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ABSTRACT

Due to its wide band gap (3.37 €V) and large exciton binding energy (60 meV), ZnO is of great interest for
photonic applications. A number of different morphologies, such as nanobelts, nanowires, tetrapod nanostructures,
tubular nanostructures, hierarchical nanostructures, nanobridges, nanonails, oriented nanorod arrays, nanoneedles,
nanowalls, and nanosheets, were reported. A range of synthesis methods for fabrication of ZnO nanostructures was
reported as well. A common method is evaporation from mixture of ZnO and carbon, which is usualy in the form of
graphite. In this work, we studied the morphology of the ZnO nanostructures fabricated from the mixture of ZnO
(micron-sized and nanoparticles) and carbon (graphite, single-wall carbon nanotubes). When graphite and ZnO powders
were used, tetrapod structures were obtained. If one of the reactants was nanosized, the diameter of the tetrapod arms
was no longer consgtant. Finally, when both reactants were nanosized, novel morphologies were obtained. We studied
the dependence of the morphology on the amount of starting materia and the type of carbon used. The ZnO
nanostructures were studied using field emission scanning electron microscopy, transmission electron microscopy,
selected area electron diffraction, and X-ray diffraction. Growth mechanism and factors affecting the morphologies are
discussed.

Keywor ds: ZnO, nanostructures

1. INTRODUCTION

Synthesis of semiconductor nanostructures has attracted great attention due to their exceptional properties.
Among al kinds of semiconductors, zinc oxide (ZnO) has been recognized as a promising candidate for short
wavel ength photonic application due to its wide bandgap (3.37€V) and high exciton binding energy (60meV). The wide
bandgap makes ZnO a suitable materia for UV or blue emitting application, while the high exciton binding energy
makes efficient exciton recombination possible even at room temperature. A number of nanostructures has been
reported for ZnO, such as nanowires,™ nanorods,®® tetrapod nanorods,>*® nanobelt/ribbon structures,**** tubular
nanostructures,® and whisker nanostructures.'” Recently, novel morphologies like hierarchica structures,®® bridge/nail-
shaped nanostructures,™ multipod structures,*>® nanoneedles,* nanowalls,” nanosheets,? etc. have been demonstrated.

ZnO nanostructures have been fabricated by a range of synthesis methods, including the conventional thermal
evaporation,?>#2* metal organic vapor phase epitaxy (MOVPE),"? laser ablation,® chemical synthesis,*® etc. Among
all the methods, thermal evaporation/oxidation is the most commonly employed synthesis process. It is popular because
of itsrelatively low-cost and easy to control. Pure Zn, in pellet or powder form, has been used as an evaporation source.
Dai et a.™ demonstrated synthesis of ZnO tetrapods by thermal oxidation of Zn powdersin air at 925°C. Similar works
have also been reported by Roy et al.'? on the synthesis of ZnO tetrapods with nanowires grown from the end of the
tetrapod nanorod by evaporation of Zn pellets in various atmospheres. Yan et a.* aso reported the fabrication of ZnO
tetrapods with different shapes by evaporation of Zn powders in argon/oxygen mixture atmosphere at 800-900°C. Other
than pure Zn, mixture of ZnO powders and carbon is also awell-known choice for a Zn source. ZnO isreduced to Zn or
Zn;.,0, by carbon at high temperatures. Graphite is commonly used as a carbon source although the use of active carbon
and multiwalled carbon nanotubes®® has also been reported. Yao et al.? reported mass production of different ZnO
nanostructures, such as nanowires, nanoribbons, etc., by thermal evaporation of ZnO powders mixed with graphite.
Banerjee et a.® also reported synthesis of large quantity of ZnO nanowires by a similar process. Many ZnO novel
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nanostructures have also be synthesized by heating a ZnO:graphite mixture in the presence of catalysts. Hierarchica and
bridge/nail-shaped ZnO nanostructures have been prepared by therma evaporation of a powder mixture of ZnO, indium
oxide (In,03), and graphite.’®* It is suggested that 1n,0O; nanostructures give extra surfaces for the growth of ZnO,
which eventually makes the exotic ZnO nanostructures.”® Park et a.? demonstrated synthesis of ZnO nanosheets on
gold (Au) coated silicon substrates with width-to-thickness ratio up to one thousand by carbothermal reduction of ZnO.
Recently, we have aso synthesized ZnO multipods by heating a mixture of ZnO, germanium oxide (GeO,), and graphite
powder in a quartz tube at 1100°C.™ It was observed that ZnO tetrapods instead of multipods were obtained without the
presence of GeO,. Similar work was also demonstrated by Gao et al.® on the synthesis of multipod-like ZnO whiskers
with needle-like legs united at a common junction.

