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Gate-controlled field-emission devices have great promise for a number of applications such as
bright electron source or flat display array. The gate-controlled ZnO nanowire �NW� field-emission
device was fabricated using lift-off fabrication process to synthesize side-gate control in the present
investigation. This device effectively controls the turn-on electron beams and switches the drain
current �Id� under a threshold gate voltage �VT� of �35 V. In the meantime, the current density of
the device is �1 mA/cm2 that is similar to carbon nanotube �CNT� field-emission level with a
potential for the design of field-emission display �FED� devices. Furthermore, when the gate voltage
�Vg� is equal to 0 V, the turn-on electric field �Eto� for ZnO NWs is �0.8 V/�m and the
effective-field-enhancement factor � is �7000. As Vg is increased to 10, 20, 30, and 40 V, the Eto

lowers to the range of�0.8–0.6 V/�m and the � value increases to �7600–17 800. The
continuous increases in Vg lowers the turn-on electric field because the local electric field �Elocal�
generated induces an extra force that enhances electron emission from the ZnO NWs. Besides, the
transconductance �gm� value can approach 0.388 mS while the Vg is increased to 44.5 V. The
devices have well-controlled behavior and exhibit better Fowler-Nordheim characteristic in
comparison with classic CNT field-emission devices. The gated ZnO NW array has a good
opportunity to be applied to FED devices and be integrated to the semiconductor industry in the

future. © 2006 American Vacuum Society. �DOI: 10.1116/1.2151217�
I. INTRODUCTION

Recently, a class of triode structure has been suggested1–3

for field-emission device application, which is called the
side-gate-type triode field emitters where the gate electrodes
are located around the cathode electrodes with a good gate
dielectric oxide or isolation layers. Such a triode-type emitter
has potential application in the flat display devices in the
future. In the previous reports,4–6 most of the triode-type
field-emission devices �FEDs� were fabricated by a series of
carbon-based materials such as carbon nanotubes �CNTs� or
diamondlike carbon �DLC� films, which have good field-
emission properties and good control over electron flow. Be-
sides those materials, the field-emission characteristics7–9 of
some of the II-VI semiconductor nanostructures, especially
two-dimensional �2D� nanostructure materials such as nano-
wires, nanobelts, or nanotetrapods, have also been investi-
gated. The material ZnO is a II-VI semiconductor with
�60 meV excited energy and �3.47-eV-wide energy band
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gap that has the attractive potential for nanoelectronics or
nano-optical applications. Some ZnO nanowire �NW� fabri-
cation methods or material properties were already presented
in previous studies.10,11 We have reported some results about
the effect of processing conditions, such as dopant, substrate,
and carrier gas, on the microstructure and field-emission
properties of the ZnO NWs in a series of studies.12–14 In this
study, the one-step lift-off process was introduced to fabri-
cate a side-gate-type-controlled ZnO NW field-emission de-
vice. The properties of the devices were also characterized
and explained in terms of an existing theory.

II. EXPERIMENT

The gate-controlled ZnO NW field-emission devices were
fabricated through a procedure as shown in Fig. 1. The 200-
nm-thick dry silicon dioxide SiO2 was grown on p-type
Si�100� substrate at �1050 °C. After the bottom electrode Pt
was deposited, the isolation gate dielectric SiO2 �500 nm�
was synthesized on the top of Pt by plasma-enhanced
chemical-vapor deposition �PECVD� process at 350 °C with

the flow of gas mixture of O2 and SiH4 and the gate electrode

147/24„1…/147/5/$23.00 ©2006 American Vacuum Society
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Pt was deposited on SiO2 layer and postannealed at 350 °C
for about 90 s. Then, we used etching process to define the
region of the ZnO NW emitter. The 0.7 nm ultrathin �002�
ZnO buffer layer was deposited using rf-sputter deposition
under 10 mTorr Ar gas atmosphere on the Pt/SiO2/Si sub-
strate which helps the vertical synthesis of ZnO NWs.15 Fi-
nally, the 0.5 nm Au catalyst was sputter deposited in the
patterns for which the width is �50 �m and the lift-off pro-
cess was used to remove the photoresist. The ZnO NWs were
synthesized by vapor-liquid-solid �VLS� process at �900 °C
to complete the fabrication of this side-gate-controlled ZnO
NW field-emission devices.

