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Abstract

The ZnO nanorods on ZnO/Si substrates were synthesized by using the low temperature
growth aqueous solution method. The various etching time of plasma treatments were carried on
the as-grown ZnO nanorods to provide the nanorods with nanotips. The morphology and crystal
structure of the ZnO nanorods were exhibit the preferred (002) orientation by scanning electron
microscopy and X-ray diffraction. The field emission properties of the ZnO nanorods after
plasma treatment for 10, 30 and 60 sec are: the turn-on electric fields (at the current density of 10
nA/cm®) are about 2.51, 2.22 and 3.03 V/um, respectively. The improved field emission
properties are believed to benefit from sharp nanotips. The PL spectrum show the as-grown ZnO
nanorods display narrow UV emission and broader green emission peak. It is shown that the

green emission peak disappeared and only strong UV emission after plasma treatment by adjust



Ar/O, ratio.
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1. Introduction

Recently, nanoscale materials have been attracting particular interest because of its
remarkable electronic transport, optical and other properties. One-dimensional (1D)
nanomaterials are extensively being considerable as the candidate materials for field emission
displays, optical/electrical devices and gas sensor' . One of the most important applications of
the 1D nanostructures is in the field emission panel displays due to their high aspect ratio.
However, many studied have been accomplish on field emission from nanorods/nanowires such
as carbon nanotubes (CNTs)3 , Sn0,*, etc. Recently, the ZnO nanorods is also considered to be
one of the most prospective cold cathode materials due to their large excition binding energy,
stronger radiation-oxidation resistance, and high thermal stability”’. The recent field emission
analysis result of the 1D ZnO nanomaterials indicates that electrons are more easily emitted from
the nanostructures with sharp tips than the nanostructures with a uniform diameter. Therefore, it
is necessary to control the morphologies of the nanorods for improving their field emission
properties. So far, the 1D ZnO nanorods synthesized by using different technology including
vapor-liquid-solid (VLS) growth®, thermal evaporation’, metal-origanic chemical vapor
deposition (MOCVD)'? and aqueous solution method''. Among the numerous growth processes,
the aqueous solution synthesis has the advantages of low temperature, pressure, simple equipment

and ambient being achievable for large area fabrication of different ZnO nanosturctures.



In this letter, we synthesized the ZnO nanorods by using aqueous solution and combined the
plasma etching method to form nanotip from the as-grown nanorods. Effects of the etching time
and Ar/O2 ratio on the morphology, electrical and optical characteristics of the ZnO nanorods

were studied.

2. Experimental method

ZnO nanorods were grown on p-type silicon (Si) substrate by using seed-assisted aqueous
solution method. The p-type Si (100) substrate was cleaned by a standard RCA cleaning method
and then rinsed in acetone for 30 min to remove pollutants from the surface of Si substrate.
Subsequently, the epitaxial ZnO buffer layer was deposited by rf-sputtering and follow by in-situ
annealing at 750 “C for 30 min. After annealing, the thickness of the epitaxial ZnO buffer layer
was about 100 nm, which had a highly preferred orientation along (002) (XRD not shown here).
Then, the Si-substrate with ZnO seeding layer was carried out at 80°C for 3h in a sealed kettle
placed in a quartz beaker to synthesized ZnO nanorods. The solution containing of the same mole
concentration of zinc nitrate hexahydrate (Zn(NOs), * 6H,0, 99.9% purity) and methenamine
(C¢H12N4, 99.9% purity). After the aqueous synthesis, the piece covered with ZnO nanorods were
bound on a sputtering target by carbon tape and exposed to Ar/O, plasma with a rf-power of 30
W under a pressure at 5x107 Torr. The plasma treatment under different etching times and adjust
Ar/O; ratio to form the nanorods with nanotips. The morphology and size distribution of the
as-grown and the ZnO nanorods with nanotips were investigated by field-emission scanning

electron microscope (FE-SEM, Hitchi S-47001, Japan). The field-emission current-voltage (I-V)



curves of both as-grown ZnO nanorods and the nanorods with nanotips were measured at room
temperature in the tubo pump vacuum chamber at a pressure of 2x10° Torr. A copper tip was
employed to act as an anode with the tip area of 0.00709 c¢m” and P-type Si covered with ZnO
emitters as an cathode with an area of 1cm®. We used micrometer to adjust the distance between a
copper anode and tip of ZnO nanorods was 150 um. The micrometer with the an accuracy of *
0.1 um. The field emission properties are affected by the anode area and anode-cathode distance
based on Filips model'?. The photoluminescence (PL) spectrum was obtained using a He-Cd laser

(325nm) as excitation source at room temperature.

