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Abstract

The effects of tetrafluoro methane (CF4) and oxygen (O2) plasmas on the morphology and field emission of copper oxide (CuO) nano-
wires are investigated. The tip diameter of nanowires is found to be reduced and the tips sharpened by both plasmas. Furthermore, O2

plasma removes the amorphous layer on the surface of as-grown nanowires, while CF4 plasma treatment deposits a thick amorphous
coating which results in a decrease in the surface work function. All these factors contribute to the large enhancement of the field emis-
sion performance after the plasma treatment.
� 2005 Elsevier B.V. All rights reserved.
1. Introduction

Cold cathodes or electron field emitters attract much
attention because of their advantages over conventional
thermionic emitters, such as low energy consumption [1].
Among the many published works, a great deal of effort
has been devoted to carbon-based nanomaterials, espe-
cially carbon nanotubes (CNTs), due to their high aspect
ratio and high chemical stabilities [2]. Besides CNTs, a wide
variety of one-dimensional (1D) nanostructures, such as
nanowires have been of great interest to researchers. Large
and stable field emission (FE) currents from the nanowires
have been reported [3–6]. Recently, experiments have
shown that plasma treatments can functionalize carbon-
based materials and improve their FE performance, and
the effects of plasmas from H2 [7], Ar [8], O2 [9], CF4 [10]
and NH3 [11] gases have been investigated. Comparatively,
fewer detailed studies on the plasma treatment of inorganic
nanowires have been reported [12].
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Among different nanowires considered for field emitters,
CuO nanowires have been successfully synthesized using a
simple method by various groups [13–15]. With excellent
FE properties [16,17], CuO nanowires are good candidates
for investigating the effects of plasma treatments on nano-
wires. Thus, similar to our previous efforts on CNTs [18],
O2 and CF4 plasmas from a reactive ion etching (RIE) sys-
tem were used to further treat as-grown CuO nanowires in
this work. The changes in their morphologies, surface
structures and components were monitored and the
enhanced FE properties investigated.

2. Experimental setup and procedures

The vertically aligned CuO nanowire films were pre-
pared by directly heating Cu plates on a hotplate under
ambient conditions, as described in our previous work
[13]. The growth temperature was about 350 �C and
growth time was about 2 days. For plasma treatment, as-
grown samples were placed inside the chamber of a
SAMCO RIE-10N Reactive Ion Etching Unit. Samples
were exposed to the plasma produced from O2 (35 sccm)
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or CF4 (15 sccm) gas, respectively. Typically, the exposure
lasted for 5 or 10 min. Other details of the RIE process can
be found in another report [18].

With the assistance of focused laser pruning method
[19], some channels were created on the CuO nanowire
films. Some nanowires near a channel were then identified
for comparison of the tip dimensions of these individual
nanowires before and after plasma treatments. The as-
grown and treated samples were characterized by scanning
electron microscopy (SEM, JEOL JSM-6400F), transmis-
sion electron microscopy (TEM, JEOL JEM-2010F; oper-
ating at 200 kV), X-ray Photoelectron Spectroscopy (XPS,
ESCA MK II; Mg source), micro Raman spectroscopy
(Jobin Yvon T64000) and ultraviolet photoelectron spec-
troscopy (UPS, Surface, Nanostructure and Interface Sci-
ence (SINS) beamline at Singapore Synchrotron Light
Source (SSLS)). The measurements of FE properties of
as-grown and plasma-treated nanowires were carried out
using a two-parallel-plate configuration in a vacuum cham-
ber with a pressure of about 5 · 10�7 Torr. The distance
between electrodes was kept at 150 lm.

3. Results and discussion

A channel was made by laser pruning on the as-grown
CuO nanowire films and some nanowires nearby the edge
were chosen for the analysis as shown in Fig. 1a. Fig. 1b,c
show the same region of CuO nanowires before and after
10 min of O2 RIE treatment by focusing on the part of
Fig. 1. (a) SEM image showing side view of a channel pruned by laser on CuO n
as made and (c) after 10 min of exposure to O2 RIE. The insets of (b) and (c)
circle) before and after RIE, respectively. (d) a region and a nanowire (inset) b
10 min of CF4 RIE.
Fig. 1a marked by a dotted box. From this region, a nano-
wire (marked by a circle) was further magnified as shown in
the insets of Fig. 1b,c, respectively. After 10 min of O2

plasma treatment, the average diameter near its tip was
reduced from about 159 to 144 nm, i.e., a reduction of
almost 10%. In addition, some nanowires became bent
and slightly shortened, e.g., the nanowire indicated by the
arrow in Fig. 1c. In a similar way, the effects of CF4 plasma
on a given nanowire were investigated as shown in Fig. 1d,e
and their insets. The average diameter of the selected nano-
wire was reduced from about 91 to 81 nm and was short-
ened by about 30 nm after the exposure of CF4 plasma
for 10 min. By comparing additional 10 individual nano-
wires after plasma etching, it was deduced that the tip diam-
eter was reduced by an average value of 9 nm after both O2