The field-emission properties of the gate-controlled ZnO
NW field-emission devices were characterized in a high-
vacuum measurement chamber with a base pressure of 5.0
�10−8 Torr. The experimental setup for the measurement is
shown in Fig. 2. The characteristics of the vertical field-
effect transistor �FET� were measured by monitoring the

FIG. 1. Schematic description of the fabrication process for gate-controlled
ZnO NW field-emission devices.

FIG. 2. Schematic diagram of a high-vacuum chamber system for field-

emission property measurement.
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drain current �Id� as a function of the gate voltage �Vg�. An
anode was made by Cu and was located at a distance of
450 �m above the ZnO NWs. The extra controlled voltage
source offers the gate voltage sweep function which was
measured by the variation of Vg. The anode current was mea-
sured as a function of extra controlled gate voltage and an-
ode voltage, using Keithley 237 high-voltage source unit.

III. RESULTS AND DISCUSSION

Figure 3 shows the field-emission scanning electron mi-
croscopy �FE-SEM, Hitachi S-4700I� images of the gate-
controlled ZnO NW field-emission devices. The geometry of
the device is shown in Fig. 3�a�. The width of the square of
ZnO NWs is �50 �m and the space of each square pattern is
150 �m, which means that the half pitch is �100 �m. The
detailed nanostructure is shown in Fig. 3�b� of ZnO NWs.
The ZnO buffer layer, which reduces the mismatch between
ZnO NWs and Si substrate as reported elsewhere,15 directs
the growth of the �002� ZnO NWs vertically. These patterned

FIG. 3. SEM images of ZnO NWs synthesized on the emitter region of the
triode. �a� An entire image for the four triode devices and �b� vertically
grown ZnO NWs on the emitter region.
ZnO NWs have uniform geometry that will help to enhance
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the properties of field emission. The VLS-process-
synthesized ZnO NWs are �4 �m in length and �50 nm in
width. The good crystallinity of ZnO NWs has been demon-
strated by high-resolution transmission electron microscopy
�HR-TEM� and x-ray diffraction analysis �XRD�.

According to the XRD analysis shown in Fig. 4�a�,the
ZnO NWs have preferred orientation along the �002� direc-
tion. There are some weak peaks such as �100� and �110�
which result from the lattice mismatch or unfavorable local
growth during the VLS process. The full width at half
maxima �FWHM� of the �002� ZnO NWs is �0.145° which
means that the fabrication process is suitable for the verti-
cally grown ZnO NWs which can be integrated for the de-
sign of the gate-controlled ZnO NW field-emission devices.

FIG. 4. Physical and chemical characterizations of the ZnO NWs. �a� XRD
pattern of ZnO NWs, �b� HR-TEM image of the ZnO NWs and the inset
shows SAED image, and �c� the EDS spectrum of the ZnO NWs.
The HR-TEM image indicated in Fig. 4�b� depicts that the

JVST B - Microelectronics and Nanometer Structures
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ZnO NWs have good crystallinity. The clear lattice fringes
show that the d spacing of the �002� c axis is �0.52 nm,
which is consistent with that of the International Center for
Diffraction Data �ICDD-2000� database No. 80-0075 of
ZnO. This image illustrates that the sidewall of ZnO NWs is
smooth with fewer defects. The inset of Fig. 4�b� shows the
selective area electron-diffraction �SAED� pattern along the
�010� zone axis; the indexed spots present the well-
crystallized ZnO NWs obtained using the VLS process. The
energy dispersive spectrum �EDS� shown in Fig. 4�c� indi-
cates the chemical composition of ZnO NWs. The Zn and O
mole ratio is very close to 50/50 that demonstrates the neg-
ligible impurity in the ZnO NWs. Obviously, the VLS pro-
cess offers good synthesis control and easy fabrication
method for the gate-controlled ZnO NW field-emission
devices.

