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Abtract

In this work, the biaxial SnO/ZnO nanowires in the average length of 5 um, have been
successfully synthesized on a ZnO-nanowire substrate using a chemical vapor deposition
(CVD) system through a two-step process. First, ZnO nanowires were grown directly on the
glass substrate with a gold catalyst. Then, these nanowires were used as templates for the
growth of biaxial SnO/ZnO nanowires without any catalyst. The obtained products were
characterized by X-ray diffraction (XRD), field-emission electron scanning microscopy (FE-
SEM), and high-resolution transmission electron microscopy (HR-TEM). The Sn-Zn alloy
formulated during the process was believed a catalyst for the growth of the biaxial SnO/ZnO
nanowires. The biaxial structure was formed due to simultaneous growth of SnO and ZnO
nanowire along the direction of SnO [110] and ZnO [002], respectively. A possible growth
mechanism of the biaxial SnO/ZnO nanowire was discussed based on the vapor-liquid-solid
(VLS) mechanism. The as-synthesized structure could be a good candidate for nano-sensors.
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1. Introduction

In the past decades, metal oxide nanomaterials with special morphologies have
attracted significant attention because their size and morphology have a strong influence
on properties that are different from there bulk counterpart. Among these oxides,
stannous oxide (SnO), an important p-type semiconductor with a direct optical band gap
of 2.5-3.4 eV [1], has attracted considerable attention owing to its potential application
in various fields, such as a catalyst [2], a coating substance [3], a thin film transistor
(TFT) [4], an anode material for lithium-ion batteries [5, 6], a gas sensor [7, 8] and a
precursor for the fabrication of SnO2 [9]. Especially, SnO is unstable
thermodynamically above 543 K, and the disproportionation and oxidization reactions
of SnO are easily progressed under redox or inert atmosphere conditions [10].
Therefore, it was not easy to synthesize high purity SnO nanomaterials. Up to now,
various morphologies of SnO have been synthesized such as diskettes [11], nanoplates
[12], nanobranches [13], nanowhisker [14], nanosheets [15], nanoflowers [16], meshes
[17], nanobelts and nanospheres [18] through a few synthetic routes such as sol-gel
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method [19], thermal decomposition [13], chemical vapor deposition (CVD) [20],
hydrothermal method [12]. Among them, the ones based on thermal evaporation appear
to be interesting due the simplicity of the method as well as its low cost and the good
quality of the material obtained which usually grows following a vapor-solid (VS) or a
vapor-liquid-solid  (VLS) mechanism. Hybrid nanostructure from different
nanomaterials are attracting increasing attention due to the possibility of tuning their
chemical, electronic, and optical properties over a wide range. So far, research has
focused on the one dimensional (1D) heterostructure with modulated compositions and
interfaces have recently become of particular interest with respect to potential
applications in nanoscale electronics and photonics [21]. Recently, 1-D p-type metals
oxide semiconductor functionalized ZnO nanowires have gained great attentions since
band alignment of these structures separate the charge carriers, electrons and holes, into
different regions and thus may enhance the carrier lifetime. They have been intensively
studied due to their wide applicability. For example, core-shell structure p-CuO/n-ZnO
core-shell nanowires [22], p-SnO/n-ZnO string-like [23], p-Cr203/n-ZnO nanorods [24];
and p-NiO/n-ZnO [25] have used to improve sensing and application of
photoluminescence. To the best of our knowledge, up to this moment, there are still rare
reports in the literature on the synthesis of biaxial nanowires on the metal oxide
nanowire. In a previous our study, the biaxial p-SnO/n-ZnO heterostructured nanowires
were grown directly on the glass substrate using CVD system through one step process
[26]. In this study, we introduce a process to synthesize biaxial SnO/ZnO nanowires on
the ZnO nanowire using CVD system through two-step process. The microstructure and
morphological properties based on biaxial nanowire structure were analyzed by XRD,
FE-SEM and HR-TEM, respectively. Furthermore, details of the growth mechanism and
formation of the biaxial nanowires are discussed.

