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ABSTRACT: A three-dimensional patterned CNT framework was
prepared in a thermal chemical vapor deposition system. ZnO
nanoneedles with different areal density were subsequently grown on
it via hydrothermal method. By combining the advantages of high
aspect ratio, more effective emission sites with minimized screen effect
and good Ohmic contact between ZnO nanoneedles and CNT
framework, the ZnO/CNT hierarchical nanostructures with medium
areal density exhibit a favorable FE performance which makes it
promising candidate for cold cathode nanomaterials.
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■ INTRODUCTION

In recent years, intensive efforts have been devoted to fabricate
cold cathode field emitters with large current density and
reliable performance because of their potential applications
such as flat panel field emission displays (FED),1 microwave
power amplifier tubes,2 and X-ray generators.3 One-dimen-
sional (1D) nanotubes4 and two-dimensional (2D) nanosheets5

are the most common field emitters and have been considered
as important cold cathode nanomaterials for field emission
(FE). In order to further optimize the FE performance, three-
dimensional (3D) nanostructures such as complex carbon
nanoneedles,6 urchin-like ZnO nanostructures,7 tungsten oxide
nanowire network8 and urchin-like α-Fe2O3 microstructure9

have also been fabricated. These nanostructures are composed
of long and sharp needles pointing in various directions, and it
is believed to be favorable for enhancing the FE current density.
Among these cold cathode nanomatericals, carbon nanotubes
(CNTs) have been attracted the most attention for their
excellent physical and chemical properties. However, many
researchers have found that the breakdown of CNTs induced
by Joule heating under high vacuum conditions could leads to
the FE instability during the emission process.10,11 In the
meanwhile, ZnO semiconductor with a direct wide bandgap
(3.37 eV) and large exciton binding energy (60 meV) also
exhibits comparable FE property with that of carbon based
nanostructures. And as an oxide material, high thermal stability
and oxidation resistance also make ZnO stable field emitters in
harsh vacuum environments.
By combining the merits of ZnO and carbon based

nanostructures, ZnO/CNT hybrids were utilized as field
emitters in recent works. Sugavaneshwar et al. reported the
synthesis of ZnO nanotips on a multi-walled CNT mat and
achieved a low threshold voltage of 1.5 V/μm.12 Ho et al.

believed that a direct coating of ZnO nanoparticles on CNTs
reduced the defects or impurities on the CNT walls which
optimized the conductivity.13,14 Ding et al. also reported the
growth of ZnO nanowires field emitters on CNT mesh array in
a chemical vapor deposition (CVD) system and their FE
properties.15 Although these works showed good FE perform-
ances, the controllable large-scale growth of ZnO/CNT
hierarchical nanostructures with high aspect ratio and
minimized screening effect remains to be a challenge. ZnO
nanostructures and CNTs are usually entangled together or
randomly oriented, resulting in a serious screen effect which
could depress the electric field on the emission sites.
Here, we report the synthesis and FE performance of ZnO

nanoneedle field emitters on three-dimensional patterned CNT
framework. Comparing with the conventional two-dimensional
planar field emitters, the hierarchical ZnO/CNT nanostructures
take the advantages of high aspect ratio, increased effective
emission sites, and controllable screening effect. They are
expected to be a candidate for the cold cathode nanomaterials.

■ EXPERIMENTAL SECTION
The ZnO/CNT hierarchical nanostructures were fabricated by a two
step growth process. Silicon substrate was ultrasonically cleaned by
deionized (DI) water, acetone, and isopropyl alcohol consecutively,
then dried at 100 °C in an oven. Molybdenum (Mo) electrode of 1
μm wide was patterned by photolithography with periodic circular
shapes. Two layers of aluminum (10 nm)/iron (1 nm) catalyst film
were deposited on the electrode by sputtering technique. Then, the
CNT framework is synthesized at 450°C for 60 seconds in a thermal
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CVD system (Black Magic, AIXTRON). The growth processes were
described in detail with our previous work.16 ZnO nanoneedles were
subsequently synthesized on the CNT framework by hydrothermal
method. A ZnO seed layer was deposited on the surface of CNT
framework and the substrate by ultrasonic spraying pyrolysis for 5
mins. The hydrothermal reaction solution was prepared by mixing 0.01
M zinc nitrate (99.9%, Aldrich) and 0.01 M hexamethylenetetramine
(99%, Aldrich) solution to adjust the pH value to 10.35 in an
autoclavable screw cap bottle. Three substrates were then immersed
into the reaction solution and heated at 95 °C for 10, 14, and 18 h,
respectively. Eventually, the color of as-grown samples changed from
black to gray.
The structure and morphology of the samples were characterized by

scanning electron microscope (SEM, FEI Quanta 200F). The FE
performance of current density versus electric field was carried out
with a parallel-plate diode configuration in a vacuum chamber. The
pressure in the chamber was maintained with 1.0×10−6 Torr at room
temperature. A Teflon film with an aperture of 2 mm2 was used as a
spacer and inserted between the anode and cathode. The emission
current was recorded with a Keithley I−V meter by varying the applied
anode voltage.

