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Metal—Semiconductor Zn—ZnO Core—Shell Nanobelts and Nanotubes
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Heterostructured metakemiconductor ZrZnO core-shell nanobelts and nanotubes have been synthesized.
The core is a belt-shaped Zn single crystal, and the shell is an epitaxially grown ZnO layér i in
thickness. The composite nanobelt grows alongl@.lits top/bottom being+(0001), and side surfaces
+(0110). The Zn core is a single crystal, and the ZnO shell has an epitaxial orientation relationship with the
core. The metal-based nanobelts have a distinct morphology from the nanowires reported in the literature. A
growth mechanism is proposed on the basis of growth kinetics and thermodynamics. Sublimation of the Zn
core results in the formation ZnO nanotubes.

Since the discovery of oxide semiconducting nanobBedtse- of the core-shell and tube structures. The metaémiconductor
dimensional (1-D) facet controlled nanomaterials have attracted epitaxially structured nanobelts could be useful for micro-
much attention due to their potential applications in electronic electromechanical and nano-electromechanical systems.
and optoelectronic devices in nanoscalEhe terminology of The structurally controlled nanobelts were synthesized by a
“nanowires” is fairly popular in the literature, but nanowires solid—vapor decomposition proce5&n—2Zn0O core-shell nan-
represent quasi-one-dimensional nanomaterials that grow alongobelts and nanotubes were synthesized with kinetic control in a
a specific axial direction, whereas their side surfaces may not solid—vapor phase deposition system. Pure ZnO powders were
be well-defined. For nanobelts, it should be emphasized thatselected as source material, which was loaded in an alumina
they represent the 1-D nanomaterials that have specific growthboat and positioned at the center of a horizontal tube furnace.
direction and well-defined side facets. Analogous to carbon The silicon substrates for collecting the products were positioned
nanotubes, whose properties depend strongly on the helical angleat the low-temperature region of the furnace. The synthesis
at which the graphitic layer is rolled up, the properties of the process has two steps. The fist step is to control the evaporation
nanowires and nanobelts should also depend on the anisotropi@and decomposition process, which was carried out by evacuating
structure of their facet surfaces. Therefore, it is a critical step the alumina tube te-2 x 1072 Torr, raising the temperature to
in materials synthesis to control the anisotropic growth of the 1350°C, and holding at the temperature for 5 min, but no carrier
side surfaces, which may lead to unique properties and selectiv-gas was introduced. The second step is to control the growth,
ity. which was also carried out at 138Q for 30 min but with the

Recently, a variety of quasi-one-dimensional ZnO nano- Ar carrier gas at a pressure of 20850 Torr and flow rate of
materials have been synthesized, and they have been used fo25 sccm (standard cubic centimeters per minute). The substrate
fabricating nanolasefsijeld effect transistorsand gas sensofs,  was placed downsteam in the temperature region-200°C.
nanocantilever$,and nanoresonatofsTo enhance the multi-  Finally, the furnace was cooled slowly to room temperature.
functionality, synthesis of 1-D nanocomposites is a direction.  The as-deposited products were characterized and analyzed
The coaxial nanocable of the SiC core and carbon sHestie- by X-ray diffraction (Phillips PW 1800), scanning electron
by-side silica-SiC nanowire$,metal silver nanowires sheathed microscopy (SEM) (LEO 1530 FEG), transmission electron
with silical® tape structured nanobelts of Sh@nd TiG,'* microscopy (TEM) (Hitachi HF-2000 FEG at 200 kV and JEOL
core-shell structured SiGe nanowire$? and ZnG-In,O3 4000EX high-resolution TEM (HRTEM) at 400 kV), and
core—shell nanostructuféhave been synthesized. In this paper, energy-dispersive X-ray spectroscopy (EDS).
we present a novel facet-controlled metaémiconductor Zs The sample was deposited on a silicon substrate, as shown
ZnO nanobelts, which are of rectangular cross-section and by an optical image displayed in Figure 1a. The most interesting
composed of metallic zinc core and semiconducting ZnO shell. phenomenon is that the as-grown products are distributed at
The core and shell are single crystalline and they have antwo distinct temperature regions, with the metallic luster in black
epitaxial orientation relationship. ZnO nanotubes are also found. being the Zn nanobelts and the white the ZnO nanobelts.
A growth mechanism is proposed to understand the formation Scanning electron microscopy (SEM) images show curly Zn

" - - nanobelts (Figure 1b) and straight ZnO nanobelts (Figure 1c).

