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Phase controlled synthesis of ZnS nanobelts: zinc blende vs wurtzite
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Abstract

Bulk crystals of ZnS usually take the zinc blende structure. However, the vapor deposited one-dimensional ZnS nanostructures

normally take the metastable wurtzite structure. This Letter investigates the conditions under which the formed phase can be con-

trolled between zinc blende and wurtzite in nanomaterials synthesis. The formation of pure zinc blende structured ZnS nanobelts is

related not only to the lower deposition temperature (680–750 �C), but also to the size of the Au catalyst particle (<50 nm). Pure

wurtzite structured ZnS nanobelts are synthesized in a relatively high deposition temperature (>750 �C) disregard the size of the Au

catalyst particles.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

One-dimensional (1D) nanowires and nanobelts of

compound semiconductor are of fundamental impor-

tance owing to their potential applications as building

blocks in nanoelectronics, optoelectronics, resonators,

sensors and actuators [1,2]. ZnS, an important II–VI

semiconductor, has attracted considerable attention

due to its applications in flat-panel displays, electrolumi-

nescent devices, infrared windows, sensors and lasers
[3–5]. The most stable bulk form of ZnS at room tem-

perature is the zinc blende structure, which can transfer

to wurtzite structure after heating to 1020 �C in ambient

pressure [6]. Phase control in the growth of ZnS crystal

is important, for instance, the different phases show dif-

ferent lattice vibration properties [7] and nonlinear opti-

cal coefficients [8].

Recently, several ZnS nanostructures, including
nanowires [9] nanobelts/nanoribbons [10], nanosaws

[11] and nanocables [12] have been reported. In con-
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trast to the bulk form, the dominant of the ZnS nano-

structures takes the wurtzite phase [10,13]. It may be of
fundamental interest to investigate the conditions un-

der which the phase of the as-synthesized ZnS nano-

structures can be controlled between wurtzite and

zinc blend. In this Letter, through a series of designed

experiments, we found that the formation of zinc

blende structured ZnS nanobelts is related not only

to the lower deposition temperature (in our case,

680–750 �C), but also to the size of the Au catalyst
particles (smaller than 50 nm). Pure wurtzite structured

ZnS nanobelts can be synthesized in a relatively high

deposition temperature (above 750 �C) regardless the

size of the Au catalyst particles. This study gives a

practical guidance for controlling the phase of ZnS

nanostructures.
2. Experiments

ZnS nanobelts were synthesized through a vapor–

liquid–solid (VLS) process [14]. High-purity ZnS pow-

ders were put in an alumina boat located at the center

of the alumina tube. The entire length of the tube fur-
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nace is 75 cm. Silicon substrates covered with Au film

were placed in the tube at a distance from 5 to 25 cm

from the center of the alumina boat. After evacuation

of the tube to �2 · 10�2 Torr, a carrier gas of high-

purity argon premixed with 5% hydrogen was kept

flowing through the tube. The flow rate and pressure
inside the tube were kept, respectively, at 50 sccm

and 300 Torr throughout the experiment. The furnace

was then heated at a rate of 25 �C/min to 800 �C
and held at that temperature for 20 min. The furnace

temperature was then further raised to 1000 �C and

held at that temperature for 50 min. The local temper-

ature distribution and the position of the substrate

have been calibrated and the result is presented in
Fig. 1a. After the deposition, the furnace was naturally

cooled to room temperature. Au thin films with an

average thickness around 5 and 10 nm were deposited

onto silicon substrate, which produces gold particles of

sizes �35 and �100 nm, respectively. The deposited

products were characterized by scanning electron micr-

oscopy (SEM) and transmission electron microscopy

(TEM; Hitachi HF2000 and JEOL 4000EX, respec-
tively, operated at 200 and 400 kV).
Fig. 1. (a) A plot of the relationship between the local temperature and

the distance to the center of the furnace for the experimental set up

used in our experiments. The position of the substrate is illustrated. (b)

SEM image recorded from a sample collected in the temperature

region of �720 �C grown using an Au thin film �5 nm in thickness,

which correspond to �35 nm in particle sizes.
3. Results and discussion

3.1. Nanostructures formed at �720 �C using 35 nm size

Au catalyst particles

The SEM image in Fig. 1b displays the morphologies
of the ZnS nanostructures grown in the temperature

zone �720 �C grown with Au catalyst with an average

deposition thickness of �5 nm. Uniform nanobelts

and asymmetric nanosaws are the two dominant morph-

ologies of the ZnS nanostructures. The sizes of the nano-

belts and nanosaws can be seen clearly in the TEM

image as shown in Fig. 2a. The width of the uniform

nanobelts is usually under 50 nm, while the width of
the nanosaws is over 100 nm. The gold catalyst parti-

cles are at the tips of the nanobelts, and their sizes are

�35 nm.

