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a b s t r a c t

Uniformly distributed single- and double-sided zinc oxide (ZnO) nanocomb structures have been
prepared by a vapor–liquid–solid technique from a mixture of ZnO nanoparticles and graphene
nanoplatelets. The ZnO seed nanoparticles were synthesized via a simple precipitation method. The
structure of the ZnO nanocombs could easily be controlled by tuning the carrier-gas flow rate during
growth. Higher flow rate resulted in the formation of uniformly-distributed single-sided comb structures
with nanonail-shaped teeth, as a result of the self-catalysis effect of the catalytically active Zn-
terminated polar (0001) surface. Lower gas flow rate was favorable for production of double-sided
comb structures with the two sets of teeth at an angle of �1101 to each other along the comb ribbon,
which was attributed to the formation of a bicrystal nanocomb ribbon. The formation of such a double-
sided structure with nanonail-shaped teeth has not previously been reported.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

Zinc oxide (ZnO) is an important semiconducting metal oxide
with a wide direct band gap (3.37 eV) and large exciton binding
energy (60 meV). Its high binding energy compared to the other
prospective materials such as ZnSe (22 meV), GaN (25 meV), and
ZnS (40 meV) makes ZnO a candidate material for optical applica-
tions such as laser and UV light emitting diodes [1,2]. Due to the
different functional requirements in its applications, there has
been strong interest in the synthesis of ZnO nanostructures with
well-controlled size and shape. ZnO nanostructures with a number
of special morphologies, including nanobelts [3], nanonails [4],
nanowhiskers [5], and nanotetrapods [6] have been synthesized
using techniques ranging from gas phase processes to solution
routes. Recently, ZnO nanocomb structures have provoked great
interest because of their well-defined geometry, ordered structure
and potential applications in biosensors [7], solar cells [8], laser
arrays [9], and nano-cantilever arrays [10]. Developing and under-
standing of the underlying growth mechanism of well-defined
nanocomb structures is therefore of considerable significance. The

growth of nanocombs with ‘teeth’ that are uniformly distributed
on a single side, or on both sides of the comb ribbon has been
reported by several groups in the literatures [11–13]. However,
there remains a need to understand the growth mechanism, and
thus the synthesis procedure that will results in uniformly
distributed ZnO nanocombs with well-controlled shape.

In this study, we report synthesis of uniformly-aligned single-
and double-sided ZnO nanocombs by oxygen-assisted carbother-
mal evaporation of ZnO nanoparticles synthesized through a
simple room temperature precipitation. ZnO nanocombs have
been fabricated over a large area on silicon wafers coated with a
thin gold film. We propose possible growth mechanisms for both
single- and double-sided comb-structures with nanonail-shaped
teeth that can provide insights useful for large-scale production of
uniformly-aligned ZnO nanocombs with potential applications in a
variety of fields.

2. Experimental section

2.1. ZnO nanocomb synthesis

ZnO nanoparticles with �20 nm particle size were prepared as
seeds for the subsequent nanocomb growth. The nanoparticles were
synthesized via a simple room temperature precipitation technique
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that we have already established successfully [14]. The ZnO nano-
combs were then synthesized by a vapor–liquid–solid (VLS) method.
ZnO nanoparticles and graphene nanoplatelets, in a 1:1 weight ratio
mixture, were ground together and placed in a quartz boat, which was
inserted into a horizontal tube furnace. The graphene powder was
used as a catalyst to decrease the vaporization temperature of the
ZnO. P-type boron-doped prime silicon wafers were used as sub-
strates. Prior to growth, the wafers were cleaned with an ultrasoni-
cater in 2-proponal, acetone and DI-water, respectively. The wafer
surfaces were coated with 5 nm Cr (0.036 nm/s) and 10 nm Au
(0.167 nm/s) thin films using electron beam deposition. The silicon
wafers were located in the furnace in a downstream position to collect
the products. During the experimental process, a carrier gas mixture
containing high purity Ar (98 vol%) and O2 (2 vol%) was kept flowing
into the tube furnace. Two different flow rates were used: 60 or
120 sccm (standard cubic centimeter per minute) so that the effect of
gas flow rate on morphology could be explored. The tube furnace was
heated to 1000 1C within 1 h and kept at the same temperature for
2 h. The furnace was then cooled to room temperature over a 3 h
period. The substrates were coated with a white deposit layer.

