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Wurtzite ZnS nanosaws produced by polar surfaces
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Abstract

Wurtzite structured ZnS nanoribbons have been synthesized by a catalyst-free solid–vapor deposition technique. The nanoribbon

has a saw-teeth shape, and the nanosaw is formed by a two-step process: a fast growth along a-axis forms the body of the saw; a

subsequent growth along c-axis creates the teeth. The one-sided teeth structure is suggested to be the self-catalyzed growth of the Zn-

terminated (0 0 0 1) surface, while the oxygen-terminated (0 0 0 �1) surface is relatively chemically inactive. The growth of �feather�-like
structure of ZnS is also reported.

� 2003 Elsevier B.V. All rights reserved.
1. Introduction

The unique properties of quasi-1D nanostructures [1],

such as nanobelts [2] and nanowires [3], make them an

exciting field of interest with many possible applications.
These materials have the potential to show novel or

enhanced properties due to their decreased size, in-

creased surface-to-volume ratio, and the novel mor-

phologies. A wide range of techniques have been

developed for the synthesis of 1D nanostructures, in-

cluding solid–vapor deposition [2–4], lithography [4],

laser ablation [5], sol–gel [6], and template-assisted

methods [7,8].
Zinc sulfide, a direct wide band gap transparent

semiconductor, is one of the most important materials

used in photonics research [9–11]. It is also an important

material for a variety of applications such as electrolu-

minescent devices, solar cells, and other optoelectronic

devices. One-dimensional nanostructures of ZnS are

attractive because they are candidates for electronic and

optoelectronic nanodevices [12,13]. Zinc blend and
wurtzite structures are the two most popular structural

configurations of ZnS. Single crystal zinc blend struc-

tured ZnS nanobelts have been synthesized by a solid–

vapor phase process [14]. Nanostructured belts of zinc
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blend ZnS have been made through chemical conversion

of ZnO nanobelts [15]. For technological applications,

wurtzite is probably the most useful one because of its

non-central symmetry and polar surfaces. In this Letter,

we report the synthesis and characterization of wurtzite
structured, polarization induced asymmetric growth of

quasi-1D ZnS nanostructures, using a simple catalyst-

free vapor deposition technique [16]. By presenting the

structures of the observed �saw�-teeth structure, the role

played by polarity in the growth is demonstrated.
2. Experimental

Synthesis of ZnS nanostructure was achieved using a

simple thermal evaporation process. Commercially

available zinc sulfide (Alfa Aesar, 99.9% purity, metals

basis) are placed in the center of an alumina tube inside

of a horizontal tube furnace, where temperature, pres-

sure, and evaporation time is controlled. The tempera-

ture is then raised to 1000 �C, as determined based on
the melting temperature of zinc sulfide (1700 �C); the
tube chamber pressure was kept at 300 mbar with a

nitrogen flux at 50 sccm (standard cubic centimeters per

minute). During evaporation, the product deposits onto

a silicon substrate placed at the downstream end of the

tube in a lower temperature zones. The evaporation time

was �10 min at the peak temperature.
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3. Results and discussion

The sample was first analyzed by scanning electron

microscope to determine the morphology of the depos-

ited nanostructures. Fig. 1a shows a typical SEM image
of the polar growth structures. Chemical analysis using

the energy dispersive X-ray spectroscopy (EDS)

(Fig. 1b) shows the stoichiometric phase of ZnS, while

the oxygen and silicon signals come from the silicon

substrate and silica surface layer on the substrate. There

are two distinct classes of structures observed. One is the

ribbon-like flat structure with one-sided teeth, named

�nanosaw�. The second structure observed is a 3D
structure, with �feathers� propagating off the main axis

and separated circumferentially by 120�. Both of these

samples were analyzed by TEM.

A low magnification TEM image of the saw structure

is shown in Fig. 2a and the dark field image is given in

Fig. 2b. The one-sided teeth structure of the saws is

clearly seen. Electron diffraction (in Fig. 2c) reveals that

the saws are single crystalline throughout the entire
length. The diffraction also shows that the saw ribbon

grows along [2 �1�1 0] (the a-axis) and the teeth of the saw

grow along [0 0 0 1]. The teeth of the saw are different
Fig. 1. (a) SEM image of the as-synthesized ZnS nanostructures. The inset is

Zn and S peaks are due to the nanostructures, while the silicon and oxygen
sizes, which indicate that they grow at different rates.

