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Abstract: Vapor—liquid—solid (VLS) is a well-established process in catalyst-guided growth of nanowires.
The catalyst particle is generally believed to be in liquid state during growth, and it is the site for adsorbing
incoming molecules; the crystalline structure of the catalyst may not have any influence on the structure of
the grown one-dimensional nanostructures. In this paper, using tin particle guided growth of ZnO
nanostructures as a model system, we show that the interfacial region of the tin particle with the ZnO
nanowire/nanobelt could be ordered (or partially crystalline) during the VLS growth, although the local growth
temperature is much higher than the melting point of tin, and the crystallographic lattice structure at the
interface is important in defining the structural characteristics of the grown nanowires and nanobelts. The
interface prefers to take the least lattice mismatch; thus, the crystalline orientation of the tin particle may
determine the growth direction and the side surfaces of the nanowires and nanobelts. This result may
have important impact on the understanding of the physical chemical process in the VLS growth.

Introduction

The vapor-liquid—solid (VLS) processhas been an impor-
tant approach in growth of quasi-one-dimensional (1D) nano-
wires and nanotubes (referred to as 1D nanostructures). In th 5
VLS process, a metal catalyst is rationally chosen from the phaselefz
diagram by identifying a metal that is in liquid state at the ;
growth temperature and serves as the site for adsorbing theyy
incoming molecules, but the metal does not form a solid solution ¥
with the nanowire; thus, it is phase-separated at the growth front
and leads the growth. The metal liquid droplet serves as a? A
preferential site for absorption of gas-phase reactant. Nanowire Wi
growth begins after the liquid becomes supersaturated in reactan;
materials and continues as long as the catalyst alloy remains ing
a liquid state and the reactant is availab®uring the growth,
the catalyst droplet directs the nanowire’s growth direction and = S 2 -
defines the diameter of the nanowire. Ultimately, the growth Figure 1. A typlcal SEM image of the Sn-guided ZnO nanowires and
terminates when the temperature is below the eutectic temper-hanobelts.
ature of the catalyst alloy or the reactant is no longer available.

As a result, the nanowires obtained from the VLS process |t is generally believed that the metal particle is a liquid
typically have a solid catalyst nanoparticle at the ends with sizes droplet during growth, and its crystal structure in solid may
comparable to diameters of the connected nanowires. Metalhave no influence on the structure of the nanowires and
particles such as Au and Fe are effective for growing nanowires nanobelts to be growh? In this paper, using tin particle guided

of Si®#111-V compound, II-VI compound, and oxide such as growth of ZnO 1D nanostructures as a model system, we show
Au/Zn0O 25 Fe/SiG,% Co/Si0,” Ni/Gay,03,8 and Ga/ SiQ.?
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recorded from the particle, the rod, and both the particle and the rod in (a), respectively. (f) An HRTEM image from the white rectangle-enclosed area i
(a) from the interface region.

that the interface between the tin particle and the ZnO nanowire/ commercial ZnO, Sng and graphite powders in a certain ratio
nanobelt could be partially crystalline or ordered during the VLS (Zn/Sn/C= 2:1:1) was placed in an alumina boat as the source
growth even though the local growth temperature is much higher material and positioned at the center of the alumina tube. The
than the melting point of the bulk tin, and the crystallographic entire length of the tube furnace was 50 cm. The desired
structure and lattice mismatch at the interface is important in nanostructures were deposited onto alumina substrate located
defining the structure characteristics of the grown nanowires jn a temperature range of 55600 °C. The high-resolution

and nanobelts. The interface prefers to take the least latticetrgnsmission electron microscopy (HRTEM) work was carried
mismatch; thus, the crystalline orientation of the tin particle may ¢ using a JEOL-4000EX operated at 400 kV.

determine the growth direction and the side surfaces of the
nanowires and nanobelts. The results may have important
impacts for understanding the physical chemical process in-
volved in the VLS growth.

