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Abstract

Using a simple method of direct heating of bulk copper plates in air, oriented
CuO nanowire films were synthesized on a large scale. The length and
density of nanowires could be controlled by growth temperature and growth
time. Field emission (FE) measurements of CuO nanowire films show that
they have a low turn-on field of 3.5-4.5 V um~"! and a large current density
of 0.45 mA cm~2 under an applied field of about 7 V um~'. By comparing
the FE properties of two types of samples with different average lengths and

densities (30 um, 108 cm™2 and 4 um, 4 x 107 cm™2, respectively), we
found that the large length—radius ratio of CuO nanowires effectively
improved the local field, which was beneficial to field emission. Verified
with finite element calculation, the work function of oriented CuO nanowire

films was estimated to be 2.5-2.8 eV.

1. Introduction

Recently, quasi-one-dimensional (1D) nanomaterials have
attracted much attention because of their unique properties
and potential applications [1]. Since the sharp tips of 1D
nanostructures can effectively enhance local electric fields,
using them as field emission cathodes is a promising way
to obtain high brightness electron sources and to fabricate
field emission displays (FEDs) [2]. Among the 1D materials,
carbon nanotubes (CNTSs) are studied extensively [3] because
of their high aspect ratio and unique electrical and mechanical
properties. However, further development of FE emitters
depends critically on the challenging task of growing CNTs
with specific properties [4]. On the other hand, a number of
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researchers have been actively looking for alternative materials
as FE emitters [5].

Among the different types of 1D nanostructures consid-
ered for use as narrow gap semiconductors (1.2 eV) [6], CuO
nanostructures have interested several research groups [6-9].
Jiang et al used the vapour-phase approach to synthesize CuO
nanowires with lengths of up to 15 um on surfaces of various
copper substrates [6]. Recently, Chien et al grew a variety of
CuO nanostructures [7] and measured their FE properties [8].
This pioneering work showed that the work function of CuO
nanofibres can be as low as 0.3-2.62 eV. However, in the
reported literature [7-9], the synthesis of aligned CuO nanos-
tructures is rather complicated and the FE turn-on fields are still
as high as 6-7V pum~! [8] and ~11 V um~' [9], which may
limit the application of CuO nanostructures as FE emitters.
In this paper, we report a very simple method to synthesize
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Figure 1. SEM images of CuO nanowires of type I (a) and type II
(b) with sample tilting angle of 15° during imaging. The inset of (a)
shows a side view of nanowires of type I. We can see that the
nanowires are well aligned. (c) TEM image of one single tip of the
type II samples. (d) HRTEM image showing the crystalline
nanowire. The lattice fringe spacing is about 0.247 nm, which is
consistent with the {111} planes in monoclinic CuO as shown by the
arrow. (e) Electron diffraction pattern that is typically observed [6].
The electron beam was parallel to the [110] direction.

uniform, extended and oriented CuO nanowire films. Using
as-grown samples as FE cathodes, we found that they have low
turn-on field, high current density and uniform emission over
a large area. Also, by comparing the finite element calcula-
tion and experimental results, the work function of the CuO
nanowire films was estimated to be 2.5-2.8 eV.

2. Experimental details

Oriented CuO nanowire films were prepared in ambient
atmosphere by wusing a simple vapour—solid reaction

method [10]. The substrate is a copper plate (99.999% purity,
Sigma-Aldrich Pte. Ltd) with thickness of 0.5 cm and size
of 10 cm x 3 cm. Before growth, sandpaper (320 grits) was
used to remove oxide layers on the surface. The Cu plate
was then heated on a hotplate under ambient conditions. The
growth temperature was about 390-430°C and the growth
time varied from one day to three days, during which a
black layer was formed on the substrate. After cooling,
this layer was peeled off carefully and characterized using
scanning electron microscopy (SEM, JEOL JSM-6400F) and
transmission electron microscopy (TEM, JEOL JEM-2010F,
300 kV).

