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Ultra-long single crystalline nanoribbons of tin oxide
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Abstract

Novel nanoribbons of single crystalline SnO, have been successfully synthesized by simple thermal evaporation of SnO or
SnO, powders at high temperatures. Field emission scanning electron microscopy (FE-SEM) and transmission electron micro-
scopy (TEM) show that the nanoribbons are structurally perfect and uniform, with widths of 30-200 nm, width-to-thickness
ratio of ~5-10, and lengths of several hundred micrometers to a few millimeters. X-ray diffraction (XRD) and energy
dispersive X-ray spectroscopy (EDS) analysis indicate that the nanoribbons have the same crystal structure and chemical
composition found in the rutile form of SnO,. Electron diffraction (ED) and high resolution transmission electron microscopy
(HRTEM) reveal that the nanoribbons grow along the [101] crystal direction and they are bounded by (010)/(010) and (101)/
(1o1) crystal facets. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

One-dimensional (1D) nanostructures, such as nanotubes
and nanowires, have attracted extraordinary attention for
their potential applications in device and interconnect
integration in nanoelectronics and molecular electronics
[1-5]. Synthesis of 1D nanostructures has been demon-
strated for cylindrical carbon nanotubes [6,7] and in semi-
conducting nanowires such as Si[§—11], Ge[12], GaAs[13],
GaN[14], etc. The semiconducting metal oxide SnO, is a
key functional material that has been extensively used for
gas sensors [15,16] and optoelectronic devices [17,18],
usually in a form of dispersed particles or condensed thin
films. Synthesis of wire-like nanostructures of SnO, has not
been reported before the present study.

2. Experiment

The experimental apparatus used for the synthesis
consists of a horizontal tube furnace, an alumina tube, a
rotary pump system and a gas supply and control system.
Commercial (Alfa Aesor) SnO or SnO, powders with a
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purity of 99.9% (metal basis) was used as the source
material that was placed in an alumina crucible, the crucible
being located at the center of the alumina tube. Several
alumina strip plates (60 X 10 mm) were placed downstream
one by one inside the alumina tube, which acted as
substrates for collecting the growth products. After
evacuating the alumina tube to ~2 X 10_3Torr, thermal
evaporation was conducted at 1000°C for SnO powders or
1350°C for SnO, powders for 2h under a pressure of
300 Torr and Ar gas flow of rate 50 sccm (standard cubic
centimeters per minute). A white-color fuzzy looking
product was collected in a narrow region downstream,
where the temperature was in the range of 900-950°C. A
similar product was obtained in the same temperature zone
regardless of whether the source material was SnO or SnO,.
The as-synthesized product was characterized by XRD,
FE-SEM, TEM, HRTEM and EDS.

3. Results and discussion

The as-synthesized product consists of a large quantity of
ultra-long wire-like nanostructures (Fig. 1) and a few Sn
particles as identified by EDS. Typically, the wire-like
nanostructures are several hundred micrometers in length.
Some of them even have lengths on the order of millimeters.
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Fig. 1. FE-SEM image of as-synthesized SnO, nanoribbons showing
high purity, high yield, and ultra-long and uniform morphology.

Fig. 2. (a) TEM bright-field image of SnO, nanoribbons, showing
strain contrast introduced by the bending of the nanoribbons. Each
nanoribbon is singly crystalline without dislocation; (b) and (c)
display the characteristic features of SnO, nanoribbons. (d) Cross-
sectional TEM image of a nanoribbon. The specimen was prepared
by slicing nanoribbons embedded in epoxy with an ultramicrotome.

The chemical composition of the nanostructures is deter-
mined to be SnO,. XRD analysis indicates that the as-
synthesized SnO, nanostructures have the rutile structure,
with lattice constants @ =4.732 A and ¢ = 3.184 A, which
are consistent with those of bulk SnO, [19].

The geometrical shape of the SnO, wire-like nano-
structures has been determined by TEM imaging. Shown
in Fig. 2(a) is a bright-field TEM image, which displays a
ripple-type contrast for most of the nanostructures,
indicating the presence of strain. The profile of the fringes
implies that the geometrical shape of the wire-like nano-
structures is likely to be a ribbon. The ribbon shape is further
confirmed by the images given in Fig. 2(b) and (c), where
the twist of ribbons is evident. Therefore, the as-synthesized
wire-like nanostructures are nanoribbons of SnO,, with a
geometrical configuration different from the cylindrical 1D
nanostructures reported earlier.

The width and thickness of each SnO, nanoribbon are
rather uniform, and the variation of the width among
different nanoribbons is 30-200 nm. The thickness of the
SnO, nanoribbons varies with their widths. The width-to-
thickness ratio of the nanoribbons has been determined by
cross-sectional TEM imaging to be 5-10 (Fig. 2(d)). Elec-
tron diffraction and imaging indicate that each SnO, nano-
ribbon is single crystalline, structurally uniform and
dislocation-free, but do not exclude point defects.

An HRTEM image recorded near the edge of a SnO,
nanoribbon along the direction perpendicular to the wide
surface of the nanoribbon is given in Fig. 3, where the
inset is the corresponding electron diffraction pattern. The
surface of the nanoribbon is clean and abrupt on an atomic
scale with some atom-high steps and point defects, as shown

Fig. 3. HRTEM image recorded near the edge of a SnO, nanoribbon
along the direction perpendicular to the wide surface of the nano-
ribbon, where columns of Sn cations are clearly resolved. The inset
shows the corresponding electron diffraction pattern clearly
indicating the crystallographic planes enclosing the nanoribbon as
well as the growth plane and direction.
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Fig. 4. Structural model of the SnO, nanoribbon, where the atomic arrangements at the top, side and growth surface are illustrated. The

coordination octahedra of the Sn cations are marked.

by the black arrowheads, and there is no amorphous layer
covering on the surface. The SnO, nanoribbons, however,
are sensitive to electron beam irradiation at 400 kV, result-
ing in the formation of some point defects. The electron
diffraction pattern is indexed to be [105] zone axis of the
rutile structured SnO, crystal. That means that the normal
direction of the wide surface of the ribbon corresponds to a
[105] and the surface plane is close to a (IOT) crystallo-
graphic plane. The narrow side surface of the nanoribbon
is the (010) crystallographic plane. The axial growth plane is
(201) and the growth direction is close to [101].

A schematic structural model of the nanoribbon is shown
in Fig. 4. The (101) wide surface of the nanoribbon
corresponds to the closest packing plane for the Sn cations
in the rutile structure, while the (010) narrow surface is
parallel to the closest packed plane for the O anions. It is
known that the close-packed ionic planes have relatively
lower surface energies, resulting in their preference to be
the side surfaces of the as-growing nanoribbons. On the
other hand, the growth plane (201) of the nanoribbon may
have a relatively higher surface energy, which may lead to a
faster growth along the [101] direction, forming a ribbon
structure.

The semiconducting oxide (SnO,) nanoribbons reported
here are single crystalline, dislocation free and structurally
uniform. They are likely to be an ideal model for the
systematic understanding of electrical, thermal, and optical
transport processes in one-dimensional semiconducting
nanostructures, as well as their response to changes in
temperature and partial gas pressure. The semiconducting
oxide nanoribbons could be doped with different elements
and thus become suitable for the fabrication of nano-size
sensors based on the response of single nanoribbons. If

successful, this approach may lead to major technological
breakthroughs in the field of nano-size sensors and func-
tional devices for low-power consumption and high sensi-
tivity.
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