Sample Preparation.The samples used for this study were
prepared using a process reported previotsk. mixture of

Experimental Observation. Figure 1 is a typical scanning
electron microscope (SEM) image that shows ZnO nanowires/
nanobelts with Sn particles on their tips. Classified from their
morphology, the ZnO nanostructures show wire and belt
morphologies. Judged from their corresponding selected area
electron diffraction (SAED) patterns, we found that ZnO
(10) Gao, P. X.; Ding, Y.; Wang, Z. LNano Lett 2003 3, 1315-1320. nanowires grow along the [0001] direction and that the nanobelts

J. AM. CHEM. SOC. = VOL. 126, NO. 7, 2004 2067



ARTICLES Ding et al.

100nm

.
000 002

Sn-=~7n0

Figure 3. (a) and (b) Bright-field and dark-field images of a [@rowth ZnO nanobelt with an Sn particle at its tip—&) SAED patterns recorded from
the particle, the belt, and both the particle and the belt in (a), respectively. (f) An HRTEM image from the white rectangle-enclosed area in (a).

have two growth directions, [00] and [2110]. No matter which pattern of the particle (Figure 2c) can be indexed as Jg01
growth direction they take, single crystal Sn particles always pattern of thes phase tin with tetragonal structure € 0.5831
exist at their tips, which means that an Sn catalyst can guide nm,c = 0.3182 nm, space group htamd.!! The SAED pattern
not only [0001] growth ZnO nanostructures, but also [011  of the wire (Figure 2d) belongs to hexagonal ZnO structure with
and [2110] growth ZnO nanostructures. In the following a= 0.3249 nmc = 0.5206 nm, space grolRBsmc-2 and can
sections, we will present the orientation relationships in the neck be indexed to be [2D]z+0 pattern. The bright-field TEM image
interfaces between Sn particles and the ZnO 1D nanostructurescombined with SAED pattern reveals that the ZnO nanowire
growing along the [0001], [010], and [2110] directions. grows along [0001] and that its side surfaces {&#10}. The

Case 1: [0001] NanowiresFigure 2, parts a and b, shows interface orientation relationship between the ZnO wire and the
bright-field and dark-field images of a nanowire (thickness Sn particle is (02@),]| (00010, [101]sn|| [2110]zn0. Hereafter,
fringes indicate its wire morphology) with a particle at its tip.
The SAED patterns recorded from the particle, the wire, and (11) Joint Committe on Powder Diffraction-International Centre for Diffraction
both the wire and the particle are shown in Figure-8¢ Data (JCPDS-ICDD), 1997, 04-0673,

. . i (12) Gallaso, FStructure and Properties of Inorganic Soljd@ergamon Press:
respectively, angtach of them is a single crystalhe SAED New York, 1970.
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we index ZnO using the four-axis notation and the Sn using

three-axis notation
Figure 2f is an HRTEM image of the white rectangle-enclosed

area in Figure 2a, which depicts the interface structure between

ZnO nanowire and the Sn particle. It is clear that [0@Rd]s

the growth direction of ZnO nanowire. After measuring the
lattice spacing, the [02@] direction of the Sn particle corre-
sponds to ZnO growth direction [00G4p. It is noticed that
the interface is flat and the width of the nanowire is comparable
to the diameter of the Sn patrticle. Above the ZnO (0QR4)

interface plane, there are two distinction regions, single-crystal
Sn particle core and an amorphous shell at the uncovered particle

surface, as presented by the dark-field TEM image in Figure

2b. Chemical analysis using energy dispersive X-ray spectros-

copy (EDS) indicates that the amorphous layer is SnOis

important to note that the amorphous shell covers only the
exposed surface, which may be induced by subsequent oxidatior

of the Sn particle post growth.
Case 2: [01D] Nanobelts.Figure 3, parts a and b, is bright-
field and dark-field TEM images of [01] growth ZnO

nanobelts, respectively. The uniform contrast across its width g
is distinct from the wire presented in Figure 2a,b. The nanobelts

are defined by side surfaces of (@) and (0001). The SAED

patterns recorded from the Sn particle, the ZnO belt, and both

the particle and the belt are shown in Figure-8¢respectively.

