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Field-Emission Triode of Low-Temperature
Synthesized ZnO Nanowires
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Abstract—A field-emission triode based on the low-tempera-
ture (75 C) and hydrothermally synthesized single-crystalline
zinc-oxide nanowires (ZnO NWs) grown on Si substrate with a
silicon dioxide (SiO2) insulator was fabricated for the controllable
field-emission device application. Field-emission measurement
reveals that the ZnO NWs fabricated on the Si substrate exhibit
a good emission property with the turn-on electric field and
threshold electric field (current density of 1 mA/cm2) of 1.6 and
2.1 V m, respectively, with a field enhancement factor of 3340.
The field-emission properties of the ZnO NW-based triode exhibit
the controllable characteristics. The well-controlled field-emission
characteristics can be divided into three parts: gate leakage region,
linear region, and saturation region. Therefore, this study provides
a low-temperature field-emission triode fabrication process that
is compatible with the Si-based microelectronic integration, and
the field-emission measurements also reveal that the emission
behavior can be well controlled by adopting the triode structure.

Index Terms—Field-emission triode and device, hydrothermal
method, nanowires (NWs), ZnO.

I. INTRODUCTION

CURRENT trends in nanotechnology that include one-di-
mensional (1-D) nanostructures such as nanowires

(NWs), nanotubes, and nanobelts as an important class play
a prominent role in the potential applications of photonic,
electrooptical, and electronic devices because of their unique
physical and chemical properties [1]–[4]. In particular, these
high-aspect-ratio 1-D nanostructures have been extensively
studied in vacuum microelectronic devices, including the
field-emission display (FED), electron sources, and high-power
RF amplifier for their low turn-on electric field and high elec-
tron emission efficiency [3]–[5]. The main challenges of the
FED are a large-area display, high productivity, high brightness,
low cost, and low-power consumption. From this point of view,
a triode-type FED device with a low driving voltage, high
resolution, and controllable electron emission characteristics is
the candidate for the next generation of FED devices.

ZnO with a wide bandgap (3.4 eV) and large exciton binding
energy (60 meV) has drawn much attention for the possible
applications in phosphors, transparent conducting films for
solar cells, ultra-violet (UV) laser devices, and flat-panel
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displays [6]–[9]. Recently, the ZnO NW emitters have been
reported as demonstrating good emission properties with high
stability, low-threshold electric field, and high-emission current
density [9], [13]. The ZnO NWs could be synthesized by
various procedures [9]–[12]; however, it is hard to fabricate
the NW-based FED devices because of the high synthesis
temperature which limits the type of substrate materials to be
used and the integration processes for a final device structure.
Thus, a hydrothermal method is a suitable process for the
FED fabrication because of the catalyst-free-growth, low cost,
low reaction temperature, large area and uniform production,
environmental friendliness, and the process compatibility to the
VLSI and plastic electronics.

Although the field-emission triode based on the carbon
nanotubes (CNTs) have been developed [14], [15], the device
based on ZnO NWs is seldom discussed. In this paper, the
hydrothermal method is adopted to fabricate the ZnO NWs in
the field-emission triode device at 75 C, and the controllable
field-emission characteristics were investigated.

II. EXPERIMENTS

The fabrication procedure for the ZnO-based triode field-
emission device is shown in Fig. 1. The details of the fabrica-
tion process are summarized as follows: a gate oxide of SiO
is deposited by plasma-enhanced chemical vapor deposition
(PECVD), and gate electrodes of aluminum (Al) are deposited
by electron beam evaporator. The cathode active region is
electrically insulated from the Al gate by a 0.5- m-thick
SiO layer. The emitter regions were defined by photolithog-
raphy and buffer oxide etch (BOE). Then, an ultrathin ZnO
seeding film was deposited on the substrate by
RF sputtering (13.56 MHz) under Ar as sputtering gas at a
pressure of 20 mTorr to prepare the well-aligned ZnO NWs
by the hydrothermal method. Then, the photoresistance (PR)
layer was stripped, and the substrate was put into an aqueous
solution (Milli Q, 18.2 M cm) of zinc nitrate hexahydrate
(Zn NO H O, 0.01 M) and diethylenetriamine (HMTA,
C H N , 0.01 M) in a sealed vessel at 75 C for 30 min [16].
After the NWs were hydrothermally grown on the substrate,
the triode device was complete. The surface morphologies were
confirmed by field-emission scanning electron microscopy
(FE-SEM, Hitachi S-4700I, Japan). The test scheme cor-
responding to the field-emission properties is illustrated in
Fig. 1(b). A Keithley 237 current–voltage analyzer was used for
measuring the field-emission characteristics at a base pressure
of 1 torr at room temperature, and a power supply was
adopted for the control of the gate bias . A copper electrode
probe that acts as an anode with the tip diameter of 500 m

1536-125X/$20.00 © 2006 IEEE



LEE et al.: FIELD-EMISSION TRIODE OF LOW-TEMPERATURE SYNTHESIZED ZnO NANOWIRES 217

Fig. 1. Schematic description of fabrication processes of field-emission triode.

was placed at a distance of 500 m from the tips of the NWs.
The distance between cathode and anode was adjusted by a
precision vernier with an accuracy of m.