3. Result and discussions

Two typical morphologies were analysed. One was prepared
at 390 °C with growth time of three days (type I); the other
type was grown after heating for one day at 430 °C (type II).
Figures 1(a) and (b) show the SEM images of type I and II
CuO nanowires, respectively. The inset of figure 1(a) shows
a side view of the type I samples. From the images, we can
see that both types of vertically oriented CuO nanowires have
sharp tips, which is beneficial to field emission. It can also
be seen that the type I nanowires, with an average density of
about 10% cm™2, have an average length of 30 & 3 xm and
a diameter of 60 & 15 nm at the tips. Type II samples have
an average density of about 4 x 107 cm~2, an average length
of 4 £ 0.7 um and a typical tip diameter of 90 & 10 nm.
Figure 1(c) shows a TEM image of a nanowire from a type II
sample, from which we can see the sharp tip more clearly.
Figures 1(d) and (e) are a high resolution TEM (HRTEM)
image and selected area electron diffraction (SAED) pattern
showing that the nanowires are crystalline. The interplanar
distance of fringes parallel to the wire axis is 0.247 nm,
corresponding to the [111] direction of monoclinic CuO.

The measurements of FE properties of the two types of
CuO nanowire films were carried out using a two-parallel-plate
configuration in a vacuum chamber with a pressure of about
5 x 1077 Torr. The peeled nanowire films were adhered onto
a Cu substrate cathode by copper double-sided tape. Indium
tin oxide (ITO) glass covered with a layer of phosphor was
employed as the anode. A cover glass was used as a spacer
and the distance between electrodes was kept at 150 um. A
Keithley 237 high voltage source measurement unit (SMU)
was used to apply a voltage from 0 to 1100 V and to measure
the emission current at the same time. All the measurements
were performed at room temperature.

Figure 2(a) shows the typical current density—electric field
(J—E) curves of the two types of CuO nanowire films. It can
be seen that the type I nanowires have a very low turn-on field
of 3.3 V um~! and those of type II still have a relatively
low turn-on field of 4.5 V um™', compared with previous
reports [8, 9]. Repeated experiments demonstrated that the
turn-on fields of CuO nanowire films mainly fall between 3.5
and 4.5 V um~!. Also, the maximum current density of
both types can be as high as 0.45 mA cm~2 (under a field of
7 V um~1), which is comparable with some results achieved
with CNT emitters [11]. At the same time, uniform FE images
were observed, which are shown in figures 2(b) and (c). The
inset of figure 2(a) shows the corresponding Fowler—Nordheim
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Figure 2. (a) Field emission J—E curves from the CuO nanowire films of two typical morphologies. The inset depicts the FN plot; the
linear dependence indicates that the emission satisfies the FN mechanism. (b), (c) Fluorescence field emission images of CuO nanowires of
type I (b) and type II (c) under an applied voltage of 1000 V. The dotted rectangles represent the boundaries of the samples.

(This figure is in colour only in the electronic version)

(FN) plots of the CuO nanowires. We can see that at high fields
the linear relationship between In(J/E?) and 1/E suggests
that the quantum tunnelling mechanism is responsible for the
emission from both types of nanowires [12].

The FN equation that is often used to analyse field
emission properties can be written as [12, 13]

1.54 x 107°F2 6.44 x 10732
J=—""—"——exp| ——7F7|, (1)
¢ F

where J is the emission current density (A cm™2), F is the
local field intensity (V cm™!) and ¢ is the work function of
emitters (eV). Using the concept of field enhancement factor
B = F/E, where E is applied field, the slope of measured
In(J/E?) versus 1/E plot can be expressed as

32

S =—6.44 x 1037, 2)

where the unit of E has been changed to V um~!. The values
of S for type I and Il nanowires can be obtained by fitting the FN
curves to the experimental results. In this work, for each type of
nanowire films, five samples with relatively uniform emission
images were analysed. Since two types of CuO nanowires
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were synthesized with an excellent uniformity on a large scale,
quite similar values of FN slopes were obtained from different
samples of each type. A summary of the two groups of FN
slope values is presented in table 1. It can be seen from the
table that for the same type of film, the FN slopes as measured
from five samples are consistent with each other. Average
slope values of 16.8 £ 0.8 and 41.7 + 3.0 were obtained for
the type I and II samples, respectively. In the field emission
of nanomaterials, work function is an important parameter
which is difficult to define [8, 14]. Also, in the normal field
emission experiments involving only one type of samples,
it is quite hard to independently identify the work function
and the enhancement factor. Our approach of measuring FE
from two types of films from the same material provides a
unique opportunity to carry out a more refined analysis of the
experimental data. Reasonably assuming that the two types of
samples have the same work function, we obtained the ratio of
field enhancement factor of the type I sample (8;) to that of

the type II sample ()
Yy =B1/Br=$2/S1 =2.5+0.3, 3)

where S and S, are the slopes of FN plots for type I and for
type II samples, respectively.
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Figure 3. Finite element calculation showing equipotential lines
near the tip of a single emitter based on the dimension and
morphology of type I nanowires. Defining the nanowire as minus
high potential and anode (not shown) as zero potential, the darker
grey scale represents a lower potential area. We can see that large
local field exists on both the tip and side area of the emitter.