■ RESULTS AND DISCUSSION
The typical SEM image of the as-prepared CNT framework was
shown in Figure 1a. The 10 μm high CNT forests were

vertically aligned and densely grown on the substrate to form a
well-defined framework. The three-dimensional framework was
consisted by interconnected circular microchannels with a
diameter of 8 μm. The detail of one single mircochannel in the
framework is clearly evident in Figure 1b. The microchannels
were surrounded by CNT forests of 1 μm thick, which is
consistent with the width of the Mo electrode.
Figure 2a exhibits the SEM image of ZnO nanoneedles

hydrothermally grown on the three-dimensional CNT frame-
work with 14 h under low magnification. Figure 2b−d represent
the high magnification SEM images of as-prepared ZnO/CNT
hierarchical nanostructures grown with 10 (sample A), 14
(sample B), and 18 h (sample C), respectively. It is obvious

that the surface of CNT framework was densely covered by
ZnO nanoneedles. As the growth time extended, the length of
ZnO nanoneedles increased to ∼3 μm and diminished the
space in the microchannels. Figure 2e and f represent the
enlarged SEM images of one single ZnO/CNT hierarchical
nanostructure and the ZnO nanoneedles in sample B,
respectively. The ZnO nanoneedles with a diameter of ∼100
nm were grown on the grids and sidewalls of the CNT
framework. Owing to the vertically aligned CNT forests, their
three-dimensional circular microchannels provide more surface
area to grow ZnO nanoneedles without consuming extra
substrate space. The microchannels in the CNT framework
uphold the ZnO field emitters to obtain a high aspect ratio and
also separate the field emitters with their hollow microchannels
to minimize the screening effect. Therefore, it is possible for the
ZnO/CNT hierarchical nanostructures to obtain a high electric
field at their FE tips which is essential for an enhanced FE
current.
The FE performances can be evaluated by the simplified

Fowler−Nordheim (F−N) equation J = A(β2E2/φ)exp-
(−Bφ3/2/βE), which describes the tunneling of electrons
through a metal-vacuum barrier.17 In the equation, J is the
current density, A and B are constants with values of A = 1.56 ×
10‑10 (AV−2 eV) and B = 6.83 × 103 (V eV−3/2 μm‑1),
respectively. β is a field enhancement factor which quantifies

Figure 1. SEM images of as-prepared CNT framework under (a) low
and (b) high magnification, respectively.

Figure 2. (a) SEM images of ZnO nanoneedles hydrothermally grown
on the three-dimensional CNT framework with 14 h under low
magnification. SEM images of ZnO/CNT hierarchical nanostructures
with (b) 10, (c) 14, and (d) 18 h under high magnification,
respectively. (e) Enlarged SEM images of one single ZnO/CNT
hierarchical nanostructure and (f) the ZnO nanoneedles in sample B,
respectively.
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the geometrical parameter of the field emitters, φ is the work
function of the field emitter, and E is the applied electric field.
Figure 3a shows the measured FE current density as a function

of electric field (J−E curve) with an inset of corresponding F−
N plot for the three samples. The threshold electric fields which
reach current density of 1 mA/cm2 are 3.4, 2.8, and 5.1 V/μm
for sample A - C, respectively. All the F−N curves exhibit linear
dependence which suggests the FE from the emitters obeys a
barrier-tunneling process.18 The value of field enhancement
factor β was related to the slop s of F−N curve, and it could be
estimated by the equation β = (−Bφ3/2/s). Assuming the work
function of ZnO is 5.3 eV, the field enhancement factor β of
samples A−C are 3124, 3662, and 2240, respectively.
Approximately, β could also be evaluated by the intrinsic
morphology parameters of the field emitters.19 As an
hierarchical nanostructure, ZnO/CNT combines the intrinsic
geometry of ZnO nanoneedles and CNT framework to obtain
an two-step field enhancement β which could be calculated by
β = lZnOlCNT/r, where lZnO and lCNT are the lengths of ZnO
nanoneedles and CNTs, respectively.20 r is the tip radius of the
ZnO nanoneedle. Therefore, the hierarchical nanostructure
leads to an enhanced β of ∼4000, which is similar with our
experimental measured result. Table 1 tabulates the FE
performance of samples in this work and some selected
ZnO/CNT hierarchical nanostructures. Clearly, samples in this
work shows comparable FE performance with respect to those
in the selected literatures. Sample C of high density ZnO
nanoneedles suffers from the serious electric field screening
provoked by the neighboring field emitters and hence the
reduction of FE current. Whereas the best FE performance of
sample B is attributed to its medium areal density, which
provides more effective emission sites than sample A which has
the lowest areal density.
The stability of emission current is one of the most essential

