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Low-Temperature CVD Synthesis of Patterned
Core-shell VO,@ZnO Nanotetrapods and
Enhanced Temperature-Dependent Field-
Emission Properties

Haihong Yin,®™ Ke Yu, ®" Changging Song,*® Zhiliang Wang,” and Zigiang Zhu®

VO, nanostructures are attractive materials because of their reversible metal-insulator transition (MIT)
and wide applications in devices. When they are used as field emitters, a new type temperature-
controlled field emission device may be exploited. Traditional VO, nanostructures synthesized via vapor
transport methods are energy-guzzling, low yield, simple in morphology (quasi-1D), or by substrate
clamping, that is, they are not suitable for field emission applications. To break these limitations, ZnO
nanotetrapods were used as templates, and patterned core-shell VO,@ZnO nanotetrapods were
successfully grown on an ITO/glass substrate via a low-temperature CVD synthesis. SEM, TEM, EDX,
XPS analyses and X-ray diffraction revealed cores and shells of these nanotetrapods were single crystal
wurtzite-type ZnO and polycrystalline VO,, respectively. These VO,@ZnO nanotetrapods show strongly
MIT-related FE properties, the emission current density at low temperature is significantly enhanced in
comparison with pure VO, nanostructures, and about a 20 times increasing of the emission current
density was observed with the ambient temperature increasing from 25 °C to 105 °C at a fixed field of
s5V/um. Although the VO,@ZnO nanotetrapods show a worse FE performance at low temperature in
comparison with pure ZnO nanotetrapods, remarkably improved FE performance was observed in high
temperature range, which should be attributed to the MIT-related band bending near the interface and

the abrupt resistance change across the MIT.

Introduction

VO, nanostructures have recently received significant attention
due to their reversible Mott metal—insulator transition (MIT) at
The MIT is
characterized by a structural-electronic phase transformation

68 °C and wide applications in devices.
from high-temperature metallic tetragonal phase (P42/mnm, R
phase) to low-temperature insulating monoclinic phase (P21/c,
M, phase),' which corresponds to V** cations along the rutile ¢
axis, forming homopolar bonds, and undergoing a structural
twist. Across the MIT, VO, exhibits a drastic change in optical
transparency, several orders of magnitude drop in resistivity,
and a small volumetric change of 0.044%.>° These unique
characteristics make VO, promising material for applications in

ultrafast optical switches,® ’

8-1

electronic and gas-sensing
devices,*!! and electromechanical actuators.> '? Similar to other
semiconductor nanostructures, the use of VO, nanostructures in
these device applications requires precise control over their
structure, spatial position, and surface density. Vapor transport
technique and chemical solution synthesis are two main

methods commonly adopted to prepare VO, nanostructures.

This journal is © The Royal Society of Chemistry 2013

Using vapor transport technique, VO, nanostructures can be

13-16 \which is beneficial to control

grown directly on substrates,
the properties and integration of the nanostructures for
technological applications. However, unlike other metal oxide

7

nanostructures,'” the VO, nanostructures growth cannot be

explained by the standard vapor-liquid-solid mechanism.'? '%1°
Recent in-situ monitoring of VO, nanobeam growth process
using optical microscopy has revealed that liquid droplets of
V,05 and V¢O;; directly participated in the VO, nanobeam
growth.'® These droplets were reduced to VO, phase and
coexist with VO, nanobeams at the growth front. Thus, high
temperature of 800-1100 °C is commonly required, quasi-1D
micro/nano-structure of the products is the mostly observed
morphology, and the products are commonly embedded into the

13-16, 18, 19 Obviously,

substrate surface with low densities.
traditional VO, nanostructures synthesized via vapor transport
methods are energy-guzzling, low yield, simple in morphology
(1D), or by substrate clamping. Compared with VO,, ZnO
nanostructures, which comply with the standard vapor-liquid-

solid growth mechanism, have abundant morphologies from 1D
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to 3D, and can be easily synthesized via vapor transport
methods.?’ Moreover, ZnO nanostructures with a wide direct
band gap of 3.34 eV have been demonstrated to be a promising
oxide semiconductor for many optoelectronic devices, such as
UV lasers,?! solar cells, nanogenerators,22 uv pho‘todiodes,23’24
and field emission (FE) emitters.>>?® Thus, taking ZnO
nanostructures as templates and constructing ZnO-core/VO,-
shell nanostructures may be a feasible way to overcome
aforementioned obstacles of VO, nanostructures, meanwhile,
the combination of VO, and ZnO may lead to a new type MIT-
type optoelectronic nanodevice.

