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ABSTRACT

Programmable control over the overall structure of SnO  , nanowires grown by vapor-solid synthesis is shown to be possible by pulse modulating
the flow rate of the carrier gas in which oxygen (one of the reactants) is entrained. The control is shown to depend on the local oscillation

of the supersaturation condition for the SnO vapor (another reactant) in the vicinity of the growing nanostructure. The latter triggers dramatic,
reproducible oscillations in the lateral dimensions of the nanostructure and in the direction of its growth. The method provides a means for
producing predictable morphological and compositional variations in 1D nanostructures, thereby potentially resulting in a high yield of custom-
designed nanostructures.

The great recent interest in one-dimensional (1D) semicon- 1. The carrier gas, Ar (99.998%), is fed into the quartz tube
ducting nanostructures is based on their proposed andthrough a solenoid valve that is activated by a computer-
preliminarily demonstrated operation as ultrasmall active controlled power supply, allowing the argon gas flow to be
elements in applications such as nanoelectronics, optoelecshut off and turned on in a programmable sequence. When
tronics, lasers, chemical and biological sensors, and energyon, the steady state flow and pressure inside the tube were,
conversion devices? Among the materials from which  respectively, 100 sccm and 250 Torr. The reagent, SnO
nanostructures have been fashioned, Shés received a  powder, was located at the center of the tube where the
great deal of recent attentiérl primarily because of its temperature, set at 908C, was most uniform. A large
promise in sensors and other electronic and optoelectfonic quantity of tin oxide nanowires and nanobelts were found

devices and also because of its ablllty to form a multitude to grow on substrates p|aced primar”y downstream from the
of unusual nanostructures including belts, disks, and zig- source, under these conditions.

zagst! To conform with the requirements of these varied
functions, nanostructures with highly varied bulk and surface
compositions and morphologies must be attainable. And
indeed, a number of methods have been demonstrated fo
creating 1D nanostructures with controllable composittofs
and morphological variatio#°both coaxial with and lateral

to the nanostructure’s length, thereby creating nanowire
superlattices with electronic and optical properties differing
from the analogous bulk materi#l.2*

In this report we describe a method for precisely control-
ling the structure along the length of a single nanowire by
controlling the instantaneous material flow rate while the
nanostructures are in the process of nucleating and growing
at constant temperature during the vapor-solid (VS) synthesis
of SnG, nanowires. The experimental arrangement for
nanowire growth in a quartz tube furnace is shown in Figure

Pulsing the argon flow results in pressure changes in the
tube, as shown in Figure 2a. When the argon carrier gas is
Ipulsed, nanowires that grow on substrates located a few
millimeters upstream from the source were observed to have
a controllable, segmented morphology (Figure 2b). The
lengths of the segments were found to correlate precisely
with the duration of the pulses. For example, with a pulse
sequence 7:(3), in which the argon flow was on for 7s and
off for 3s, one sees nanowires with thick segments of equal
lengths periodically separated by segments of smaller thick-
ness that grow (within tolerable limits) at one of two
characteristic angles with respect to the direction of growth
of the thicker segments (Figure 3a). With a 35s on, 5s off
pulse pattern, 35:(5), the qualitative observation is similar
to the 7:(3) situation but with proportionally longer segments
(Figure 3b). More complicated nanostructures are shown in
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and turns so that (with equal segment lengths) the overall
FURNACE | . direction of nanowire growth is a linear combination of
integral sums oft45° and —45° turns.

To understand the origin of the observed structural
changes, we carried out a number of additional experirtfents
with the following results and conclusions: (i) SnO vapor
(which is composed of small clusters with a stoichiometry
(SnO)?) and trace concentrations of oxygen in the Ar carrier
gas are the major reactants in the synthesis of the segmented
nanowires. (ii) It is the modulations of the flow rate of the
carrier gas in the vicinity of the growing nanostructure rather
than the hydrostatic pressure oscillations inside the tube that
are responsible for the segment formation. (iii) Segmented
wire growth is a result of rapid changes in the local

Ar FLOW

| CONTROLLER supersaturation ratio of SnO vapor in the vicinity of the wires
brought about by the change in Argon flow. Morphological
Figure 1. Schematic of the wire growth system. modifications due to rapid changes in the growth conditions

was reported previously for nanoring synthésis.

g SEM and HRTEM image analysis of the area between the
%250‘ segments (Figure 4a) provided important clues to the
ézom morphological changes occurring as the nanowire transitions
8 : from thick to thin segments. In Figure 4a, the body of the
= Time [sec] . .

