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Abstract: SnO, nanowires with a diameter of 25nm are synthesized at 550'C by Au-Ag catalyst assisted thermal evapora-

tion of SnO powders. The room-temperature photoluminescence spectra (PL) of the prepared nanowires are measured.

Among the four PL peaks.the peak of 418nm is newly observed. This peak is caused by the plane defects of the twinned

crystal nanowires. The formation of SnO, nanowires at low temperature is pursued on the basis of the VLS mechanism and

application of the reaction source of SnO. We suggest that the chemical reactions of the low temperature and low concen-

tration of the vaporized species are responsible for the thinner size of the SnO, nanowires.
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1 Introduction

Nanoscale materials span a wide range of appli-
cations in nanoelectronic devices such as logic gate
circuits'!, photodiodes™!, field emission sources™,
and gas storage materials""' due to their nanometer-
sized geometry and particular characteristics. Among
these materials,SnO, with a wide band gap of 3. 62eV
at 300K has been utilized extensively in resistors,tran-
sistors,solar cell, antistatic coating, transparent heat-
ing elements, transparent conducting coating of glass,
clectrochemical modifiers on electrodes, electrodes in
glass melting furnaces, special coating for energy-
covering “low-emissivity” windows,and gas sensors to
detect the leakage of reducing gases such as H,S,and
CO" "% However, realizing low temperature growth
of SnO, nanostructures is one of critical issues in the
field of device applications and many researchers are
trying to achieve this goal''*~**'. For instance.various
SnO, nanostructures have been synthesized by thermal
evaporation in the temperature range of 1350 ~
680C . Among these methods, the lowest growth tem-
perature of SnO, nanostructures by thermal evapora-
tion is 680°C ",
nanowires at 550C . To the best of our knowledge,
550C is the lowest growth temperature of SnO, nano-

In this study, we prepare SnO,

structures by thermal evaporation among the reported

studies so fart?*.
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2 Experiment

The SnO, nanowire synthesis is depicted below in
detail. The schematic diagram of our apparatus used
in the experiment is shown in Fig. 1. SnO powders
(99.99%) were placed into a small quartz tube with
an inner diameter of 15mm. An Au-Ag (atom ratio
1:1) layer (about 7nm in thickness) was deposited
on single crystal silicon (001) substrates with an area
of 5mm? by sputtering. The Au-Ag alloying target was
employed in sputtering because the cost of the Au-Ag
alloy is lower than that of pure gold. Next, Si sub-
strates covered by Au-Ag alloy were put on the center
of a ceramic plate near the source of the SnO powders
inside the small quartz tube. Following this, the small
quartz tube with an inner diameter of 15mm was
pulled into the center of a large horizontal quartz tube
with an inner diameter of 6cm that was inserted in a
horizontal tube electric furnace. The whole system
was evacuated by a vacuum pump for Z0min, and
then, the argon gas was guided into the system at
30sccm under a pressure of 2.6664 X 10*Pa. After-
wards, the furnace was rapidly heated up to 650C
from room temperature and it remained at this tem-
perature for 2. 5h. The furnace temperature was meas-
ured by the thermal couple 1 in Fig. 1.

Meanwhile, the source temperature was 620C
measured by the thermal couple 2, and the substrate
temperature was 550'C measured by the thermal cou-
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Fig.1 Schematic diagram of the apparatus used in the experiment

ple 3. In our case.the temperature of thermal couple
3, 550C, is the growth temperature. Finally, the sys-
tem was cooled to room temperature over several
hours. We found that a lay of gray-blue production
was deposited on Si substrates. The morphology and
microstructure of the products were analyzed by scan-
ning electron microscopy (SEM) and field emission
scanning clectron microscopy (FESEM). The struc-
ture of the products was analyzed using X-ray diffrac-
tion ( XRD) and Raman spectrometer (Raman) at
room temperature. PL measurement was performed at
room temperature using a laser line of 265nm as the
excitation source.

3 Results and discussion

SEM patterns and the low magnified FESEM im-
age of the prepared nanowires are displayed in Fig. 2,
and the corresponding high magnified FESEM image
of these nanowires are displayed in Fig. 3 (a). The
nanowires with a diameter of 25nm are well-distribu-
ted. The FESEM image of SnO, nanowires synthesized
at 950C is also shown in Fig. 3 (b)™'. The diameter
of the SnO, nanowires (950C) is about 100nm, and
larger than that of the SnO, nanowires (550C) in
Fig. 3(a). The corresponding XRD pattern shown in
Fig. 2 (¢) from the as-synthesized products can be in-
dexed according to the tetragonal rutile structure of
SnO, with lattice constants of a = 0.4738nm and ¢ =
0.3188nm,which is consistent with the standard val-
ues of bulk SnO, (JCPDS 21-1250). Rutile SnO, be-
longs to the space group Djj ,of which the normal lat-
tice vibration at the I' point of the Brillouin zone is
given on the basis of group theory™’ .I'=1A,, + 1A,
+1A,, +1B,, +1B,, + 2B,, + 1E, + 3E,. Among them,
the four first order active Raman modes are By, E,,
A, sand B,,,and the active IR modes are A,,,E,,and
Bi.. In the room temperature Raman scattering spec-
tra (Fig. 2 (d)) of the SnO, nanowires, three funda-
mental Raman peaks at 474,630,and 772cm ™' are dis-
played, which separately correspond to the E,, A,

