JIAIC[S

COMMUNICATIONS

Published on Web 10/19/2004

Crystal Orientation-Ordered ZnS Nanowire Bundles

Daniel F. Moore, Yong Ding, and Zhong Lin Wang*
School of Materials Science and Engineering, Georgia Institute of Technology, Atlanta, Georgia 30332-0245

Received August 13, 2004; E-mail: zhong.wang@mse.gatech.edu

Due to their potential applications, ranging from nanoscale T
electronic devices to tools for biomedical applications, one- Jgbs Dondies
dimensional semiconductor nanostructures, such as nanowires and
nanobelts, offer a high degree of interest for furthering the current
state of nanotechnology research and development. Nanbrods,
nanowires: nanotubesd,and nanobelfsof various materials have
been successfully synthesized, and they demonstrate novel lumi- §
nescent, electronic, optical, and mechanical properties.

ZnS is a direct wide band gap (3.91 eV) compound semiconduc-
tor that has a high index of refraction and a high transmittance in
the visible range and is one of the most important materials in
photonics researchAs a one-dimensional nanostructure, ZnS has
been synthesized as nanowires, nanobelts, and nanocombs, but thesd
nanostructures are randomly distributed on the surface of the €98 crysthig
substraté:” For applications in photonics, it is needed to create x
ZnS nanostructures that are highly aligned and ordered, but this
type of structure has not been realized experimentally. In this paper,
we report a novel approach for growing aligned amintation-
orderedZnS nanowires. Our method relies on a buffer layer of
CdSe grown on a Si(111) substrate, on which ZnS nanowires are
grown. The growth process of the nanowire bundles is presented.
The technique demonstrated could be an effective pathway for
growing patterned, aligned, size-controlled, and orientation-ordered :
ZnS nanowires.

The orientation-ordered ZnS nanowire bundles were synthesized
through a two-step thermal evaporation process in a horizontal tube
furnace. Commercially available CdSe powder (Alfa Aesar, 99.995%
purity, metal basis) was placed in the center of a single-zone tube -
furnace (Thermolyne 79300). A vacuum was pulled into the tube
for several hours to purge oxygen from the chamber. After °
evacuation to less than2 1072 Torr, the temperature in the center ~ Figure 1. (a) SEM image of ZnS nanowire bundles grown on a CdSe
of the tube was elevated to 758G at a rate of 30min. A nitrogen substrate that was first deposited on Si(111). The CdSe is a solid film, but

: . the ZnS is a bundle of aligned nanowires. (b) Enlarged SEM image of a
(N2) gas flow was introduced into the system at a rate of 50 sccm. ZnS bundle showing traces created due to fluctuation in growth condition,

The gas acted as a carrier for transporting the sublimated vapor topresenting the equal growth rate of all of the nanowires. (c) Fractured surface
cooler regions within the tube furnace for deposition. The pressure of the sample showing the direct growth of ZnS nanowires on the CdSe
was maintained at 300 mbar. The silicon substrates reached acrystals and the preservation in the ZnS nanowire bundles of the surface
temperature of about 57%. After 1 h, the furnace was allowed morph(_)logy of the CdSe crystal. (d) Enlarged top view of the aligned ZnS

. nanowires.
to cool. Then, the source material of CdSe powder was replaced

by commercially available ZnS powder (Alfa Aesar, 99.99% purity, . . . .
metal basis). The temperature in the center of the tube was elevate@’ the nanowires are orientationally aligned, and they grow

to 1050°C. Again, a nitrogen gas flow was introduced at 50 sccm, uniformly along the bundle. Energxdispersive X-ray microanalysis
and the pressure was maintained at 300 mbar. The silicon substrate§EDS) found that the ZnS nanowires grow on top of a layer of
reached a temperature of about 78D The system was held in ~ CdSe film, which is a buffer layer between the Si(111) substrate
this condition for a period of 60 min. Single-crystal silicon substrates @nd the nanowires. Each bundle preserves a fairly good facet
were used for synthesizing the nanostructures. These substrates weiiructure (Figure la,b), as if they are a single entity. SEM
placed downstream from the source material to collect the depositedexamination of a fractured cross-section indicates that the top
nanostructures. morphology of the ZnS nanowire bundle preserves the shape of
The sample was analyzed on a scanning electron microscopethe top of the CdSe crystal (Figure 1c), indicating the equal growth
(SEM). The deposited material has an extremely high yield on the rate of all the nanowires. This result also shows that the ZnS
substrate and shows high reproducibility. The deposited material nanowires were initiated at the top surface of CdSe crystal, and
in the as-synthesized sample has a dominant morphology consistinghat they are spatially distributed following the surface of CdSe.
of “bundles” of wire-shaped ZnS nanostructures (Figure 1a,b). All Each individual nanowire is clearly identified. A top view of the

Si (111) substrate
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along thec-axis would be preferred to minimize the interface lattice
mismatch. All of the nanowires have the same growth rate so that
the morphology of the CdSe crystal is preserved (see Figure 1c).
All of the aligned nanowires in one bundle are synchronized in
response to the growth condition; the topographical shape of the
CdSe nanocrystal is maintained as the wire-bundle grows. The
bundles also maintain the width and depth profile of the CdSe
crystal upon which the wires are originated. The end result is that
the nanowire bundles exhibit the same morphology characteristics
that larger wurtzite nanocrystals would, including the 6-fold
symmetry along the [0001] direction (see the Supporting Informa-
tion). In the literature, bundles of TiOnanowires that have a
morphological structure similar to the ones presented here for ZnS
were grown by a chemical etching process of Ti m&tdlhe ZnS
nanowire bundles presented here are formed by a very different
Zn process.

In conclusion, we have demonstrated a new approach for
synthesizing orientation-controlled ZnS nanowire bundles. By
growing a thin CdSe film onto a Si(111) substrate, we were able
7 to grow orientation-ordered and aligned ZnO nanowires on Si(111)
with CdSe as a buffer layer. This method shows the possibility of
growing a large area of orientation-ordered ZnS nanowires with

£ the use ofc-axis-oriented CdSe film/substrate. It is thus possible
. to grow patterned and uniformly sized ZnS nanowire arrays for
: L) k¥ applications in luminescence, electronics, sensors, and other nano-
Figure 2. (a and b) Low-magnification TEM images of bundles of aligned technologies.
ZnS nanowires and the corresponding electron diffraction patterns from
the bunches showing orientation ordering among the [0001] nanowires. (c) Acknowledgment. This work is supported by the NASA

High-resolution TEM image of a nanowire showing uniform lattice structure. Vehicle Systems Program and the Department of Defense Research
(d) EDS of ZnS nanowires showing the chemical composition. and Engineering (DDR&E).
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as-grown nanowire bundles clearly shows their vertical alignment  supporting Information Available: SEM images of ZnS bundles
as well as a high degree of size uniformity and a high density and cross-section of the sample. This material is available free of charge
(Figure 1d). via the Internet at http://pubs.acs.org.
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