The widths of the teeth range from �5 to �20 nm. It is

important to note that the teeth grow out of the (0 0 0 1)

facet.

Structurally, the wurtzite ZnS crystal is described as a
number of alternating planes composed of fourfold

tetrahedral-coordinated S2� and Zn2þ ions, stacked al-

ternatively along the c-axis (Fig. 3). The wurtzite crystal

structure has �(0 0 0 1) polar surfaces: the (0 0 0 1) sur-

face is terminated with positively charged Zn ions and

the (0 0 0 �1) surface is terminated with negatively

charged S2� ions. This creates positively charged

(0 0 0 1)-Zn and negatively charged (0 0 0 �1)-S polar sur-
faces. This polarity has been shown for ZnO, a typical

wurtzite structure, to induce asymmetric growth of

nanostructures due to differences in chemical activity

between the two polar facets [16].

The saw-teeth structure is suggested to be a direct

result from the difference in surface chemical activities as

determined by surface termination. The Zn-terminated

surface is chemically active, while the S-terminated
surface is relatively inactive, resulting in the growth of

the saw-teeth along [0 0 0 1]. A powerful technique that

can be applied to directly prove the termination of the
an energy dispersive X-ray spectrum recorded from the sample. (a) The

peaks are due to the silicon substrate.



Fig. 2. (a) Bright field TEM image of a ZnS nanosaws. The polar

growth occurs mainly on one side of the belt. (b) Dark field TEM

image of the saw structure. (c) Diffraction pattern shows the saw rib-

bon is along [0 1 �1 0] and the saw-teeth are along [0 0 0 1]. (d) CBED

pattern recorded from the sample. (e) High-resolution TEM image

recorded from the ZnS nanosaw.

Fig. 3. Structure model of wurtzite ZnS.

Fig. 4. (a) �Feather� structure of ZnS. (b) A TEM image of the feather

structure and the corresponding growth directions.
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surface is the convergent beam electron diffraction

(CBED), but this technique requires the crystal being

relatively thick. The CBED pattern recorded from a

ribbon is shown in Fig. 2d, but the diffraction disks are
featureless because the fact that the ribbon is thinner

than the extinction distance for the ZnS (0 0 0 2) reflec-

tion, so that the dynamic diffraction effect is weak.
In Fig. 2e, a high-resolution TEM image recorded

from the ribbon of the nanosaw is shown. The (0 0 0 1)

lattice spacing is measured to be 0.61 nm, which is in

agreement with bulk values of c ¼ 0:626 nm. Based on

the structural data presented here, the asymmetric

growth features of the saw apparently result from the
different growth rates on the (0 0 0 1)-Zn and the

(0 0 0 �1)-S-terminated surfaces. The nanosaw is formed

by a two-step process: a fast growth along [2 �1�1 0] forms

the ribbon of the saw; a subsequent slower growth along

[0 0 0 1] by a self-catalyzed process creates the teeth.

The second structure observed is the three dimen-

sional �feather� structures. Fig. 4a shows a low magnifi-

cation SEM image of the structure. Electron diffraction
pattern recorded from one side of the �feather� shows
that the wing grows along [0 0 0 1], and the center shaft is

parallel to [0 1 �1�1], as labeled in the TEM image in

Fig. 4b. The other feathers are produced possibly be-

cause of bi-crystal growth.
4. Conclusion

In summary, we have presented the growth of two

new nanostructures of wurtzite structured ZnS. The

nanoribbon has a saw-teeth shape. The saw is formed by

a two-step process: a fast growth along a-axis forms the

body of the saw; a subsequent growth along the positive

c-axis creates the teeth. The one-sided teeth structure is

suggested to be the self-catalyzed growth of the Zn-
terminated (0 0 0 1) surface, while the sulfide-terminated

(0 0 _0 �1) surface is relatively chemically inactive. The

growth of �feather�-like structure of ZnS is also reported.

This study supports the proposal that surface polarity
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plays an important role in controlling the shapes of

nanostructures in the wurtzite family.
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