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In this work, we report a simple method for mass production of ZnO tetrapod nanorods. A mixture of Zn and graphite
powders (ratio 2: 1) was placed in a quartz tube. The quartz tube was placed in a horizontal tube furnace and heated up to
950°C. The tube was then removed from the furnace and quenched to room temperature. Fluffy products white in color
were formed on the walls of the tube. Obtained products were characterized by X-ray diffraction, scanning electron
microscopy (SEM), transmission electron microscopy (TEM) and photoluminescence. SEM images showed tetrapod-like
ZnO nanorods. The four tetrapod legs were approximately equal length, and the length of tetrapod legs was in the range 1 -
3 tm. We investigated influence of the growth temperature (in the range from 700°C to 1 100°C) and Zn to catalyst ratio to
the properties of obtained products. Fabrication in different atmospheres (air, argon, nitrogen, humid argon, and humid
nitrogen) was also performed. The influence of growth conditions (temperature, atmosphere, and catalyst concentration) to
the formation and properties of ZnO nanorods is discussed.
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1. INTRODUCTION

Semiconductor nanostructures are of considerable interest for the study of their exceptional electronic and optical
properties, as well as potential for applications in nanostructure-based devices. As a wide band gap semiconductor with
large exciton binding energy, ZnO is of lots of interest for optoelectronic devices. Different fabrication methods have been
reported for ZnO nanoparticles,1'2 and one dimensional nanostructures.3'3 Different shapes of one dimensional
nanostructures were reported (tetrapod nanorods, nanowires, or nanobelts). ZnO nanobelts were fabricated by evaporation
of ZnO powder at high temperature3 and thermal evaporation of ZnC12 powder in Ar/02 gas

13 For ZnO nanowires and
nanorods, different catalysts, different temperatures, and different fabrication atmospheres were reported. Synthesis of ZnO
tetrapod nanorods by oxidation of Zn powder6 and evaporation of mixture of Zn and silica powder with Fe2O3 used as a
catalyst were reported.'2 Fabrication by evaporation of mixture of ZnO and graphite powders,4'8 Zn powder and Au
nanoparticles,7 ZnO powders,5 Zn powders,9"° and Zn and Se were used to obtain ZnO nanowires. The
temperatures of evaporation reported in the literature varied from 4500c9 to 14000C.3 The synthesis of ZnO nanostructures
was reported in air,6'8 argon flow,3'4'9"0 mixture of argon and oxygen,7"3 and mixture of argon, oxygen and hydrogen.11 The
obtained products were most frequently described as white (spongy or fluffy) material,59 though gray color material,4'5
yellow material,10 and dark red ri' were reported as well.

Optical properties of ZnO thin films and nanostructures have been extensively studied.1424 However, in spite of
extensive studies there is no consensus in the literature on the positions and origin of the peaks in the visible emission from
ZnO thin films and nanostructures. Most commonly observed feature in the visible emission of ZnO is strong and broad
green emission. Typically adopted explanation for green emission in ZnO is transition between photoexcited hole and singly
ionized oxygen vacancy, as proposed by Vanheusden et al.14 to explain 510 nm emission. However, this explanation has
been used to explain visible emission in ZnO from 495 nm6 to 583 nm.24 It is unlikely that there is a single transition which
could explain such large variation of the center peak position for the green luminescence. Green luminescence in ZnO was
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also aifributed to donor-acceptor complexes,15"6 antisite oxygen,17 and surface states."8 In addition to green luminescence,
violet and blue luminescence from ZnO thin films, nanoparticles, and whiskers were reported before.1822 In this spectral
region, the peaks at 405 nm,21 —42O nm,'9'202 446 nm,'8 and 485 nm2"9 were reported. Blue luminescence at 405 nm has
been attributed to zinc vacancy,2' which is in agreement with the calculations.17 The emission at 42O nm has been
attributed to interstitial oxygen,2'° transition between defects (interface traps) at grain boundaries and valence band, and
lattice defects related to oxygen and zinc vacancies'9 while calculations predict 427 nm emission due to interstitial
The emission at 446 nm was attributed to the transition between shallow donor (oxygen vacancy) to the valence band.18 485
nm emission was attributed to a transition between oxygen vacancy and interstitial oxygen2 and lattice defects related to
oxygen and zinc vacancies.'9 In addition to violet, blue, and green emissions from ZnO reported in the literature, yellow
emission2' and red emission (640 nm) in ZnO thin films fabricated by spray pyrolysis was also reported.23 The yellow
emission has been assigned to interstitial oxygen2' and oxygen vacancy (583 nm emission from tubular ZnO whiskers).24
Calculations predict that interstitial oxygen should produce emission at 544 nm.'7 Due to many different peak wavelengths
reported, it is very likely that multiple types ofdefects are responsible for the visible emission in ZnO and a detailed study is
necessary to conclusively identify their origin.