Previous work in our laboratories as well as others has
demonstrated that the work function of pure VO, shows an
abrupt decrease across the MIT process.”” *° Thus, pure VO,
nanostructures show strongly temperature-dependent and MIT-
related FE properties. However, these VO, nanostructures,
which were synthesized via a hydrothermal route, were not
directly grown on the substrate but painted by a screen-printing
method.*® Thus, large contact resistances were formed between
the substrate and VO, Although VO,
nanostructures can be directly grown on the substrate using
vapor transport methods, they are not suitable for FE
applications because they are embedded in the substrate
surface. In addition, the resistance of M, phaseVO, is too large,
thus their FE current density at room temperature is too low
(2.01 pA/cm®) to be of any practical application.®® In large
quantities of literatures, ZnO nanostructures have been
demonstrated to be a good cold cathode material for FE
applications.”>*® By  constructing  ZnO-core/VO,-shell
nanostructures and growing them directly on the substrate, the
contact resistance and the resistance can be
significantly decreased, thus tuned FE properties can be
reasonably expected. In this paper, taking tetrapod-like ZnO
nanostructures as templates and using a vapor transport method,
3D patterned ZnO-core/VO,-shell nanotetrapods
selective-area grown on a glass substrate at low temperature.
These ZnO@VO, nanotetrapods show strongly temperature-
dependent FE properties; the current density at low temperature
is significantly enhanced in comparison with pure VO,
nanostructures, and about a 20 times increase of the emission
current was observed when the ambient temperature increased
from 25 °C to 105 °C at a fixed field of 5V/um. The
controllable growth of patterned ZnO@VO, nanotetrapods and
their MIT-related FE properties provide a feasible strategy to
break through obstacles of traditional synthesized VO,
nanostructures and explore new type of temperature-controlled
field emitters.

nanostructures.

structure

were

Experimental Section

Synthesis of patterned ZnO and VO,@ZnO nanotetrapods
The synthesis strategy for patterned VO,@ZnO nanotetrapods
is to synthesize 3D ZnO nanotetrapods and then coated with
VO,, as schematically illustrated in the inset of Fig.1. Briefly, a
mixture of high purity ZnO powder (50 wt%) and graphite

2| J. Name., 2012, 00, 1-3

powder (50 wt%) was inserted into the centre of the fused-
quartz tube mounted in a horizontal tube furnace. A stainless

VO(acac),
Nz+0;

ZnO nanotetrapods VO.@2ZnO nanotetrapods,

Fig. 1 Schematic of the fabrication process of patterned VO,@ZnO
nanotetrapods. Step 1: mask and substrate preparation. Step 2: thermal
evaporation growth of ZnO nanotetrapods. Step 3: coating VO, on ZnO
nanotetrapods. Step 4: removal of the mask.

mask was tightly attached to a glass substrate with a thin ITO
film. The substrate/mask was placed downstream from the
vapor direction for collection of the products, and a 10 cm gap
was set between the source and the substrate. Then, the source
temperature was raised to 500 ‘C at a rate of 10 'C min™' and
held 50 min under a constant N, (purity 99.9%) flow of 400
sccm. After that, the outlet of the tube furnace was opened,
immediately introducing air into the system while the N, flow
was maintained unchanged. After the furnace was cooled to
room temperature, a light white ZnO layer was found being
the Subsequently, the
substrate/mask covered with ZnO nanotetrapods was located at