: gﬁ;f;ﬁ;’i”ﬂg‘gTa‘g;gobn'iz\;gg;{;_Zhong'wang@mse'gamh'edu' The Zn nanobelts were formed in a temperature rang of-200
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Figure 1. (a) Optical micrograph of the as-synthesized sample on a silicon substrate, showing two distinct products on the surface. The three
circles indicate three TEM copper grids placed on the substrate for collecting samples. (b), (c) SEM images recorded from the metallic luster and
white color regions, presenting the formation of pure Zn nanobelts and ZnO nanobelts, respectively. (d) XRD recorded from the metallic region,
showing the formation of Zn nanobelts (The indexes were given on the basis of PDF No. 04-0831.)

length. The ZnO nanobelts were formed at a temperature rangebottom (0001) surfaces is uniform in thickness, whereas the ZnO
of 300-400 °C. The transition distance between the two crystals on the side surfaces exhibit a grainy structure (Figure
different products is~0.5 cm. This apparently shows the  2p), but the electron diffraction pattern (Figure 2c) recorded
structural control by growth temperature and kinetics. form the region indicates two sets of single-crystal diffraction

The structure of the ZnO nanobelts has been investigatedspots, which are indexed to be [0001] Zn and [0001] ZnO with
previously! thus., this paper focuse_s on the Zn nanobelt collected ap, gpjtaxial orientation. This type of composite nanobelt grows
from the metall'|c region. X-.ray diffraction spectrum recorded along [2110[] its top/bottom surfaces being(0001), and side
from th? metallic region mo_hcates that the as-r_ecglved product surfaces{0110}. The zigzag structure presented in Figure 2b
is dominated by zinc (Figure 1d). Transmission electron . . . - =

. . . is due to a change in the growth direction fron210] to [2110],
microscopy (TEM) images illustrate that the Zn nanobelts have ™ . : o

which are two crystallographically equivalent directions. A

widths of ~50 nm (Figure 2a). Diffraction contrast across the ] e )
structure suggests that it has a belt shape with a uniform change in growth direction among the equivalent group of
thickness (the contrast presented in Figure 2a is due to the®[2110], +[1210], and+[1120] produces turning points in the

bending of the nanobelts along its length). Typical zigzag 9rowth directions, resulting in the complex and curly shape of
structures are frequently observed in the synthesized productsthe nanobelts, as characterized by the TEM image (Figure 2a)
Dark-field image shows that the ZnO covering on the top and and SEM image (Figure 1b). Energy-dispersive X-ray spec-
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Figure 2. (a) Low-magnification TEM image of the as-synthesized Zn nanobelts with zigzag structure. (b) Dark-field TEM image from the circled
region in (a), showing uniform contrast across its width and the surface ZnO layer. (c) Corresponding [0001] electron diffraction pattern recorded
from the circled region in (a), displaying the presence of ZnO on the surface of the Zn nanobelt. (d) EDS spectrum recorded from the nanobelt,
showing that the dominant element is Zn. The tiny Cu peak came from the TEM grid.

troscopy (EDS) shows that the nanobelt is dominated by Zn, of the ZnO nanotubes. The ZnO nanotubes may have a
with very little oxygen (Figure 2d). rectangular cross-section, the exterior surface of the tube is fairly
The epitaxial ZR-ZnO nanobelt has been analyzed by high- uniform and smooth, whereas the inner surface is rough.
resolution TEM (HRTEM). Figure 3a is a low-magnification Electron diffraction indicates that the nanotube has a single
TEM image of the nanobelt, displaying a Z&nO core-shell crystalline structure, but the TEM image shows that the nanotube
structure. The most important point is that the shell has an is composed of nanocrystallites, all of which are oriented in
epitaxial relationship with the core, as presented in the electronthe same orientation, so-called textured structure. The nanotube
diffraction pattern, in which there are many weak reflection spots is along [2110], its top/bottom surfaces beingj(0001). The
that were produced by double diffraction from the core and the HRTEM image given in Figure 4c shows the crystallized
shell. From the image and the diffraction pattern, it is apparent structure of the tube wall. In some cases, a tubular structure is
that the core is a single crystal and the shell is single crystalline, found to be directly connected to a Z@ZnO core-shell
both having an epitaxial relationship with identical orientation. structure (Figure 4d). This gives a hint about the formation
The diffraction pattern given in Figure 3 is equivalent to the process of the tube.
one given in Figure 2c except there is a strong double diffraction  Our synthesis experiment used ZnO powder as the raw
effect, which is responsible for producing the extra reflection material, whereas the produced products were ZmO core-
spots. Structurally, Zn and ZnO both have hexagonal crystal shell nanobelts and ZnO nanobelts distributed in distinct
structure with lattice constangs= 0.2665,c = 0.4947 anch temperature regions. It is well-known that the decomposition
= 0.3249,c = 0.5206 nm‘* respectively; thus, the mismatch  of ZnO occurs when it is subject to high enough temperature
between the two in (1@ is ~21.9% (in reference to Zn). The  in a vacuum. The thermodynamics of these processes can be
interference between the Bragg reflections from the two crystals presented as the follows. The setidapor process and the
produces Morie fringes in the image, which are apparent in the decomposition process are expressed to be
high-resolution TEM image presented in Figure 3b at the region
where the Zn core and the ZnO shell overlaps. In the region Zn0O(s)~ ZnO(g) )
there is only a ZnO shell, the HRTEM image shows clear lattice 1
structure. The boundary between the Zn core and the ZnO shell Zn0(9)= Zn(g) + 7;0,(0) 2)
is fairly sharp. Mismatch between the Zn core and ZnO shell
produces defects and stacking faults at the interfacial region
which have been analyzed in detail and will be reported
elsewheré? —RINK(T) = AH,e¢"/ T + AG(T) ®)
Nanotubes of ZnO have also been found in the metallic
region. Parts a and b of Figure 4 show two typical TEM images where AH is the change in free energhG(T) is the Gibbs