The field-emission properties are measured by the field-
emission measurement system, which is shown in Fig. 2. The
reproducibility of the gate-controlled ZnO NW field-
emission devices is verified by repeating the measurement on
a number of samples. Typical field-emission property of the
gate-controlled ZnO NW field-emission devices is shown in
Fig. 5. Figure 5�a� depicts that the turn-on electric field of the
gate-controlled ZnO NW field-emission device as a function
of the gate voltages �Vg� including 10, 20, 30, and 40 V,
indicating that the turn-on electric field decreases from 0.95

FIG. 5. Emission properties of the triode. �a� Relation of the current density
vs electric field at various Vg indicated and �b� FN plot for various Vg

indicated.
to 0.63 V/�m as a result of the extra electric field that the
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side gate induces while the Vg increases from 0 to 40 V. This
phenomenon indicates that the extra electric field generated
by Vg can help excite more electrons from the tips of ZnO
NWs, leading to an increase in the turn-on current density
and a decrease in the turn-on electric field. The field-
emission characteristic that follows the Fowler-Nordheim
�FN� equation can be written as

J =
A�2E2

�
exp�− B�3/2

�E
� , �1�

where J is the current density, E is the applied field, � is the
work function of the emitter which is �5.3 eV for ZnO, � is
the effective-field enhancement, A=1.56�10−10 A V−2 eV,
and B=6.83�103 V eV−3/2 �m−1. The FN plot shown in
Fig. 5�b� depicts the effect of Vg on the turn-on electric prop-
erties of the gate-controlled ZnO NW field-emission devices.
The total electric field �Etotal� comprises of two terms,
namely, gate-induced electric field �Egate� and source-anode
electric field �Ea�. The slope of each line on the FN plot is
getting smaller with increasing Vg, which indicates that the
effective-field-enhancement factor � becomes larger as listed
in Table I. The � value increases from �7000 to �17 800
when the Vg changes from 0 to 40 V. Therefore, the side gate
can effectively switch this field-emission device under an
optimized Vg�37 V. The gate-controlled properties of the
ZnO NW field-emission devices are described below.

The side gate in this field-emission device plays an im-
portant role on terminal control, in which gate voltage �Vg�
introduces an extra electric field to focus or speed up the
electrons emitted from the ZnO NW array. The electric field
and turn-on current density as functions of Vg are shown in
Fig. 6�b�.While under the different turn-on electric field, the
drain current �Id� versus gate voltage �Vg� curves contain
three regimes of interest. The regime of Vg from 5 to 35 V is
called the gate leakage regime where Id decreases with an
increase in Vg because the emission current can be trapped
by the side gate. The emission current transports through the
isolating SiO2, resulting from space-charge-limited current
flow, filled trap states in the depleted channel, and ohmic
conduction through the substrate. The regime of Vg beyond
35 V but not exceeding 48 V, where the Id increases rapidly
with Vg, is called the field-emission excited regime. At this
regime, the Vg tends to lower the energy barrier and leads to
more electrons that easily tunnel from the tips of ZnO NWs

TABLE I. Relationships among gate voltage �Vg�, turn-on electric field �Eto�,
and effective-field-enhancement factor � of the gate-controlled ZnO NW
field-emission devices.