deposited on substrate/mask.
the tube centre of a CVD system. Vanadyl acetylacetonate
(VO(acac),) was taken as vanadium precursors and placed in a
special evaporating chamber, where temperature was controlled
at 200 ‘C. Before heating, the CVD system was pumped to
expel oxygen in the tube, and pure nitrogen gas was introduced
to reach the pressure of atmosphere. Then, the reaction chamber
was heated to 510 ‘C. A mixture of nitrogen (92%) and oxygen
(8%) at a constant flow rate of 50 sccm was used to carry the
precursor vapor to the reaction chamber. The reaction lasted for
30 min, and then the system was cooled down to room
temperature under an N, flow, the color of the product changed
from light white to gray. After removal of the mask, patterned
VO,@ZnO nanotetrapods were obtained on the glass/ITO
substrate. The whole synthesis process is shown in Fig. 1. For
comparison, another sample of patterned ZnO nanotetrapods
was also synthesized on the glass/ITO substrate using the same
method.

Characterization The morphologies and size of the product
were characterized by field-emission scanning electron
microscopy (FESEM, JEOL-JSM-6700F) and transmission
electron microscopy (JEOL, JEM-2100). The crystal structure
was characterized by X-ray diffraction (XRD, Bruker DS
Advance diffractometer) using monochromatized Cu Ka
radiation (A = 1.5418A). Differential scanning calorimetry
(DSC DSC-60, SHIMADZU) experiment was performed in
nitrogen flow in the range from 25 to 97 "C with a heating rate
of 1 °C/min.

This journal is © The Royal Society of Chemistry 2012
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Field-Emission Measurement For field-emission
investigation, the ITO/glass substrate with patterned VO,@ZnO
nanotetrapods (as a cathode) was separated from a
phosphor/ITO/glass anode by two Teflon spacers with a
thickness of 400 pm. FE properties were measured with a high
vacuum level of about 5X 107 Pa at different temperatures
using transparent anode imaging technique. The measured area
was 1 X 1 cm? and the actual emission area covered by
nanomaterial was calculated to be 15 mm?. In the measurement,
the turn-on field is determined as the field needed to produce a
current density of 10 pA/cm?, and the threshold field is the field
needed to produce a current density of 1 mA/cm?.

Results and discussion
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Fig.2 (a) Low-, (b) medium-, and (c) high-magnification SEM images of ZnO
nanotetrapods synthesized by a thermal evaporation method. (d) High-
resolution TEM image of a single nanorod of a tetrapod ZnO. Upper inset in (d) is
the corresponding SAED pattern.
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into the substrate surface. Utilizing the low sublimation and
pyrolysis temperature of the precursor (VO(acac),). VO, films
are successfully deposited on the surface of ZnO nanotetrapods
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Fig.3 (a) Low-, (b) medium-, and (c) high-magnification SEM images of VO,@ZnO
nanotetrapods synthesized by a thermal evaporation method. (d) High-
resolution TEM image of a single nanorod of a tetrapod VO,@ZnO. Upper inset
in (d) is the corresponding SAED pattern.

Under the restriction of the mask, patterned ZnO nanotetrapods
were successfully grown on a glass substrate at 500 'C using a
thermal evaporation method. The representative SEM images of
the products are shown in Fig.2a—c. In Fig. 2a, each deposited
unit takes an oblong shape. The dimension of each unit is about
400 pm in length and about 150 um in width, and the distance
between the two neighbouring units is about 200 pm in row and
about 600 pm in column (see Fig. 2a), agreeing well with the
pattern of the mask. The nanostructures inside the block show
uniform tetrapod-like ZnO nanorods with good quality and high
yield (Fig. 2b). The diameters of four legs were about 600 nm,
and their lengths were in the range 2-5 um (Fig. 2¢). High-
resolution (HR) TEM image for a single leg (Fig. 2d) exhibits
fringes, indicating a single crystal. The
corresponding SAED pattern (the inset of Fig. 2d) indicates that
legs of as-prepared ZnO nanotetrapods grew along the [0001]
direction. The spacing between two adjacent lattice planes is

clear lattice

close to 0.52 nm and consistent with the (0001) planes of
wurtzite ZnO. In traditional synthesis of VO, nanostructures
using a vapor transport method, V,0s or VO, powder are the
commonly used source. Thus, high temperature of 800-1100 'C
is commonly required, and most of the products are embedded