In this work, we investigated the influence of the growth temperature, catalyst ratio, and fabrication atmosphere to the
structural and optical properties of ZnO nanostructures. Obtained nanostructures were characterized using scanning electron
microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), and room temperature
photoluminescence (PL). The paper will be organized as follows. In the following section, experimental details are
described. In Section 3, obtained results are presented and discussed. Finally, conclusions are drawn.

2. EXPERIMENTAL DETAILS

Zn powder (99.9 % purity from Fluka) with and without graphite powder was evaporated in a quartz tube at different
temperatures. The quartz tube was inserted after the furnace has reached the desired temperature and, for Ar and N2 flow,
gas flow at rate 0.7 liter per minute was established. For deposition in humid gas flow, the gas was passed through water
before being introduced into the furnace. After specified time (10-90 mm. depending on deposition temperature), the quartz
tube was removed from the furnace and rapidly cooled to room temperature. Comparison between different atmospheres
was performed for growth temperature of 950°C and 1 0 mm. deposition. For the same growth temperature we have
investigated the influence of zinc to graphite ratio to the properties of the obtained deposition products. In all cases, except
dry nitrogen flow, which yielded mixture of white and gray products, white deposition products were obtained. The
structure of deposited materials was investigated by X-ray diffraction using Siemens D5000 X-ray diffractometer, scanning
electron microscopy using Cambridge-440 SEM, and transmission electron microscopy using Philips Tecnai-20 TEM. The
room temperature photoluminescence was measured using HeCd laser excitation source (325 nm).

3. RESULTS AND DISCUSSION

Figure 1 shows the SEM images of ZnO nanostructures obtained at 900°C, 950°C, 1000°C, and 1050°C in air. For
higher deposition temperature no nanosized products were obtained, while lower temperatures there was no deposition. The
deposition temperature can be lowered by using lower purity of the starting Zn material. 98% Zn can produce 99.9% purity
ZnO tetrapod nanorods at deposition temperature as low as 800°C. However, since it is not clear which of the metal
impurities acts as a catalyst and how metal impurities would change growth mechanism, we have chosen to study in more
detail nanostructures produced from high purity Zn powder. It can be observed that 950°C is the optimal deposition
temperature. At higher temperatures, more large size tetrapods as well as "clumps" can be observed. At 900°C, only
tetrapods are obtained but they exhibit more broad size distribution compared to deposition at 950°C. It was found that
relatively narrow temperature window for the fabrication of ZnO nanostructures exist. The temperature influences the
fabrication yield and the size distribution of the tetrapod nanorods, but no other significant differences in the obtained
products are obtained. We also investigated the influence of the zinc to graphite ratio to the obtained deposition products.
No significant differences were found in the structure and optical properties of the obtained ZnO nanostructures with
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graphite (graphite concentration range from 0.1 to 0.5) and without graphite. Similar results were also obtained if Ti02 is
used instead of graphite. Therefore, to investigate the influence of the fabrication in different atmospheres, no catalyst was
used.

Figure 2 shows SEM images of the obtained ZnO nanostructures in air, argon flow, humid argon flow, nitrogen flow,
and humid nitrogen flow. In all cases, at higher temperature end of the quartz tube, large rods can be found, as illustrated in
Fig. 2a on the right for deposition in air. In air, only tetrapod ZnO rods can be found. For deposition in air, tetrapod
nanorods can be found. Observation of ZnO tetrapod nanorods is similar to the result reported by Dai et al.6 and Tang et

12 who also reported synthesis of ZnO tetrapod nanorods, former in air and latter in argon flow. In the reported results in
the literature, both vapor-liquid-solid12 and vapor-solid9 growth mechanisms were proposed for ZnO tetrapod nanorod
growth. Since in our work no catalyst was used, it is likely that the growth mechanism is vapor-solid similar to the result
reported by Dai et al.6 Growth of the large tetrapod ZnO crystals256 was studied in more details than the growth of ZnO
tetrapods on submicron scale. The tetrapod growth was found to be consistent with octa-twin model.25 Growth of large ZnO
tetrapod crystals from octahedral nucleus having zincblende symmetry in initial stages of growth was proposed, and it was
found that tetrapod legs are single crystal hexagonal ZnO with a [0001] growth direction.26 However, at present is not clear
whether the formation of ZnO tetrapods on submicron scale follows the same mechanism as the growth of large tetrapod
crystals. Obtained XRD diffraction patterns (shown for fabrication in air in Fig. 3) show only peaks corresponding to
hexagonal ZnO. No peaks from Zn or other impurities were detected. Similar results are obtained for all growth
temperatures and all fabrication atmospheres. In the case of fabrication in gas flow (Fig. 2b-e), a mixture of ZnO tetrapod
nanorods and nanowires is obtained. For dry argon and dry nitrogen flow, we can also identify regions where only tetrapods

Fig. 1 SEM images ol nO nanostructures a) at 90
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are present. However, the length of tetrapod legs is significantly smaller (smaller than 1 tm) than for tetrapods obtained in
air. In all cases of gas flow, we can observe mixture of tetrapods and nanowires growing out of the end of the tetrapod legs.
The diameter of these nanowires is typically in the range 20-50 nm, which is significantly smaller than the tetrapod leg
diameter which is typically in the range 80-150 nm. The length of the wires is in the range of several micrometers, though
shorter wires in the beginning stages of growth can occasionally be found.