The interface orientation relationship between the particle and

the nanobelt is described as (280 (0110)zn0 and [020%, ||
[0001Fn0. Figure 3f is an HRTEM image from the white

rectangle-enclosed area in Figure 3a from the interface. Com-

pared to the flat interface in the [0001] growth ZnO nanowires,
the interface between [00},0 growth ZnO nanobelt and Sn
particle is composed of (0D)zno and (210)zq0 planes (cor-
responding to (20@) and (30)sn, respectively), with a 30
rotation between them. The width of the nanobelts is much
smaller than the diameter of the Sn particle.

Case 3: [2110] Nanobelts.Figure 4, parts a and b, is bright-
field and dark-field TEM images of a [AD] growth ZnO
nanobelt with a Sn particle at its tip. The SAED patterns
recorded from the Sn particle, ZnO belt, and both the particle
and the belt are shown in Figure 4e, respectively. The
nanobelt is defined by side surfaces of (OL&nd (0001). The
interface orientation relationship can be described as §02)
(2110)zn0 and [020%, || [0001kno. Figure 4f is an HRTEM
image from the interface. The clear ZnO lattice image in Figure
4f indicates that [210]z,0 growth ZnO belt is thin and that the
thickness of the belt is uniform. The interface between the
particle and belt is flat and composed of {B)zno and (2003,
planes.

As a summary of our data, among the total of 40 nanowires
we have studied by TEM, 20 nanowires grow along [0001], 10
grow along [21.0], and 10 grow along [010]. The three cases
are the only configurations we have identified, and there is no
other orientation relationship being found.

Discussion

Catalytic growth of ZnO 1D nanostructures by vapor transport
is by a vapor-liquid—solid (VLS) crystal growth proces< In
our synthesis, the Snowders were first reduced by carbon
into Sn vapor and CO/Cfrapor in the high-temperature region,
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Figure 4. (a) and (b) Bright-field and dark-field images of a @1 growth

ZnO nanobelt with an Sn particle at its tip~e) SAED patterns recorded
from the particle, the belt, and both the particle and the belt in (a),
respectively. (f) An HRTEM image from the white rectangle-enclosed area
in (a).

catalyst. ZnO vapor was transported and adsorbed on the surface
of the catalyst. When the alloy droplets became supersaturated,
ZnO was phase-separated and crystallized to form the nanowire
and nanobelt. Normally, ZnO nanowires prefer to grow along
[0001Fn0 and its diameter is considered to be defined by the
catalyst droplet4> By choosing a proper substrate, such as
(2110) sapphire, ZnO nanowires can grow epitaxi&llyhich
means that the Zn©substrate interface might control the growth
orientation of the ZnO nanostructure. However, no detailed study
has been reported on crystal orientation relationship between
catalyst and ZnO nanostructures.

When Sn is used as catalyst, some new phenomena appear
in our growth that are different from those observed convention-
ally in nanowire growth: (i) Not only [0001] growth ZnO
nanowires, but also considerable amounts of ()&hd [2110]
growth ZnO nanobelts have been found, which were grown
previously without using catalyst.(ii) ZnO nanostructures with
different growth directions show apparently different sizes
although the catalyst Sn particles have about the same size. The
ratios between the diameter of the Sn particles and the size of

and then the Sn droplet formed on the substrate served as thg13) pan, z. W.; Dai, Z. R.; Wang, Z. IScience2001, 291, 1947-1949.
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Figure 5. (a) SEM image showing each of the two Sn particles guiding the growth of two ZnO nanobelts. The Sn particle in (b) leads the growth of a ZnO
wire and a ZnO belt.

