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Field-Emission Characteristics of Zinc Oxide
Nanowires Using Low-Temperature Supercritical

Carbon Dioxide Fluid Method
Po-Yu Yang, Sanjay Agarwal, and Huang-Chung Cheng

Abstract—Single-crystalline ZnO nanowires (NWs) were di-
rectly grown on Zn/glass substrates by using a low-temperature
(i.e., 40 ◦C) supercritical carbon dioxide (SCCO2) fluid method.
The optical, physical, and field-emission (FE) characteristics of the
SCCO2-synthesized ZnO nanostructures are systematically inves-
tigated. ZnO NWs exhibited the low turn-on field of 3.16 V/μm
at a current density of 10 μA/cm2 and a low threshold field of
4.38 V/μm at a current density of 1 mA/cm2. The current fluc-
tuation of ZnO emitters was less than 8% at 5.3 V/μm in 12 h.
The excellent FE properties of SCCO2-synthesized ZnO emitters
at low temperature make them a superior candidate for FE-based
display devices.

Index Terms—Field emission (FE), low temperature, nanowire
(NW), supercritical carbon dioxide (SCCO2) fluid method, zinc
oxide (ZnO).

I. INTRODUCTION

ONE-DIMENSIONAL nanomaterials with high aspect ra-
tio have been intensively investigated for field-emission

(FE) characteristics [1]–[4], i.e., the high FE current density
at low electric field. Among those, ZnO 1-D nanostructures
exhibit the prolonged device lifetimes because of the properties
of a direct energy wide bandgap (i.e., ∼3.37 eV), a large exciton
binding energy (i.e., ∼60 meV), thermal stability, chemical sta-
bility, and high mechanical strength, which are desirable for the
field emitters [5]. Several methods, including metal organic va-
por phase epitaxy [6], metal organic chemical vapor deposition
[7], thermal evaporation method [8], and vapor–liquid–solid
method [9], have been employed to fabricate 1-D ZnO nanos-
tructures. However, the reported methods require high growth
temperature that limits the selection of substrate materials and
cause the integration issues with the fabrication of nanowire
(NW)-based FE display (FED) devices. Therefore, it is prac-
tical interest to develop simple, low-temperature, low-cost,
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and catalyst-free method to fabricate 1-D ZnO nanostructures,
which can be grown on plastic or glass substrates. In previ-
ous work, we have demonstrated that the supercritical carbon
dioxide (SCCO2) fluid method possesses the excellent capa-
bility of low-temperature oxidation [10]. The SCCO2 fluid
has liquidlike property that allows it to carry H2O molecules.
Additionally, it also has gaslike and high-pressure properties to
diffuse efficiently into nanoscale structures without any damage
[11]. Thus, these striking advantages are employed to oxidize
the thin film and to fabricate nanostructures at low temperature.
In this letter, we report a simple and low-temperature method
to synthesize ZnO nanostructures by SCCO2 fluid method at
40 ◦C. This method has the advantages of low reaction tem-
perature, low cost, catalyst-free growth, large area uniformity,
and compatibility with a variety of materials. Optical, physical,
and FE characteristics of ZnO NWs are well characterized and
observed.

II. DEVICE STRUCTURE AND FABRICATION

In the experiments, a 200-nm-thick Zn film was deposited
by sputtering on the glass substrate. Then, the samples were
placed in a 3000-psi SCCO2 fluid mixed with 5 vol% deionized
H2O and 5 vol% ethanol at 40 ◦C for 2 h. The ethanol acts as
a surfactant which links the polar H2O molecules and nonpolar
SCCO2 fluid, prompting H2O molecules to be distributed in
SCCO2 fluid which is uniformly delivered to the samples. The
ethanol has a hydrophilic hydroxyl group that easily attracts
with H2O molecules and connects with a hydrophobic hydro-
carbon group to form a micelle. Water is incorporated into the
core of the micelle, generating a nanodroplet of water in the
carbon dioxide solution [12], and carried into the Zn film by
the enhanced polarization of SCCO2 fluid. The possible growth
mechanism of ZnO NWs is as follows:

Zn+ + OH− → [Zn(OH)4]
2− → ZnO.

OH− ions are produced from H2O molecules of SCCO2 fluid
which then react with Zn+ ions to generate [Zn(OH)4]

2−.
Thereafter, [Zn(OH)4]

2− decomposes into ZnO molecular
species and forms ZnO seed, as shown in Fig. 1. ZnO crystals
are polar in nature with (001) surface. ZnO species or the
opposite ionic species are attached to the surface to promote
the anisotropic growth along the (001) direction. The six side
facets are generally bounded by the (100) family of planes.
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Fig. 1. Schematic view of the growth mechanism of the ZnO NWs.

The growth rate of the different family of planes follows
the sequence (001) > (101) > (100). Therefore, ZnO columnar
structures bounded by six (100) facets are grown along the
(001) direction [13].

The surface morphologies were observed by FE scanning
electron microscopy (FE-SEM; Hitachi S-4700I). The crys-
tallinity and chemical composition of the ZnO nanostruc-
tures were analyzed by high-resolution transmission electron
microscopy (HRTEM; JEM-2100FX) integrated with energy-
dispersive X-ray spectroscopy (EDS). The HRTEM samples
were prepared by scraping wires off the substrates, followed by
dispersion in ethanol and then drop onto holey carbon-coated
copper grids. The crystal structure was examined by an X-ray
diffractometer (XRD; MAC science M18XHF) using the in-
cident Cu Kα(λ = 0.154 nm) radiation. The optical emission
properties were examined by photoluminescence (PL) spectra
with He–Cd laser (i.e., λ = 325 nm) excitation. The FE charac-
teristics of ZnO NWs were measured using Keithley 237 high-
voltage units integrated with an IEEE-488 interface under the
pressure of 1.0 × 10−7 torr.

