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Abstract 

A zinc oxide (ZnO) whisker network array with sixfold symmetry was fabricated on ZnO-buffered 

(0001) sapphire substrate by the vapour-phase transport method using a mixture of zinc oxide and 

graphite powders as source materials and patterned gold as catalyst. From the ZnO buffer layer, 

hexagonal ZnOnanorods with identical in-plane structure grew epitaxially along the [0001] orientation 

to form vertical stems. The branches grew horizontally from six side-surfaces of the vertical stem 

along [011 0] and other equivalent directions. Most whiskers were confined along the six preferential 

orientations and interconnected with each other to form a regular network structure. The growth 

mechanism is discussed. 

One-dimensional nanostructural materials have attracted great interest because of their unique properties 

and promising applications in electronics, photonics and biochemistry. So far, various one-dimensional 

nanostructures, such as metal nanowires [1], carbon nanotubes [2] and one-dimensional oxide 

semiconductors [3], have been fabricated successfully. The remaining challenge is how to organize the 

nanostructural materials into functional nanodevices, such as nanotransistors, building blocks and 

nanowebs. Great endeavour has been made to investigate the critical issue of assembling. Self-assembly 

is an economic and convenient approach to fabricated nanostructural networks. So far, the alternative 

self-assembling approaches include diffusion-controlled aggregation [4], nanoclusters [5] and template-

assisted growth [6], atomic adsorption along stress lines on flat surface [7], dealloying a chemically 

etched Al–Si thin film [8] and surfactant-induced mesoscopic organization [9]. Very recently, Graham et 

al [10] reported a rapid self-assembly for a two-dimensional network of gallium oxide nanowires and 

nanotubes using hydrogen/oxygen plasma exposure of gallium-droplet-covered substrate. Although 

various nanomaterials have been employed in the above reports, allnanowebs were random. To obtain 

regular structure, Lieber’s group [11] has developed a fluidic alignment technology to assemble one-

dimensional nanostructures. Electron beam lithography [12] and scanning probe microscopy [13] have 
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also been utilized to prepare the nanowebs through the so-called top-down approach. Though various 

desired structures could be fabricated in principle through these advanced tools, the fabrication process 

is relatively slow and inconvenient. 

Recently, nanostructural zinc oxide (ZnO) has been becoming a hot topic because of its fantastic 

characteristics and its great potential applications to optoelectronic nanodevices, such as nanolasers, 

nanosensors and nanoscale field effect transistors. So far, various ZnO nanostructures such as nanowires 

[14], nanotubes [15], nanoribbons [16], nanopins [17] and hierarchical nanorods [18, 19] have been 

fabricated. In this paper, we shall present a sixfold symmetric network array of ZnO whiskers fabricated 

on sapphire substrate through vapour-phase transport assisted by an [0001]-oriented ZnO buffer layer and 

Au-patterned catalyst. To our knowledge, this is the first report on a ZnO whisker network with regular 

structure. The synthesized ZnO network with regular structure can be used for future electronic or 

photonic interconnects. 

ZnO has been used previously as a buffer layer to grow epitaxiallyGaN thin film [20, 21], indium tin 

oxide thin film[22] and aligned ZnOnanorod arrays [23] along the [0001] orientation on various 

substrates. In the present case, a ZnO thin film was employed as a buffer to prepare a ZnO whisker 

array with sixfold symmetric network structure. The ZnO buffer layer was fabricated on (0001) 

sapphire by filtered cathodic vacuum arc (FCVA) [24, 25] technology under an oxygen background 

pressure of 8x10−4–2x10−3 Torr, using metallic zinc as a target. The substrate temperature was kept 

at 400 
°
C, the arc current was 60 A and the toroidal magnetic field is around 40 mT. 

Using a copper grid with 400 mesh as the mask, which is often used as a sample holder for 

transmission electron microscopy (TEM), a patterned array of thin gold film was prepared on the ZnO 

buffer layer by thermal evaporation. TheZnO whisker network was fabricated on the patterned substrate 

by the vapour-phase transport method [14, 17]. The growth was carried out in a quartz tube using a 

mixture of ZnO and graphite powders as source materials. The source temperature was 1100 
°
C and the 

growth temperature was about 700 
°
C. A white layer of product was observed on the collector after 

sintering in air for 30 min. 