2.2. Materials characterization

The phases of the reaction products were identified via X-ray
diffraction (XRD) using Cu Kα radiation (λ¼1.54056 Å) and an x-
ray source operating voltage of 40 kV. Scans were performed in
the range of 28–921 at a scanning rate of 0.011/s.

The size and morphology of the ZnO nanocombs was examined
by scanning electron microscopy (SEM) and transmission electron

microscopy (TEM). The SEM samples were examined without any
conductive coating layer. The representative TEM samples were
prepared simply by drying out an ultrasonically-dispersed aqu-
eous suspension on holey carbon-coated copper grids.

The band structure of the nanocombs was investigated by
ultraviolet-visible (UV–vis) spectroscopy and compared with that
of the nanoparticle precursor. Samples were dispersed in DI-water
by ultrasonification for 10 min. The background contribution was
evaluated using DI-water as reference. The direct band gap energy
(Eg) of the ZnO nanocombs is determined by plotting the absorp-
tion coefficient (α) versus photon energy (hυ) and extrapolating
the straight-line portion of this plot to the hυ axis. The room
temperature photoluminescence (PL) spectrum measurements
were measured using DI-water for the baseline correction.

3. Results

Fig. 1 shows the morphology of the VLS-grown ZnO nanostructures
with a gas flow rate of 120 sccm. A flower structure with �25 mm
branches from the center is shown in Fig. 1(a). The inset low
magnification SEM image shows the distribution of many flowers
over the substrate surface. The high magnification SEM image (Fig. 1
(b)) shows that the branches are actually single-side nanocombs, with
comb teeth length ranging from 500 nm to 1.4 μm, decreasing with
distance from the flower center. The comb teeth have a hexagonal
morphology (inset in Fig. 1(b)) and grow normal to the comb ribbon.
The shape of each tooth can be described as a nanocone [15] or
nanonail [16]. An XRD pattern from the VLS-grown nanostructures is

Fig. 1. (a) Low magnification SEM image of single-sided ZnO nanocomb flower prepared under a gas flow rate of 120 sccm (inset shows distribution of flowers across
substrate) and (b) high magnification SEM images of nanocombs with inset showing high magnification top view of the teeth structure.

Fig. 2. XRD diffractograms of ZnO nanocombs prepared under a gas flow rate of 120 sccm.

O. Altintas Yildirim et al. / Journal of Crystal Growth 430 (2015) 34–40 35



shown in Fig. 2. The nanocombs are highly crystalline ZnO with the
hexagonal wurtzite structure (JCPDS Card number:36-1451). Note that
the peak at an angle of 2θ¼68.691 contains counts from both the
(2021) ZnO planes and the (004) planes of the Si substrate. The y-axis
has therefore been modified to enable the other ZnO diffraction peaks
to be clearly seen.

More detailed structural characterization of the nanocombs was
carried out using TEM and HRTEM. Fig. 3(a) shows the ZnO nanocomb

morphology: evenly distributed teeth can be seen along one side of
the comb-ribbon. (Note that the small crystalline region on the top of
the left-hand tooth is a small portion of a different nanocomb that
broke off during TEM sample preparation.) The magnified image of a
nanocomb tooth (inset in Fig. 3(a)) shows small indentations on the
side of the comb ribbon containing the teeth, whereas the opposite
surface of the ribbon is smooth and flat. The length of comb teeth is
determined as �350 nm. ZnO has a non-centrosymmetric crystal

Fig. 3. (a) Low magnification TEM image of single-sided ZnO nanocombs prepared under 120 sccm gas flow rate. The inset shows an enlargement of the selected area,
(b) experimental CBED pattern (left), shadow image, and simulated CBED pattern (right), (c) HRTEM image of position marked in inset to (a) and (d) corresponding SAED
pattern.

Fig. 4. (a) SEM image of single-sided ZnO nanocombs prepared under a gas flow rate of 60 sccm and (b) high magnification SEM images of asymmetric double-sided ZnO
nanocombs with 1101 teeth angle prepared with the same gas flow rate.
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structure, with a catalytically-active Zn-terminated polar top (0001)
surface, and a catalytically-inert O-terminated polar bottom (0001)
surface [17,18]. To identify the polarity of the comb structure,
convergent beam electron diffraction (CBED) patterns were recorded
from the comb-ribbon and comb-teeth. Different intensity distribu-
tions in the (0002) and (0002) disks indicate the non-central
symmetric structure of ZnO, and comparison of our experimental
(Fig. 3(b), left panel) CBED patterns with simulated patterns (Fig. 3(b),
right panel) confirms that the nanocomb teeth grow out from the
(0001) surface of the comb-ribbon. The high contrast in the discs of
the CBED pattern confirms the good crystallinity of the samples,
which was also confirmed by HRTEM analysis as shown in Fig. 3(c).
The selected-area electron diffraction (SAED) pattern in Fig. 3
(d) shows that the growth direction of the comb-ribbon was along
½2110�. The surfaces of the comb-ribbon parallel to the teeth and to
the long axis of the ribbon are 7ð0110Þ planes.