3. Results and discussion
3-1 Crystal structure and morphology of ZnO nanorods

Fig. (1) illustrates the XRD patterns of as-grown and plasma etched nanorods. Diffraction
peaks in XRD patterns for all of the ZnO nanostructures can be indexed as wuritize hexagonal
structure (ICDD-2003 No.80-0075, a=0.3253nm and ¢=0.5209nm) and the nanostructures of ZnO
exhibit the preferred (002) orientation due to the minimal surface energy in the ZnO hexagonal
wuritize structure. No characteristic diffraction peaks from impurities were detected. The XRD
pattern of as-grown nanorods and plasma treated with 10 and 30 sec show the high intensity of
(002) diffraction peak, which it implies the ZnO nanorods exhibit high crystal quality. In constant
with plasma treated for 60 sec, the intensity of (002) peak apparent decrease, which is argon and

oxygen ion created some damages to effect crystallinity.
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Fig. (1) X-ray diffraction patterns of the nanorod field emitters

The morphology of the as-grown and plasma etched nanorods were observed using FE-SEM

and their SEM images shows in Fig. 2. As show in Fig. 2a, the as-grown ZnO nanorods arrays are

vertically well-aligned with diameter in the range from 200-300 nm, several microns in length

and relatively high cover density. The SEM images of the nanorods after plasma treatment for 10

sec, 30 sec and 60 sec are shown in Fig. 2b-d, respectively. While the plasma treatment for 10 sec,

we can find the top of nanorods become tower-shaped morphology and increase the treatment

time to 30 sec, the nanotips of the nanorods were formed. Compared with SEM images of

as-grown and plasma for 10 sec and 30 sec, the tops of nanorods become nanotips morphology

due to argon and oxygen ion bombardment of the edge of the nanorods and relatively high cover

density will leading to the edge etching rate faster than center etching rate. As a Fig. 2d shows the

plasma treatment for 60 sec, the experiment result indicated a destruction or shortening of the

nanorods, which will decrease the field emission properties.
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FIG.2 (a) SEM image of as-grown ZnO nanorods. (b), (c) and (d) SEM images of plasma

etching ZnO nanorods for 10, 20, 30 and 60 sec, respectively.

3-2 Field emission properties

Fig. 3a shows the result of current versus electric field (J-E curve) with the inset being the
semi-logarithmic J-E plots. The figure indicating that the turn-on electric field of as-grown and
plasma treatment with 10 sec, 30 sec and 60 sec are 3.25, 2.51, 2.22 and 3.03 V/ ¢z m, respectively,
at current density of 10 ¢ A/cm”. The emission current—voltage characteristics were analyzed by
using the Fowler-Nordheim (F-N) equation'®™"” for the field emission measurement.

s of _Bu"“
3 Jexp pE)

J=A(

Where J is the current density, E is the applied field, A=1.56x10"" (AeV/V?), B=6.83x10’



(V/eV'”m), B is a field enhancement factor and v is the work function of the emitter which about
5.37 eV for ZnO. When the work function of the ZnO nanorods is known, the field enhancement
factor can be calculated from the slope of the F-N plots shown in Fig. 3b. The B values are about
1645, 2546, 2696 and 1610 for as-grown, plasma treatment with 10 sec, 30 sec and 60 sec,
respectively. Based on Filips model, the B approximately equal 1+s§, where s is dependent on
screen effect, d is the distance between anode and cathode and r is the radius of the emitters. In
our experiment, the emitters will consider with the same nanorods density of 15.55 / u m? from
SEM images and the distance between tips and anode plate is kept const, which were compared
the effect field emission properties with the different plasma etching time. Clearly, the nanorods
after plasma treatment have a small tip curvature than the as-grown nanorods, when the sharp tips
of nanorods become the exact emission sites and high B values will be obtained. In our case, the
best condition with plasma treatment is 30 sec and it shows the lower turn-on field, uniform
morphology distribution and high crystallinity. Our experiment results also indicate that an
increasing treatment time may result in decrease aspect ratio and destruction of nanorods, which

would degenerate the field emission properties.
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FIG. 3 (a) J-E curves of the nanorod field emitters. (b) Fowler-Nordheim plots of the nanorod



field emitters.

3-3 Optical properties

Photoluminescence (PL) spectrum is a useful technology for characterizing the optical
properties of nanostructures. Fig. 4 shows the PL spectrum for as-grown ZnO nanorods and
during the plasma treated for 30 sec with different Ar/O” ratio. For as-grown nanorods, the
stronger UV emission occurs at about 377nm, which cones from recombination of excition and
broader emission band is located in green emission of the visible spectrum with the emission
peak about 550 nm, which occurs from oxygen vacancy of the nanorods. Previously our group
research'®, we studied the as-grown ZnO nanowires annealing at various temperature in an
oxygen atmosphere and the experiment result indicate the green emission will reduction by
annealing in the oxygen atmosphere. In contrast with our case, we were control different Ar/O
ratio during plasma treatment, which employed oxygen ion implantation into ZnO nanorods and
make reparation the oxygen vacancy of ZnO nanorods. From Fig. 4, when increasing the oxygen
amount, as the green emission centered at about 550nm is decreased, which enhancement the UV
emission optical and crystal properties shall facilitate the applications of nanotips of nanoscale

high emitting device.
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FIG. 4 Photoluminescence spectra of the as-grownZnO nanorods and under plasma treated with

different Ar/O; ratio.

4. Conclusions

In summary, we successfully synthesized sharp tip structured ZnO nanorods employing
plasma treatment. The orientation of ZnO nanorods has been proved by both the highest intensity
of (002) peak in XRD patterns and SEM images. After plasma treatment, the field emission
properties of vertically aligned nanorod emitters were significantly enhanced. The PL spectrum
reveal that the green emission peak disappeared and only strong UV emission after plasma
treatment by adjust Ar/O, ratio. These well-aligned nanotips of the nanorod are expected to be a

multifunctional consistent for field emission and UV-laser device by one-step plasma treatment.
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