0002
')

Figure 6. (a) TEM image showing an Sn particle guiding a [0001] growth nanowire and20[lgrowth nanobelt at the same time. The SAED pattern of
the Sn particle and the [0001] growth nanowire are shown in (b) and (c). (d) SAED pattern recorded from the nanobelt after a small tilting. The incident
beam direction is [543].

the [0001], [01D], and [2110] growing ZnO 1D nanostructures  Figure 5b is [0001], while a thin ZnO nanostructure that shares
in Figures 2-4 are 1:0.71, 1:0.3, and 1:0.18, respectively. (iii) the same Sn catalyst particle shows a belt morphology, with a
SAED patterns indicate that ZnO 1D nanostructures in different growth direction of either [210] or [0110]. Figure 6a is a TEM
growth directions have different orientation relationships with image of two 1D ZnO nanostructures sharing a single Sn catalyst
the catalyst Sn particle. There are two possibilities for this particle. Figure 6b,c is the SAED patterns recorded from the
growth effect: (1) the Sn particle is locally crystallized or Sn particle and the wide ZnO wire, which indicates that the Sn
atomically ordered at the interfacial region with the ZnO at the particle is a single crystal and that the wide ZnO wire grows
initial nucleation and subsequent growth of the 1D nanostructure, along [0001]. The orientation relationship between the ZnO wire
so that the crystalline structure of the Sn determines the growthand the Sn particle is the same as the case discussed in Figure
direction and subsequently the side surfaces of the ZnO 2. After tilting the sample, a zone axis pattern is received from
nanostructure, and (2) the Sn particle was in liquid state during the thin belt (Figure 6d). The projected direction of the nanobelt
growth, and it crystallized after growth according to the perpendicular to the beam isa4], indicating that the true
orientation of the 1D nanostructure. The following experimental growth direction of the belt is [120]. The result presented in
result gives an unambiguous answer. Figure 6 indicates well-defined crystallographic orientation
An amazing structure observed in the growth product is that relationships between the Sn particle and the two 1D nano-
one Sn particle results in the growth of two 1D nanostructures structures. Considering the single-crystal structure of the Sn
along well-defined growth directions. As shown in the SEM particle after growth, the fixed orientation relationship is only
images in Figure 5, two 1D ZnO nanostructures can be guided possible if the Sn particle is locally atomically ordered at its
by a single Sn particle. And their morphology indicates that surface, although the local growth temperature~&50-600
they are in different growth directions. The thin and wide belts °C is much higher than the bulk melting point of Sn (28214
from the left Sn particle in Figure 5a grow along [@] and
[0110], respectively; the growth direction of the ZnO wire in  (14) Parish, R. VThe Metallic Elements.ongman: New York, 1977.
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Figure 7. (a—c) Schematics of atomic planes at the epitaxial interfaces between the Sn particle and the [000]1 Jaf@ll[P 0] growth ZnO nanostructures,
respectively.

This may be possible if there are a few atomic layers of On The asymmetric lattice mismatch also exists in the low-
on the surface of the Sn particle due to the presence of theindexed planes of (0004) and (01D)zq0 at the interface of
oxygen vapor in the growth chamber. Such a local ordering [2110] growing ZnO nanobelts (Figure 7c). The lattice mis-
may need to preserve only a few atomic layers in thickness, matches between (00G#» and (020}, and (01D)zn0 and
while the rest of the tin particle is in molten state during growth. (200)n planes are about 3.6 and 12.0%, respectively. Different

Since ZnO has a high melting temperature of 1975+ the from the [01D] growing nanobelts, a larger lattice mismatch

coherent interfacial “pinning” may raise the local melting of 3.6% exists at the interface between (0)L,0 and (100}

temperature of Sn at the interfate. thus, the size of the nanobelt is reduced to decrease the interface
The epitaxial orientation relationships between the Sn particle mismatch energy. The comparably large size of [0001] growth

and the ZnO 1D nanostructure can be explained frontetitiee ZnO nanowires is consistent with their small lattice mismatch

mismatchat the interface. The schematics in Figure 7 are used at the interface.