The lower gas flow rate (60 sccm) results in a different ZnO
nanocomb structure, namely a mixture of double-sided and single-
sided nanocombs, as seen in Fig. 4. The low magnification SEM
image in Fig. 4(a) shows that the comb-ribbon length is �45–
50 mm, which is almost twice that of the nanocombs produced
under high gas flow. Fig. 4(b) shows a high magnification SEM
image of a typical double-sided comb structure. The double-sided
nanocomb teeth show a similar morphology to the single-sided
nanocomb teeth, growing at regular intervals along the nanocomb
ribbonwith a nanonail shape. However the double-sided ZnO comb
ribbons show a different morphology to those of the single-sided
combs, with a ribbon cross-section shaped like an open ‘L’. The two
sets of comb teeth then grow out from each end surface of the ‘L’, at

an angle of �1101 to each other along the ZnO nanocomb ribbon.
The hexagonal end-shape of the tips of the comb-teeth suggests
that they preferentially grow along a [0001] direction, which was
confirmed by SAED analysis (not shown here).

Fig. 5(a) shows a TEM image of the single-sided comb structure
produced under the lower gas flow rate. The length of the comb
teeth in the case of lower gas flow rate (�2 mm) is considerably
larger for the combs grown under higher gas flow rate. Fig. 5(b) is a
dark field TEM image of the same comb structure seen in Fig. 5(a).
The contrast differences indicate that there is a thickness difference
between the region of comb-ribbon and teeth and between the
comb–teeth themselves.

3.1. Optical behavior

Fig. 6 shows UV–vis absorption spectra from the ZnO precursor
nanoparticles and single-sided nanocombs. The absorption band
edge for the nanocomb structure shows a red shift to higher
wavelength (341.5 nm) than for the ZnO nanoparticle precursors
(336.2 nm). The plots used to determine the direct band gap (Eg) are
inset. Eg is 3.38 eV for the precursor nanoparticles and it decreases to
3.29 eV for the nanocombs. Fig. 6(b) shows a comparison between
the photoluminescence (PL) spectra for the precursor nanoparticles
and the nanocombs grownwith a 120 sccm gas flow rate. In addition
to the second order band-edge emission at 1.67 eV, the shape of the
peak at �3.25 eV becomes more complicated for the nanocombs,
showing a double peak with emission bands in the violet (3.13 eV)
and UV (3.38 eV).

Fig. 5. (a) Low magnification TEM image of single-sided nanocomb prepared under a gas flow rate of 60 sccm, (b) dark-field TEM image of area outlined in (a).
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4. Discussion

4.1. Nanocomb growth model

4.1.1. Single-sided nanocombs
We proposed that the growth kinetics of the nanocombs are

the result of rapid crystallization at large supersaturation, with
growth proceeding via a VLS process. At the reaction temperature
(1000 1C), ZnO nanoparticles are evaporated to form zinc vapor,
which is transported by the Ar carrier gas, consumed by the
introduced oxygen, and finally deposited on the catalyst Au liquid
droplets on the silicon substrate in the form of ZnO. During the
nanocomb growth, the dimension and morphology of the Au
catalyst layer plays an important role in determining the morphol-
ogy of the ZnO nanostructures that form. Xu et al. reported that a
comb-structure can be obtained by the usage of 1-D Au nanowires
and 2-D Au films; however, nanorod arrays can be achieved when
0-D Au nanodots are used [19]. In our case, we believe that the
thin Au film balls up at high temperature to reduce its surface
energy, forming liquid Au islands that enable the flower structures
to grow with many branches coming out from the flower center.
EDX analysis (included in Supplementary material) of the comb
ribbons and teeth showed a reduction in Au content along the
comb-ribbon, indicating a lowering of Au diffusion away from the
flower center. This reduction in Au content will self-limit the
length of comb-ribbon that can form and also leads to a reduction
in tooth length along the comb ribbon. Note that Au was also
observed at the tips of the comb teeth.

