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Structural Characterization of CVD-grown ZnO Nanocombs
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We present the growth of ZnO nanocombs by using chemical vapor deposition (CVD) under
atmospheric pressure. Two types of single- and double-side teethed nanocombs have been obtained.
Structural analyses based on electron microscopy reveal the diameter and the period of teeth to
be about 50 nm and 75 - 100 nm, respectively, while the length of the comb ribbons is 7 - 10
µm. For the single-teethed type, the entire nanocomb is a single crystal with the teeth grown
along the [0001] direction, and the comb ribbon grown along the [10-10] direction. For double-side
teethed nanocombs, they are twin crystals with twin boundaries of {10-13}. The comb ribbons grow
along the directions of h10-11i while the teeth grow along the [0001] direction. With the results
obtained, we believe that the growth of nanocombs follows the vapour-solid process. Studies of the
optical properties basing on photoluminescence and Raman spectroscopy have indicated that the
ZnO nanocombs have good crystal quality.
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conditions can be controlled to achieve nanocombs with
tens to hundreds of teeth growing exactly with the same
diameter and in the same direction, making them suitable for uses as diffraction gratings [15]. More recently,
doped ZnO nanocombs have been fabricated successfully
[11, 16–18] and SiO2 nanocombs [19]. This can lead
to multi-functional electronic and optoelectronic devices
based on ZnO and SiO2 nanocombs.
So far, all ZnO nanocomb-type structures have been
fabricated successfully by using chemical vapour deposition (CVD) [5,10,12–17,20–32]. For this, Zn powders [5,
13,20,25,27,29,31,32], Zn foils [30], ZnO [12,15], and a
mixture of ZnO and graphite powders [10, 14, 21, 22, 24,
26,28] are usually used as precursors. Here, the melting
points of Zn and ZnO are about 420 and 1975 ◦ C, respectively. It has been revealed that nanocombs could
be grown in the temperature range of 500 - 950 ◦ C
and under various pressure conditions. Depending on
these factors, various morphologies of nanocombs can
be obtained. In this work, we present a simple route
to gain ZnO nanocombs (both single- and double-side
teethed types) by using CVD. The crystal structure
of the nanocombs were examined crystal structure by
means of electron microscopy. Different from the results
of previous reports, we point out that double-side teethed
nanocombs are twin crystals grown along directions of

I. INTRODUCTION
Zinc oxide (ZnO) is a transparent wide-band-gap semiconductor (Eg = 3.37 eV) with a direct electronic transition and has a large exciton binding energy (60 meV)
that ensures a high luminescence efficiency at room temperature. It is considered as one of the important
materials for ultraviolet- and blue-emitting devices [1].
Recent studies have pointed out that ZnO exhibits a
variety of novel structures on the nanoscale, such as
nanorods, nanowires, nanotubes, nanoneedles, nanotetrapods, nanocombs, nanorings and so forth [2–5]. These
discoveries have led to the development of new nanostructured ZnO-based electronic and optoelectronic devices: for sample, arrays of nanowires and nanorods have
been used in nanogenerators, nanolasers, and gas sensors
[6–9].
In the case of ZnO nanocombs, it is suggested that a
high surface area makes them applicable to the manufacture of biosensors and bioreactors [10,11]. Some other applications of nanocombs, including nanocantilevers [12],
ultraviolet laser arrays [13], and ultraviolet polarizers
[14], have also been demonstrated. Interestingly, growth
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Fig. 1. (Color online) Arrangement of the vapour source
(Zn powders) and Au nanoparticle-coated Si substrates for
the growth of ZnO nanocombs. Substrates A and B are put
upstream near the source.

h10-11i, with {10-13} twin boundaries of. Following detailed investigations on the crystal structure, photoluminescence and Raman scattering spectrometers were also
used to study the optical properties of the nanocombs.

