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Abstract This work describes the growth of highly verti-
cally aligned ZnO nanoneedle arrays on wafer-scale cata-
lyst-free c-plane sapphire substrates by plasma-assisted
molecular beam epitaxy under high Zn flux conditions. The
photoluminescence spectrum of the as-grown samples re-
veals strong free exciton emissions and donor-bound ex-
citon emissions with an excellent full width at half maxi-
mum (FWHM) of 1.4 meV. The field emission of highly
vertically aligned ZnO nanoneedle arrays closely follows
the Fowler—Nordheim theory. The turn-on electric field
was about 5.9 V/um with a field enhancement factor 8 of
around 793.

PACS 81.07.-b - 81.15.Hi - 79.70.4q

1 Introduction

Recently one-dimensional (1-D) nanostructure materials
have stimulated considerable interest because of their novel
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fundamental properties and wide range of potential applica-
tions in several fields [1-4]. One of their important proper-
ties is the high aspect ratio, which makes fascinating candi-
dates for electron field emission since tip geometry is critical
to electron field emission properties [5]. The field emitters
are useful in high-brightness electron sources and flat panel
displays [6]. Among 1-D nanostructure materials, ZnO is an
oxide material which is intrinsically resistant to oxidation
and has high thermal stability. Therefore, a ZnO-based 1-D
nanostructure is an excellent candidate for use in field emis-
sion devices and has attracted much attention. ZnO with a
wurtzite-structure has a wide direct band gap of 3.37 eV
at room temperature and a large exciton binding energy of
60 meV. The fundamental optical properties of ZnO underlie
their potential for use in photonic devices [7, 8]. ZnO-based
1-D nanostructures in various forms, including nanowires,
nanoneedles and nanopencils, have been grown by various
growth methods and examined [9—17]. The results show that
electrons are more easily emitted from ZnO nanostructures
with sharp tips than from nanowires of uniform diameter.
However, ZnO-based 1-D nanostructures grown by mole-
cular beam epitaxy (MBE) have been obtained only using
catalyst-driven methods [18, 19].

This work demonstrates the growth of highly vertically
aligned ZnO nanoneedle arrays on a wafer-scale catalyst-
free c-plane sapphire substrate by plasma-assisted molecular
beam epitaxy (PA-MBE), and investigates their photolumi-
nescence (PL) and field emission properties.

2 Experiments
The growth was carried out in a Veeco EPI 620 MBE sys-

tem on a c-plane sapphire substrate. An Addon RF-plasma
source with independently separated pumping design was
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Fig. 1 Schematic diagram of cross-sectional device structure for field
emission measurements

used to provide reactive oxygen radicals. The flux of oxy-
gen gas was controlled by a mass flow controller. Knudsen
cells were utilized to evaporate the Zn metal source. Before
deposition, the substrate was cleaned by acetone and chem-
ically etched using a heated acid solution of H>SO4 and
H3POy4 for 15 min. Thereafter, the substrate was desorbed at
920°C. During growth, the substrate temperature was fixed
at 650°C and the oxygen RF-plasma source was kept at
400 W with an oxygen flow rate of 3.0 SCCM. The chamber
pressure during growth was around 1 x 10~ Torr. The en-
tire growth process was monitored by reflection high-energy
electron diffraction (RHEED). The surface morphology and
film thickness were analyzed using a scanning electron mi-
croscope (SEM). The 325 nm line from an He-Cd laser was
employed as the exciting source in the PL measurements.
The field emission properties of the highly vertically aligned
ZnO nanoneedle arrays were measured using a two-parallel-
plate configuration in an ultrahigh vacuum chamber with a
pressure of better than 1 x 107 Torr at room temperature.
Figure 1 shows the schematic diagram of cross-sectional de-
vice structure. The thickness of flat ZnO layer and the width
of device area were about 300 nm and 1 mm, respectively.
The gold-foils of thickness less than 1 pm were used for
the electrical contact, and therefore the 30 wm-thick plastic
insulators determined the electrodes gap.

3 Results and discussion

Recent reports have demonstrated that ZnO thin films grown
under stoichiometric and/or slight Zn-rich conditions have
flat surface morphologies and better crystalline quality due
to better surface migration of the adatoms [20, 21]. Figure 2
plots the growth rate of ZnO thin films, which were esti-
mated from the cross-sectional SEM images, as a function
of reciprocal Zn temperature. The flux of the solid source
is generally an exponential function of the reciprocal tem-
perature over a suitable range of temperature. As shown in
Fig. 2, the growth rate of ZnO thin films rises linearly to
near 340°C and then saturates at a higher Zn temperature.
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Fig. 2 Growth rates of ZnO thin films at various Zn temperatures un-
der fixed O-plasma conditions, estimated from the cross-sectional SEM
images, as a function of reciprocal Zn temperature. The dashed line in-
dicates the flat-to-needle transition point

This behavior indicates that the growth mode is limited by
the minority atoms on the surface. When the growth rate is
governed by O-rich conditions, it linearly increases with the
Zn beam flux. When the growth conditions are Zn-rich, the
growth rate becomes saturated with further increases in Zn
beam flux.