The equilibrium constant functioli, for processes 1 and 2 as
'a function of temperature is given ¥y
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Figure 3. (a) Low-magnification TEM image of a ZrZnO core-shell heteronanobelt. (b) [0001] high-resolution TEM image recorded near the
right-hand edge of a nanobelt, showing the-ZmO overlap region and the ZnO wall. The corresponding electron diffraction pattern is given
below (a).

energy, anKy = (PzngPo,?)/P2, wherePz, andPo, are the in Figure 5b. The Zn nanobelt is dominated by a large (0001)

partial pressures of Zn and,Orespectively, and? is the facet due to its lowest surface energy.
pressure in the growth chamber. Substituting the thermodynamic  On the other hand, the residual oxygen in the growth chamber
data into (3), one receivés as well as the oxygen decomposed originally from the raw
material can oxidize the surface of the Zn nanob¥lis,
|n(PZn(g)P021’2/Pe3’2) = —4.855— 2474T (4) resulting in the formation of a thin ZnO shell on the surface.
Because both Zn and ZnO have the hexagonal crystal structure,
From eq 4, the saturation vapor pressure for Zn at 1850 the ZnO shell tends to have an epitaxial orientation relationship

estimated to be-10-3 Torr, close to the preevacuated pressure With the Zn core, forming the ZAZnO core-shell nanobelts.
in the growth chamber; hence, it is possible that part of the Moreover, Zn has a much lower melting point of £I@than
ZnO vapor decomposes into Zn vapor ang Then, the ZnO that of 1975°C for ZnO, it is possible for Zn to be sublimated
vapor together with the Zn vapor are transported by Ar carrier out of the nanobelt in temperatures of 288D0°C (see Figure

gas to a lower temperature region, 200 °C (Figure 5a), 4d)§ resulting in the formation of the ZnO nanotubes (Figure
which is cold enough to condense the vapor phase onto the5c). The exterior surface of the nanotube wall should be uniform
substrate. The ZnO vapor condenses in the regior-300°C and flat, as determined by the original geometry of the nanobelt,

due to its higher sublimation temperature, resulting in the growth Whereas the residual Zn on the inner surface of the wall could
of ZnO nanobelts (the white region in Figure 1a); the Zn vapor produce a roughness (see the image shown in Figure 4a).
condenses in the 26B00°C region owing to lower sublimation In summary, this paper reports metal-based nanobelts that
temperature, resulting in the growth of Zn nanobelts, as shown have a distinct morphology from the nanowires reported in the
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Figure 5. Proposed growth mechanism for the formation of the-Zn
ZnO core-shell nanobelts and ZnO nanotubes. (a) ZnO, Zn, and O
vapor phases decomposed from pure ZnO raw materials at high
temperature and carried by the Ar gas. (b) Deposition of the vapors at
different substrate temperature regions resulting in the formation of
ZnO nanobelts and Zn nanobelts, which subsequently transform into
Zn—2ZnO core-shell heteronanobelts after surface oxidation. (c)
Vaporization/sublimation of the Zn core results in the formation of
ZnO nanotubes.
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