II. EXPERIMENTAL DETAILS
ZnO nanocombs were prepared by using chemical
vapour deposition (CVD, a simple thermal evaporation
and condensation method). The vapour source, about 1
g of Zn powders (99.995% purity), was loaded into a ceramic boat and placed in the center of a horizontal quartz
tube furnace (about 8-cm diameter and 80-cm length). Si
substrates (M and N) were arranged on an alumina plate
and put upstream near the source. This arrangement is
to limit the Zn vapour flux during the growth process
because a great vapour flux would lead to the formation
of a mixture of ZnO nanostructures. The organization of
the material source and substrates is depicted in Fig. 1.
Before the deposition, air in the tube was removed by
backfilling Ar gas, and then pumping the Ar gas out until the pressure in the tube re-gained about 10−3 Torr.
This procedure was executed several times to remove air
absorbed into the tube-furnace wall. After that, a mixture of carrier gas, Ar/O2 = 4/1, was introduced into the
tube at a flow rate of about 300 sccm, which was maintained during the whole growth process. When pressure
in the tube furnace was equal to atmospheric pressure,
the temperature at the tube centre was increased from
room temperature (RT) to 640 ◦ C at a constant rate of
35 ◦ C per minute. The top temperature was kept for
90 minutes; then, the system was slowly cooled down to
room temperature (RT). The final product was a white
layer deposited on the Si substrate.
The morphology and the crystal structure were characterized by using field-emission scanning electron microscopy (FE-SEM, JEOL-6330F) and transmission electron microscope (TEM, EM-430). Photoluminescence
and Raman scattering (in the backscattering configuration) measurements at RT were also carried out on Renishaw spectrometers with excitation wavelengths of 325
and 488 nm.

Fig. 2. SEM images of ZnO nanocombs with different
magnifications. Two types of single- and double-teethed
nanocombs can be clearly observed.

III. RESULTS AND DISCUSSION
With the arrangement of the material source and substrates shown in Fig. 1, we obtained a cotton-like white
layer of nanocombs deposited on substrate M, where
the temperature was about 630 - 640 ◦ C. The formation of ZnO crystals is here related to the combustion
of Zn vapour in the presence of oxygen. For the substrate placed at position N, the product obtained was
a thin film. This work will only focus on the structural
characterization and the optical properties of nanocombs
collected at position M. In Fig. 2, typical SEM images
of nanocombs recorded at different magnifications are
shown. It appears that both a thin film and nanocombs
are formed on the same area, with nanocombs floating
on the thin film surface, and with a surface covering ratio
of over 80%. This indicates that the thin film (considered as a buffer layer) was deposited before the growth
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Fig. 3. (a), (b) Bright- and (c) dark-field TEM micrographs, (d) SAED and (e) micro-diffraction patterns of singleside teethed ZnO nanocombs along the [1-210]-zone axis.

process of nanocombs took place. Two types of singleand double-side teethed nanocombs were harvested. For
both types, each nanocomb usually consists of two parts:
the comb ribbon/stem with 7 - 10 µm length and 100 500 nm width, and one row or two rows of nanorods (the
so-called teeth) growing along one or two sides of the
ribbon (see Fig. 2(b) and inset). The diameter and the
replica of the teeth are about 50 and 75 - 100 nm, respectively, while their length is 100 - 700 nm, depending
on the position of the teeth. In general, the length of
the teeth decreases gradually from the one end of the
nanocomb to the other. One end of nanocomb is like an
arrowhead or spearhead with a tip diameter of about 20
- 100 nm and a length of about 400 nm. It corresponds
to the growth direction of the nanocomb, as will be seen
latter.
In addition to the surface-morphological characterization, we studied carefully the crystallographic structure
of the two types of nanocombs by means of TEM operating at 250 kV. For the case of single-side teethed
nanocombs, their bright- and dark-field TEM micrographs along the [1-210]-zone axis, shown in Figs. 3(a) (c), reveal that the nanocombs are well crystallized; no
defects are seen. By titling a nancomb within few degrees to get better contrast, we clearly observe the roots
of the teeth, which originate from the other side of the
comb ribbon, see Figs. 3(b) and 3(c). The variation in
contrast here results from a difference in size (or thickness) between the comb ribbon and the teeth. In order
to further understand the growth of single-side teethed
nanocombs, we recorded electron diffraction patterns
in two configurations, selected area electron diffraction
(SAED) and micro-diffraction (convergent beam electron

