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Synthesis and efficient field emission characteristics of patterned ZnO nanowires�
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Abstract: Patterned ZnO nanowires were successfully synthesized on ITO electrodes deposited on the glass sub-
strate by using a simple thermal evaporation approach. The morphology, crystallinity and optical properties of ZnO
nanowires were characterized by scanning electronmicroscopy, X-ray diffraction, energy dispersive X-ray and pho-
toluminescence spectroscopy. Their field emission characteristics were also investigated. SEM images showed that
the ZnO nanowires, with a diameter of 100–200 nm and length up to 5�m,were highly uniform and well distributed
on the linear ITO electrodes. The field emission measurement indicated that patterned ZnO nanowire arrays have
a turn-on field of 1.6 V/�m at current density of 1 �A/cm2 and a threshold field of 4.92 V/�m at current density
of 1 mA/cm2 at an emitter-anode gap of 700 �m. The current density rapidly reached 2.26 mA/cm2 at an applied
field of 5.38 V/�m. The fluctuation of emission current was lower than 5% for 4.5 h. The low turn-on field, high
current density and good stability of patterned ZnO nanowire arrays indicate that it is a promising candidate for
field emission application.
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1. Introduction

Field emission emitters, including carbon nanotubes
(CNTs), SiC, Si and SnO2 have been extensively investigated
due to their high aspect ratio, small tip radius and low electron
affinity in the past yearsŒ1�4�. Among them, great attention has
been paid to CNTs due to their low turn-on field strength and
large emission current density. However, the advancement of
field emission electron sources employing CNTs has been con-
fronted with the drawbacks (such as the lack of long-term emis-
sion stability) those CNTs as field emission electron sources
undergo, including an irreversible gradation under an oxygen
atmosphere and a high temperature condition, which will limit
their applicationsŒ5; 6�. Due to a wide band-gap (Eg D 3.37 eV),
large excitation binding energy (60 meV) at room temperature
and high mechanical and thermal stabilities, zinc oxide (ZnO)
possesses promising applications in ultraviolet lasersŒ7�, actu-
atorsŒ8�, sensorsŒ9� and field emission arraysŒ10�13�.

Up to now, numerous ZnO nanostructures such as
nanoinjectorsŒ10�, nanotube/nanorodŒ14�, nanobottlesŒ15� and
nanowiresŒ11; 13� have been synthesized by thermal evapora-
tionŒ16�18�, pulsed laser depositionŒ19�, hydrothermal decom-
positionŒ20� and chemical vapour depositionŒ21�. Their char-
acteristics and potential applications have also been studied
intensively. However, one key challenge is to develop efficient
deposition technique to assemble a ZnO electron source and
form patterned ZnO arrays. Lin et al.Œ22� has reported a turn-on
field of 2.5 V/�m at a current density of 0.1 �A/cm2 for ZnO
nanomaterial field emission cathode array based on graphical
growth by hydrothermal method. Zhang et al.Œ11� has reported
a turn-on field of 2.4 V/�m at a current density of 0.1 �A/cm2

for patterned ZnO nanowires synthesized on Si substrate with

a patterned Au catalyst film. Huang et al.Œ12� has also reported
a turn-on field of 3.3 V/�m at a current density of 0.1 �A/cm2

for patterned ZnO nanorods grown on ITO substrate by two-
step thermal evaporation method.

In this letter, we report a process technology where pat-
terned ZnO nanowires were synthesized onto linear ITO (in-
dium oxide doped with tin film) electrodes deposited on glass
substrate (PD200) via a vapor–solid (VS) growth mode. The
evaporation method is realized at a low temperature without
a metallic catalyst. Furthermore, their field emission measure-
ment results reveal that patterned ZnO nanowire arrays possess
efficient field emission. It is sure that patterned ZnO nanowire
arrays have a great number of potential applications for the flat
panel display in the future.