and B,, vibration modes*’. Thus. these peaks further
confirm that the as-synthesized SnO, nanowires pos-
sess the characteristic of the tetragonal rutile struc-
ture. In addition, the two weak Raman bands of 497
and 696cm ™! seem to correspond to IR-active A, TO
and A, LO modes (LO is the mode of the longitudi-
nal optical photos and TO is the mode of the trans-
verse optical photos). This correspondence is similar
to E,» TO of SnO, nanopowders and E,., LO of SnO,

nanorodst” 182 !

. Furthermore, the peak at 540cm
has not been reported in the Raman study of SnO,
nanowires. We identify it as S, mode, which is be-
lieved to be the consequence of the disorder activation
of SnO, nanowires**'. Finally, the peak at 520cm ' is
the characteristic peak of the Si substrate.

The TEM results and the EDS spectrum of the
synthesized SnO, nanowire are shown in Fig. 4. The
TEM bright field image of the tip with the size of
25nm growing at the end of the nanowire with a di-
ameter of 20nm is displayed in Fig.4 (a). The EDS
spectrum in Fig. 4(b) recorded along the nanowire in-
dicated that the nanowire is composed of Sn and O,
and Cu comes from the TEM grid. The EDS spectrum
in Fig. 4(c) recorded at the tip indicates that the tip is
composed of Au and Sn,and Cu comes from the TEM
grid. The HRTEM image of the nanowire shown in
Fig. 4 (d) indicates that the interplanar spacing of
0. 334nm corresponds to the crystallographic planes of
(110) , and the SAED pattern in Fig. 4 (¢) recorded
with the electron beam perpendicular to the long axis
of the nanowire indicates that the growth direction of
the nanowire is along [121].

Interestingly, we observed twinned crystal in the
synthesized nanowires shown in Fig.5. The TEM
bright field image of a twinned crystal nanowire with
the diameter of 20nm is displayed in Fig.5(a), and
the corresponding HRTEM image and SAED pattern
are shown in Figs. 5(b) and 5(¢). The “twin” parts
arc indexed with a subscript “T” and the remaining
matrix part indices are marked without subscript in
Figs. 5 (a) and 5(c). The HRTEM shown in Fig. 5(b)
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Fig.2 SEM morphology (a),low magnified FESEM morphology (b), XRD pattern (¢) ;and Raman spectrum (d)
of the synthesized SnO, nanowires
(a) (a) (©)
Au Cu
Au
Cu L Sn Cun A;:l
] N | - | L il B L L] il T T T L | Y
2 4 6 8 10 12 14 16 18
Sn
0 Cu
Cu ACu
52 4 6 8 10 12 14 16 18 el
Fig.4 (a) TEM bright field image of a nanowire with the tip;
(b) EDS spectrum of the nanowire; (¢) EDS spectrum of the
tip; (d) HRTEM image of the nanowire; (¢) Corresponding
Fig.3  Highly magnified FESEM morphologies of the SnO. SAED pattern of the nanowire with an electron beam along the
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Fig.5 TEM bright field image (a), HRTEM image (b), and
SAED pattern (c¢) of a twinned crystal nanowire

indicates that the interplanar spacing of 0. 263nm cor-
responds to the crystallographic planes of (101) and
(101) . The electron beam is along the [010] direc-
tion of the SnO, rutile structure in Fig. 5 (c). The
twinning plane is (101) and the twinned direction is
[101];, parallel to the growth direction of the SnO,
nanowire [ 101]. We suggest that the twin formation
can be explained by regarding the twin as one part of
the crystal (twin) rotated 180" along the (10 1) crys-
tal plane, while the remaining parts of the crystal
(matrix) retain the original direction”" . This twinned
crystal structure is a kind of plane defect of crystal.

The photoluminescence of the obtained SnO,
nanowires was investigated at room temperature and
the result is shown in Fig. 6. The PL spectra consist of
a weak emission band at 342nm and three sharp and
strong emission band located at 375,418, and 469nm.
First,the peak at 342nm is the band-to-band emission
peak of the SnO, nanowires, which originates from
the recombination of the electron-hole™™’ . This peak
is weaker than the other three peaks because the
peaks caused by defects or nanocrystal grains or de-
fect levels associated with oxygen vacancies or tin in-
terstitials resulting from the size effect of the SnO,
nanowires is strong so as to cripple the band-to-band
emission peak™’ . Second, the 375nm peak is attribu-
ted to the band-to-acceptor peak and related to the
impurity or defect concentration and not to the struc-
tural properties®” . Third,the peak at 469nm is possi-
bly attributed to electron transition mediated by de-
fects levels such as oxygen vacancies in the band
gap™®). Finally, the peak at 418nm is newly observed
and is possibly caused by the plane defects of the
twinned crystal nanowires shown in Fig. 5.