III. RESULTS AND DISCUSSION

The SEM image of the fabricated ZnO-based triode structure
is shown in the inset of Fig. 2(a), indicating that the cathode ac-
tive region is 100 100 m , and the distance between the two
active regions is 500 m. The gate region here is 2 2 mm . The
rectangular islands of ZnO NWs are successfully and selectively
grown on the ZnO seeding areas, but no NWs are grown on the
gate region. Fig. 2(a) is the enlarged image of the triode device,
in which well-aligned ZnO NWs with a diameter of 50 nm and
a number density of 3.4 cm are uniformly grown on
the ZnO seeding layer. The cross-sectional SEM image of ZnO
NWs on the substrate is shown in Fig. 2(b), indicating that the
ZnO NWs were directly grown on the substrate with an average
length of 500 nm. The polycrystalline ZnO seeding film with
the distinct orientation results in the nonvertical random distri-
bution of ZnO NWs.

Fig. 2. (a) FE SEM microphotographs of the triode near the gate edge. The
inset is the 4� 5 array triode with the ZnO NW islands grown inside gate holes.
(b) Cross-sectional FE SEM image of ZnO NWs on the substrate.

The relationship between emission current density and
applied electric field of the ZnO NW-based triode for
different gate bias is shown in Fig. 3(a). The threshold
electric field (at a current density of 1.0 mA/cm ) is
2.1 V m under the zero gate bias. As increases to 10 V,

is depressed to 36 A/cm under the of 2.1 V m.
While increases to 18 V, slightly decreases to
2.0 V m, but abruptly increases to 12 mA/cm under

of 2.2 V m. The corresponding Fowler–Norheim (F-N)
plots versus are depicted in the inset of
Fig. 3(a), and the field-enhancement factor can be calculated
from the slope of the F-N plot by adopting the work function of
ZnO (5.37 eV) [9]. As shown in the figure, the F-N plot under
a of 10 V is deviated from the F-N fitting and that under
of 0 and 18 V are obeying the fitting with the same slope. The
calculated value of a ZnO NW-based triode under a of
0 V is 3340. The relationships between , , and values are
unusual, and they will be discussed next.

The characteristic plots of versus at various valuesof
are shown in Fig. 3(b), indicating that a controllable behavior
could be divided into three parts: gate leakage region (region 1),
linear region (region 2), and saturation region (region 3). After
applied electric field, the electron can be emitted from ZnO NW
emitters under of 0 V. decreases with an increase in
in region 1. With an increase of from 0 V, the electric field
gradient near the ZnO NW emitters will increase due to the
short emitter-gate spacing, but some emitted electrons might be
trapped by the gate, which results in a lower and leads to the
deviation from the F-N fitting at a of 10 V [see Fig. 3(a)]. As

is continuously increased up to 14 V, abruptly increases at
the linear region (region 2). The linear intercept on the -axis
is the linear region threshold voltage . It is believed that,
at region 2, the induced electric field gradient is large enough
to accelerate the electrons; consequently, the emitting electrons
gain momentum while passing through the gate without being
trapped. It is well known that the value depends only on the
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Fig. 3. (a) Field-emission current density versus applied electric field curves
under the gate voltages of 0, 10, and 18 V, respectively. The inset is the
corresponding F-N plots. (b) Field-emission current density versus gate voltage
(J � V ) curves under the various applied electric field.

geometry, structure, tip size, and number of emitters on the sub-
strate; thus, the value should be constant under various gate
voltages. However, there is a large deviation from the F-N fitting
at of 10 V, as indicated in the inset of Fig. 3(a). It is suggested
that the gate trapping is the main mechanism; the electrons are
emitted under the F-N mechanism but are trapped by the gate,
which results in the low current density and the large deviation
from the F-N fitting under a of 10 V. The high emission cur-
rent of the triode operated in region 3 is assumed to be due to
the short gate-tip spacing, small gate aperture, and high aspect
ratio of the ZnO NWs. Moreover, the fact that the saturates
(region 3) as the is larger than 18 V is due to the space-charge
effect of the semiconductor emitters [17].

The field-emission characteristics also could be observed in
the variation of small-signal transconductance . Fig. 4 de-
picts the relationships between and of the ZnO NW-based
field-emission triode. The is defined as

Fig. 4. Relation of transconductance versus gate voltage of the field-emission
triode.

It should be noted that is nearly zero below because
is very small in the gate leakage region. It goes through a

maximum at the point of inflection of linear region to the satu-
ration region in the - curve, and then decreases. The ZnO
NW-based triode exhibits a high of 2.2 S under the ap-
plied electric field of 2.2 V m and a low operating gate bias
of 17 V, which is the optimized operation of the field emission
triode. Then decreasing values of in the saturation region are
due to the space-charge effect.

IV. CONCLUSION

A field-emission triode based on low-temperature hydrother-
mally grown ZnO NWs was successfully fabricated. The ZnO
NW-based triode emitter was design with a 100 100 m
cathode active region. This device exhibits gate-controllable be-
havior and emits electrons at a value of 14 V and up
to 12 mA/cm under of 18 V and of 2.2 V m. The
triode also displays a high of 2.2 S at a low operating
of 2.2 V m and of 17 V. Thus, this field-emission triode
with controllable transistor characteristics may be appropriate
for field-emission display applications.
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