This journal is © The Royal Society of Chemistry 2012
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Fig. 4 (a) EDX spectra of VO,@ZnO nanotetrapods. The semi-quantitative
elemental analysis result is listed in the EDX panel. (b) The side view of VO,@Zn0
nanotetrapods on the glass substrate. (c) EDX spectra of the glass substrate.

at a relative low temperature of 510 'C, forming 3D VO,-
shell@ZnO-core nanostructures. As shown in Fig. 3a—c, most
of the products still retained initial tetrapod structure, and rough
surfacc can be clcarly obscrved, showing a film coating on ZnO
nanotetrapods. The corresponding TEM image for a single leg
(Fig. 3d) indicates that the diameter of the legs increased
remarkably and a thin VO, film about 90 nm thick was coated
on the ZnO core. In the SAED patterns (the inset of Fig. 3d),
the regular polycrystalline diffraction rings shows that the shell
is a polycrystalline VO, film. The EDX spectra from the
sample (Fig. 4a) indicate the presence of element V besides
elements Zn and O, confirming the components of VO, and

J. Name., 2012, 00, 1-3 | 3
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nanostructures, the mismatched interface creates a tensile strain

7Zn0O. In addition, the glass substrate can be verified by the
detection of K, Ca, Na, Mg, Al, Si and O elements in the EDX
spectra (Fig. 4b).
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Fig. 5 (a) XRD patterns of obtained ZnO and VO,@ ZnO nanotetrapods. (b) DSC
thermal spectra of as-obtained VO,@ZnO nanotetrapods showing a narrow
heating cooling hysteresis and excellent MIT behavior.

Among many polymorphs of VO, only rutile-type
VO,(M/R) undergoes a first-order reversible metal-insulator
transition between M; phase and R phase. For phase
confirmation of the shell coating, XRD analyses were utilized.
The XRD pattern of pure ZnO nanotetrapods (Fig. 5) shows
only peaks of wurtzite ZnO (JCPDS 36-1451) with lattice
constants of a = 11.516 A, b =3.566 A, ¢ = 4.373 A. No peaks
of any other impurities were detected in the spectra, revealing
the high phase purity of ZnO nanotetrapods. For VO,@ZnO
nanotetrapods, the XRD measurement verified that there was a
new phase in addition to wurtzite ZnO as shown in Fig. 5,
which could be indexed to M; phase VO, (JCPDS 44-0252).
No characteristic peak of other phases or impurities, such as
V,0s5, ZnV,04 or Zn,V,0,; was observed, confirming the
components of the VO, and ZnO in the core-shell
nanotetrapods. The first-order phase transition of VO,@ ZnO
nanotetrapods was investigated by monitoring the enthalpy
change using DSC analysis. As shown in Fig. 5b, VO,@ ZnO
nanotetrapods show a heating cooling hysteresis and an
excellent MIT behaviour at 71.2 "C. It should be noted that the
transition temperature in the present study is higher than 68 °C,
which is the value reported in the literature for undoped VO,
films or VO, bulk single crystals. Similar phenomena have
been observed in either VO,-based bilayer films (VO,/ZnO,
VO,/TiO,, and VO,/AlL,O3) or VO,-based core-shell
nanostructures (VO,@TiO,), and can be interpreted by the
effect of interfacial strain.* *2* In VO,@ZnO core-shell

4| J. Name., 2012, 00, 1-3

in the c-direction of VO, (Poisson’s effect). The tensile strain in
c-direction causes an increased V¥-V*" distance and would
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Fig. 6 XPS spectra of the as-prepared ZnO and VO,@ ZnO nanotetrapods: (a) and
(b) High resolution spectra for Zn 2p and O 1s, respectively; (c) High resolution
spectra for V 2p and O 1s.

raise the activation barrier for direct overlapping of d-orbitals.
This increased activation barrier further stabilizes the covalent
monoclinic phase and hinders the transformation to metallic
rutile structure, leading to the observation of higher MIT
temperatures.