and CF4 plasma treatments.
Fig. 2 shows the TEM and HRTEM images of CuO

nanowires before and after plasma treatments. Although
the as-grown nanowires with sharp tips were observed,
more than half of them had a flat tip as shown in
Fig. 2a. Also, almost all as-grown nanowires were covered
by an amorphous layer with an average thickness of several
nanometers, as is typically demonstrated by the inset of
Fig. 2a. Such layer was still characterized to be CuO and
could be induced during cooling after growth. In contrast,
after 10 min of O2 (Fig. 2b) and CF4 (Fig. 2c) plasma etch-
ing, all observed nanowires had sharp tips and no flat tips
were found. Moreover, the surface of the tip region was
found to be cleaner after O2 plasma treatment, and the
anowire films. The dotted box shows the region of interest magnified in (b)
show high magnification SEM images of the same nanowire (in the white
efore CF4 RIE; (e) the same region and nanowire (inset) after exposure to



Fig. 2. (a) TEM image of an as-grown CuO nanowire. The inset shows a
HRTEM image from the tip part. (b) TEM image of a CuO nanowire after
exposure to 10 min of O2 RIE. Insets are the HRTEM images of different
parts. (c) TEM image of a CuO nanowire after 10 min of CF4 RIE.

Fig. 3. XPS spectra of (a) F1s and (b) Cu2p for as-grown and CF4

plasma-treated CuO nanowires.
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amorphous layers disappeared. From the insets of Fig. 2b,
the crystalline structures are clearly seen to have extended
up to the surface. On the other hand, CF4 plasma treat-
ment formed another amorphous layer coating onto the
surface as shown in Fig. 2c and its insets. The top right
inset of Fig. 2c demonstrates clear crystalline structures,
but the bottom right inset shows an amorphous layer with
a thickness of 1–2 nm. On the cylindrical body of the nano-
wire, this amorphous layer becomes much thicker, even
more than that of as-grown CuO nanowires.

To investigate the chemical nature of the amorphous
layer on the surface of CuO nanowires after 10 min of
CF4 RIE treatment, XPS study was carried out. The XPS
spectra of F1s and Cu2p peaks are shown in Fig. 3a,b,
respectively. From Fig. 3a, we can see that after CF4

plasma treatment, a strong two-peak F1s spectrum
appears. By deconvoluting with Gaussian peaks after sub-
traction of background, four sub-peaks are further
observed. Those peaks at 684.7 and 685.7 eV can be
ascribed to the F–Cu bonding in CuF2 and the other two
at 689.1 and 690.2 eV are possibly due to the presence of
(–CF2–CF2–)n bonds [20]. The occurrence of fluorinated
carbon and copper could be reasonably attributed to the
10 min of CF4 plasma treatment. Moreover, after CF4

plasma treatment (Fig. 3b), the Cu2p peaks tend to shift
to higher binding energy due to the formation of strong
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Cu–F bonds, since the binding energy of Cu2p in CuF2 is
larger than that in CuO [20].

Micro Raman spectra are shown in Fig. 4a. Three peaks
are observed from the as-grown CuO nanowires, corre-
sponding to the Ag;B

ð1Þ
g and Bð2Þ

g modes due to the vibra-
tions of oxygen atoms in the CuO structures [21,22].
After O2 plasma treatment, the positions and widths of
all peaks remained unchanged; but CF4 plasma treatment
slightly shifts the spectra to higher wave numbers and an
asymmetrical Ag peak is observed. Such a shift and asym-
metrical peak could be due to the introduction of surface
amorphous layer during plasma treatments [23].

UPS was carried out under ultrahigh vacuum
(10�11 Torr) to study the effects of plasma treatment on
the work function of CuO nanowire films. Fig. 4b shows
the inelastic cutoff and the Fermi edges of the as-grown,
O2 and CF4 plasma-treated samples. The photon energy
was 49.7 eV, and �20 V bias was applied to the samples
so that the sample inelastic cutoff could be distinguished
from that due to the spectrometer. The work function
Fig. 4. (a) Micro Raman spectra of as-grown and plasma-treated CuO
nanowire films. (b) The inelastic cutoff and Fermi edges of CuO nanowires
before and after treatments. The inset shows magnified inelastic cutoff
edge.
can be obtained from / = hm � DE [24], where hm is the
photon energy (49.7 eV) and DE is the spectrum width,
the distance between the sample inelastic cutoff and Fermi
edges. Thus, from Fig. 4b and its inset, it can be seen that
10 min of O2 plasma etching only slightly changes the work
function of CuO nanowires; but 10 min of CF4 RIE
reduces it by about 0.5 eV. In addition, the absolute work
function values are estimated to be about 4.5, 4.5 and
4.0 eV for as-grown, O2 and CF4 plasma-treated CuO
nanowires, respectively. All the values are lower than that
of bulk CuO [25]. It is worth noting that these values are
quite close to that from the field emission of aligned CuO
nanofibrils [26], but obviously higher than our previous
results [17] and other reports [16]. This difference could
be due to the lower vacuum in the FE chamber (order of
10�7 Torr) than that in UPS measurements, the high sensi-
tivity of FE results to the detailed sample morphologies
and the simplified morphological assumption in the estima-
tion of [17].