III. RESULTS AND DISCUSSION

The top view of FE-SEM images of ZnO NWs is shown
in Fig. 2(a). The deposition of ZnO NWs is observed to be
highly uniform and dense. The sharp-tipped ZnO NWs have
the average length of ∼5 μm and a diameter of ∼100 nm.
Fig. 2(b) shows a typical TEM image of an individual ZnO NW
peeled off from the Zn substrate and confirms that ZnO NWs
are straight and uniform in shape. The HRTEM image shown in
Fig. 2(c) represents a well-resolved lattice with a lattice spacing
of 0.52 nm corresponding to the d spacing of the (001) crystal
plane. Moreover, in the HRTEM images [inset in Fig. 2(c)],
the growth direction of ZnO NWs is along the [001] direction
which is the fastest growth direction for ZnO crystals. The
corresponding SAED pattern reveals spot patterns, confirm-
ing single-crystalline wurtzite structure elongated toward the
c-axis. In Fig. 2(d), EDS spectra show that the synthesized NWs
are composed of Zn and O. The small amount of Cu signals
originated due to TEM copper grid.

Fig. 3(a) shows the XRD pattern of ZnO NWs on the
Zn/glass substrate. The diffraction peaks indicated that ZnO
NWs have hexagonal wurtzite structure. Furthermore, Fig. 3(b)
shows PL spectra of ZnO NWs, indicating a strong UV peak
and a broad yellow emission band. The UV peak centered
at 378 nm and can be linked to the near-band-edge emission

Fig. 2. (a) Top-view FE-SEM images of ZnO NWs; inset shows the high mag-
nification image. (b) TEM image. (c) HRTEM lattice image of an individual
ZnO NW. The inset shows the corresponding SAED pattern. (d) EDS analysis.

Fig. 3. (a) X-ray diffraction pattern of ZnO NWs on Zn/glass substrate.
(b) PL spectra measured at room temperature.

and free-exciton peak of ZnO [14]. The broad yellow bands
of visible region are located at ∼560 nm and can be related
to native defect levels within the bandgap, such as single and
double ionized oxygen vacancies (deep level emission) [15].
The sufficient Zn2+ from the Zn substrate and the slow release
of OH− from H2O lead to oxygen deficiency and form the
oxygen vacancy during the formation of ZnO NWs in the
reaction chamber of SCCO2 fluid process.

Fig. 4(a) shows the current–field (J−E) plot of ZnO emitters
prepared on Zn/glass substrates. The turn-on electric field and
threshold electric field of ZnO emitters were measured as
3.16 (at 10 μA/cm2) and 4.38 V/μm (at 1 mA/cm2), respec-
tively. Furthermore, the FE curves can be modeled by the
Fowler–Nordheim (F–N) equation expressed as [16]

J = (Aβ2E2/ϕ) exp(−Bϕ3/2/βE)

where J denotes the current density (in amperes per square
meter), V is the applied voltage, E(V/d) is the applied field, d
represents the distance between the anode electrode and top of
emitters which is 100 μm, A = 1.56 × 10−10 (A eV/V2), B =
6.83 × 109 (V/m eV3/2) [16], ϕ stands for the work function
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Fig. 4. (a) FE (J−E) plot of ZnO emitters. The inset shows corresponding
F–N plots of the emission current. (b) Emission current stability at 5.3 V/μm
within 12 h of testing. The inset shows FE micrograph of ZnO emitters.

of the emitter which is 5.4 eV [17] for ZnO, and β is the
field-enhancement factor of ZnO emitters. β depends on the
geometry of crystal structure, the density of the nanostruc-
tures, and the work function. β is calculated from the slope
of ln(J/E2) versus 1/E. The F–N plot of emission current
is shown in the inset in Fig. 4(a). The curve exhibits linear
behavior within the measured range, inferring consistency with
the F–N theory. Fundamentally, the β of ZnO emitters was
extracted as approximately 2142. FE properties of as-prepared
ZnO NWs are not highly excellent, owing to structural defects
(deep level emission). The structural defects of ZnO (i.e.,
oxygen vacancies, oxygen interstitials, zinc vacancies, and zinc
interstitials) produce potential wells that can trap and impede
the free movement of carriers, which will degrade the device
performance [18], [19]. Current stability is a key issue for
FE-based display devices. Fig. 4(b) shows the emission current
stability within 12 h of testing. No obvious degradation of
emission current density was observed; the emission current
fluctuation was less than 8% at 5.3 V/μm in 12 h, and the
mean emission current was about 8.3 mA/cm2. The inset in
Fig. 4(b) shows the image of electron emission of ZnO emitters
at an applied electric field of around 5.3 V/μm. It can be seen
that the whole surface emission on the fluorescent screen is
homogeneous. The results indicate that ZnO emitters prepared
by low-temperature SCCO2 fluid method show the advanced
FE characteristics and they are a promising candidate for FEDs
on a variety of substrates.

IV. CONCLUSION

ZnO NWs were grown on Zn/glass substrates by a low-
temperature SCCO2 fluid method at 40 ◦C. ZnO NWs exhibit
the average length of ∼5 μm and a diameter of ∼100 nm
and represented single-crystalline wurtzite structure with
an elongated c-axis. ZnO emitters demonstrated the supe-
rior FE characteristics (i.e., the high current density, large
field-enhancement factor (β) of 2142, low turn-on field of
3.16 V/μm, low threshold field of 4.38 V/μm, and low current
fluctuation less than 8%), thus having potential applications in
the flexible optoelectronics and FE devices.
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