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Arrays of single-crystal zinc oxide (ZnO) nanowires have been synthesized on silicon
substrates by vapor-liquid-solid growth techniques. The effects of growth conditions
including substrate temperature and Ar gas flow rate on the growth properties of ZnO
nanowire arrays were studied. Structural and optical characterization was performed
using scanning electron microscopy (SEM) and photoluminescence (PL) spectroscopy.
SEM images of the ZnO nanowire arrays grown at various Ar gas flow rates indicated
that the alignment and structural features of ZnO nanowires were affected by the gas flow
rate. The PL of the ZnO nanowire arrays exhibited a strong ultraviolet (UV) emission at
380 nm and a weak green emission at around 510 nm. A blue shift and broadening of the
UV emission were observed with an increase in Ar gas flow rate.

1. Introduction

Zinc oxide (ZnO) semiconductor materials are currently attracting considerable
attention, as evident from the large increase in the number of recent publications. ZnO is
regarded as a promising candidate material for ultraviolet (UV) light-emitting diodes-?
and laser devices“® because of its relatively large exciton binding energy of 60 meV and
wide direct band gap of 3.37 eV at room temperature. The optoelectronic applications
of ZnO overlap those of gallium nitride (GaN), which has a bandgap of 3.4 eV at room
temperature and is widely used for the production of green, blue-UV, and white light-
emitting devices. However, ZnO has advantages over GaN in terms of the availability of
high-quality bulk single crystals and having a large exciton binding energy of 60 meV. In
addition, ZnO can be grown by simple crystal-growth technologies, potentially lowering
the costs of ZnO-based devices. Recently, ZnO nanostructures have been extensively
studied owing to their unique applications in mesoscopic physics and chemistry. The
properties of ZnO nanostructures strongly depend on both their size and shape. The
ability to easily manipulate the structure and morphology of ZnO has led to particular
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interest in its nanostructures. A wide variety of nanoscale morphologies can be grown,
such as wires, rods, tetrapods, belts, rings, and combs."'V In particular, ZnO nanowires
and nanorods grown by vapor deposition techniques and solution-based methods have
attracted interest because of their possible applications in optoelectronic devices, such
as light-emitting diodes, transparent field-effect transistors, UV light detectors, and solar
cells. The fabrication of nanoscale devices has become the focus of intensive research
in the area of photonics.(>?? ZnO nanowires grown on Si substrates are well suited for
the development of such optoelectronic devices. Specific applications include the use of
n-ZnO/p-Si heterostructure photodiodes for UV and visible light detection.?2> Metal-
catalyst-assisted thermal chemical vapor transport via the vapor-liquid-solid (VLS)
mechanism is a popular technique for fabricating ZnO nanowires on Si substrates. The
synthesis of well-aligned ZnO nanowire arrays is highly important for the fabrication
of optoelectronic devices. There are a number of reports of ZnO VLS nanowire growth.6-33
However, the effect of growth conditions on the resulting ZnO nanowires and their
growth mechanisms remain unclear. A comprehensive understanding of nanowire
growth is important for controling the synthesis of nanowires.

In this paper, we report on the structural and optical characterization of ZnO
nanowires grown on Si substrates by VLS growth methods. In particular, the effect of
the gas flow rate on the structural features of ZnO nanowire arrays is examined. The
alignment and structural features of ZnO nanostructures are strongly affected by the
gas flow rate. Scanning electron microscopy (SEM) images of the ZnO nanostructures
reveal well-aligned nanowire arrays. Beltlike and comblike structures are observed
in the samples grown at high gas flow rates. The photoluminescence (PL) of the ZnO
nanowires on Si exhibited a strong UV emission at 380 nm and a weak green emission
at approximately 510 nm. A blue shift in the UV emission was observed in the samples
grown under an Ar gas flow.

