from the circled area showing that
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[9]. Due to the non-central symmetric characteristic of
ZnO, the (0001) of ZnO is terminated with Zn cations,
and the (000�1) is terminated with oxygen anions, which
are the two typical polar surfaces of ZnO, and they induces
a group of unique nanostructures [13]. The Zn-(0001) sur-
face is chemically active and its self-catalysis results in the
growth of teeth on one side. The oxygen terminated (000�1)
surface is relatively chemically inert and produces no
growth. This is the reason that the asymmetric nanocombs
are most frequently received [8–12], and they can be grown
almost at 100% purity.

However, symmetric nanocombs with double-sided
teeth (fish-ribbon type) have also been produced in our syn-
thesis, and sometimes the yield can be more than 80%. In
Fig. 2a, a low magnification SEM image shows a high yield
of the double-sided teeth comb structure. Fig. 2b is a mag-
nified image of a symmetric comb, which clearly displays
Fig. 2. SEM images of the double-side teethed ZnO comb structures. (a) A low
(b) and (c) double-sided ZnO nanocombs with different morphologies.
that the teeth grow from both sides of the ribbon. Fig. 2c
is another type of double-sided combs with two rows of
dumbbell-like shaped teeth.

The formation of the symmetric nancombs cannot be ex-
plained by the polar surface model if the main ribbon is a
single crystal with both sides of the combs being terminated
by Zn-(0001) and O-(000�1), respectively. To find out the
formation process of the double-sided nanocombs, we have
used convergent beam electron diffraction (CBED) to deter-
mine the polarity of the two sides. Fig. 3a is a low magnifi-
cation TEM image from the nanocomb, displaying a
symmetric distribution of the teeth at both sides of the rib-
bon. The corresponding electron diffraction pattern re-
corded from a group of teeth is given in Fig. 3b, showing
the conventional spotty pattern of [01�10], but there is a
radial angular twist profile as indicated by the dashed lines
for the {000‘} series of the diffraction spots, indicating a
magnification SEM image showing the high yield of the symmetric combs.



Fig. 3. (a) TEM image of a double-side teethed ZnO nanocomb. (b) Diffraction pattern from the large circled area, showing the growth direction of the
teeth is [0001]. (c) and (d) are convergent beam electron diffraction patterns from the upper tooth and the corresponding lower tooth of the nanocomb, as
indicated by the small circles. The intensity distribution in the patterns indicates that both of the teeth are along [0001] direction but at 180� reversed
polarity. (e) A magnified TEM image showing the existence of an inversion domain boundary parallel to the ribbon.
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twist in orientation among the teeth. The comb ribbon
grows along [2�1�10] (a-axis) with ±(01�10) as the top/bot-
tom surfaces. To determine the polarity of the nanocomb,
Fig. 3c and d are the CBED patterns recorded from the
two-circled areas in Fig. 3a. Caution was taken to ensure
that the two CBED pattern were recorded from both sides
of the ribbon at a close distance and at equivalent thickness.
CBED relies on dynamic interaction of electron beam with
the crystal, and it is sensitive to the symmetry of the crystal
[14]. The intensity distribution in the diffraction disks can be
used to identify the polarity. The intensity distributions in
the (0002) and the (000�2) disks are significantly different,
which is due to the non-central symmetric structure of
ZnO. As indicated by arrowheads, the #2 disk in Fig. 3c
is the mirror image of the #2 disk in Fig. 3d, the #3 disk
in Fig. 3c is the mirror image of the #3 disk in Fig. 3d. Judg-
ing from the fine intensity distribution in the disks, the pat-
tern shown in Fig. 3c is approximately 180� rotation of the
pattern shown in Fig. 3d. From our previous dynamic sim-
ulations [9], the #2 disk is the (0002) diffraction disk, thus
the growths of the teeth on both sides are along [0001]. This
is only possible if there is an inversion domain boundary
(IDB) parallel to the ribbon of the comb, and the structure
of which was investigated in details elsewhere [15]. The IDB
is a planar defect at which two ZnO crystals with inverted
polarization meet at the (0001) plane following an orienta-
tion relationship of: aia 0, bi�b 0 and ci�c 0, where a, b and c