To further investigate the chemical state of the as-prepared
ZnO and VO,@ZnO nanotetrapods, X-ray photoelectron
spectroscopy (XPS) was carried out, and their corresponding
spectra were shown in Fig. 6a-c. The binding energies obtained
in the XPS analysis were corrected for specimen charging by
referencing the C 1s to 284.8 ¢V. Fig. 6a and b show Zn 2p and
O 1s spectra of ZnO nanotetrapods, respectively. The Zn 2p
core-level spectra illustrate two representative peaks located at
1021.1 eV and 1044.2 eV, corresponding to the Zn 2ps,, and Zn
2p;,, of Zn*", respectively. The O 1s spectrum shows mainly a
peak at 530.1 eV (O%) with a small shoulder at about 531.7 V.
The main peak centred at 530.1 eV is attributed to O>™ ions on
wurtzite structure of the hexagonal Zn®" ion array. The shoulder

This journal is © The Royal Society of Chemistry 2012
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at 531.7 eV is associated with hydroxidic, such as absorption of
OH groups. Considering oxygen vacancy is the main surface
defect in ZnO nanostructures, the oxygen vacancies should be
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Fig.7 Dependence of the FE current density J on the applied electric field
strength £ of ZnO nanotetrapods for different temperatures. Inset, the
corresponding Fowler-Nordheim (F-N) plots.

the main sites for hydroxidic absorption. For VO,@ZnO
nanotetrapods, it is verified that both vanadium and oxygen are
found existing in the samples’ shell (Fig. 6¢). The V 2p core
level spectra illustrate two representative peaks located at
515.98 eV and 523.4 eV, corresponding to the V 2p;z, and V
2py, of V¥, respectively. The O 1s peak located at 530.2 eV is
also observed in Fig. 6¢c, corresponding to the O 1s of O*.

The influence of the ambient temperature on the pure ZnO
FE properties was first investigated before the discussion of
VO,@ZnO FE properties. Fig. 7 shows the relationship
between the emission current density (J) and the applied
electric field (E) for ZnO nanotetrapods at the temperatures of
25, 65 and 105 °C, respectively. Obviously, the three J-E curves
approximately coincide with each other, and only a tiny

fluctuation is observed in the three curves, revealing

Nanoscale

negligible influence of temperature on FE properties of pure
Zn0O nanotetrapods. The corresponding turn-on fields is ~1.75—
2 V/um, and the threshold electric fields is ~4.35 V/um. The
Fowler-Nordheim (F-N) plots are shown in the inset of Fig. 7.
These straight lines indicate that the emitting electrons are
mainly resulted from field emission. It is noted that these F-N
plots are composed of two discrete linear sections. The first
sections are placed in the fields greater than turn-on fields,
having a negative slope in the F-N plot. This implies that the
electron emission at high fields followed the FN theory.
However, the second sections, which are placed in the low-field
region, have a positive slope in F-N plots and can be attributed
to the contribution of surface states.>* ¥
Unlike pure ZnO nanotetrapods, FE properties of
VO,@ZnO nanotetrapods are strongly dependent on the
ambient temperature. Fig. 8a shows typical plots of FE current
density versus applied field (J-E) of VO,@ZnO nanotetrapods
at different temperature (from 25 to 105 °C) in a whole
heating/cooling process. It is obvious that the emission current
density J increases exponentially with the applied field £, and
the FE properties can be remarkably improved by increasing
the temperature. In the heating process, the turn-on fields at 25,
45, 65, 85 and 105 "C decreased gradually with the ambient
temperature, whose values are 3.6, 3.2, 2.7, 2.37, and 1.3 V/um
respectively. Meanwhile, the threshold electric fields also
decreased with the ambient temperature. Their values at 65, 85
and 105 °C are 4.7, 3.9 and 3.4 V/um, respectively. The current
density is also observed increasing significantly with the
temperature (Fig. 8a). In our previous work, FE current density
for pure VO, nanostructures at low temperature is too weak
(2.01pA/ecm? at 25 °C, and 202 pA/em?® at 64 "C) to be of any
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Fig.8 (a) Dependence of the FE current density J on the applied electric field strength E of VO,@ZnO nanotetrapods for different temperatures in a heating/cooling
process. Insets, the electron emission images (applied field around 5 V/um) in the heating process for 25, 65 and 105 °C, respectively. (b) FE current density J at
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different temperature for fixed field E of 4.5 and 5 V/BIm, respectively. Note that the curves show a heating cooling hysteresis loop. (c) and (d) The Fowler-Nordheim
(F-N) plots corresponding to the heating process and the cooling process, respectively.
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Fig.9 (a-b) Schematic diagram of the band configuration for ZnO, VO,(M;) and VO,(R) crystals. (c-d) Band bending at the interface of VO,@ZnO nanotetrapods before
and after the MIT process. The vector E is the built-in electric field at the interface. (e-f) The atomic structure of VO, for M; phase (low-temperature) and R phase
(high-temperature), respectively. Red spheres: O atoms, gray spheres: V atoms. Thick yellow box (solid lines) in the monoclinic structure emphasizes the similarity
between the two phases. Note that the V-V bonds in the monoclinic structure (marked with dashed yellow ellipses) break after transforming to the rutile structure.