2. Experiment

2.1. Synthesis of ZnO nanowires

A typical process for synthesizing the ZnO nanowires is mentioned as follows:
First, glass substrates (with size of 1x2 cm?) were ultrasonically cleaned in acetone,
ethanol and distilled water bath for 10 min, sequentially. Then, the sampling was
directly sputter-coated with 5-nm-thick Au layer and was inserted on the quartz plate
which were placed downstream. The glass substrate is 20 cm away from the source
which was mixed from active carbon and ZnO powder (both purities are 99.99%) in a
1:1 weight ratio. The source put in an alumina boat and was loaded at the center of a
quartz tube. After the quartz tube was evacuated to ~ 5x102 Torr, the furnace
temperature was increased from room temperature to 950°C. When the temperature
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increased up to growth temperature (950°C), a mixed gas of N2-O2 (N2: 4 sccm, O2: 1
sccm) was provided as the reaction gas. While introducing the reaction gas, the pressure
of the system was maintained at 2x10° Torr and the temperature was kept at 950°C for
1 h. After the reaction, the furnace was naturally cool down to room temperature and the
ZnO nanowires were collected on the glass substrate. These samples were used as the
substrate for the second step.

2.2. Synthesis of branches ZnO/SnO biaxial nanowire

The biaxial SnO/ZnO nanowire heterostructures were synthesized in a closed tube
furnace illustrated as Fig. 1. The ZnO nanowires substrate was placed on the quartz
plate (20x3 cm?) which were placed downstream at the sampling points at a temperature
of 360°C as shown in the Fig. 1. The SnO powder source (purity is 99.99%) were
loaded at the center of a quartz tube in an alumina boat. Subsequently, the quartz tube
was evacuated to 5x10 Torr and purged several times with high purity N2 gas. After
that the furnace temperature was increased from room temperature to 800°C and
maintained at decomposition temperature for 1 h. During the reaction, no gas was
introduced into tube and the pressure inside the quartz tube was kept at 5x102 Torr.
After the deposition, the furnace could naturally cool down to room temperature and
substrate with a gray film were then obtained.

2.3. Characterization

The morphologies of as-synthesized samples were analyzed by the field emission
scanning electron microscopy (FE-SEM — JSM-6701F) operating at the accelerating of
10 kV. The phase, crystallinities, and chemical compositions of the samples were
examined by means of X-ray diffraction (XRD) utilizing a CuKa radiation at 4 = 1.54178 A),
potential of 40 kV and current of 30 mA and a high-resolution transmission electron
microscopy (HR-TEM; Telnai G2F20S-BIAXIAL; Philips) attached with an energy
dispersive (EDX) spectrometer. The elemental maps and line-scan profiles were measured
in the scanning transmission electron microscopy mode (STEM) under an accelerated
voltage of 200 kV.

3. Results and discussion

3.1. Characterization of the chemical vapor transport (CVT) products
Figure 2a shows a low-magnification FE-SEM image of ZnO nanowire networks
are uniform. The higher magnification FE-SEM image in Fig. 2b show that ZnO
nanowires with smooth surface and uniform diameters of ~80 nm. In addition, the catalyst
7
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droplets were found at the tips of the nanowire, implying that the growth of the ZnO
nanowires may follow the VLS mechanism with Au catalyst [27].

239°C 800°C 239°C
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HEATING ELEMENT SUBSTRATE

THERMOCOUPLE ALUMINA BOAT
QUARTZ TUBE
Fig. 1. Schematic diagram of the system Fig. 2. FE-SEM images of (a, b) pristine ZnO
employed for the synthesis of SnO/ZnO biaxial — nanowires, (¢, d) ZnO-SnO/ZnO Stem/branches
nanowires on the ZnO NW substrate. nanowires.