Once the ZnO nanocomb-ribbons reach a certain length via the
continuous evaporation of zinc, comb-teeth starts to grow. Several
different growth directions have been reported for ZnO comb-

ribbons including [0001] [20], ½1120� [19,21], f1010g [15,22,23],
and ½2110� [8,12,24,25]. The single-sided nanocombs discussed
here, which form under a gas flow of 120 sccm, have a growth
direction of ½2110� along the ribbon. The hexagonal end-shape of
the comb teeth results from their [0001] growth direction, which
was confirmed as shown in Fig. 3(b).

The formation mechanism of single-sided nanocombs with
comb teeth growing along the [0001] direction has been ascribed
to the self-catalysis effect of the polar Zn-terminated (0001) surface
[10]: as a result of the different chemical activity of the polar
surfaces, the (0001)-Zn and (0001)-O terminated surfaces exhibit
different growth behaviors. The chemically-active Zn-terminated
surface provides a backdrop to initiate local enrichment of Zn on the
surface of the comb-ribbon. However, as has been pointed out by
Comjani et al. [26] this model does not account for the regular
spacing of the comb teeth, and they have proposed a further model
that additionally takes into account the piezoelectric charge across
the nanocomb. According to their theory, the polar surfaces
introduce strain and electric potential in the first atomic layers at
the crystal surfaces, leading to charge rearrangement and to non-
homogeneous Zn2þ and O2- ion densities on the polar (0001) and
(0001) surfaces, respectively. These spatially-distributed regions of
higher positive charge on the (0001)-Zn surface act as catalysts for
tooth growth. Although the O2- ion density on the (0001) surface is
also non-homogeneous, teeth growth does not occur due to its
catalytically inactive nature. Tooth growth has the effect of reducing
the (0001) surface energy, which is further reduced by thinning
down the areas between the teeth (Fig. 5(b)). The formation of
longer single-sided comb-ribbons and comb–teeth under lower gas
flow rate is due to the fact that both ribbon and teeth are exposed to
more ion bombardment and thus a higher axial growth rate.

Fig. 6. (a) UV–vis spectra and (b) PL spectra for ZnO nanoparticles and nanocombs prepared under a gas flow rate of 120 sccm. Band edge locations are indicated in (a). The
insets show plots of (αhυ)2 as a function of photon energy with values of Eg for both nanoparticles and nanocombs.
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4.1.2. Double-sided nanocombs
A number of authors have reported the growth of double-sided

nanocombs under certain growth conditions. For example Zhang
et al. reported that double-sided ZnO nanocombs can form instead
of single-sided ones by controlling the oxygen and zinc partials
pressures inside the reaction chamber [12]. They found that lower
oxygen partial pressure and higher zinc vapor pressure favors the
growth of double-side ZnO nanocomb structures, and this is
consistent with our observation of the formation of double-sided
nanocombs when the carrier gas flow rate is reduced from
120 sccm to 60 sccm. The lower flow rate allows for a higher partial
pressure of Zn vapor within the chamber, increasing the probability
of a reaction between zinc and oxygen and thus enabling the
formation of the double-sided combs. However the nanocombs
reported by Zhang et al. have flat nanocomb ribbons with teeth
projecting from the two opposite surfaces. The geometry that we
observe is different, with the nanocomb ribbon cross-section being
shaped like an open ‘L’, with nanonail-shaped teeth growing from
the ends of both branches of the ‘L’. Huang et al. [27] and Phan et al.
[28] proposed that such structures could form as the result of the
growth of bicrystalline nanocomb ribbons that have a twin parallel
to the long axis of the ribbon. In the observations by Huang and by
Phan, the growth direction was along ½1010� and the twins formed
on a f1013g plane, resulting in two surfaces along the comb ribbon
that are at �1201 to each other and are both chemically-active
(0001) surfaces. Teeth grow out from each of these surfaces
resulting in double-sided nanocombs.

In our case the growth orientation for the double-sided nano-
combs, along the comb ribbon, is ½1120� with the two sets of teeth
being at an angle of �1101 to each other, and both with a growth
direction along [0001]. This growth mode can be explained by a
model reported by Lao et al. [25] in which four tetrahedra, each
enclosed by one {0001} face and three f1122g faces, are combined
together to form a square pyramid whose triangular faces are
alternately (0001) and ð0001Þ planes. We propose that the twin
plane that forms between the two sets of teeth is a f1013g plane, as
has also been reported for nanostructures composed of the wurtzite
phase of ZnS [29].