practical application.’® Here, the emission current density for
VO,@ZnO nanotetrapods shows a significant elevation in all
temperature range especially in the low temperature. Under the
applied field of 5 V/um, the maximum emission current density
at low temperature (25, 45 and 65 "C) are 0.26, 0.5 and 1.61
mA/cm?, and the values increased to 3.9 and 5.2 mA/cm? when
the temperature increased to 85 and 105 “C, respectively. The
inset of Fig. 8a shows the real-time emission images of
patterned VO,@ZnO nanotetrapods at 25, 65 and 105 'C,
respectively, recorded by CCD camera and tested at the applied
field of 5 V/um. Although the emitting intensity at the room
temperature (25 'C) is the lowest, there is a remarkable
improvement in the emitting intensity compared to pure VO,
nanostructures. With the temperature increasing, the emitting
intensity is observed further increasing significantly.
Considering the negligible influence of the temperature on pure
ZnO nanotetrapods, the strongly temperature-dependent FE
properties of VO,@ZnO nanotetrapods should be attributed to
the introduction of VO, shell.

The Fowler-Nordheim (F-N) plots for the heating and the
cooling process are shown in Fig. 8b and 8c, respectively.
These straight lines in high-field region indicate that the
emitting electrons are mainly resulted from field emission. For
temperature-dependent FE, the total current density may come
from both field emission and thermionic emission, which can
be analysed by the Richardson—Dushman equation:** %

J=J,+J, (1)

Iy ﬂzEz exp(_ B¢3/2 J[ .'9
@ PE ) sinf

} AT ()

6 | J. Name., 2012, 00, 1-3

Where Ji; and Jy are the field current and thermionic current
density, respectively. A=1.54x10"° AeVV % B=6.83x10°
eV >Vm!, § is the field enhancement factor, and ¢ is the work
function of the emitter material. 4z=120 Acm™>K?, T is the
emitter temperature, k is the Boltzmann constant, and 6 is the
temperature correction factor which can be given by:

1/2
e 2.27(kT/q)p 3
1.959E

For VO,@ZnO nanotetrapods, the ambient temperature is not
too high, therefore, the value of [0/sin0] is always equal to 1.0
and the contribution of thermionic emission is much smaller
than FE current density. Thus, the temperature-dependent FE
properties of VO,@ZnO do not come from thermionic
emission, but is predominated by FE emission. Moreover, it is
noted that the J-E curves for the heating and the cooling
process at the same temperature are not coincide with each
other, as shown in Fig. 8a. The FE current density in the
heating/cooling process for different temperature was recorded
under two fixed fields of 4.5 and 5 V/um. As shown in Fig. 8d,
it is clear that the curves show a heating cooling hysteresis
loop, revealing the temperature-dependent FE properties
strongly related to the MIT of VO,.