2. Experimental

The schematic of fabrication process for field emission ar-
rays (FEAs) with patterned ZnO nanowires is shown in Fig. 1.
The ITO-coated glass substrate was cleaned in acetone for
30 min under ultrasonic cleaning. After rinsing the substrate by
alcohol and deionized water, it was baked in a furnace at 100 ıC
for 30 min, as shown in Fig. 1(a). The substrate was coated
with positive photoresist (RZJ-304) using spin coating and then
photoresist patterns were formed by developer after UV expo-
sure in Fig. 1(b). Etching of ITO layer on the glass substrate
was carried out in an ITO etchant (mixture of hydrochloric acid
and ferric trichloride). After ITO etching, the photoresist pat-
tern was removed by acetone and cleaned by DI water. Then,
ITO electrodes were obtained in Fig. 1(c). ZnO nanowires were
synthesized on ITO electrodes by thermal evaporation method,
as shown in Fig. 1(d). Firstly, high purity (99.99%) Zn pow-
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Fig. 1. Schematic of the fabrication process for field emission arrays
with patterned ZnO nanowires.

der was used as the evaporation source. The synthesis pro-
cess was carried out in a horizontal tube furnace, where the
atmosphere, evaporation time, pressure and temperature were
controlled. Secondly, the glass substrate coated with ITO elec-
trodes was loaded on the boat. The distance between the evap-
oration source and the glass substrate was around 5–10 mm.
The boat was placed at the centre of the furnace tube. Ar at a
flow rate of 80 standard cubic centimeter per minute (sccm)
was used first to remove oxygen and moisture, purging the re-
actor for 10 min. Then the furnace was heated to 550 ıC at
a heating rate of 50 ıC/min and kept at 550 ıC for 30 min at a
flow rate of 60 sccm of Ar and 1 sccm of O2. Finally, patterned
ZnO nanowires arrays were fabricated after cooling down the
furnace naturally to room temperature under the protection of
an Ar gas with flow rate of 60 sccm.

The morphology of patterned ZnO nanowire arrays was
characterized by scanning electron microscopy (SEM). The
SEM was also employed to conduct the energy dispersive X-
ray (EDX) spectroscopy and element mapping. The crystal
structure and optical properties of the sample were character-
ized by X-ray diffraction (XRD) and photoluminescence (PL)
spectroscopy, respectively. The field emission characteristics
were also investigated in a vacuum chamber under a pressure
of 1.5 � 10�6 Torr at room temperature.

3. Results and discussion

Figure 2(a) presents a typical image of the ITO electrodes
arrays coated on the glass substrate, observed by optical mi-
croscopy. As shown in Fig. 2(a), the ITO electrodes are inter-
digitated and paralleled on the glass substrate. The width of
electrodes is about 50 �m and the gap between the electrodes
is approximately 30 �m. Figure 2(b) depicts a top-view SEM
image of field emission arrays with ZnO nanowires. It is very
interesting that ZnO nanowires are grown in high density over
the entire surface of the linear ITO electrodes, which form the
patterned ZnO nanowire arrays. Figure 2(c) shows a magnified
SEM image of patterned ZnO nanowire arrays and Figure 2(d)
shows a magnified SEM image of ZnO nanowires synthesized

Fig. 2. (a) Optical microscope image of the ITO electrodes arrays
coated on the glass substrate. (b) Top-view SEM image of field emis-
sion arrays with ZnO nanowires. (c) The magnified SEM image of
the patterned ZnO nanowire arrays. (d) The magnified SEM image of
ZnO nanowires on a linear ITO electrode.
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Fig. 3. XRD pattern of the synthesized sample.

on the surface of a linear ITO electrode. The magnified SEM
images clearly indicate that ZnO nanowires with the diameter
of 100–200 nm and the length up to 5 �m are highly uniform
and well distributed on the ITO electrodes. Further observation
finds that the dense ZnO nanowires are grown upward on the
linear ITO electrodes, which canmake it easy to emit electrons.
The growth mechanism of ZnO nanowires can be interpreted
by means of the vapor-solid (VS) mechanismŒ23; 24�. When the
temperature was elevated to the reaction temperature, the Zn
source continuously evaporated to form Zn and its suboxide
(ZnOx , x < 1) vapor and then transported downstream of the
tube due to the flowing carrier gas. Simultaneously, the Zn and
ZnOx vapor combined with oxygen to form ZnO molecules
and further grow into the nanowires on the linear ITO elec-
trodes.