The XRD pattern of the as-prepare ZnO product with gold catalyst is shown in
Fig. 3a. The pattern with diffraction peaks can be assigned to the hexagonal wurtzite
structure of ZnO (JCPDS File No. 01-079-0205). The crystal structure of the synthesized
SnO/Zn0O branches — ZnO stem was investigated via X-ray diffraction (XRD), and the
results are shown in Fig. 3b. The main peaks in the XRD pattern of the as-synthesized
biaxial SnO/ZnO NWs can be indexed to a rutile structure of SnO, which is in good
agreement with a standard profile of SnO crystals (JCPDS, No. 01-085-0712). In addition
to the SnO diffractions, broad diffraction peaks from the (100), (002) and the (101) lattice
planes of ZnO were also dentified (JCPDS, No. 01-079-0205). Beside the main peaks
from SnO and ZnO, four characteristic peaks of metal Sn are identified, and are
indexed to be the (200), (101), (220), and (211) reflections from Sn. Fig. 3b shows
that the diffraction peaks of SnO phase are stronger and sharper than those of ZnO,
which indicate that SnO NWs have a higher crystallinity than ZnO. The morphology
of the as-synthesized product after second step is shown in Fig. 2(c, d). Fig. 2¢c shows
a low-magnification images with a uniform feature consisting of branch nanowires
grown around of body and top of ZnO stem nanowires. Fig. 2d shows
the higher magnification of the sample. It is apparent that the nanowires’ diameters
gradually decrease from the root (~170 nm) to the tip (70 nm). The nanowires possess
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an average length of 5 um, with spherical balls average diameter of 100 nm on

their tips.
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Fig. 3. (&) XRD patterns of ZnO stem nanowires Fig. 4. (a) Low- [(b), (d), (e)] High-resolution
prepared with Au catalyst (after first step). TEM images of biaxial nanowire. (c) SAED
(b) XRD patterns of CVT products obtained at pattern of region A from the p-SnO part in the
growth temperature of 360°C (after second step).  Fig. 4(b).
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Fig. 5. (a) HAADF-STEM images of the SnO/ZnO biaxial nanowires; (b), (c), (d) The elemental
mapping images of Sn, O and Zn for the biaxial nanowire, respectively; () The line scan analysis
profiles across the entire biaxial nanowire along the yellow line (Insert Fig. 5e).

It is consistent with FE-SEM results (Fig. 2(c, d)), TEM image in Fig. 4a shows the
nanowire with conical shapes. The biaxial nanowire can be divided into two regions by
the stacking faults, which are clearly distinguished from the contrast difference in the HR-
TEM image (Fig. 4b). The HR-TEM image of the area marked by a yellow square
(labeled “A”) in Fig. 4b is shown in Fig. 4d confirm lattice spacings of 0.482 nm and
0.268 nm correspond to the (001) and (110) plane of the tetragonal structured of SnO,
respectively, and the orientation of SnO nanowires along [110] direction can be
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confirmed. The SEAD pattern in Fig. 4c demonstrates the single-crystal nature of SnO
nanowire. The HR-TEM image of the area marked by label “B” (green square) in Fig. 4a
Is shown in Fig. 4e confirm lattice spacings of 0.260 nm which with the (002) planes of
the wurtzite structured ZnO. Therefore, the growth direction of ZnO nanowire is possible
[002]. The HR-TEM image in Fig. 4b shows the stacking fault of SnO/ZnO interface is
parallel to the growth direction of ZnO nanowire of [002] and growth direction of SnO
nanowire of [110]. To further disclose the heterostructure characteristic of biaxial
structure nanowire, detailed composition analysis in STEM mode is carried out. Fig. 5a
display the STEM images of the nanowire, and its corresponding spatially resolved
elemental mappings of Sn, Zn, and O elements are presented in Fig. 5(b, c, d),
respectively. The spatial distributions of Sn, Zn and O elements of the sample
morphologies of SnO/ZnO heterostructure, implying that a SnO/ZnO interface in the
biaxial nanowire structure. One can clearly see that the left and right regions are identified
as the appearances of SnO and the ZnO phase, respectively. The spherical particle on the
tip of the nanowire is composed of Sn and O elements (Fig. 5(b-d)). The line scan
analysis profiles across the entire branch nanowire along the yellow line (Fig. 5e) are
presented in Fig. 5e, which clearly illustrate the distribution difference of Sn, Zn and O
elements inside the biaxial nanowire. This result is also in good agreement with the
HR-TEM data (Fig. 4(a, b)).