Table 1. Measured gradients of the FN plots for five different
samples corresponding to each type of CuO nanowire films.

Standard
Type Sl1 S2 S3 S4 S5 Mean deviation
I 155 173 167 168 176 168 0.8
I 443 37.0 419 408 443 417 3.0

Since the value of B is mainly related to the geometry
of emitters, we used a finite element method (ANSYS,
Ansys Inc.) to grossly calculate the local field of a single
emitter under a certain applied field typically used in field
emission experiments. The modelling was also based on
the typical morphologies and dimensions of both types of
nanowires in our experiments. The calculated equipotential
lines near the tip are shown in figure 3, from which we can see
that because of the nano-scale geometry of CuO nanowires,
a large local field exists not only on the tip area, but also
on the side face near the tip. That is, if we only consider
the field emission from top area of the tip, the effective
field enhancement factor would be underestimated. Thus,
for a single nanowire, we calculated the individual local field
enhancement factor of all points which had considerable local
field, Bioc, and defined an effective enhancement factor Bes as
Bett = Zﬂ loc-dS /Aqip, Where dS is the area of each element and
Aqp 1s the tip area of a single nanowire. As our experimentally
measured current density was obtained by averaging the total
emission current on the whole sample area and only the tip area
of nanowires contributed to this sample area, it is reasonable
to redistribute all emission electrons including those from side
walls on the tip area of a single nanowire to compare with the
experimental data. Since in other nanowires [15] with similar
morphologies and bulk work function with CuO nanowires,
the B value can be as low as 10, here the above summation
includes all contributions with B, > 10 for both types of
nanowires. Then we obtain the approximate values of Besr as

Biefr = 21060 for a type I single nanowire and S, ¢ ~ 1160
for that of type II. Taking into consideration the screening effect
between adjacent nanowires, the enhancement factor of films
can be well approximated by [16]

B = et [1 - exp<—2.317z;>] , o

where s is the spacing between emitters and / is the length of
emitters. Thus, taking the average spacing between nanowires
as | m (corresponding to a density of about 108 cm™2) for type
Iand 1.5 m (corresponding to a density of about4 x 107 cm™~2)
for type II, the enhancement factors of CuO nanowire films
were calculated as

Bi.ca = 1570 and Ba.cal = 670, respectively.
©)

Hence, we obtain the estimated ratio of the field enhancement
factors for the two types of nanowire films as

Veal = ,Bl,cal/,Blcal A 2.34. (6)

This result is in very good agreement with the experimentally
measured value of 2.5 £ 0.3. Using equation (2) and results
of (5) as estimated enhancement factors of samples, the
work function of CuO nanowire films can be estimated as
2.5-2.8 eV, which is nearly half that of the bulk CuO work
function [17] and consistent with the results of 0.3-2.62 eV as
reported by Chien et al [8]. Of course, in our experimental
conditions with the vacuum of 5 x 1077 Torr the field
emission is most likely to be dominated by adsorbate enhanced
states, and not by the CuO surface work function. Similar
field emission experiments in higher vacuum are currently
underway to obtain a more accurate value of CuO nanowire
work function.

4. Conclusions

In conclusion, large-scale oriented CuO nanowire films have
been synthesized using a simple method of heating bulk
Cu in air. Measurements of the FE properties of two
typical morphologies show that they have low turn-on field
of 3.5-4.5 V um~! and high emission current density of
0.45 mA cm™2 (at the field of 7 V um™"). At the same time,
uniform FE images have been observed. By comparing the
experimental data with finite element calculation results, the
work function of the CuO nanowire films is estimated to be
about 2.5-2.8 eV. The simple synthesis method, low turn-on
voltage, high FE current density and uniform FE images make
CuO nanowires one of the promising candidates as future FE
electron sources and FEDs.
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