In Fig. 3(a)—(d) present typical SEM images of the sam-
ple surfaces which were grown under O-rich toward un-
der Zn-rich conditions. Some island structures with a few
vertically aligned nanoneedles were observed on the sur-
face of films at a Zn temperature of 340°C, whereas those
samples grown under O-rich conditions had flat surfaces.
Highly vertically aligned nanoneedle arrays with average
density of around 10° cm™2 were obtained under high Zn
flux conditions. The average length and diameter of needles
were about 300 nm and 50 nm, respectively. Hu et al. [22]
proposed a model called self-catalyzed vapor-liquid—solid
(VLS) growth. They suggested that Zn deposits in the form
of liquid droplet and the Zn droplets then react with oxygen
to form ZnO. Zn not only acts as a reactant, but also provides
an energetically favorable site for the absorption of oxygen.
Therefore, no transition metal need be added as a catalyst.
Hsu et al. [16] reported a similar conclusion and demon-
strated the growth of ZnO nanowires on ZnO : Ga/glass tem-
plates at 600°C by a self-catalyzed VLS process. ZnO is
well known to be a polar crystal, like GaN, and the po-
lar plane {0001} has higher surface energy than the other
non-polar surfaces. Therefore, the crystal growth rate in the
(0001) direction is high for energetic reasons under thermo-
dynamic equilibrium conditions [23]. Here strong Zn-rich
conditions cause the formation of Zn droplets, and these
randomly nucleated Zn droplets act as nucleation sites. The
nuclei become larger on the surface and finally grow into
1-D nanoneedle structures. Therefore, the uniformity of the
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Fig. 3 Typical SEM images of sample surfaces which were grown under O-rich toward Zn-rich conditions, (a) Zn = 310°C, (b) Zn = 330°C,

(¢) Zn =340°C, (d) Zn = 380°C

nanoneedles probably depends on the uniformity of the Zn
droplets, and the random distribution on the surface proba-
bly is due to the random nucleation of the Zn droplets.

Figure 4 shows the 10 K PL spectrum of the near-band
edge of ZnO nanoneedle arrays. Based on their energy, these
emission lines can be ascribed to excitons bound to neu-
tral donors (Ip, 14, I, Ig and Ig) and free excitons (FXa
and FX3g), respectively [24, 25]. Among them, the domi-
nant peak at 3.358 eV, Io, with a full width at half maxi-
mum (FWHM) of 1.4 meV is attributable to indium [25]. As
shown in Fig. 4, although the PL come not only from the
nanoneedles but also the flat base layer, the observation of
strong free exciton emissions and bound exciton emissions
with excellent FWHM indicates that the samples are of high
optical quality.

Figure 5 plots the curve of emission current density (J)
as a function of applied electric field (E) for the device area
of 1 mm x 3 mm. And, the number of nanoneedles included
in the device is estimated to be around 3 x 107. The inset
in Fig. 5 is the corresponding Fowler—Nordheim (F-N) plot
of In(J/E?) versus 1/E, which reveals a linear relationship
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Fig. 4 10 K PL spectrum of near-band edge of ZnO nanoneedle ar-
rays. Peaks were assigned to free excitons (FXa and FXg) and excitons
bound to neutral donors (I, 14, Ig, Ig and Ig) [24, 25]

above the turn-on electric field. The results show that the
field emission of highly vertically aligned ZnO nanoneedle
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Fig. 5 Plot of field emission current density (J) as a function of ap-
plied electric field (E) for highly vertically aligned ZnO nanoneedle
arrays with area of 1 mm x 3 mm. Insez plots In(J/E?) vs. 1/E, and
the solid line presents the linear fitted results

arrays follows the F-N theory closely. As shown in the inset
of Fig. 5, the turn-on electric field is 5.9 V/pum (the turn-on
field is defined herein as the point at which the slope changes
from positive to negative). However, the emission current
density reached only about 0.6 mA/cm? at an applied field
of 12 V/um. Kato et al. [26] reported that the free-carrier
concentration of unintentionally doped ZnO layer grown
under Zn-rich conditions is about 1 x 10'7 cm™3. There-
fore, our result probably follows from the fact that the sap-
phire substrates were insulating and the current flowed later-
ally through the unintentionally doped ZnO thin film, yield-
ing a large resistance. In addition, the nanoneedles herein
also have been unintentionally doped. Heavy n-type doping
may reduce the resistivity and the voltage drop along the
nanoneedles, and enhanced field emission has been demon-
strated in boron-doped carbon nanotubes due to the dopant
atoms reducing the work function [27]. The field enhance-
ment factor 8 of around 793 was calculated from the slope
of the F-N plot above the turn-on electric field based on
the assumption that the work function @ = 5.3 eV [28, 29].
Our result is comparable to the values for ZnO nanonee-
dle arrays which were prepared by electrochemical depo-
sition method [12] (8 = 758 at electrodes gap = 200 pm)
and multiwall carbon nanotubes [30] (8 = 830 at electrodes
gap = 125 pm).

4 Conclusion

In summary, highly vertically aligned ZnO nanoneedle ar-
rays were grown on wafer-scale catalyst-free c-plane sap-
phire substrates by PA-MBE at 650°C under high Zn flux
conditions. PL. measurements revealed that the highly ver-
tically aligned ZnO nanoneedle arrays were of high opti-
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