Based on the above experimental results, the introduced
VO, shell plays a vital role in the temperature-dependent FE
properties. The role and influence of the introduced VO, shell
can be analysed by the change of energy band structures. In
previous studies, work functions of ZnO, VO,(M,) and VO,(R)
have been reported to be 5.3, 4.1 and 3.65 eV, respectively,z& 30
indicating that ZnO crystal has a Fermi level (Ef) lower than
VO,(M;) and VO,(R) (Fig. 9a and b). For VO,@ZnO
nanotetrapods, both ZnO and VO, have the same Fermi energy

This journal is © The Royal Society of Chemistry 2012
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level at the core-shell interface, thus a staggered band offset is
formed near the interface. Because of the MIT properties of
VO,, the energy structure at the interface of ZnO/VO, is
different before and after the phase transition. Their schematic
diagrams are shown in Fig. 9b and c, respectively. At low
temperature, it can be seen from Fig. 9c that the conduction
band of ZnO is higher than that of VO,(M,) and a built-in
electric field (the vector E) is formed at the interface. When
VO,(M))@ZnO nanotetrapods are used as the cathode, the
applied field and the built-in electric field are in the same
direction. The electrons in the ZnO core can easily transfer to
VO,(M)) shell, and then tunnelling emit to the vacuum level.
Because the work function of VO,(M,) (4.1 eV) is lower than
that of ZnO (5.3 eV), a better FE performance should be
obtained in VO,@ZnO nanotetrapods at low temperature.
the that pure ZnO
nanotetrapods show a better FE performance than low-

However, measurement indicates
temperature VO,@ZnO nanotetrapods (Fig. 7 and Fig. 8a). So
the band bending at the interface cannot interpret the decreased
FE performance in VO,(M|)@ZnO nanotetrapods. She et al.
and Zhao et al.

performance of emitters was strong correlated with their

have reported that the field emission
resistance and the oxygen vacancy density. A ZnO emitter with
low resistance and high oxygen vacancy density often had
better FE performance.’” *® For bare ZnO nanotetrapods, the
oxygen vacancies serve as donors to supply electrons to the
conduction band, showing a high conduction. For
VO,(M))@ZnO nanotetrapods, the coated film will heal the
oxygen vacancies and decrease the vacancy concentration to
some extent, leading to a lower conduction of ZnO cores.
Moreover, VO, is a typical well-known Mott insulator. V-V
covalent bonds are formed along the rutile ¢ axis due to the
strong local electron-electron interactions (Fig. 9e), leading to
high resistance in M; phase. In the FE process of
VO,(M))@ZnO nanotetrapods, both the high resistance of
VO,(M,)-shell and the lower conduction of ZnO cores together
raise the applied field needed to be added to reach a certain
current density. Thus, lower emission current density and
higher turn-on and threshold fields are observed in VO,@ZnO
nanotetrapods at low temperature. In high temperature range,
VO, shell transforms from the M,; phase to the metallic R
phase. Because the work function of VO, decreases from 4.1
eV (M, phase) to 3.65 eV (R phase), the built-in electric field
(the vector E) at the interface of VO,/ZnO is further enhanced,
which promote electrons transferring from ZnO core to VO,(R)
shell. After the MIT happened, the V-V bonds in the M; phase
break (Fig. 9f) and R phase rutile structure is formed (Fig. 9g),
causing an abrupt decrease of structure resistance. The high
conductivity of VO,(R) is beneficial to the movement of the
injected electrons to the VO, surface. Due to the lower work
function (3.6 eV) of VO,(R), these electrons also can easily
tunnelling emit to the vacuum level. Thus, higher emission
current density, lower turn-on and threshold fields are observed
in FE measurement of VO,@ZnO nanotetrapods in high
temperature range, that is, a significant enhancement of FE
performance was obtained.

This journal is © The Royal Society of Chemistry 2012

Nanoscale

Conclusions

In summary, ZnO nanotetrapods were used as templates, and
patterned VO,@ZnO
synthesized on an ITO/glass substrate via a low-temperature
CVD method. These VO,@ZnO nanotetrapods
strongly temperature-dependent FE properties. The turn-on
fields and the threshold fields decreased gradually with the
temperature, and about 20 times increasing of the emission

nanotetrapods were successfully

showed

current density (at 5V/um) was observed. At low temperature,
VO,@ZnO nanotetrapods showed a worse FE performance
than bare ZnO due to the large resistance of VO, (M),
whereas, a significant FE enhancement was observed in the
high temperature range and can be attributed to high
conductivity and low work function of VO,(R). The synthesis
of VO,@ZnO nanotetrapods and their temperature-dependent
FE properties are beneficial to exploring new type MIT-related
FE devices.
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