3.2. Formation mechanism of the biaxial SnO/ZnO nanowires

At present, it seems that the above results mentioned VLS mechanism of growth
agrees with the observed presence of alloy Sn-Zn balls at the tips of the biaxial
nanowires. We believed that both of SnO nanowire and ZnO nanowire were grown
simultaneously on the glass substrate. And this continuous growth will eventually cause
SnO vapor sources to become exhausted, lead to a continuous SnO nanowire, cannot be
grown while a continuous ZnO vapor can be formed. Although the SnO/ZnO biaxial
hetero-nanowires has grown in a cone-like morphology but ZnO wire have a diameter
uniform and the neck of biaxial nanowire is ZnO pristine (Fig. 5). It seems that the
initial alloy Sn-Zn was formed such as catalyst for growth biaxial SnO/ZnO nanowire.
This anticipation can be strengthened by the fact that there were no ball and no
nanowires produced if we only use pure SnO powder under otherwise similar conditions
(800°C, 3x107° Torr). It is, therefore, interesting to find out what has happened in the
Sn-Zn ball during the heating and how it provides the precursor to produce the Sn,
Sn-Zn, SnO and ZnO source at low temperature (360°C). It is known that Sn can be
provide from the disproportional reaction of SnO [28] as follows:

45n0 — Sn,0, (s)+Sn(l) (1)
10
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Sn,0,(s) = 2Sn0, (s)+Sn(l) 2)

Moreno et al. reported that this two-step reaction can take place above 300°C,
with the fastest rate achieved in the temperature range of 400-500°C [29]. Previous
studies showed that the decomposition of SnOz occurred at high temperature and
strongly depends on the pressure of oxygen according to reaction (3) below [30-32].

2Sn0, (s) — 2Sn0(g)+0, (g) 3)

The appearance of SnO(g) may also lead to the formation of SnO2 and Sn through
the following reaction [33].

2Sn0(g) — SnO, (s)+Sn(l) 4

Our previous study [10] showed that reaction (3) and reaction (4) are thought likely
to be responsible for the formation of Sn(l), SnO(g), SnO2(s), and Oz(g). Based on the
above analysis, a self-catalytic VLS growth of the biaxial SnO/ZnO nanowire is
suggested, as shown in the schematics of Fig. 6. Fig. 6(a-b) shown the schematic diagram
of the growth for ZnO stem nanowire in step 1. In the step 2, the SnO/ZnO branched
biaxial nanowires were fabricated through co-evaporation of ZnO with a small amount
(from the buffer layer under the ZnO nanowire film which was formed in step 1) of SnO
powder source. The growth of the biaxial SnO/ZnO nanowire presented in the present
study can be separated into three stages. In the first stage, when the evaporating
temperature increases up to 800°C, ZnO (buffer layer - Fig. 6b) evaporate and move in
the center region of quartz tube and react with Sn vapor which was formed from reaction
1, reaction 2 and reaction 4, lead to formation Zn metal vapor from reaction 5 [34].

ZnO+Sn — SnO+Zn (5)
- - -
Zn0O V. Sn
nariawires_\ aporj\ A ‘\ e
Species of I e | - 1 !
P zigl Alloy” "N oo

SnO- ZnO
Nanowwos
(a) (b)

Fig. 6. Schematic diagram of the grown process of the ZnO/SnO blaX|aI nanowire with Sn-Zn
alloy as a catalyst on a ZnO nanowire as a substrate. (a, b) the ZnO nanowire grown on glass
substrate with Au catalyst in the first step; (c) Sn species formed from decomposition of SnO;
and collide with Zn formed Sn-Zn alloy as a catalyst, were adhered on the ZnO nanowire;
(d) the growth of ZnO/SnO biaxial nanowire on ZnO nanowire.
Subsequently, Zn combines with Sn to produce Sn-Zn alloy in the second stage.
Therefore, the Sn-Zn alloyed can be move and condense again right on the original

position at 360°C such catalyst for growth SnO/ZnO biaxial nanowire in a VLS [35].
11
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These Sn-Zn alloyed collided and adhered formed ZnO stem nanowire surface forming
Sn-Zn alloyed nanodroplets, as shown in Fig. 6c.