Fig. 2 SEM images of ZnO nanostructures a) in air b) in dry nitrogen flow c) in humid nitrogen flow d) in dry argon flow e) humid argon
flow.
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Fig. 4 TEM image of a) beginning stages of nanowire growing out of a tetrapod leg; the inset shows higher magnification image
of nanowire — tetrapod leg junction. b) HR TEM of ZnO nanowire. The inset shows selected area electron diffraction pattern.

In order to study the individual structure of the obtained nanowires and nanorods, TEM, high resolution TEM and
selected area electron diffraction (SAED) were performed. Figure 4a shows the beginning stages of the nanowire growth
from the tetrapod leg. The inset shows enlarged tetrapod leg-nanowire junction. The junction region is typically showing
ripple-like contrast, which is most likely due to strain. The ripples are more pronounced with bending of the nanowires
growing out of the tetrapod. Fig. 4b shows the high resolution TEM image with clear lattice fringes indicating single
crystalline structure, while the inset shows selected area electron diffraction pattern. For some nanowires, very thin
amorphous layer can be observed at the edge, which is similar to the result reported by Yao et al.8 From the obtained results
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and the spacing between two adjacent lattice plains (2.6 A), it can be concluded that the wires grow along [0001] direction.
This is in agreement with previous reports on the growth of ZnO nanowires, which also reported growth along [0001]
direction.4'8 At present, it is not fully clear why growth of ZnO nanowires from the end of the tetrapod legs is observed.
More detailed study of the growth mechanisms and nanowire nucleation sites is necessary in order to draw any definite
conclusions on the observed phenomenon. However, based on the analogy with the growth of GaN nanowires in absence of
catalyst, it is possible that the growth is controlled by oxygen atom supply. For the growth of GaN nanowires from the sides
of hexagonal GaN crystal platelets, it was found that the growth of GaN nanowires from the side of the platelets was mainly
due to platelet growth being limited by the N atom supply.27 In this work, oxidation of Zn in inert gas flow and thus more
limited oxygen availability compared to oxidation in air resulted in growth of nanowires from the end of tetrapods. For the
deposition in air, no nanowire growth was observed.
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Fig. 5 Photoluminescence of ZnO nanostructures prepared in different atmospheres.

Figure 5 shows photoluminescence spectrum of ZnO nanostructures prepared in different atmospheres. It can be
observed that the gas flow has significant influence on the ratio of UV to visible emission. In the visible spectral range, two
main peaks 495 nm and 520 nm can be identified, which is in good agreement with the PL of ZnO nanowires reported by
Park et al.6 Previous study of ZnO tetrapod nanorods reported broad visible emission at 495 nm.6 Since the emission in the
visible spectral region in Zn oxide is related to various structural defects, UV to visible emission ratio is a good indicator of
the quality of obtained material. Only nanostructures deposited in air and humid argon flow exhibit significant UV
emission. In all cases except humid argon flow, green emission is more intense than the UV emission. The UV emission is
entirely absent for sample fabricated in dry nitrogen flow, while samples in dry argon and humid nitrogen flow show weak
Uv and strong green emission. At present it is not fully clear why are such differences obtained. For the fabrication in
nitrogen flow, possible cause ofUV emission suppression may be nitrogen doping. It is known that nitrogen acts as acceptor
in ZnO.28 Also, calculations indicate that hydrogen can act as a shallow donor,29 which may contribute to the differences
between the samples fabricated in dry and humid gas flow. It was reported previously that the ratio of UV to green emission
is dependent on the nanostructure sizes.4 However, we were not able to observe any significant relationship between the size
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of the obtained nanostructures and the green emission. The highest UV to visible emission intensity ratio was obtained for
the fabrication in humid argon flow which produces, on average, smaller structures than fabrication in air.

4. CONCLUSION

In conclusion, we have fabricated ZnO tetrapod nanorods and nanowires using a simple method. The influence of
the temperature, catalyst, and fabrication atmosphere on the morphology and optical properties of the obtained
nanostructures was investigated. Temperature was found to influence the yield and the size of structures obtained, while it
didn't change the morphology. It was found that the fabrication in air results in tetrapod nanorods, while for gas flow
mixture of tetrapod nanorods and nanowires is obtained. The difference in the obtained morphologies with and without gas
flow was attributed to the availability of oxygen atoms. Limited oxygen supply results in nanowire growth from the end of
the tetrapod. Different fabrication atmosphere also had significant influence on the ratio of UV to visible emission. The
highest UV to visible ratio was obtained for fabrication in humid argon flow.
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