Figure 1 shows the scanning electron microscopy images of the product. It can be seen from figure 1(a) 

that the surface was covered with patterned arrays of ZnOfibres corresponding to the inserted gold 

pattern (insert of figure 1(a)). This indicates a position-selected growth from the patterned area of Au, 

which acts as the catalyst. From the enlarged SEM images of figure 1(b), it is clearly seen that all fibres 

grow along six specific directions parallel to the substrate surface. The size of the fibres is about 

500−800 nm in diameter and several tens of microns in length. Each cell is composed of sixfold 

symmetric branches that interconnect adjacent cells to form a network with regular structure. The 

morphology of the centre of a cell as circled in figure 1(b) is presented in an enlarged SEM image of 

figure 1(c). Whiskers are observed and each one of them is composed of a stem with hexagonal cross-

section and several branches grown radially around the sides of the stem. It is noted that the stems are 

perpendicular to the substrate, and the branches from either the same or different stems are parallel to the 

substrate along the pre-defined sixfold symmetric directions as indicated by the arrows in figure 1(c). 

Seen from the regular network structure in figure 1, the ZnO stems grown from the ZnO buffer layer 

must have identical in-plane crystal orientations. So the network array shown in figure 1 demonstrates 

indirectly the epitaxial growth of the ZnO buffer on the sapphire substrate, and the ZnO vertical stem on 

the ZnO buffer [23]. 

Figure 2 shows the high resolution transmission electron microscopy (HRTEM) images taken from 

different parts of a nanowhisker inset between figures 2(a) and (b). The image of figure 2(a) shows the 

lattice fringes of the stem. The d-spacing of 0.26 nm matches with that of the (0002) planes of the 

wurtziteZnO. The lattice fringes of the branch fibre are presented in figure 2(b), where the d-spacing of 

0.28 nm corresponds to the interplane spacing of the (011 0) facets. The crystal structures of the ZnO 



 

 

whisker are further confirmed by the selected area electron diffraction (SAED) patterns. Shown as the inset 

between figures 2(a) and (b), the diffraction spots present the same distribution although they were taken 

from the above two parts. The two indexed bright diffraction spots in mutually orthogonal directions 

correspond to the planes of (0002) and (011 0) and the zone axis is [21 1 0]. These results demonstrate that 

the hexagonal rods grew epitaxially along the [0001] direction from the ZnO buffer layer to form vertically 

aligned stems with hexagonal structure, and the branch fibres grew epitaxially from the side-surfaces along 

 011 0  orientations to form a sixfold symmetric structure. 

Figure 3 shows the XRD patterns of the ZnO buffer layer and the whisker network. Only the (0002) 

peak was observed from the ZnO thin film, which demonstrates that the ZnO buffer layer grow along the 

[0001] direction with good crystal quality. The XRD spectrum illustrates multi-peaks after the ZnO 

network structure was fabricated on the buffer layer. As indexed in figure 3, all diffraction peaks match 

the wurtziteZnO structure with the lattice constants of a = 3.250 Å and c = 5.207 Å. 

On symmetric hierarchical nanostructures, Gaoet al [19, 26] have reported nanopropellers and 

nanowire– nanoribbon junction arrays of ZnO fabricated by thermal evaporation of a mixture of ZnO 

and SnO, where metallic tin decomposed from SnO served as catalyst. Lao et al [18, 27] have 

investigated the ZnO–In2O3  hetero-structural nanostructures controlled by varying the proportion of 

In2O3 to ZnO powders in the starting material. The individual whiskers in their reports had symmetry; 

however, the whole whiskers were still distributed randomly on the collector. In the present case, we 

show a network with regularity constructed by many homogenous ZnO whiskers with sixfold symmetric 

hierarchical structure. The growth process is determined by means of the vapour–liquid–solid (VLS) 

mechanism. Vapours of zinc and zinc suboxide are generated in the source region due to reduction of the 