characteristics to estimate the FE performance for applications.
An accelerated field emission stability test was carried out with
relatively higher pressure of 5.0 × 10−6 Torr at room

temperature. Figure 3b shows the field emission current
density as a function of time for ZnO/CNT hierarchical
nanostructures (sample B) and pristine CNT framework. The
initial field emission current density was set at around 1 mA/
cm2 for two different samples and the applied field was kept
constant at 4 V/μm during the test. After 50 mins ageing, the
current density of ZnO/CNT hierarchical nanostructures
shows no obvious degradation and the corresponding
fluctuation is less than 10% which is much stable than that of
the CNT framework.
It is worth noting that a good contact of the CNTs with the

substrate and the ZnO field emitters is beneficial for improving
the FE performance of the devices.24 Therefore, we studied the
current-voltage (I−V) characteristic of the ZnO/CNT field
emitters using a simple two-terminal I−V method with gold foil
in contact with the top of the field emitters.25,26 The
configuration of the measurement was illustrated in the inset
of Figure 4. The resistance of the substrate with Mo electrode

can be calculated to be 4.4 Ω and it rises to 49.7 Ω after
growing ZnO/CNT hierarchical nanostructures on it. Since the
bandgap of CNT is much narrower than that of ZnO, the
junction of ZnO/CNT could be considered as metal−
semiconductor junction.27 Since the existing of a Schottky
barrier which could severally limit the current delivery
capability at the ZnO/CNT junction, it is critical for CNTs
(work function ∼5.0 eV) to achieve an Ohmic contact to ZnO

Figure 3. (a) Field emission current density as a function of applied
field, and the inserted Fowler−Nordheim plot. (b) Field emission
current density as a function of time for ZnO/CNT hierarchical
nanostructures (sample B) and pristine CNT framework.

Table 1. Field Emission Performance of the ZnO
Nanoneedles on Three-Dimensional CNT Framework in
This Work and Some Selected ZnO/CNT Hierarchical
Nanostructures

ZnO/CNT hierarchical
nanostructures

threshold field at
1 mA/cm2 (V/μm)

field
enhancement
factor (β) ref

ZnO nanowires on
CNT fiber

0.70 ± 0.10 41100 21

ZnO nanopins on CNT
mat

1.40 ± 0.05 500 12

ZnO nanowires on
CNT mesh array

2.30 2000 15

ZnO nanoneedles on
CNT framework

2.80−5.1 2240−3662 this
work

ZnO nanowires on
CNT micropatterns

4.00 ± 0.05 5482 22

ZnO nanoparticles on
CNT

4.10 43000 13

ZnO nanoparticles on
CNT

5.00 1920 23

Figure 4. I−V characteristic curves of substrate with Mo electrode and
ZnO/CNT hierarchical nanostructures. The inset is the schematic of
the two-terminal configuration I−V measurement.
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with a higher work function.28,29 The linear I−V plot in Figure
4 confirms the existing of Ohmic contact between ZnO
nanoneedles and CNT framework. During the FE process, the
Ohmic ensures the electrons inject from the CNTs can be
easily transported into the conduction band of ZnO and finally
emitted to the vacuum. The good conductance of electrons
prevents excessive high temperature at the heterojunction with
high current flow. And, the inherent chemical stability and
oxidation resistance also make ZnO stable field emitters in
harsh vacuum environments.30

To further investigate the effect of the CNT framework in
the emission process, we performed electrostatic field
simulations by finite element calculation with COMSOL
software. Three-dimensional simulation model which repre-
sented the pristine CNT microchannel was shown in Figure 5a.

For comparison, another model (Figure 5b) consists of
multiple ZnO nanoneedles grown on CNT microchannel was
also employed for simulation. The dimensional parameters of
the models were configured according to the SEM images. An
electric field of 1 V/μm was applied between the anode and
cathode plates. Figure 5c depicted the trends of variation of
normalized electric field on the top surface of the models along
the path throughout the diameter. The electric field distribution
confirmed that the CNT microchannel support the ZnO
nanoneedles to obtain a two-step field enhancement at the tips
of ZnO nanoneedles, and more emission sites were attributed
by the multiple ZnO nanoneedles grown on the three-
dimensional CNT microchannel.

■ CONCLUSIONS
In summary, ZnO nanoneedles with different areal density were
synthesized on three-dimensional patterned CNT framework
by hydrothermal method. Their FE performances showed
strong dependence on the morphology and areal density of

ZnO/CNT hierarchical nanostructures. By combining the
advantages of high aspect ratio, more effective emission sites
with minimized screen effect and good Ohmic contact between
ZnO and CNT, the ZnO/CNT hierarchical nanostructures of
medium areal density exhibit a low threshold electric field of 2.8
V/μm and a high field enhancement factor of 3662. Its good
field emission property makes it promising candidate for cold
cathode nanomaterials and its hierarchical morphology is
proposed to replace active carbon in the applications of
removing toxic dyes in the waste water.31−33
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