Fig. 4. (Color online) (a) Bright-field TEM micrograph,
(b), (c) SAED patterns for two sides A and B, and (d) SAED
patterns taken for both regions A and B of double-teethed
ZnO nanocombs along the [1-210] zone axis. Green and red
lines are characteristics for A and B, respectively. An angle α ≈ 61.96◦ is formed by two directions n1 and n2, as
described in the text.

diffraction - CBED). During the recording, the electron
beam was focused on either the comb ribbon or the teeth.
The [1-210]-zone axis diffraction patterns are shown in
Figs. 3(d) and 3(e). These patterns prove that all the
single nanocomb is a single crystal with a wurtzite structure. The teeth grow along the [0001] direction (the
c axis) while the ribbon grows along the [10-10] direction. For hexagonal ZnO, [0001], [10-10], and [2-1-10]
are generally the preferential growth directions [12, 15,
18, 20, 21, 31]. By observing carefully micro-diffraction
patterns (Fig. 3(e)), the teeth are thought to grow along
the [000+1] direction, corresponding to Zn-terminated
polar surface [21,33].
For the case of double-sided teeth nanocombs, similar investigations were also carried out. Figure 4 shows
the bright-field TEM micrograph and SAED patterns of
double-sided teeth along the [1-210]-zone axis. Again,
the observations of variation in contrast revealed the
nanocombs to be well crystallized in the wurtzite structure and to be defect-free. Comb ribbons have a prism-
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like shape with the size decreasing gradually from the
root to the tip (Fig. 4(a)). Interestingly, at a given position teeth with the same length located on the two
sides of the comb ribbon are not parallel to each other,
and form an angle of about 120◦ , as determined below.
Such a kind of morphology was never reported before on
double-sided teeth nanocombs [12, 13, 21, 31]. Detailed
analyses of the SAED patterns indicate that a doubleside teethed nanocomb is a twin crystal formed by two
single crystals named A and B, as shown in Fig. 4(a).
Their diffraction patterns along the [1-210]-zone axis are
shown in Figs. 4(b) and 4(c). If only one side of the
double-side teethed nanocomb is considered, the properties of the crystals, A or B, can be seen to be very
similar to those of the single-side teethed nanocombs
discussed above: the teeth grow along the c = [0001]
axis while the comb ribbon grows along the [10-10] direction. Having considered the entire nanocomb, however, the analysis of SAED patterns along the [1-210]zone axis for the region including both A and B leads
to the following conclusions: (i) (0002)A = (10-11)B ; (ii)
(0002)B = (-1011)A ; (iii) (10-11)A = (10-11)B ; and (iv)
(10-13)A = (10-13)B , as indexed in Fig. 4(d). If a vector
n1 is drawn parallel to the interfacial edge of A and B,
and a vector n2 is drawn parallel to the axis [0001]B ,
see Fig. 4(a), the angle between n1 and n2 is 61.96◦ ,
which is very close to the value of 61.6◦ calculated theoretically for the angle between the [10-11] and [0001]
directions of ZnO wurtzite. Above results demonstrate
that double-side teethed nanocombs grow along directions h10-11i, and each nanocomb is a twin crystal with
twin boundaries of {10-13}. The growth speeds of both
A and B are the same because of their perfect symmetry via the interfacial plane. Here, the crystal growth
process of ZnO nanocombs is assigned to self catalysis
through a vapour-solid mechanism [10,12,21,22,25,28,31]
starting from the (0001)-Zn polar surface. This explains
the symmetry of two rows of comb teeth for double-side
teethed nanocombs. In fact, asymmetry only takes place
when the two rows of comb teeth have oppositely charged
growth fronts corresponding to the (0001)-Zn and (0001)-O polar surfaces, as confirmed by Wang and Lao et
al. [12,21].
In regard to the growth mechanism of the nanocombs,
some important signs related to the shape and the size of
the nanocombs [for example: (i) the lengths of the comb
ribbons are several times longer than those of the teeth;
(ii) one end of a comb ribbon is like an spearhead/speararrow with about a 400-nm length; and (iii) the length
of the teeth decreases gradually from the start to the end
of the nanocombs] suggest the following formation process for single-side teethed nanocombs: (1) the growth
and development of comb ribbons along the [10-10] direction by vapour deposition [34]; (2) the nucleation and
growth of evenly spaced comb teeth along the [0001] direction on one edge of the comb ribbons [15]; and (3) the
planar filling, which makes the comb ribbons widens or
lengthens the teeth. For the case of double-side teethed
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Fig. 5. (Color online) (a) Raman spectra with an excitation wavelength of 488 nm, and (b) PL spectrum with an
excitation of 325 nm for CVD-grown ZnO nanocombs.