Finally, the FE properties of plasma-treated CuO nano-
wires were measured. Fig. 5a shows the results from the
same sample before RIE, after 5 and 10 min of exposure
to O2 plasma. We can see that after 5 min of etching, the
maximal current density (under the field of 5.3 V/lm)
increases from the original 0.13 to 0.34 mA/cm2 and
another 5 min RIE further enhances it to 0.54 mA/cm2.
At the same time, the turn-on field (corresponding to the
current density of 10 lA/cm2) decreases from 3.6 V/lm to
3.2 and 3.0 V/lm after 5 and 10 min of exposure to O2

plasma, respectively. In the same way, the field emission
of another sample was improved by CF4 RIE (Fig. 5b).
The maximal current density is enhanced by 25 times from
0.04 to 1 mA/cm2 after 10 min of exposure to CF4 plasma.
The turn-on field was reduced from 4.2 to 3.7 V/lm.

To explore the possible mechanisms, the Fowler–Nord-
heim (FN) equation [27] was used to analyze the FE data:

JðEÞ ¼ aA
/

ðElÞ2 exp �B/3=2

El

 !
; ð1Þ

where J (A/cm2) is the macroscopic current density, E (V/
lm) is the average electric field, El (V/lm) is the local field
near the emitters, / (eV) is the work function, A and B are
constants and a is an area factor, which is equal to the ratio
of an actual emitting surface area to an overall surface
area, describing the geometrical efficiency of electron-field
emission [28]. By defining an enhancement factor b = El/E,
from Eq. (1), a and b can be expressed by the slope (S)
and ordinate intercept (i) of FN plots (ln(J/E2) versus
1/E):

b ¼ �B/3=2

S
ð2Þ

and

a ¼ S2ei

AB2/2
. ð3Þ



Fig. 5. (a) Typical field emission J–E curves and FN plots (inset) of as-
grown and O2 plasma-treated CuO nanowires. (b) Typical field emission
J–E curves and FN plots (inset) of as-grown and CF4 plasma-treated CuO
nanowires.
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By fitting the FN plots, the slopes and intercepts are ob-
tained. Here, we add a subscript 0 to represent the results
from as-grown samples and 1 to represent those after
10 min of plasma treatments. Thus, for both O2 and CF4

RIE, the following relationships result from Eqs. (2) and
(3): b1

b0
6 1 and a1

a0
� 1, which suggest that after plasma

treatments, the enhanced FE may not be caused by the in-
creased average enhancement factors, but may be related to
larger effective emission areas [29]. Actually, many nano-
wires become bent after plasma treatments, which may in-
crease the effective FE emission area due to exposure of the
side walls [17], as has been previously suggested for rough
surfaces [30].

Another possible explanation for the enhanced FE after
O2 plasma treatment is the cleaner surface structures. Pre-
vious results have demonstrated that strong electron scat-
tering can occur at the interface between the amorphous
surface layer and crystalline core, which may encumber
the FE properties of as-grown CuO nanowires [31]. O2
plasma can also generate copper superoxides (CuOx,
x = 2, 3, 4) which can improve the conductivity of
indium–tin oxide (ITO) [32]. Such improvements can also
play a role on the CuO nanowires after O2 plasma treat-
ment and, thus enhance their FE performance. Further-
more, plasma treatment may bombard and roughen the
surface of nanowires, thus producing new FE sites.

In contrast, for the case of CF4 plasma treatment, the
FE enhancement may be more related to the fluorinated
carbon layer on the nanowires after CF4 plasma treatment
as was discussed in the XPS investigation. Previous study
has shown that carbon coating on field emitters can
enhance the field emission [33]. The dangling bonds will
be produced in the fluorinated carbon materials under high
electrical field [34], which can benefit the field emission [35].
Such a fluorinated layer also results in a decrease in the sur-
face work function value. All these contribute to the
enhanced field emission after 10 min of CF4 plasma treat-
ment, in addition to the larger emission density due to thin-
ner and bent nanowires.

4. Conclusions

O2 and CF4 plasma from RIE system have been used to
treat aligned CuO nanowire films to enhance their FE
properties. Comparing the same nanowire before and after
treatments shown that 10 min of plasma treatment reduces
the tip diameter of nanowires by an average of 9 nm. Fur-
thermore, the nanowires tips sharpened and/or bent which
result in a larger effective field emission area. O2 plasma
removed the amorphous layer on the surface of as-grown
nanowires and CF4 plasma induced fluorinated carbon
on the surface of nanowires and reduced the work function
by about 0.5 eV. All these factors contributed to the
improved FE current density and lowered the turn-on field.
It is suggested that this plasma technique can also be
extended to other nanomaterials, thus providing a direct
means to control the tip diameters and to functionalize
the surface morphologies of nanowires for various
applications.
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