2. Experimental Techniques

The synthesis of ZnO nanowire arrays on a Si substrate was carried out by
conventional Au-catalyst-assisted thermal chemical vapor transport, as schematically
shown in Fig. 1. The source material was a mixture of zinc (II) oxide powder (99.999%)
and graphite powder (99.9%) at a ratio of 2:1 by weight. The source material and a Au-
covered Si substrate were placed in a quartz tube. The Si substrates were cut from a
(111)-oriented Czochralski (CZ) Si wafer. Chemical etching of the Si wafer surface was
carried out in a mixed acid solution with 5% HF. Then a layer of Au about 5 nm thick, as
measured using a quartz crystal monitor, was first deposited on Si substrates by thermal
vacuum evaporation. Separately, a quartz tube of 30 mm diameter was transferred into
a horizontal furnace. One side of the quartz tube was connected to an Ar gas inlet and
the other side to a vacuum pump. The source materials were placed at a hot zone in
the center of the furnace. The Si substrate was placed downstream in the inner tube in
the direction of gas flow. The natural temperature gradient of the furnace resulted in a
difference in substrate temperature from 200 to 800 °C. The source material was heated
at 1000 °C and was maintained under a constant flow of Ar gas for 30 min. The entire
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Fig. 1. Schematic diagram of the experimental apparatus for growth of ZnO nanowire arrays in
horizontal quartz tube furnace by VLS.

system was evacuated to a base pressure of 40 Pa. Then Ar gas was introduced into the
system at rates varying from 1 to 4 L/min. The furnace was then turned off and allowed
to cool to room temperature. The surface morphology of ZnO nanowires was observed
by SEM (JSM-6300). PL measurements were carried out at room temperature using
the 365 nm excitation of a UV-LED (OMRON ZUV-C30H) and a miniature fiber optic
spectrometer (Ocean Optics USB-2000).

3. Results and Discussion

Figures 2(a) and 2(b) show typical SEM images of the as-prepared nanowires grown
under a base pressure of 40 Pa without Ar gas flow and at an Ar gas flow of 1 L/min at
atmospheric pressure, respectively. The substrate temperatures were optimized to 600 °C
in both cases because SEM images showed that the well-aligned nanowires were grown
at the substrate temperature. It is clear that a well-aligned nanowire array was grown
uniformly on the Si substrate under Ar gas flow. The nanowires were straight, smooth,
and relatively vertical to the Si substrate. The substrate temperature was optimized at 600
°C in both cases. The nanowires were not synthesized well below 500 °C, and a rough
morphology was observed in samples grown above 700 °C. The reaction between ZnO
and C produces Zn vapor and CO gas, and the oxidation of Zn provides ZnO crystals.
The main reaction is expected to be ZnO(S) + C(S) <« Zn(g) + CO(g).?® Energy
dispersive X-ray spectroscopy (EDX) analysis of these nanowires confirmed that the
elemental composition is 49.05 at.% Zn, 45.00 at.% O, 5.00 at.% Si, and 0.005 at.%
Au. The room-temperature PL spectrum of the ZnO nanowire array grown at an Ar gas
flow of 1 L/min is shown in Fig. 3. A UV emission band is observed at 380 nm, which
corresponds to the near-bandgap-edge emission. The FWHM of the UV emission is
estimated to be approximately 0.1 eV. The narrow FWHM indicates uniformity and a
narrow size distribution of the ZnO nanowires.?® A weak green emission at around 510
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Fig. 2. SEM images of ZnO nanowires grown on Si substrates under different growth conditions:

(a) under a base pressure of 40 Pa without Ar gas flow and (b) ambient pressure of 0.1 MPa with
Ar gas flow at 1 L/min.
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Fig. 3. PL spectrum of ZnO nanowires grown with Ar gas flow at 1 L/min.

nm is also observed, which is considered to originate from defect states such as surface
defects and oxygen.®¥ The ratios of the UV to visible emission intensities suggest that
the crystallinity of ZnO nanowires grown with Ar gas flow was improved compared with
those grown without Ar gas flow. The SEM images of ZnO nanowire arrays grown at
different Ar gas flow rates are shown in Fig. 4. The substrate temperature and source
heating temperature were maintained at ~600 and ~1000 °C, respectively. We confirm
that the growth under Ar gas flow leads to the formation of well-aligned ZnO nanowire
arrays. However, disordered nanowire arrays and belt- and comblike structures were
observed at Ar gas flow rates of above 3 L/min. The diameter of nanowires decreased at
higher Ar gas flow rates, as shown in Fig. 5.
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Fig. 4. SEM images of ZnO nanowires grown on Si substrates at different Ar gas flow rates: (a) 2,