Figure 3 shows the XRD pattern of the as-synthesized ZnO
nanowires. All the diffraction peaks of the XRD pattern can
be readily indexed to the wurtzite structure of ZnO and the
measured lattice constants are a D 3.25 Å and c D 5.21 Å,
which correspond with the data of ZnO powders recorded in
the JCPDS document (Powder Diffraction File Complied by
the Joint Committee on Powder Diffraction, 1985, Card No.
80-0075). It is interesting to note that no diffraction peaks cor-
responding to other phases are observed, indicating the high
purity of the products synthesized at reaction temperature of
550 ıC for 30 min at an Ar flow rate of 60 sccm and O2 flow
rate of 1 sccm, respectively. In order to find the elemental
composition of the sample, EDX analysis was carried out. The
EDX spectrum, as shown in Fig. 4, confirms that the sample
is mainly composed of Zn and O with the atom ratio of nearly
1 : 1. The Au peak may originate from the Au-sputtered sam-
ple for SEM measurement. According to the results analyzed
by XRD and EDX, the products synthesized on the linear ITO
electrodes should be of ZnO nanowires having wurtzite struc-
ture.

The PL was used to further investigate the optical prop-
erties of the as-synthesized ZnO nanowires. The room tem-
perature PL spectrum measured in the spectral range of
350–600 nm is shown in Fig. 5, using a He–Cd laser at 325 nm
as the excitation source. It demonstrates a strong ultraviolet
emission band at approximately 383 nm, a weak blue emis-
sion band at around 470 nm and a weak green emission band at

Fig. 4. EDX spectrum of the synthesized sample.

Fig. 5. PL spectrum of the ZnO nanowires measured at room temper-
ature.

about 513 nm, respectively. The 383 nm ultraviolet emission
band observed in the spectrum corresponds to the recombina-
tion of free excitons between the conduction and the valence
bands; this is called the near band-edge emissionŒ25�. In addi-
tion to the band-edge emission, the blue emission band is ob-
served at 470 nm, which is attributed the appearance of blue
emission band originating from the oxygen vacancyŒ26�. The
513 nm green emission band in the visible region, known as
deep level emission, is attributed to the green transition to the
singly ionized oxygen vacancy in the ZnO and the emission re-
sults from the recombination of the photo-generated hole with
an electron occupying the oxygen vacanciesŒ27�29�. The blue-
green emission can originate from oxygen vacancies and Zn
interstitialsŒ30; 31�. The oxygen vacancies can produce shallow
defect donor levels which are located below the bottom of the
conduction bandŒ32�. Thus, it can be concluded that oxygen va-
cancies are themain defects causing the visible emission bands.
In spite of a weak blue and green emission band, the strong ul-
traviolet emission band in the PL spectrum indicates that the
as-synthesized ZnO nanowires at 550 ıC for 30 min under an
O2 flow rate of 1 sccm and Ar flow rate of 60 sccm have good
crystalline quality.