The mechanism of the low temperature growth

Wavelength/nm

Fig.6 Room temperature PL spectrum of the synthesized SnO,

nanowires

of SnO, nanowires can be explained on the basis of
the vapor-liquid-solid ( VLS) processes. In experi-
ment, Au as a catalyst is usually used to assist the SnO,
nanowires synthesis, which is demonstrated by the Au
existing in the tip detected by the EDS spectrum in
Fig. 4(e).During the thermal evaporation process,the

following chemical reactions will occur above
300°C [24,34,35] .
28n0O (s) = Sn (D + SnO,(S) @)
SnO,(s) = SnO (g) + 1/2 O, (2

Reaction (2) is reversible. A study of the VLS
growth of SnO, whiskers under high temperature
(1300C) indicated that the Sn globule at the tip is es-
sential for the VLS growth of SnO, whiskers'®!. In
our experiment,Sn particles produced in reaction (1)
are liquid at the reaction temperature because of the
low melting point of 231.9C , which seems to be one
of the factors causing the low temperature growth of
SnO, nanowires. On the other hand, the Sn droplets
fell on the substrate covered by Au-Ag alloy and form
Sn-Au alloying droplets by reacting with Au particles.
Meanwhile, these alloying droplets can provide ener-
getically favorable sites for the adsorption of oxygen
and SnO vapor-**-
for the VLS growth of nanowires. The vaporized spe-
cies,SnO and O, .deposit on the surface of the Sn-Au

,which is also one of the key factors

alloying droplets and react with each other, forming
SnO, that subsequently dissolves in the Sn droplets.
The continuous dissolution of SnQO, leads to a super-
saturated solution. Ultimately, the SnO, nanowires
grow by precipitation of SnO, from the supersaturated
droplets™ . The residual Sn is carried out by the flow-
ing Argon gas.

The application of the reaction source of SnO
powder is essential for the low temperature of the
nanowires. For example, SnO, nanowires had been
synthesized at 950C by thermal evaporation of active
carbon and SnO, powders"*’ . With the help of the ac-
tive carbon,the growth temperature of the nanowires
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decreased to 950C because of the higher melting
point of 1630 ~2000C for SnO,. In our experiment,
without the help of the active carbon, the growth
temperature of the nanowires is only 550C because of
lower melting point of 1040C and the unstable chem-
ical characteristics lower than 1040C for SnO.

The low temperature and the concentration of
vaporized species presumably play important roles in
the growth of the thinner SnO, nanowires. At 550C ,
with low pressure (2. 6664 X 10* Pa) and low gas flow
of rate (30sccm) , the concentration of SnO and O, va-
por are sufficient for the VLS growth of SnO,
nanowires®* . The theoretical and most stable crystal
habit of SnO, is a tetragon elongated along the c-ax-
is” . Accordingly,SnO, have first-optimized and sec-
ond-optimized growth directions. At high tempera-
tures and high concentrations, the single crystal grows
along the two optimized directions simultaneously* .
Moreover,the growth along the first-optimized direc-
tion is faster than along the second-optimized direc-
tion, so that products such as nanobelts can be
formed. At low temperatures and low concentrations,
the single crystal grows along one of the two opti-
mized directions™®®’ to form SnO, nanowires in our ex-
periment. The slight differences in temperature and
concentration will influence the diameters of the
nanowires. For example, at the low temperature of
550C under the low pressure (2. 6664 X 10* Pa) and
the low gas flow of rate (30sccm) ,the diameter of the
synthesized SnO, nanowires (Fig.3 (a)) is thinner
than that of the SnO, nanowires produced at the high
temperature of 950°C (Fig. 3 (b)) under the high pres-
sure (8. 6658 X 10* Pa) and high gas flow of rate (300
sccm)™). Once the initial nucleation starts,the crystal
grows in epitaxial ways, which results in the preferen-
tial orientation of SnO, lattice planes, forming SnQO,
nanowires.

4 Conclusion

In summary, SnO, nanowires had been synthe-
sized at 550C with SnO powders by thermal evapora-
tion. The room temperature photoluminescence spec-
trum of the prepared SnO, nanowires showed that the
peak at 418nm is newly observed and is caused by the
plane defects of the twinned crystal nanowires. The
mechanism of the low temperature growth of SnO,
nanowires had been explained based on the VLS
process and application of the reaction source of SnO.
We suggest that the chemical reactions of the low
temperature and low concentration of the vaporized
species are responsible for the thinner size of SnO,
nanowires.
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