(b) 3, and (¢) 4 L/min.
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Fig. 5. Dependence of the diameter of nanowires grown on (111) Si substrate on gas flow rate.
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The PL spectra in Fig. 6 show both the UV emission at 380 nm and a broad green
emission at around 510 nm. By comparison, the sample grown under a base pressure
of 40 Pa without Ar gas flow showed no emission spectrum. The weak green emission
intensity declined at higher Ar gas flow rates, as shown in Fig. 6, and finally disappeared
in the ZnO nanowire arrays grown at Ar gas flow rates above 3 L/min. Growth under Ar

gas flow reduces the number of deep level defect states and improves the crystallinity of

the ZnO nanowire. Disordered ZnO nanowire arrays and other structures, such as belt-
and comblike structures, were observed at Ar gas flow rates above 3 L/min. A blue shift
and a broadening of the UV emission are clearly observed in the PL spectra shown in Fig. 7.
The peak UV emission wavelength of the samples grown at flow rates above 2 L/min
is shorter than that of the sample grown at 1 L/min, suggesting a quantum confinement
effect from the reduction in the nanowire diameter and formation of belt- and comb-

like structures. In addition, the samples grown above 3 L/min contain a large variety of

disordered nanostructures such as belt- and comblike structures, which may contribute to
the broadening of the UV emission spectra.
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Fig. 6 (left). PL spectra of the samples grown at different Ar gas flow rates: (a) 1, (b) 2, (c) 3, and (d)
4 L/min.

Fig. 7 (right). PL spectra of UV emission in the samples grown at different Ar gas flow rates: (a) 1,
(b) 2, (c) 3, and (d) 4 L/min.
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Fig. 8. (Color online) I~V characteristic measured under dark conditions and illuminated with UV
light.

Finally, we fabricated a diode structure. The ZnO nanowires are grown on p-type
Si substrate. They were covered with tin-doped indium oxide (ITO), which acts as an
electrode. The ITO layer was synthesized by the spray method. A solution containing
InCl;-4H,0, SnCl,-2H,0, and ethanol was sprayed on the substrate on which the
nanowires were grown at 350 °C. After that, the sample was annealed at 600 °C for 1
h in air ambient. The current-voltage (/-V) characteristics of the diode were measured
under dark conditions and also under illumination with UV light, as shown in Fig. 8. The
-V curve of the structure under dark conditions shows clear rectification with a threshold
voltage of approximately 2 V and a reverse leakage current of 1 pA at a bias voltage of
—3 V. Therefore, the formation of a heterogeneous p—n junction was confirmed. When
UV light illumination was applied, the structure emitted photocurrent.

4. Conclusions

The structural and optical properties of ZnO nanowire arrays grown on Si substrates
by VLS growth techniques have been studied. The alignment and structural features
of the ZnO nanostructures were strongly affected by the Ar gas flow rate. Well-aligned
nanowire arrays were observed in the samples grown at Ar gas flow rates of 1 and 2 L/
min. X-ray diffraction (XRD) measurements confirmed that the nanowires had typical
ZnO hexagonal wurtzite structures with the nanowires preferentially oriented along the
c-axis. Various SEM images of the ZnO nanostructures revealed the formation of belt-
and comblike structures in samples grown at Ar gas flow rates of 3 and 4 L/min. The
PL measurements exhibited a strong UV emission at 380 nm and a weak green emission
at approximately 510 nm in the samples grown under an Ar gas flow. In addition to the
blue shift of the UV emission, broadening was also observed. The broadening is likely
to result from an increase in the diversity of the sizes and shapes of nanostructures. In
addition, the formation of a heterogeneous p—n junction was confirmed in the sample of
nanowires grown on p-type Si.
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