Field emission measurements of field emission arrays with
patterned ZnO nanowires were carried out in a chamber with
a vacuum of 1.5 � 10�6 Torr at room temperature. An ITO-
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Fig. 6. Emission current density versus electric field curves of the pat-
terned ZnO nanowire arrays. The inset is the F–N plot.

glass coated with a green phosphor film was used as an anode
and the field emission arrays with patterned ZnO nanowires
grown on the linear ITO electrodes as a cathode. A glass spacer
of 700 �m thickness between anode and cathode was used to
control the distance accurately. Figure 6 shows the dependen-
cies of the field emission current density on the applied elec-
tric field (J –E/ of ZnO nanowire arrays. Here, we define the
turn-on field (Eto/ and the threshold field (Ethr/ as the electric
fields required to produce a current density of 1 �A/cm2 and
1 mA/cm2, respectively. The Eto and Ethr for patterned ZnO
nanowire arrays are approximately 1.6 V/�m and 4.92 V/�m,
respectively, which is obviously lower than that of Huang’s
group, Zhang’s group and Lin’s groupŒ11; 12; 22�. Current den-
sity is as high as 2.26 mA/cm2 at an applied electric field
of 5.38 V/�m, indicating the efficient field emission of pat-
terned ZnO nanowire arrays. The reasons for the low turn-on
field and high emission current density are probably due to
the aligned and patterned ZnO nanowires, good electrical con-
tact with the conducting substrate where they grow and a weak
field-screening effect.

The inset in Fig. 6 presents the relation between ln.J=E2/

and 1/E. The curve shows rough linearity at high-applied
fields, indicating that the emitting electrons were mainly re-
sulted from barrier tunneling electrons extracted by the elec-
tric field and would be formulated by the Fowler–Nordheim
(F–N) theory. According to the F–N law, the relationship be-
tween the emission current density (J / and the applied field
strength (E D V=d/ can be depicted as

J D .Aˇ2E2=�/ exp.�B�3=2=ˇE/; (1)

where � is the work function of the emitter (eV), ˇ is the en-
hancement factor. A and B are constants with the value of 1.56
� 10�10 A�V�2�eV and 6.83 � 109 V/(eV3=2�m), respectively.
The field enhancement factor ˇ of patterned ZnO nanowire ar-
rays can be estimated to be about 4789 from the averaged slope
of the F–N plot under the assumption of a work function of
5.3 eV from ZnO emittersŒ10�, which is good enough for vari-
ous application of field emission.

For practical application as an emitter material, the emis-
sion current density stability of patterned ZnO nanowire arrays
was measured under a pressure of 1.5 � 10�6 Torr and room

Fig. 7. Stability curve for pre-set values at 4.72V/�m. The inset shows
field emission images of field emission arrays with the patterned ZnO
nanowires.

temperature at an applied electric field of around 4.72 V/�m.
Figure 7 shows the result of field emission current density ver-
sus time for a period over 4.5 h. The current shows a rather high
stability without detectable degradation of field emission cur-
rent during the test. The current fluctuation is lower than 5%.
The inset presents the electron emission images of the sample.
It can be seen that thewhole surface emission on the fluorescent
screen is relative homogeneous. Therefore, the patterned ZnO
nanowire arrays will be a promising cathode for field emission
displays and vacuum electronics.

4. Conclusion

In summary, patterned ZnO nanowire arrays have been
synthesized on linear ITO electrodes at low temperature of
550 ıCwithout a metallic catalyst and their field emission char-
acteristics were investigated. SEM investigations indicated that
ZnO nanowires were highly uniform and well distributed on
the linear ITO electrodes and formed patterned ZnO nanowires
arrays. In spite of a weak blue and green emission band, the
strong ultraviolet emission band in the PL spectrum demon-
strated that the as-synthesized ZnO nanowires had a good
crystalline quality. The field emission measurement indicated
that Eto and Ethr for patterned ZnO nanowire arrays were
about 1.6 V/�m and 4.92 V/�m with an emitter-anode gap of
700 �m, while the current density reached 2.26 mA/cm2 at an
applied field of 5.38 V/�m. A measurement of the emission
stability was carried out, revealing a stable emission with a 5%
fluctuation for a period over 4.5 h. The present results imply
that patterned ZnO nanowire arrays are promising materials
for fabricating efficient emitters in display device and vacuum
electronics applications.
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