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Single crystalline SnO, nano-needles with length up to 6-7 pm
and diameter less than 300 nm are synthesized on an Au-coating
porous silicon substrate from SnH, source via a glow discharge
process.

SnO,, an n-type semiconductor with awide band gap (Eq = 3.6 eV,
a 300 K), has been intensively investigated for its promising
applications in optoelectronic devices,! gas sensors,2 dye-based
solar cells2 etc. To meet the contemporary requirement of
instruments miniaturization, some one-dimensional (1D) nano-
materials of SnO,, including rods,3 wires,4- tubes,” and belts or
ribbons™® have been fabricated by a number of physica and
chemical processes. The constant lateral size in the 1D nano-
material previously reported, however, may be problematic for
application in some optoel ectronic devices or sensors, e.g. astips of
scanning probes, field emitters, nanosensors or nanoindenters. Such
shortcomings have recently stimulated synthetic interesting of pin-
shaped nano-materials, e.g., conical carbon nanotubes!®-12 and
ZnO nanoneedle 314 Partly due to the synthetic difficulties,
conical-shaped SnO, documented in literature is still scarce. Here
we design a glow discharge method to synthesize SnO, nano-
needles on an Au-coating porous silicon substrate, through feeding
a decreasing SnH, source from the reaction between SnCl, and
KBH,.

The experiment was performed in acombined setup that includes
a SnH,4 generator (i.e., a three-necked flask) and a glow discharge
system (see ESIT). 0.4 g SnCl 4-5H,0 was dissolved in 10 ml water,
and then poured into the three-necked flask, which was equipped
with a trickle filler containing 20 ml mixture solution of 0.010 g
ml—1 KBH,4 and 0.010 g ml—1 KOH. When the basic solution of
KBH, was added dropwise at a rate of 4 ml min.—1 into the SnCl,
aqueous sol ution in the three-necked flask, SnH4 gas was produced,
and in turn, carried by O, at aflow of 10 ml min.—1 through a vent
hole into the glow discharge chamber, which was a quartz tube
placed in a horizonta tube furnace at a temperature of 800 °C. A
pair of copper pipes, acting both as electrodes and gas passageway,
were put at thetwo ends of the quartz tube. When the pressure of the
reaction system was exhausted to less than 0.004 MPa and an
alternating voltage of above 10 kV with 25 kHz frequency was
applied to the electrodes, a stable glow discharge plasma would
emerge at the gap between the two electrodes. The Au-coating
porous silicon substrate was placed under the discharge plasma
zone for SnO, deposition.

Fig. 1 shows the field-emission scanning electron microscopy
(FE-SEM) images of the products taken on a LEO1530 SEM
instrument. Nano-needles with length up to 67 um, diameter less
than 300 nm and conical angles of about 5-6°, accompanied by
35% (count from a 20 X 26 um deposition zone) of nano-rodswith
lateral sizeof ~ 300 nm and 10% particles, were grown in the glow
discharge process. From the zoom FE-SEM picture of the nano-
needles/rods, some of them appear to be hexagonal pyramids with
rough surfaces that seem to be constructed of a layer-by-layer
structure. Both transmission electron microscopy (TEM) images
taken by two kinds of TEM instruments, Fig. 2a and 2b, however,
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show that thereis no visible crack between the pseudo layers of the
selected nano-needle with [100] axis growth direction. High-
resolution TEM (HRTEM) picture (Fig. 2c) verifies that the nano-
needle bears crystalline structure without any dislocation, which is
supported by sharp diffraction peaks in corresponding X-ray
powder diffraction (XRD) pattern recorded on a Rigaku DMAX/
RC X-ray diffractometer using Cu-ku radiation. As shown in Fig.
3, the diffraction peaks can be perfectly indexed to the tetragonal
rutile structure of SnO, (JCPDS 41-1445), though there are some
weak peaks arising from background impurity (e.g., silicon
substrate produces amarked (111) peak at 260 = 29.5°). The strong
intensities of the SnO, diffraction peaks relative to the background
signal indicates that the product has high purity of the SnO, rutile
phase. The Raman spectrum (see ESI 1), recorded using a confocal
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Fig. 2 TEM images from a selected SnO, nano-needle. (a) Thetip recorded
inaTECNAI F-30 FEG TEM instrument; (b) The nano-needle recorded in
a JEM-100CXIl instrument (with the inset of a selected area electron
diffraction pattern); (c) HRTEM image with 0.26 nm distance correspond-
ing to (101) of rutile SnO,.
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Fig. 3 X-Ray diffraction pattern of the products (* the peak at 26 = 29.5°
originates from the silicon substrate).