The third stage is the growth process of the SnO/ZnO biaxial nanowires. These
Sn-Zn alloyed nanodroplets provide energetically favored sites for absorption of Zn
species (Fig. 6¢). When the Sn-Zn alloyed droplets are over saturated, the Zn present on
the Sn-Zn alloyed droplets may have been oxidized by oxygen decomposed from SnO:
(reaction 3), and ZnO is formed. Continuous diffusion of Zn atoms to the liquid droplets
produces the growth of the ZnO nanowire along the [002] direction, as shown in
Fig. 6d. Simultaneously, SnO vapor which were formed from the decomposition of
SnO2 (reaction 3), is transported downstream towards on the ZnO nanowires, thereby
constituting a Frank-van der Morwe layer-by-layer growth mode, leading to form
biaxial SnO/ZnO nanowire (Fig. 6d). Therefore, only ZnO nanowire was observed at
the tip after 60 min processing time (Fig. 4a; Fig. 5(b-c)).

4. Conclusion

In summary, the heterostructure SnO-ZnO biaxial nanowires grown on ZnO
nanowire, have been successfully obtained by CVD method at low growth temperature
(360°C) through two-step process. According to the HR-TEM and XRD analysis, the
biaxial SnO-ZnO nanowire grew along the direction of SnO [110] and ZnO [002]. The
growth of the biaxial SnO/ZnO nanowires was believed to follow the VLS process. The
Zn combined with Sn vapor forming Sn-Zn eutectic is the catalyst of the growth. In the
present work, the biaxial SnO/ZnO nanowires have been reached in a controlled manner
for the synthesis, hopefully it can help us to attain potential applications in nanoscale
devices in the future.
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SU HINH THANH VA CAU TRUC CUA DAY NANO HAI TRUC
SnO/ZnO TREN DAY ZnO DUA TREN CO CHE HOI-LONG-RAN

Pham Tién Hung, Trian Quang Pat, Nguyé&n Xuan Théu,
Nguyén Vii Tung, Nguyén Tién Anh, Pham Viin Thin

Tom tdt: Trong nghién cizu ndy, day nano hai truc SnO/ZnO chiéu dai trung binh 5 micro
dd dwoc tong hop thanh cong trén day ZnO si dung hé lang dong pha hoi théng qua mét quy
trinh hai bwéc. Buéc 1, ddy ZnO dwoc moc truc tiép ién trén dé kinh véi chat xdc tac vang.
Buéc 2, nhitng ddy nano nay dwoc sir dung 1am khuén mdu cho sw phét trien cua day hai truc
Sn0O/ZnO ma khdng can bat ki chdt xdc tc ndo. San phdm sau ché tao duroc phan tich bang nhiéu
Xa tia X, kinh hién vi d@ién tir quét (FE-SEM) va kinh hién vi dién tir truyen qua (HR-TEM).
Hop kim Sn-Zn duroc hinh thanh trong qué trinh béc bay déng vai tro chat xic tac cho qué trinh
tang trwong cua day nano hai truc SnO/ZnO. Cdu trdc hai truc dwoc hinh thanh do s phat
trién dong thoi cua day nano SnO va ZnO doc theo huéng cia SnO [110] va ZnO [002]. Co ché
phét trién cia day nano hai truc SnO/ZnO da dwoc thao lugn. Cau triic da tong hop c6 thé 1a
1N Vién tiém ndang trong vg dung cam bién khi.

T khoa: SnO; ZnO; day hai truc; CVD; VLS.
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