nanocombs, the first stage is assigned to the formation of
“twin seeds” in a ZnO crystal. These seeds can grow independently along h10-11i directions to form “twin comb
ribbons” with twin {10-13} boundaries. After this stage,
the processes are similar to steps (2) and (3) for the
growth of single-side teethed nanocombs. Notably, the
comb ribbons grow along the h10-11i directions while the
teeth grow along the [0001] direction.
We also studied the optical properties of ZnO
nanocombs by means of Raman scattering (RS) and photoluminescence (PL) spectroscopy. Figure 5(a) shows
their room-temperature RS spectrum in the wavenumber
range of 200 - 800 cm−1 for am an excitation wavelength
of 488 nm. Theoretically, ZnO with the wurtzite structure belongs to the space group P63 mc. At the point
Γ in the Brillouin zone, there are phonon modes of Γ
= A1 + 2B 1 + E 1 + 2E 2 [35]. Among these, B 1 (H)
and B 1 (L) modes are Raman inactive, E 2 (H) and E 2 (L)
modes are non-polar active, and the two infrared-active
modes of A1 and E 1 are polar and have longitudinal
(LO) and transversal optical (TO) components. Similar to ZnO commercial powders, the spectrum of the
nanocombs shows conventional modes peaked at 332,
380, 409, 437, and 585 cm−1 , which are associated with
processes of E 2 (H) - E 2 (L), A1 (TO), E 1 (TO), E 2 (H),
and E 1 (LO), respectively. There are no additional modes
related to impurities. The results prove that the ZnO
nanocombs have good quality in the wurtzite structure.
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This is in agreement with the TEM results. Concerning
the PL spectra under an excitation wavelength of 325
nm, ZnO nanocombs offer strong luminescence in the ultraviolet (UV) region peaked at 379 nm (3.3 eV), see
Fig. 5(b). Meanwhile, their visible (Vis) emission centered at about 530 nm (2.3 eV) is very weak. Naturally,
the UV emission is associated with near-band-edge luminescence while the visible emission is associated with
intrinsic defects [36], which may result from oxygen interstitials Oi [37]. Taking the intensity ratio of UV-toVis emission, we find I U V /I V is to be about 23. The high
UV-emission intensity of the present ZnO nanocombs implies that this special kind of nanostructure is suitable
for producing UV-emitting devices.

IV. CONCLUSIONS
We synthesized two successfully types of ZnO singleand double-side teethed nanocombs with wurtzite-type
structure from Zn powders by using CVD at 630 - 640 ◦ C
under the condition of atmospheric pressure. Structural
analyses based on TEM revealed that single-side teethed
nanocombs had the teeth growing along the [0001] direction and the ribbon growing along the [10-10] direction.
However, a complicated situation happened for the case
of double-side teethed nanocombs, each nanocomb was
combined tightly by two single-side teethed combs called
a twin crystal with twin {10-13} boundaries. While
the comb ribbons grew along the h10-11i directions, the
teeth grew along the [0001] direction. We suggest that
the growth process of ZnO nanocombs is self catalysis through the solid-vapour mechanism, starting from
the (0001)-Zn polar surface. Additional assessments
basing on RS and PL spectroscopy revealed that the
ZnO nanocombs had excellent crystal quality. They are
suitable for optoelectronic devices working in the UVwavelength region.
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