Possible applications of traditional nanostructures such as nanowires are straightforward, e.g. field emitters,
junctions in eectronics, etc. More complex gructures like tetrapods also attracted considerable attention on their
practical applications. Xu et al.” reported that ZnO tetrapods/acrylic resin composite had both anti-electrostatic and
antibacterial functions. ZnO tetrapods have also been mixed with rubber to form a composite®® The composite has
improved tensile strength and wear resistance compared to natural rubber.?® A number of synthesis methods have been
reported for ZnO tetrapod nanorod structures, from evaporation of pure Zn>**® to carbothermal reduction of ZnO™ or
ZnCO;.° The tetrapods demonstrated up to now have quite a variety of shapes, which seem to be affected by the
fabrication processes. It was reported that the oxygen partial pressure had significant effect on the shape of the tetrapod.
Yan et a.” reported that tetrapods with uniform hexagona arms were synthesized in relatively low oxygen pressure,
while the arms’ shape changed to trumpet-like when oxygen pressure was high. Roy et a.™ suggested that limited
oxygen supply in the synthesis process could result in the growth of nanowires at the end of the tetrapods’ arms.

In this work, ZnO nanostructures were fabricated from heating a mixture of ZnO (in the form of micro-sized
powder or nano-particles) and carbon (in graphite form or single-walled carbon nanotubes (SWCNTS)). The influence
of release rate of Zn vapor to the shape of the nanostructures was investigated. The vapor release rate was varied by the
use of source materials with different sizes, and the amount of source materials. The obtained nanostructures were
examined using scanning electron microscopy (SEM), transmission electron microscopy (TEM), selected area el ectron
diffraction (SAED), and X-ray diffractometry (XRD). Growth mechanism and the factors affecting the morphol ogies
were al so discussed.

2. EXPERIMENTAL DETAILS
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Figure 1. Illustration of the experimental setup.

The ZnO nanostructures were synthesized by thermally evaporating a mixed source of ZnO (micro-sized
powder or nano-particles) and carbon (graphite or SWCNTSs) at 1100°C. Figure 1 shows a schematic diagram of the
experimental setup. The ZnO powder (99.99% purity) and nano-particles (~7nm crystallite size) were obtained from
Aldrich and NanoScale Materials respectively. For the carbon source, the graphite (>99.5% purity) was obtained from
International Laboratory while the SWCNTs (AP Grade) were acquired from Carbolex. The powders were mixed well
(2:1 molar ratio of ZnO and carbon, 0.15g of ZnO unless specified) and put in a quartz tube with one closed end. The
guartz tube was then inserted into a horizontal tube furnace which was heated to the desired temperature. The open end
of the quartz tube was exposed to the atmosphere. After 13 minutes of evaporation, white products were deposited on
the inner wall of the open end of the quartz tube. The entire process took place at ambient atmosphere without catalyst.
The obtained nanostructures were examined by scanning eectron microscopy (SEM) using LEO 1530 FESEM,
tranamission electron microscopy (TEM) and selected area electron diffraction (SAED) using Philips Tecnai 20 TEM,
and X-ray diffractometry (XRD) using Siemens D5000 X-ray diffractometer.
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3. RESULTSAND DISCUSSIONS

Figure 2 shows the representative SEM images of the ZnO nanostructures obtained from the four combinations
of source materials. It can be observed that the nanostructures synthesized from heating a ZnO:graphite mixture exhibit
tetrapod nanorod structures (Figure 2a and 2b). Such kind of structure is similar to our previous report from evaporation
of pure Zn in air."? Similar structure has also been reported by Dai et a.** in which the arms extended from the core had
a hexagona cross-section and uniform diameter. When one of the starting materials becomes nano-sized, the
morphologies of the nanostructures change significantly. Figure 2c and 2d show the nanostructures from heating a
ZnO:SWCNTs mixture. The arms of the tetrapods are no longer uniform in diameter. The diameter of the arms
decreases gradually with the distance from the tetrapod core, and then increases to form a trumpet-like cap at the far end
of thearms. The cross-section of the armsisnot likely to be hexagonal, as observed from the images (Figure 2c and 2d).
Similar morphologies were also obtained when ZnO nano-particles and graphite were used as the source materials
(Figure 2e and 2f). Again, the diameter of the arms decreases with the distance away from the center core. However,
arms with hexagonal cross-section were observed in some of the samples. Finadly, when both source materias were
nano-sized, novel morphologies were obtained. Figure 2g and 2h show the ZnO nanostructures obtained from heating a
ZnO nano-particles: SWCNTs mixture. From the images, it is noticed that no tetrapods exist. Instead, straight nanorods
with variable diameter are observed. There are mainly two kinds of nanorods observed from the sample: trumpet-like
rods and bottle-like rods with thin “bottlenecks’. It is also observed that some of the rods merge with one ancther
(Figure 2h). Some of the gtructures look like tetrapods, but the angle between the arms is not fixed. This suggests that
the formation of tetrapod-like structure is due to the random merging of separated nanorods ingead of growth from a
common core.