T thick segments appears to be orthorhombic as was observed

0111120111548 [|2601| ||| 80| {100 previously for Sn@ nanostructures grown under oxygen-
deficient conditiond, although we emphasize that this
assignment is preliminary. Notably, the HRTEM images
show no structural differences between the narrow and wide
segments. Nor is there evidence of dislocations, twinning,
or any other discontinuity in the crystal structure in the
transition region between the segments. This observation
leads us to suggest that the segmental growth proceeds
epitaxially and that the thick segments grow at a pyramidal
tip. This mode of growth is observed frequently in macro-
scopic, geologically grown crystals such as amethyst and
quartz crystals and in other flow-modulated growth syst&ms.
Qualitatively, we understand the growth to proceed as
Figure 2. (a) Measured pressure during the 10:(3):20:(3) pulse fo|lows. When the carrier gas is on, there is sufficient oxygen
zzgﬂgggg: (b) SEM picture of the wires grown with this pulse and SnO for the growth to proceed from the tip of the
pyramid downward more or less uniformly, this continues
logical changes and the programmed pulse structure, whichthe growth of the nanostructure in the axial direction with
encodes the wire’s growth morphology. Hence, these struc-little change in width. When the carrier gas is pulsed off,
tural changes, which have been observed previéti¥lput the reactant concentration around the pyramidal tip is
not correlated with the synthesis conditions, can now be asymmetrically reduced so that, for statistical reasons, growth
ascribed unequivocally to local pressure and/or flow rate along one of the facets of the pyramid becomes favored. In
fluctuations. When the carrier gas flow is off, two major other words, the reactant concentration during the off cycle
morphological changes are observed: (i) the nanostructureds reduced sufficiently that one transitions from kinetic to
continue to grow but with reduced widths; the longer the thermodynamic control of the reaction. If so, then growth
off period the longer the thin segment (Figure 3a,b,e,f). (ii) on the (110) and (10) facets minimizes the surface energy
the growth direction changes by approximatedt5° with of the growing nanostructure more than growth on the other
respect to the direction of growth of the thicker segment. two facets of the pyramidal tip. This would result in epitaxial
When the argon flow is resumed, the growth direction growth on those facets. This is shown schematically in Figure
changes again by approximatei45°® so that, depending  4b. (We emphasize that identifying the facets presumes the
on the sign of the second 2%urn, the resulting “junction” structure to be orthorhombic. Although several of our TEM
between two neighboring thick segments grown during the studies suggest this structure, the assignment is preliminary.)
on periods, form either a right angle overall or restore the At first, the wire grows at the “wide” mode, with a constant
growth direction but with a lateral shift. These two options width and a pyramid-like shape. The flux decrease during
are illustrated in Figure 3. The nanowires appear to have athe flow pulse will cause epitaxial growth stochastically on
tendency to preserve planarity during their multiple twists either side of the pyramid. The selection of the facet depends
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Figure 3. SEM images of the segmented wires grown under various pulsed flow conditions. The images are taken directly off of the

alumina crucible. The numbers indicate the duration of the on and off pulses in seconds. The length of the segments is encoded by the pulse

duration.
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Figure 4. (a) HRTEM picture of a 45 bend. (b) A schematic
description of the growth at a pyramidal tip during as the reactant
flow changes. (c) SEM image showing a close-up of two consecu-
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tive 45° bends. Notice the narrow segment growing out of (and £ 0%
into) one of the pyramid’s faces. g %@%
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on fluctuations of reactant flux. The resulting narrow nano- g Hoas Sec
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the wide segment. After a stable period of narrow growth,
the flux resumes to the levels of the wide-growth mode,
again, asymmetrically. The pyramidal shape of the tip reap- Figure 5. Analysis of the segment lengths of the nanowire shown
pears, and the wire continues to grow as a wide nanowire.in the SEM picture. The segments are numbere@Q as an aid to
Although, obviously this description is highly simplified, it the discussion in the text. The segment lengths decrease exponen-
does reproduce the observed nanowire shapes (Figure 4c)i&ly in time, purportedly as a result of the oxidation of the SnO
. . . . reactant in its reservoir.