ZnO powders by graphite powders. The vapour transports to the low temperature region and condenses 

on the collector surface, and reacts with catalyst Au to form liquid droplets of Zn–Au alloy as nuclei that 

are favourable to adsorb the incoming vapour; meanwhile, ZnO whisker structures are produced due to 

the oxidization of Zn and ZnOx(x <1). According to this mechanism, the initial growth stage is very 

important for the whole growth process and the nanosized droplets play roles as nucleation seeds. The 

selected growth position depends on the sites of catalyst. So the patterned ZnOnanofibre arrays were 

obtained on the Au-patterned substrate as shown in figure 1. Figure 4 shows the SEM image of the 

sample in the initial growth stage. The morphology illustrates the dispersed nanodots distributed onthe 

Au-patterned sites. It can be seen from the enlarged SEM image (figure 4(b)) that the nanodots have a 

tendency to grow upwards although they are so small. These nanodots act as nuclei and grow epitaxially 

up to form ZnOnanorod stems due to the matched lattice constant between the growing ZnOnanorod 

and the buffer layer. Figure 4 demonstrates the two-step growth process of the hierarchical structures. In 

other word, the branch fibres grew after the nanorod stem. The nucleation of the branches is not 

completely clear now. It is assumed that some rough sites appear on the side-surfaces due to the vapour 

random fluctuation in the growth period of the stem nanorods, which are likely to become nucleation 

points in the following epitaxial growth due to a self-catalysed process [28]. In other words, the 

incoming Zn or ZnOxvapour readily condenses into nano-droplets on the randomly distributed sites on 

the six side-surfaces of the existing ZnOnanorod stem; therefore, the branches do not always appear on 

all sides for each whisker. In a Au-patterned cell region, however, all of the branch fibres from either 

the same or different stems are confined to the six symmetric directions because they grow epitaxially 

from the self-catalysed positions on the six equivalent side-surfaces. 

Figure 5 gives a schematic diagram for the growth process of the ZnO hierarchical structure and the 

network. The ZnO stem has a hexagonal cross-section bounded by six equivalent crystallographic planes 

of ±(11 00), ±(101 0) and ±(011 0). While the rod stems grew up, the branch fibres grew around the stem 

along [101 0] and the other five equivalent orientations from the above six facets. The intercross angle 

between any adjacent branches is 60
◦
 so the top-view image of the hierarchical whisker has a sixfold 

symmetric structure although the branches possibly appear at different sites on the side-surfaces, as shown 



 

 

in figures 5(a) and(b). With apatterned structure of catalyst, the hierarchical whiskers interconnect with 

each other to form a regular network (figure 5 (c)). It is believed that the epitaxial ZnO buffer layer is very 

important for the regularity of the network structure. The buffer layer not only provided a latticematched 

substrate for vertical growth of hexagonal ZnO nanorods, but also, more importantly, transferred the 

crystal structure of the sapphire substrate to the ZnO nanorod stems with identical in-plane orientation, 

from which sixfold symmetric networks are formed with regularity. 

In summary, employing an epitaxial ZnO buffer layer on sapphire, a regular network of ZnO whiskers 

was fabricated by the vapour-phase transport method using a mixture of ZnO and graphite powders as 

source materials and patterned Au as catalyst. From the buffer layer, the ZnO nanorod grew epitaxially 

along the [0001] orientation to form a stem with hexagonal cross-section. During the nanostem growth, 

the branch nanofibres grew around the stem from its six side surfaces to form a hierarchical structure 

with sixfold symmetry. The [0001]-oriented ZnO buffer layer provided a lattice-matched substrate and 

ensured the uniform growth directions. The ZnO network array with regular structure may be used for 

electronic or photonic interconnects and other advanced applications, such as array waveguides, optical 

interconnects and optical couplers. 
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Figure 1 The network structure of ZnO whiskers. (a) and (b) SEM images of the network with 

low and high magnificationsrespectively. The inset in (a) shows the gold pattern on 

the ZnO buffer layer. (c) The morphology of the centre area of a pixel circledin (b). 

The arrows drawn in (c) indicate the growth directions of the branches parallel to the 

substrate. 

 

Figure 2 HRTEM images of the inserted stem (a) and the branch (b) and the corresponding 

SAED pattern. 

 

Figure 3 XRD patterns of ZnO buffer layer and as-grown ZnO whisker network. 

 

Figure 4 SEM images of the ZnO network in the initial growth stage with low (a) and high (b) 

magnifications. 

 

Figure 5 Schematic diagram of formation and structure of the hierarchical ZnO whisker (a), (b) 

and the network (c). 
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