We now determine if the narrower nanobelts and the

wider nanosaws are of the same crystal structure. This

analysis relies on selected-area electron diffraction

(SAED) and high-resolution TEM (HRTEM). For the

narrower nanobelts, Fig. 2b is the SAED pattern from
a fine nanobelt shown at the center of Fig. 2a. The dif-

fraction pattern can only be indexed as the zinc blend

structure with the incident electron beam parallel to

[011]. The corresponding HRTEM image recorded

from the nanobelt is presented in Fig. 2c, revealing that

the nanobelt grows along [100] and takes �ð0�11Þ as the
side surfaces. The inset atomic structure model in Fig. 2c

reveals that the nanobelt growth front is a polar surface
Fig. 2. Structure of narrow nanobelts grown at �720 �C and using

�35 nm Au particles. (a) TEM image showing the uniform nanobelts

and asymmetric nanosaws, (b) SAED pattern and (c) HRTEM image

recorded from a narrow nanobelt as pointed in (a), which has the zinc

blend structure. The inset in (c) is the atomic model of zinc blende ZnS.
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terminated either with Zn or S. From our early study of

ZnO [15], the Zn-terminated surface is catalytically more

active than the S terminated surface, thus, the growth

front could be terminated with Zn, leading to the fastest

growth. The HRTEM image shows that the �ð0�11Þ side
surfaces are flat and without reconstruction as viewed
along [011]. We have analyzed a number of narrow

nanobelts and all of them have the zinc blend structure.

We now examine the nanosaws. Although the nano-

saws were deposited in the same temperature zone, but

they do not take the same structure as the narrow uni-

form nanobelt as shown in Fig. 2. The structure details

of the nanosaw are displayed in Fig. 3. The SAED pat-

tern shown in Fig. 3b suggests that the zinc blend (as
indicated by arrowheads) and wurtzite (rectangle

marked diffraction spots) structures co-existence in the

nanosaw. The HRTEM images in Fig. 3c–e are recorded

from different areas of the nanosaw, as marked in Fig.

3a, to reveal the local structures. The main body of

the saw is wurtzite structure as shown in Fig. 3c, but

the teeth are zinc blende structure (Fig. 3d). The trans-

formation from wurtzite to zinc blend occurs at root
of the saw teeth (Fig. 3e). Comparing the atomic model

inserted in Fig. 2c with the image shown in Fig. 3c, the

two structures can be easily identified.

For the zinc blend structure, the (111) plane is the

close packing plane; the (0001) plane of wurtzite is

the close packing plane. The relationship between zinc
Fig. 3. Structure of nanosaws grown at �720 �C and using�35 nm Au partic

of the whole nanosaw, showing the co-existence of the zinc blend and wurtz

areas labeled in (a). The inset in (c) gives the atomic model of wurtzite phas
blend and wurtzite is a change in stacking sequence of

the atomic planes. Zinc blend is a stacking of ABCABC

parallel to the close packing plane, and wurtzite is a

stacking of ABAB.

The formation of the nanosaw morphology can be

explained using a combination of vapor–liquid–solid
(VLS) and the self-catalyzed growth process in two-

steps [15]. First, the Au catalyst guides the fastest

growth along ½01�10� to form the wurtzite structured

nanobelt, with �ð2�1�10Þ and � ð0001Þ as its top/bot-

tom and side surfaces; the sulfur terminated ð000�1Þ
side surface is inert and is stable, while the zinc termi-

nate (0001) surface is catalytically active and could ini-

tiate growth in the direction perpendicular to the
nanobelt. In the second growth process, small islands