are the unit cell vectors for the tooth on the top part of the
comb and a 0, b 0 and c 0 are those for the tooth on the lower
part. An enlarged TEM image from the ribbon shows a dis-
tinct contrast line a bit off the central axis of the ribbon, as
indicated by two arrowheads. With the formation of the
IDB, it is possible that both sides of the ribbon are termi-
nated with chemically active, Zn-terminated (0001) planes,
resulting in the formation of the symmetrically teethed
comb.
In the synthesis of the nanocomb structures, the teeth
length of both single-sided and double-sided combs can
be obtained from several hundred nanometers to tens of
micrometers, depending on the temperature and pressure
conditions for the experiments as well as the temperature
zone where the substrates were placed in the furnace. In
practice, nanocombs with longer teeth and the double-
sided combs were acquired in a higher temperature zone.

Besides the two main comb structures reported above,
other interesting comb-like structures were also found.
The structure shown in Fig. 4a is the same type of asym-
metric nanocomb as shown in Fig. 1, but it is directly
linked to a tetraleg of ZnO [16], as indicated by an arrow-
head. In Fig. 4b, the symmetric nanocomb has two-sided
teeth, but the teeth are at an angle of �110�. In Fig. 4c,
a feather-like comb structure is shown, which has a similar
structure as the one shown in Fig. 4b except the image was
taken at an angle with the ribbon of the nanocomb that the
angle between the two-sided teeth is not apparently shown.

The formation of the nanocombs in Fig. 4 can be ex-
plained from the octahedral multiply twined nucleus that
is responsible for the formation of the tetraleg [16], as
shown in Fig. 5. The central octahedral nucleus is com-
posed of eight tetrahedra. A tetrahedron is a unit enclosed
by one {0001} facet and three f11�22g pyramidal facets
(Fig. 5a). Eight tetrahedra are combined together to form
the octahedral nucleus, with the pyramidal faces contacting
with each other, the ±(0001) planes facing out in an alter-
native sequence, as shown in Fig. 5b. Because the (0001)
plane terminated with Zn is chemically active, while the
oxygen-terminated (000�1) surface is relatively inactive,
nanowires are preferentially grow only out of the (0001)
planes, thus, forming the tetraleg structure as observed in
Fig. 4a. One of the legs can be a tooth for a nanocomb.
If the nucleus contains only four tetrahedral units, in a
shape of a half-octahedron, there are only two Zn-termi-



Fig. 4. (a) A single-sided nanocomb ending with a tetra-leg structure. (b) and (c) feather-like double-sided nanocombs with an angle of �110� between the
two sides.

Fig. 5. The structure model about the formation of the tetraleg/tetrapole
structure and the feather-like, double-sided nanocomb. (a) A pyramid
crystal formed by three f11�22g and one (0001) facets. (b) A nucleus
composed of eight twinned pyramid crystals with the f11�22g faces
contacting with each other, the ±(0001) planes (±c) facing out in an
alternative sequence. The Zn-terminated (0001) planes are pasted in
shadow. (c) A half-octahedron model for the growth of the 110� angle of
two-sided nanocomb.
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nated (0001) planes, the growth of nanowires from the
(0001) planes leads to the formation of the structures pre-
sented in Fig. 4b and c, with the teeth on both sides at an
angle of �110�. Such structure was also found for ZnS [17].

In summary, single-sided and double-sided nanocomb
structures were synthesized for ZnO. For the double-sided
nanocombs, an inversion domain boundary is formed par-
allel to the {0001} plane along the growth direction of the
central ribbon, so that the two sides of the ribbon are both
terminated by the Zn-terminated (0001) surfaces. The Zn-
(0001) polar surface defines the growth direction of the
teeth out of the ribbon. Based on the multiply twinned
octahedral nucleus of ZnO, the formation of the �110� an-
gle comb structure is also explained. Our data strongly sup-
port the active role played by the Zn-terminated (0001)
plane in the growth of ZnO nanostructures.
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