The influence of the amount of source materials on the resulting morphologies was also studied. Figure 3
shows the SEM images of the ZnO nanostructures synthesized from heating a ZnO nano-particles:SWCNTs mixture
with different amount of source materials. Figure 3a and 3b show the ZnO nanostructures obtained when 0.3g of ZnO
was used. These nanostructures exhibit nail-shaped structure which is similar to the nanonails previously
demonstrated.”® In that report, nail-shaped nanostructures were synthesized from a mixture of ZnO, indium oxide
(InyO3), and graphite. As no In,O3 was used in this work, we may conclude that the formation of those nail-shaped
structures does not require any presence of 1n,0O3 or indium in the source material. Instead, it is more likely to be
dependent to the vapor pressure of Zn and oxygen. By comparing to the nanostructures obtained with the origina
amount of source material (0.15g of Zn0O), these nail-like structures exhibit dightly different morphologies. These rods
have one broad end and one narrow end (Figure 3a and 3b) while the original structures have the smallest diameter in
the middle and not the end of the rods (Figure 2g and 2h). By further increasing the amount of source materials (0.4g or
0.6g of Zn0O), it can be observed that the broad ends of the rods grow larger and exhibit hexagonal cross-sections
(Figure 3c-f).

Figure 4 shows the XRD spectrum of the ZnO nanostructures obtained. The spectra in all cases show peaks
corresponding to wurtzite ZnO. All the obtained spectra show identical peaks, so that only one spectrum is shown for
clarity. No diffraction peaks corresponding to Zn or other impurities were detected. TEM images of the ZnO
nanostructures are shown on Figure 5. Some parts of the region show ripple-like contrast which is likely due to strain.
The inset of Figure 5a shows the selected area dectron diffraction (SAED) on one of the tetrapod arms. The SAED
pattern indicates that the arms grow in (0001) direction. This agrees with our previous study.* Similar findings were
also reported on ZnO columns?’ From the images of the nail-shaped nanorods (Figure 2c-f), it can be observed that the
morphology of the broad end of the rods looks similar to that of the ZnO hexagonal column in arecent study.?” We can

clearly notice the top face ({0001} face, a.k.a. the c-face), sde face ({1010} face), and the {1123} face inclining from

the top face to the side face of the obtained nanostructures. It is very likely that the growth mechanism of the
nanostructures reported here is similar to that of ZnO columns, which is related to the homoepitaxial nuclegtion of
nanoscopic pyramids on the {0001} face of the host.?” It was reported that this particular growth mechanism was
attributed to the existence of an Ehrlich-Schwoebe barrier for diffusion of adspecies on the top {0001} ZnO surface.”’
The mechanism behind the change of rod or arm diameter of the nanostructures is not fully understood and requires
further studies. The SWCNTs employed in thiswork were used as received, without further purification. Therefore, itis
also possible that the presence of metal impurities plays arole in the variation of morphologies.
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Figure 2. Representative SEM images of ZnO tetrapods fabricated by heating a mixture of a,b) ZnO:graphite, ¢,d) ZnO:SWCNTSs,
e,f) ZnO nano-particles:.graphite, and g,h) ZnO nano-particles:SWCNTSs.
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Figure 3. Representative SEM images of ZnO tetrapods fabricated by heating a mixture of ZnO nano-particles and SWCNTs
with ab) 0.3g, c,d) 0.45g, and ef) 0.6g of ZnO.
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Figure 4. XRD spectrum of the ZnO nanostructures.
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Figure 5. TEM images of a) ZnO tetrapods with variable arm diameter, b) bottle-shaped rod, and c¢) nail-shaped rod. Inset in &) shows
the selected area e ectron diffraction (SAED) on one of the tetrapod arms.

4. CONCLUSIONS

In this work, we demondrated a smple synthesis method to produce ZnO nanorods with different shapes and
sizes by thermal evaporation of ZnO (micro-sized powder and nano-particles) and carbon (graphite and single-walled
carbon nanotubes). When ZnO micro-sized powder and graphite were used, tetrapod structures were obtained. If one of
the reactants was nanosized, the diameter of the tetrapod arms was no longer constant. Finally, when both reactants were
nanosized, novel morphologies were obtained. We found that the variation in morphologies of the nanostructures was
attributed to the change of Zn vapor reease rate, resulted from the reactivity difference of the starting materids.
However, the actual mechanism behind the morphology change isnot fully understood and requires further studies.
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