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doped nanostructure ZnO synthesized by the anneal
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This work reports that Sn doped ZnO nanostructures (NZSs) were synthesized by annealing ZnSn alloys at different
temperature for 4 hours in air. ZnSn alloys were prepared by the powder metallurgy route. The structure and optical
properties were characterized by X-ray diffraction (XRD), micro-Raman scattering technology, field emission scanning
electron microscope (FESEM) and photoluminescence (PL) spectrum. The result of mutli-peak Gaussian fitting showed that
the blue shift was more pronounced with the increasing annealing temperature, indicating that the Sn doped ZnO were
obtained. The nanofiberlike NZSs showed the strongest UV emission peaks. The possible growth mechanism of the NZSs

was discussed.
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1. Introduction

Because of the wide band gap (~3.37 eV) of Zinc
oxide (ZnO) at room temperature and large exciton
binding energy (~60 meV) [1], ZnO was widely
recognized as an ideal material for the application in
exciton-related optoelectronic devices. In this regard, ZnO
was an important oxide semiconductor with interesting
electrical, optical and mechanical properties and have been
studied for bioimaging, LED power enhancement and
many other applications [2-4]. Additionally, ZnSnO has
recently emerged as a promising candidate for
optoelectronic devices and gas sensors due to its large
optical band gap (~3.6 eV) [5], resulting in high
transmittance from the UV to the infrared regime, and its
conductivity dependence on the environment. Previous
techniques have been developed for synthesizing ZnO and
ZnSnO  nanostructure,  including  electrochemical
deposition [6], solid-vapor deposition [7], thermal
evaporation [8], metal-organic chemical vapor deposition
[9] and aqueous solution method [10]. Additionally, Ilican
et al. [11] reported that Sn doping effects on the
electro-optical properties of sol gel derived transparent
ZnO films. Sheini et al. [12] reported low temperature
growth of aligned ZnO nanowires and their application as
field emission cathodes. Lan et al. [13] reported that
string-like Zn0O/Sn0O nanowire/nanosheet nano-
heterostructures were synthesized by a two-stage vapor
transport and condensation method. Medwal et al. [14]
reported the observation of coherent phonon modes in zinc

oxide nanostructures synthesized by arc exploding
techniqgue (AET). Kumar et al. [15] reported that the
correlation between structural and optical properties of
nanocrystalline ZnO synthesized by the citrate precursor
method had been investigated. Bayan et al. [16] reported
that chemically grown SnO coated ZnO nanoneedles were
used for modifying light emission and detection features.
Recently, the metal doped zinc oxide nanoparticles
synthesized by different route were broadly reported
[17-22]. In this paper, we reported that the NZSs were
prepared by annealing the ZnSn alloys synthesized by
powder metallurgy route.

2. Experiments

Zinc powder (Zn, analytical reagent), tin powder (Sn,
analytical reagent) were purchased from Beijing Mountain
Technical Development Center Co. Ltd (Beijing, China).
ZnSn alloys were prepared by powder metallurgy route.
The route involves three steps: (1) Zinc and tin powders
(1:1 in weight ratio) were well-mixed in the mortar for 1
hours; (2) the mixtures of two metals were pressed into
sheets (the volume, 55 mm x 10 mm x 3 mm) at 350 Mpa
for 10 minutes; and (3) the sheets were sintered at 400 °C
for 2 hours, and argon was used as protection gas during
sintering. After cooled down naturally to room
temperature, ZnSn alloys were obtained.

NZSs were synthesized by thermal oxidation route.
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ZnSn alloys were annealed at 500 °C, 600 °C, and 700 °C
for 4 hours in air, respectively. The heating rate was about
10°C/min.  After
temperature, NZSs were obtained. In order to investigate
the structure and the morphology, NZSs were
characterized by X-ray diffraction (XRD, X' per pro),
micro-Raman scattering (Horiba Job RAM HR 800 UV-vis
p- Raman) and field emission

cooled down naturally to room

scanning electron
microscope (FE-S4800). In this work, XRD measurements

were carried out using Cu Ko radiation (A=1.54056 nm)
from a sealed tube operated at 45 kV and 40 mA. The

crystallite size ~was calculated from  Scherer’s
. KA
equation: D = ——*—— Where D was the mean
FWHM cos &

crystallite size, K, was a dimensionless number [16],

A was the X-ray wavelength, FWHM was the full width
half maximum intensity and & was the Bragg diffraction
angle. Raman spectra were measured at room temperature
with a JY-HR 800 UV Raman spectroscope working at the
325 nm laser line and on different regions of the samples.
Photoluminescence (PL) measurements were carried out at
room temperature using a RF-5301 system. A He—Cd laser
with a wavelength of 325nm was used as the excitation

source.