As noted previously? segmentation provides an internal
clock for measuring an individual wire’s growth rate have segments whose lengths decreased over time. This
quantitatively. For example, in Figure 3c the correlation decrease is most likely due to the fact that the relatively
between the 23 s pulse length and the segments in the wiresolatile SnO source oxidizes over time to form Sp@hich
corresponds to a growth rate of300 nm/s. By using the  seems to be a much poorer reactant. It is sufficient for only
segmented structure of the nanowire as time markers, onethe topmost layers of the SnO powder to oxidize in the
can determine certain characteristics of the kinetics of the crucible to impede access to the SnO reactant.
nanostructure growth. For example, the segmented wire Writing the SnO powder oxidation rate a€@&nQ/dt =
encoded with a 15:(5) pulse pattern (Figure 5) was found to —k-C(SnQ-C(O,), whereC denotes the concentration of the
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reactants, and assuming the concentration of oxygen to be (5) Wang, Z. L.; Pan, Z. WAdv. Mater. 2002, 14, 1029.

constant, because it is replenished continuously by the argon © BA?&% ’;"67535%’0“”5' P.;Pan, Z. W.; Wang, Z. 1. Phys. Chem.

gas flow, one derives a pseudo-first-order reaction for the  (7) Koimakov, A.; Zhang, Y.; Cheng, G.; Moskovits, Mdv. Mater.
depletion of the SnO reagentc(SnQ; = C(SnQye™X. 2003 15, 997.

Because the partial pressure of SnO is proportional to the ® (Afggl‘i”;'hss-? f?ﬁg%bg'é fti%rggeg"e”v G.; Pan, Z. W.; Wang, Z. L.
SnO surface area exposed to the gas phase, it is expected ©) Wang Y.L Jiang, X. C.: Xia, Y. NJ. Am. Chem. So2003 125,

that the growth rate of the wires will follow a first-order 16176.

decrease, as is indeed observed in a plot of the segment(10) %S’{gé Zést; Gao, R. P.; Pan, Z. W.; Dai, Z. Rdv. Eng. Mater

lengths as a function of time (Figure 5). _ (11) Duan, W. J.; Yang, S. G.; Liu, H. W.; Gong, J. F.; Huang, H.; Zhao,
Apart from its utility as an internal clock, segmented wires X.; Zhang, R.; Du, Y J. Am. ChemSoc.2005 127, 6180.

can be used in the fabrication of pre-engineered elements of (12) Gudiksen, M. S.; Lauhon, L. J.; Wang, J.; Smith, D. C.; Lieber, C.

) ) . . M. Nature 2002 415 617.
nanodevices. As an example, a hanowire with a nanosized (13) Lauhon, L. J.: Gudiksen, M. S.: Wang, C. L.: Lieber, C.Nature

middle section but with micrometer-sized ends could be one 2002 420, 57.

way of avoiding contact problems between nanowires and (14) Wu, Y.; Fan, R.; Yang, FNano Lett 2002 2, 83.

metallic lead<9-30 (15) Jung, S. W.; Park, W. L.; Yi, G. C.; Kim, MAdv. Mater. 2003 15,
: 1358.

The results reported here for Sp@re not limited to this (16) Bjerk, M. T.; Ohlsson, B. J.; Sass, T.; Persson, A. |.; Thelander, C.:

material but should be observable with other quasi-1D Magnusson, M. H.; Deppert, K.; Wallenberg, L. R.; Samuelson, L.
: ; Appl. Phys. Lett2002 80, 1058.
nanos.trucwr.es synthesized u_smg VS an_d VLS growth. (17) Cheng, G. S.; Kolmakov, A.; Zhang Y. X.; Moskovits, M.; Munden,
Combln_ed with pulsed CVD, this can potentially qud to t_he R.; Reed, M. A;; Wang, G. M.; Moses, D.; Zhang,Appl. Phys.
fabrication of structurally complex nanostructures in which Lett. 2003 83, 1578.
; At (18) Wu, Y. Y.; Cheng, G. S.; Katsov, K.; Sides, S. W.; Wang, J. F.;
the encqqed morphqloglcal variations are supplemented by Tang, J.. Fredrickson. G. H.. Moskovits, M., Stucky, G. Bat.
compositional variations. Mater. 2004 3, 816.
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