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Abstract
ZnO nanowires were grown on silicon substrate by metal–organic chemical vapor deposition (MOCVD) without catalysts.

The scanning electron microscopy (SEM) observations along with X-ray diffraction (XRD) results suggest that the ZnO

nanowires are single crystals vertically well-aligned to silicon substrate. Room-temperature photoluminescence (PL) measure-

ment reveals strong UV emission and weak green emission, which demonstrates that the nanowires are of good optical

properties. The mechanism of the catalyst-free growth of ZnO nanowires on silicon substrate is proposed.
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1. Introduction

One-dimensional wide band-gap nanowires have

attracted much interest because of their remarkable

physical and chemical properties [1,2]. Among those

wide band-gap nanowires, ZnO nanowire has been

intensively studied as a promising material for

optoelectronic devices because of its wide-band gap
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of 3.37 eV and large exciton binding energy (60 meV)

at room temperature. Recently, electronic and optical

devices fabricated by various semiconductor nano-

wires were reported [3–5]. Ultraviolet lasing and field

emission action were observed in ZnO nanowires [6–

8]. Moreover, numerous techniques for the growth of

ZnO nanowires have been reported, including

chemical reactions from aqueous solutions [9,10];

electrochemical deposition [11,12]; and simple ther-

mal evaporation [13–15]. MOCVD is of particular

interest since it has many advantages such as the

feasibility of large area growth as well as simple and
.
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accurate doping and thickness control. Although this

technique has widely been used for epitaxial film

growth, it has rarely been employed for the prepara-

tion of one-dimensional nanowires. Furthermore, ZnO

nanowires were usually prepared on sapphire substrate

[16–19]. However, from the view point of integrating

ZnO devices with the standard silicon technology,

silicon substrate is preferred. Thereby, in this letter

well-aligned ZnO nanowires were successfully pre-

pared by MOCVD on Si (1 0 0) substrate without

catalysts, which could further open the window for

practical applications of ZnO-based optoelectronic

devices.
Fig. 1. X-ray diffraction u–2u scan spectrum of the ZnO nanowires.

2. Experiment

In this study, a vertical chamber MOCVD system

was employed for the catalyst-free synthesis of the

ZnO nanowires. Si (1 0 0) wafer was used as the

substrate. High-purity diethyl zinc (DEZn) (99.999%)

and N2O (99.999%) were used as zinc and oxygen

sources, respectively, and nitrogen as the carrier gas.

The temperature of DEZn was set at 10 8C. The base

pressure of the reactor chamber was 10�5 Torr and the

working pressure was 50 Torr. The ZnO nanowires

were grown via a two-step process. At first, a thin

nucleation layer of ZnO was grown at a low substrate

temperature of 400 8C. After annealing the nucleation

layer, ZnO nanowires were grown on the nucleation

layer at the substrate temperature of 650 8C for

30 min. The crystal orientation and morphology of

ZnO nanowires were characterized by X-ray diffrac-

tion (Bede D1 X-ray diffraction system using Cu Ka

(l = 1.541 Å)) and scanning electron microscopy (FEI

Sirion 200 FEG SEM). Photoluminescence measure-

ments were conducted using a Hitachi F-4500

fluorescence spectrophotometer with a Xe lamp at

room temperature, and the excitation wavelength was

325 nm.
3. Results and discussion

Fig. 1 shows the XRD pattern of the ZnO nanowires

on Si (1 0 0) substrate. Only two peaks corresponding

to ZnO (0 0 2) and Si (1 0 0) plane are observed,

which suggests that ZnO nanowires exhibit total
(0 0 2) preferential orientation. The diffraction angle

of the (0 0 2) peak is in well agreement with the ZnO

bulk single crystal, implying that no residual stress due

to thermal expansion or inclusion-induced lattice

distortion developed in the nanowires during the

growth process.

The general morphology of ZnO nanowires was

obtained using field emission scanning electron

microscopy. As shown in Fig. 2, ZnO nanowires

were vertically well-aligned with uniform length,

diameter and distribution density. The average

diameter and length of the ZnO nanowires grown

for 30 min are 70 nm and 2 mm, respectively. From the

high-magnification image, the hexagonal structure of

ZnO single crystal can be identified. The SEM

observations along with XRD results suggest that the

well-aligned ZnO nanowires are of good crystal

orientation and morphology, comparative to or even

better than those grown on sapphire substrate by

MOCVD [16–19].

The mechanism of the catalyst-free growth of

ZnO nanowires is proposed as follows. At the first

growth stage, a thin nucleation layer about 30 nm

was grown on Si substrate at a low substrate

temperature of 400 8C. The nucleation layer under-

went a Straski-Krastanov (SK) nucleation process

due to the relatively large crystal lattice mismatch

between ZnO and silicon, resulting in some island

structure on the substrate. Annealing the nucleation

layer for 10 min at 650 8C made for the uniform
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Fig. 2. FE-SEM images of the well-aligned ZnO nanowires grown on silicon substrate. (a) Low-magnification, top view; (b) high-magnification,

top view; (c) high-magnification, tilted view; (d) side view.
distribution of the island (shown in Fig. 3), which

provided perfect nucleation sites for the growth of

single crystal ZnO nanowires. And in general cases,

the growth rate of ZnO along c-axis is faster than

those of other orientations [20]. Therefore, it is

reasonable to speculate that the ZnO nanowires were

grown on the island on the annealing nucleation

layer. The uniform distribution of the island led to

the well morphology of the ZnO nanowires since

those grown directly on Si substrate without

nucleation layer showed poor morphology (not

shown).

The optical properties of the ZnO nanowires were

characterized by photoluminescence (PL) spectro-
scopy. Fig. 4 shows a room-temperature PL spectrum

of the ZnO nanowires. A dominant near-bandedge

emission peak at 3.29 eV and a weak broad green

emission at around 2.31 eV are observed. The strong

UV emission is commonly attributed to the direct

recombination of free exciton through exciton–exciton

collision process [21]. The broad green band emission

from the ZnO nanostructure is generally explained by

the radial recombination of a photo-generated hole

with the electron in a singly ionized oxygen vacancy

[22]. The strong UVemission and the weak green band

in the PL spectra indicate that the ZnO nanowires are

of high optical quality, which are suitable for device

applications.
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Fig. 4. Room-temperature photoluminescence spectrum of the ZnO

nanowires.

Fig. 3. FE-SEM images of the annealing nucleation layer.
4. Conclusion

In summary, we have demonstrated the catalyst-

free synthesis of ZnO nanowires on Si (1 0 0) substrate

via MOCVD. The thin nucleation layer grown at low

substrate temperature plays a key role in the growth of

ZnO nanowires. The SEM, XRD and PL measure-

ments suggest that the ZnO nanowires are single

crystals vertically well-aligned to Si substrate and of

fine optical properties, which can be a promising

material for optoelectronic devices.
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