3. Results and discussions

Fig. 1 showed the XRD patterns of ZnSn alloys, pure
ZnO and NZSs synthesized at 500 °C, 600 °C, and 700 °C
in air, respectively. The results showed that the NZSs were
obtained by annealing ZnSn alloys at different
temperatures. The diffraction peaks could be indexed
according to ZnO with wurtzite structure (JCPDS No.
36-1451). It should be noticed that (101) diffraction peak
was the dominant peak, indicating that the preferential
growth direction of ZnO was (101) preferred orientation.
Additionally, ShnO (JCPDS No. 24-1342), Zn (JCPDS No.
04-0831) and Sn (JCPDS No. 04-0673) phases were
observed. The XRD patterns of NZSs shifted to higher
angles in different peak positions when compared with
pure ZnO and NZSs, respectively. This was ascribed to the
Sn ions substitutes for the Zn ions. The results indicate
that c-axis lattice constant decreases when Sn ions
incorporate into ZnO lattice by occupying the Zn sites.
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Fig. 1. XRD patterns of NZSs and pure ZnO

Waurtzite-phase ZnO belongs to the space group Cgv

with two formula units per primitive cell. There were eight
zone-center optical-phonon modes 2A +2B, +2E, +2E,,

four of which A +E, +2E,were Raman active [23].

One A; and E; modes were acoustic phonons and the
remaining modes were optical phonons. In the optical
phonons, A; and E; were polar modes, B; was a silent
mode and E; was a non-polar mode [24]. Fig. 2 showed
the micro-Raman scattering spectra of synthesized NZSs
at different temperature in the range of 100 - 2000 cm™.
The results showed that there were three Raman peaks at
574 cmit, 1156 cm™, and 1739 cm™. In comparison with
the vibration spectra of a ZnO single crystal, we could
assign the peak at 574cm™ to the A; mode, the peak at
1156 cm™ to E; mode and the peaks at 1739 cm™ to the E,
modes. In previous report, Ting et al. [25] reported that the
Raman peaks of ZnO nanorods were at 580 cm™, 1150
cm® and 1720 cm™, respectively. Medwal et al. [14]
reported that the Raman peaks of ZnO nanorods were at
574 cm™, respectively. The peak at 574 cm™ was attributed
to the surface oxidation of Zn nanoparticles resulting in
ZnO at Zn core shell structure. In this work, the Raman
peaks at 1156 cmi* and 1739 cm™ were shifted slightly and
weaken with the annealing temperature increasing,
indicating that the Sn doped ZnO were obtained. The

results were consistent with the XRD results.
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Fig. 2. Micro-Raman scattering spectra of NZSs
synthesized by annealing the ZnSn alloys at 500 °C,
600 °C, and 700 °C, respectively

Fig. 3 showed the different magnification FESEM
images of NZSs synthesized by annealing the ZnSn alloys
at 500 °C, 600 °C, and 700 °C for 4 hours in air,
respectively. The results show that the different shapes of
NZSs were exhibited after SnZn alloys annealed at
different temperatures. The diameter of NZSs increased
with the anneal temperature increasing. A large number of
nanorod-like NZSs were obtained after SnZn annealed at
500 °C, and the diameter and length of nanofibers were
about 40 nm and 800 nm, respectively (Fig. 3a and b). The
nanofiber-like NZSs were obtained after SnZn annealed at
600 °C, and the diameter and length of nanofibers were
about 50 nmand 60 pum, respectively (Fig. 3c and d). The
needle-like Sn doped ZnO microstructures were obtained
after SnZn annealed at 700 °C, and the diameter and length
of the microneedles were about 2um and 10um,
respectively (Fig. 3e and f). During the thermal oxidation
process, with the annealing temperature increasing, tin
first melt to liquid, and then zinc grains were coated by
liquid tin. Parts of tin were oxidized first on the thin film
surface of the grains, and then the oxidation grew into
inner tin films and zinc grains. Due to the different thermal
expansion coefficient of tin films and zinc grains and the
volume expansion effect of the combination of Zn and O,
the internal stress was accumulated in the interface
between tin films and Zinc grains, and the compress stress
was induced in oxide layer. When the annealing
temperature was raised to 500 °C, the energy was released
and the nanorod-like NZSs were obtained. When the
annealing temperature was raised to 700 °C, much energy
accumulated. So the much energy was released, and the
larger numbers of Sn doped ZnO microneedles were
obtained. It could be concluded that the growth of NZSs
was as a result of the accumulation and the relaxation of
the internal stress. Additionally, other tiny tin droplets
(white ring marked) were used as the catalyst giving a
favorable growth orientation, and NZSs were obtained

(Fig. 3b). With the annealing temperature increasing from
500 °C to 700 °C, the diameter and length of NZS acutely
increase. The nanorod-like NZSs became into
nanowire-like and microneedles. This process was
achieved by the atomic diffusion [26, 27]. Therefore, the
growth mechanism of the present NZSs was related to
vapor-liquid-solid mechanism (VLS) and the relaxation of
the internal stress. Further investigation of its growth
mechanism was still needed.