It is interesting to note that the papers discussed above report
the formation of feather-shaped double-sided nanocombs for which
the teeth are flat or needle-shaped: to the best of our knowledge we
are the first to report the synthesis of bicrystal twinned double-
sided nanocombs with nanonail-shaped teeth, which could have
formed via the mechanism reported by Yan et al. [30].

4.2. Optical behavior

The absorption band edge of single-sided nanocombs (341.5 nm)
shows a red shift compared to values that of precursor nanoparti-
cles (336.2 nm). According to previous reports, absorption edges
and thus Eg values of ZnO nanostructures mainly depend on size,
morphology, defect state and dopant content [31–34]. The effects of
quantum confinement and impurity atoms can be eliminated for
the contraction of the band gap energy of single-sided nanocombs
due to their large size, and pure structure, respectively. Therefore,
this reduction may be explained by either the morphology change
from the spherical nanoparticles to single-sided comb structure
[35–37] or the presence of the defect states such as oxygen vacancy
and zinc interstitial [38,39]. At this moment, the role of defect states
is considered to be most important for the band gap narrowing due
to strong exchange interaction between valance band electrons and
defect state electrons.

The large peak that appears at 1.67 eV in the PL spectra for the
ZnO nanocombs prepared with 120 sccm gas flow rate is attrib-
uted to second order diffraction of UV emission [40–42]. This peak
appears only in the nanostructures with a strong UV emission

peak and shows higher crystallite structure. The shape of the peak
between �3.0–3.4 eV shows that it is a combination of two
different Gaussian peaks with violet and UV emissions. The violet
emission (3.13 eV) is associated with exciton recombination
between the electrons at the shallow donor zinc interstitial defect
level (Zni) and holes in the valance band of ZnO [43]. The absence
of green emission (a broad peak between 1.6–2.8 eV) associated
with oxygen vacancies [44] show that the single-sided ZnO
nanocombs are synthesized in an environment of higher partial
pressure of oxygen. This is consistent with the higher gas flow rate
used to form the single-sided nanocombs: the zinc vapor formed
in the reaction chamber is transported faster by the Ar carrier gas,
resulting in a reduced partial pressure of zinc. The Gaussian-fitted
UV-emission peak position is blue shifted towards higher energies
(3.38 eV) compared with that of the bulk ZnO. The blue-shift in the
UV-emission of the nanocombs can be explained by surface
resonance effects [45], interface effects [46] and localized energy
states [47], which can affect the electronic and optical properties
and result in a shift of the UV emission peak position. Indeed the
position of the UV-emission peak has been shown to exhibit
distinctive values for the different nanostructures: 3.29 eV for
nanorods [48], 3.21 eV for nanosheets [49], and 3.32 eV for
ultrathin nanobelts [50]. We believe that defect generation on
the surface of the nanocombs (Zni) has an influence on the spectral
shift in the UV-emission. A similar observation was also reported
by Rao et al. [51]. They found that the presence of Zni and zinc
vacancy (VZn) defect states have an important role in the blue-shift
of UV emission in ZnO.

5. Conclusions

Single- and double-sided ZnO nanocomb-structures with
nanonail-shaped teeth were grown on silicon wafers through a
VLS method, using a powder mixture of graphene and ZnO
nanoparticles as source material and Au as the catalyst. The
morphology of the comb-structures is strongly affected by the
carrier gas flow rate during the growth of the nanocombs with
lower gas rate resulting in high zinc vapor pressure inside the
reaction chamber and the formation of double-sided nanocombs.
Our results support a self-catalytic effect leading to comb-tooth
growth on the chemically-active Zn-terminated polar (0001) surface
of the nanocomb ribbon, and further invoke the influence of a
piezoelectric effect to explain the regular periodic tooth formation.
The synthesis of asymmetric double-sided nanocombs with two sets
of teeth at �1101 to each other along the nanocomb ribbon is
explained by the formation of bicrystalline nanocomb ribbons with
two chemically-active (0001) surfaces. We believe this to be the first
report of asymmetric double-sided nanocombs with nanonail-
shaped teeth. All nanocombs presented here are highly oriented
and form part of uniformly distributed ZnO hierarchical structures
with promise for applications in some special fields.
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Supplementary data associated with this article can be found in
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