can nucleate on the flat (0001) surface, and each island

epitaxially grows up to form a saw tooth, but strain is

produced when the two adjacent teeth meet. This result

is proved by the existence of mismatch dislocations in

the region between the two teeth (islands), as displayed

in Fig. 3e. Each island has the zinc blend structure. If

the growth front of the teeth is ð11�1Þ plane, which
matches to the zinc terminated (0001) plane, the two

side surfaces of the teeth are ð01�1Þ and ð31�1Þ planes

as marked in the atomic model in Fig. 3d. The high-

index ð31�1Þ plane has higher surface energy, thus, it

is preferred to reconstruct into a series ð11�1Þ and

(100) facets.
les. (a) Low-magnification TEM image of a nanosaw. (b) SAED pattern

ite phases. (c–e) HRTEM images recorded from the rectangle enclosed

ed ZnS, and the inset in (d) is for the zinc blend.



Fig. 4. Structure of nanobelts grown at >750 �C and using �35 nm Au

particles. (a, b) TEM images a narrow and wide nanobelts, and (c, d)

are corresponding SAED patterns, respectively.

Fig. 5. Structure of nanobelts and nanosaws grown at �720 �C and

using �100 nm Au particles. (a) SEM image of the sample. (b, c) TEM

images of a nanosaw and nanobelt, and (d, e) are corresponding SAED

patterns, respectively. The nanosaw is a mixture of zinc blend and

wurtzite, and the nanobelt is wurtzite structure.
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3.2. Nanostructure formed at temperatures >750 �C using

Au catalyst particles of 35 nm in size

We now analyze the nanostructures formed at tem-

peratures higher than 750 �C using the 35 nm size Au

catalyst particles. Our results indicate that the higher de-

posit temperature results in the formation of pure wur-

tzite nanobelts as shown in Fig. 4. No matter the size

of the nanobelts is, the SAED patterns recorded from

them indicate that they are all of wurtzite structure (see-
ing Fig. 4c,d). The fine nanobelts always take [0001] as

they growth direction and �ð2�1�10Þ and � ð01�10Þ as

top/bottom and side surfaces. The nanobelts growing

along ½01�10� directions are normally with larger width.

3.3. Nanostructure formed using Au catalyst particles of

100 nm in size

In order to find the relationship between the phase

formation and the size of the catalyst particles, we de-

signed another experiment using a thicker Au film of

an average thickness �10 nm, which produces Au parti-

cles of �100 nm in sizes. The SEM image from the sam-

ple collected in a deposition temperature zone of �720

�C is shown in Fig. 5a. Similar to those shown in Figs.

2 and 3, uniform nanobelts and asymmetric nanosaws
are the two main morphologies (Fig. 5b, c). The Au cat-

alysts have an average size around 100 nm, which guide

the growth of larger size ZnS nanostructures. In order to

identify the phase of each nanostructures, SAED pat-

terns from many nanostructures have been recorded.

The diffraction pattern presented in Fig. 5e is from the

nanobelt shown in Fig. 5c, which is a pure wurtzite

phase. The pattern in Fig. 5d is recorded from the nano-
saw in Fig. 5b, showing that it is a mixture of wurtzite

with zinc blend, similar to the nanosaw presented in
Fig. 3. After examining over 50 nanobelts, no pure zinc

blende phased nanobelts have been found even for the
small width nanobelts. This is a distinct difference from

the nanostructure grown using �35 nm size Au catalyst

particles.

After analyzing the as-received product, nanostruc-

tures formed in temperature zones of higher than 750

�C all have wurtzite structure. If the wurtzite phased

ZnS is needed, the high deposit temperature is the key,

no matter about the size of the Au catalyst particles.
4. Conclusion

In the VLS deposition process, by adjusting the syn-

thesis conditions, we can control the deposited ZnS

nanostructures being zinc blend phase, wurtzite phase

or a mixture. The low deposition temperature of 680–
750 �C and small Au catalyst particles (<50 nm) produce

zinc blend ZnS nanobelts. Pure wurtzite structured ZnS

nanobelts are synthesized at a higher deposition tem-

perature (above 750 �C) disregard the size of the Au
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catalyst particles. The nanosaws are usually a mixture of

zinc blend teeth with a wurtzite body. This study gives

guidance for controlling the phase of the as-synthesized

ZnS nanostructures.
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