1766 Chem. Commun., 2004, 1766-1767 This journalis © The Royal Society of Chemistry 2004




microprobe Raman system (LabRam | from Dilor Inc. France) at
excitation line of 632.8 nm, providesfurther evidence that the SnO,
nano-needles adopt tetragonal rutile structure. The Raman shift
peaks around 477.0, 635.6 and 774.6 cm—1 with broadened widths
areassigned to the Ey, A4, and Byg vibration modes, respectively.15
Note that thereis an additional peak at 522.0 cm—1, which appears
to be sharper than the other three SnO, peaks and must come from
the silicon substrate.

Asshown in both FE-SEM and TEM images of the products, Fig.
1 and 2, polygonal or spherical particles are often observed at the
tips of the SnO, nano-needles, which provides evidence that growth
of the nano-conical SnO; is governed by the well-known vapor—
liquid—solid (VLS) mechanism.16 In a typical VLS process a
nucleation catalyst is necessary for 1D material growth, and the
diameter of the produced 1D materia is directly related to the
catalyst size. Our preliminary experiment confirms that the Au-
coating on the silicon surface is key for the SnO, nuclei formation
in the nanometer scale, but the possibility of the Au particles asthe
catalyst is ruled out because their sizes are apparently different
from the as-produced nano-needles (Fig. 4a). The changing
diameter of the nano-needle implies that catalyst size linked to the
product diameter must be decreasing during the VLS growth
process. We thus conjecture a self-catalytic VLS mechanism#
involving decreasing size of Sn droplet catalyst to control the nano-
needle growth, which is supported by the intermediates trapped
from the reaction quenched through stopping the electronic
supplies (for both glow discharge and furnace) and gas sources (of
both O, and SnH,;) more early than proposed process under
otherwise the same reaction conditions. Thetotal reaction timesfor
the initial products shown in Fig. 4b and 4c are 0.5 min. and 1.5
min., respectively.

The reactions for SnO, nano-needles growth can be roughly
described by the following equations:17.18

Sné+ + BH47 + 30H- —> SnH4 + H3803 (l)
SnH; — Sn + 2H, (D]
Sn+ 0, — SN0, (1

Reaction (1) provides the SnH, source and is performed in
solution under mild conditions.1” SnH, is known to decompose
slowly at moderate temperatures but rapidly on atin surface, while
a small amount of oxygen can serve as protection gas to stop the
decomposition due to the formation of an oxide film on the tin
surface.18.19 |n the present experiment the glow-discharge provides
an additional energy for SnH, decomposition. The nascent Sn from
reaction (I1) is deposited as liquid droplets on the surface of Au-
coated silicon substrate to provide energetically favored sites for
adsorption of oxygen.18.20 SnO, is thus increasingly formed on the
Sn droplet surface via reaction (111). At 800 °C , the SnO layer on
the surfaceistoo mobileto seal the Snliquid core, and subsequently
dissolvesinto the Sn liquid to form an alloy droplet. Fig. 4b shows
the alloy droplet quenched as nano-particle clusters with Sn and
SnO, phases that exhibit different degrees of brightness in the
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Fig. 4 The FE-SEM images of (a) Au-coating porous silicon substrate; (b)

Sn-Sn0; alloy particles quenched; (¢) SnO, nano-rod intermediates trapped
in the glow discharge process.

enlarged SEM image (theinset to Fig. 4b). Energy-dispersive X-ray
spectrometry also supported their Sn and SnO, composition. The
continuous dissolution of SnO, leads to a supersaturated solution,
which provides the driving force for 1D nano-materials growth
(through precipitation of SnO, from the supersaturated droplets).
Fig. 4c shows the middle stage of the SnO, solids trapped in the
VLS process. Possibly due to the rapid anneal for quenching the
reaction, the surface of the captured nano-rods appear to be rougher
than the as-obtained SnO, nano-needles. In principle, the size of Sn
catalyst and growth of the SnO, 1D material relies on the amount
of SnH,4 fed, whichis produced in SnH,4 generator and controlled by
the addition rate of KBH,4. In the present experiment, KBH,4
solution is added dropwise into the SnCl 4 solution at a constant rate
of 4 ml min.—1. At the very beginning of the experiment, the
concentration of SnCl, is high enough to produce a constant SnH,
flow. With progress of reaction (1), however, SnH, flow would
decrease in response to the consumption of SnCl, in the system.
The changing SnH,4 flow would result in adecreasein size of the Sn
catalyst, and subsequently would lead to formation of needle-
shaped material. Moreover, adding KBH,4 into SnCl, solutionin the
drop-by-drop mode makes the SnH, flow in a discontinuous
fashion, which, in turn, results in nano-needles with pseudo layer-
by-layer structure as shown in Fig. 1.

In conclusion, the proposed glow discharge process has been
successfully applied to synthesis of single crystalline SnO, nano-
needles and a self-catalytic VLS mechanism is suggested to
understand the conical materials growth. This method may be also
extended to synthesize other semiconductive nano-needles materi-
as by simply replacing SnH, with other hydrides, e.g., GeH, and
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