to depict the mismatch at the S#ZnO interfaces for the three The orientation relationships between Sn particles and ZnO

cases presented above. On the basis of the SAED patterns iflD nanostructures in our synthesis suggest that the Sn particle
Figure 2, the interface of [0001] growth nanowire is composed is partially crystallized or atomically ordered at least at the
of (0001yno and (0203, planes. It is known that the atoms in  interface between the particle and the ZnO 1D nanostructure
the ZnO (00010 plane have 6-fold symmetry. For the (029) during growth. The ordered layers appear to be taking an
plane matched to (0004), the angle between (1Qs)and important role in initiating the nucleation and growth of the
(101)sn is 57.7; it is acceptable to consider that the atoms in ZnO 1D nanostructure, resulting in morphology control. It may
the (0203, plane have quasi-6-fold symmetry. The low-indexed be the reason the 1D ZnO nanostructures from a single Sn
planes at the interface of ZnO nanostructures are the three setparticle can take different growth directions, despite the preferred
of {0110} 210 planes with a 12Dangle between them (Figure [0001] growth. After the temperature was dropped to room
7a); two of them match thg101}s, planes with a lattice temperature, the Sn particle formed a single-crystal particle, and
mismatch as small as 0.7% in reference to ZnO, and the third it preserved the orientation as defined by the interface with the
one matches thg200 s, with a lattice mismatch of 3.6%. Thus, ZnO 1D nanostructure.
hexagon is preferred to be the cross section at the interface,conclusions
corresponding to a wire/rod morphology.

The interface of [01Q] growth ZnO nanobelts is composed
of (0110)z,0 and (2003, planes. The (000%)o and (2110)zn0
are the low-indexed perpendicular planes that are matched to
(010)%,and (0013, planes with lattice mismatches of 12.0 and
2.1%, respectively. The rectangle strain pattern is likely to
induce the rectangular belt form. Because the lattice mismatches
between{ 2110} 7,0 and (0023, and{ 0110} 7,0 and (1013, are
2.1 and 0.7%, respectively, a possible case is that the lattice
mismatch can be reduced by changing the interface from
(0110)z0 to (1210)zn0, possibly resulting in the deflection in
the interface plane, as observed in Figure 3f.

Using electron diffraction and high-resolution electron mi-
croscopy, we studied the interface relationship between catalyst
Sn particles and their guided ZnO 1D nanostructures. Tin
catalyst not only can guide [0001] growth nanowires, but it also
can guide [010] and [2110] growth nanobelts. The orientation
relationship between the [0001] growth ZnO nanowire and the
smgle crystap3 phase Sn particle is (02§)/| (0001)no, [101]5n
|| [2110]zn0. For nanobelts growing along [0QLand [2110],
the orientation relationships are (26Q)| (0110)zn0, [020]sn ||
[0001Fno and (0023, || (2110)zno, [020]sn || [0001Lno,
respectively. One tin particle can initiate the growth of two 1D
nanostructures; the tin particle is single crystal after growth,
(15) Zhang, L: Jin, Z. H.: Zhang, L. H.: Sui, M. L Lu, Kohys. Re. Lett. and it preserves epitaxial relationships with the grown nano-

200Q 85, 1484. structures.
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Our results provide new insights in revealing the process the crystalline orientation of the tin particle may determine the
involved in VLS growth. Using Sn/ZnO as a model system, growth direction and the side surfaces of the nanowires and
we showed that the interfacial region of the tin particle with nanobelts.
the ZnO nanowire/nanobelt could be partially crystalline or
atomically ordered during the VLS growth, although the local
growth temperature is much higher than the melting point of
tin, and it may play a key role in initiating 1D nanostructure.
The interface prefers to take the least lattice mismatch, thus, JA039354R
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