Vg �V� Eto �V/�m� �

0 0.92 7 000
10 0.89 7 300
20 0.84 7 600
30 0.73 16 400
40 0.58 17 800
to anode. The saturation regime exists at Vg higher than

J. Vac. Sci. Technol. B, Vol. 24, No. 1, Jan/Feb 2006
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�50 V in which the turn-on current reaches �1.0 mA/cm2.
The channel gating above the threshold, the carrier density,
and/or mean doping profile play an important role on the
magnitude of the current. Based on Id-Vg plots as shown in
the Fig. 6�b�, the better stability of the emission current is
obtained under a higher Vg �Vg�35 V� and corresponds to
the higher turn-on electric field �e.g., Etotal�1.61 V/�m�. As
shown in Fig. 6�a�, the emission current of triode device
could be controlled by both anode and gate voltages. Thus,
our ZnO NW field-emission triode performs the better con-
trollable ability than the only-gate voltage-controlling CNT
field-emission triode reported in the previous paper.16

The FN plot �ln�I /E2� vs 1/E� at various Vg is shown in
Fig. 6�c�. The characteristic offset of each different applied
electric field indicated in Fig. 6�c� presents the space-charge
effect, which was widely observed in the semiconductor
emitter located in high electric field.17 In the low applied
electric field below 1.61 V/�m, the linearity of the FN plot
obeys the FN equation, which means that the FN tunneling
mechanism dominates but the space-charge effect is a minor
mechanism. On the other hand, the field-emission current
decreases rapidly as indicated by the characteristic offset
when the electric field is higher than 1.61 V/�m. The effects
of space charge and of the series resistance are apparent from
these curves, which are applicable to a large class of materi-
als such as NWs. To avoid the space-charge effect, we need
to apply a high-voltage �Vg�20 V�, which can effectively
decrease the induced space charges and limit the space-
charge emission at the same time. While the space charges
can be limited by Vg, the field emission of ZnO NWs could
obey the FN relation and have better controlled properties.

To study the transconductance gm, the relation of anode

FIG. 6. �a� Plots of drain current Id as a function of gate voltage Vg at various
electric fields indicated. �b� Plot of Id vs Vg emission device, �c� the FN plot
for various electric fields indicated, and �d� curves of drain current and
transconductance gm as functions of gate voltage.
current �Id� as a function of gate voltage �Vg� is presented in
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Fig. 6�d�. Each gm curve for different turn-on electric fields
has a unique maximum value, indicating the optimized Vg

value for the control of the Id current. In our study, at larger
operating electric field beyond �1.61 V/�m, Vg can induce
higher focusing electric field which contributes to the de-
crease of gm �0.388 mS� at small Vg equal to 44.5 V. But at
low electric field of �1.45 V/�m, the maximum gm

�0.392 mS� can be achieved at Vg of �48 V. When the volt-
age drop from anode to cathode �Vds� is increased, the maxi-
mum gm can be obtained at lower Vg. That is, the ZnO NWs
can emit more stable current density under high Vds and low
Vg. The emission modulation can be obtained by controlling
the gate voltage for our side-gate-controlled ZnO NW de-
vice. Therefore, the side-gate-controlled ZnO NW field-
emission devices have better ability to control the electron
flow at higher electric field from Vg which also let Id become
more stable.

IV. CONCLUSION

In summary, the gate-controlled ZnO NW field-emission
devices have been successfully fabricated by a simple lift-off
process. The VLS-processed ZnO NWs have good crystallin-
ity and composition as demonstrated by TEM, XRD, and
EDS analyses. The field-emission characteristics are im-
proved under applied gate voltage �Vg�. At Vg of 35 V, the
turn-on electric field is �0.6 V/�m, which is the best con-
trolled condition for the device. Furthermore, the � value has
been increased by the sweep of Vg because of the lower band
energy level when Vg is applied so that electron tunneling is
facilitated. The more electrons are emitted, the higher �
value can be achieved. While Vg is equal to 40 V, the �
value becomes �17 800 which is larger than that of the �
�7000 when Vg is equal to 0 V. The transconductance gm is
also an important factor to judge the ability of the gate-
controlled ZnO NW field-emission devices. In our study, the

−4
gm value is about 4.0�10 S, which means that the better

JVST B - Microelectronics and Nanometer Structures
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controlled Vg is located beyond �35 V. The side-gate-
controlled ZnO NW field-emission devices have big poten-
tial to be applied in field-emission display �FED� in the
future.
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