Fig. 3. The different magnification FESEM photographs

of NZSs synthesized by annealing the ZnSn alloys at

different temperature, respectively. (a and b) annealing at

500°C; (¢ and d) annealing at600 °C;(eandf)
annealing at 700 °C

Room temperature photoluminescence (PL) spectra
were recorded to evaluate the optical properties of NZSs,
which were measured with an excitation wavelength of
325 nmat roomtemperature. Fig. 4 showed the PL spectra
of NZSs synthesized by annealing the ZnSn alloys at 500
°C, 600 °C, and 700 °C for 4 hours in air, respectively. The
results showed two broad emission peaks covering the
range from 370to 420 nmand 420 to 630 nm, respectively.
The emission peaks blue shift and intensity reduction were
more pronounced with the increasing annealing
temperature. The nanofiber-like NZSs showed the
strongest UV emission peaks. In order to further
investigate the optical properties of NZSs, Fig. 5 showed
the multi-peak Gaussian fitting PL spectra of the samples
synthesized at different temperature. The results showed
that the broad emission peaks were well fitted by five
peaks, respectively. When the NZSs were synthesized at
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500°C, the center of five Gaussian fitting peaks were at
384, 402, 481, 534, and 604 nm, respectively. When the
preparation temperature of NZSs was raised to 600°C, the
center of five Gaussian fitting peaks were shifted to 389,
407, 477, 532, and 617 nm, respectively. With the
annealing temperature increasing to 700°C, the center of
five Gaussian fitting peaks were shifted to 387, 403, 475,
522, and 608 nm, respectively. The near-band-edge UV
emission peaks at 384, 389, and 387nm indicated the
radiative emission involving the shallow trap states lying
[28]. The prominent peaks at 402, 407, 403 nm
corresponded to the emission due to neutral and ionized
zinc vacancydefects [29]. The blue-green emission peaks
at 475, 477, and 481 nm from pure ZnO nanoparticle was
due to a transition of a photogenerated electron from the
conduction band to deeply trapped O*/O" ion at the
surface [30]. The green-yellow emission peaks at 522, 532,
and 534 nm were dependent of oxygen vacancies, oxygen
interstitials, zinc vacancies and zinc interstitials [31-34]. In
this work, the intensity of green-yellow emission peaks
increased and blue shifted, because zinc interstitials
increased with the annealing temperature increasing. It
was consistent with the XRD results. Additionally, we
considered that the orange-red emission peaks at 604, 608,
and 617 nm were resulted from the interstitial tin of NZSs.
It was possible that the tin would introduce inner defects.
In this paper, the NZSs were synthesized by annealing
ZnSn alloys at different temperature for 4 hours in air.
ZnSn alloys were prepared by the powder metallurgy route.
Inevitably, the growth process of NZSs introduced above
would result in different internal defects, such as distortion
of lattice, Sn ions and interstitial tin. Therefore, red, yellow,
green emissions were observed. It was possibly ascribed to
surface defects and different morphology. However, the
detailed mechanism of the PL properties needs further
in-depth researched.
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Fig. 4. The room temperature PL spectra of the NZSs
synthesized by annealing the ZnSnalloys at 500 °C,
600 °C, and 700 °C, respectively
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Fig. 5. The room temperature multi-peak Gaussian fitting

PL spectra of the NZSs synthesized by annealing the

ZnSn alloys at different temperature, respectively. (a) 500
°C, (b) 600 °C, and (c) 700 °C

4. Conclusion

The NZSs were prepared by annealing the ZnSn
alloys synthesized by powder metallurgy route. The XRD
and Raman spectra indicated that the Sn ions were doped
into ZnO. The multi-peak Gaussian fitting PL spectra of
NZSs showed that the broad emission peaks were well
fitted by five peaks. The emission peaks blue shift and
intensity reduction were more pronounced with the
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increasing annealing temperature. The nanofiber-like
NZSs showed the strongest UV emission peaks. The
growth mechanism of the present NZSs was related to
vapor-liquid-solid mechanism and the relaxation of the
internal stress.
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