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We report a new method to fabricate the CuO nanowire-bridge device operating one step thermal
treatment and implementing as gas sensor. The X-ray Diffraction (XRD), micro Raman, and high
resolution transmission electron microscopy measurements indicated that the CuO nanowires are
single crystalline with high crystal quality. Both gas sensor performance and electrical properties of the
nanowires-bridges are also investigated. The sensitivity of CuO nanowire-bridge device for sensing
oxygen molecule is about 2 times higher than that of the CuO thin film device in room temperature.
The enhanced sensitivity of the nanobridges can be attributed to the higher surface band bending due
to the larger potential barrier as the accumulation layer between nanowire/nanowire junctions. The
mechanism of sensing and electron transport are also discussed. Furthermore, the electrical noise
property of the CuO nanowire-bridge device followed Hooge’s 1/f-type fluctuations model, which
suggests a high reliability of the gas-sensing device. This straightforward method of growing CuO
nanowire bridging provides a new type of gas/bio sensing device to enhance sensing capability.
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1. INTRODUCTION

Recently, metal-oxide semiconductor with one dimensional (1D) nanostructures including
nanowires [1], nanobelts [2] and nanotubes [3] have attracted considerable interest for their unique
properties. Owing to their high aspect ratios, good crystal quality, thermal and chemical stability, these
metal-oxide semiconductor nanostructures are considered as potential building blocks for future
nanodevices.  Currently, various nanoscale metal-oxide semiconductor devices have been
demonstrated such as field-effect transistors (FETSs), P-N diode, nanolasers, light emitting diode, solar
cell and photodetectors. However, a major application of these 1D nanostructures will be expected in
chemical/gas sensor, due to their high surface-to-volume ratios, in which the sensing sensitivity also
can be enhanced compared to thin film material. Nowadays, several approaches were used to advance
chemical sensors performance that have been reported including high operational temperature
(T>100°C)[4], surface modification with noble metal nanoparticles such as Au[5], Pd[6], Pt[7] and
plasma surface treatment[8]. In addition, multiple-nanowire device also provides largely improved gas
sensing performance, due to the suspended nanowire webs has much higher fluxes of gases
surrounding, which could reinforce its efficiency. Note that increasing the sensing surface can enhance
a signal level and offer a good signal-to-noise ratio. Previously, a similar approach has been reported
by bridging ZnO nanowire [9-12]. However, these approaches are relatively complex, expensive, and
time consuming for fabrication such as metal coating sputtering system, plasma system and
photolithography process, which will limit for practical application in nanowire based gas sensor. To
conquer the limitations of nanolithography, it is required to develop a convenient approach to fabricate
the nanowire based chemical sensor. In this study, we report a new method, which is cost-effective,
time-saving, and highly reproducible process to synthesis multiple CuO bridged nanowires with their
electrical contacts by one step thermal treatment. The gas sensing capability, sensitivity, and noise
properties of the CuO nanowire-bridge device are demonstrated and their chemical-sensing mechanism
are also discussed.

2. EXPERIMENTAL

Prior to the growing of CuO nanowire-bridges, a 3-cm-long 99.999% pure Cu wire with a
diameter of 0.1 mm was first rinsed in HCI and vibrated ultrasonically for 60 seconds. The chemically
cleaned Cu wire was subsequently rinsed with de-ionized water and then dried by N, flow. To grow
the nanowire-bridges, firstly, the two Cu wires were twisted together, as shown in Fig. 1(a). And then
we inserted the twisted Cu wires into a quartz tube with a conventional horizontal furnace under
atmospheric pressure to thermally treat at 500°C for 2 hours. After this process, surface morphology of
the sample was characterized by a Hitachi S-47001 field-emission scanning electron microscope
(FESEM) operated at 15kV. Crystallographic and structural properties of the thermally treated sample
were characterized by a Siemens D5000 X-ray Diffraction (XRD) system and a Philips FEI TECNAI
G? high resolution transmission electron microscopy (HRTEM) operated at 200kV.
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Figure 1. schematic of growth the CuO nanowires-bridges by (a) before and (b) after the thermally
treatment.

For the fabrication of the nanowire-bridge chemical sensor, we placed the thermally treated
sample on the SiO, (300nm)/Si substrate and used the Cu core on each end side of the wires as
electrodes, as shown in Fig. 1(b). Fig. 1(b) inset shows schematic of the CuO nanowire-bridges
structure. The sample was subsequently placed in a high vacuum chamber for Current-voltage (I-V)
characterization. The sample was then measured by contacting the two electrodes using a Keithley
4200-SCS semiconductor analysis system. The resistance of the CuO nanowire-bridges was measured
at 1V bias varying oxygen pressures for chemical sensor application.

3. RESULTS AND DISCUSSION

Fig. 2(a) depicts top-view FESEM image of the CuO nanowire-bridges array grown on the two
Cu wires by the thermally treated process. It can be seen clearly that large area, high-density, and well-
aligned CuO nanowires were grown on the both Cu,O/Cu wire template. Fig. 2(a) inset shows an
enlarged FESEM image between two Cu wires, which can be found many nanowire/nanowire
junctions as seen in red circles mark. These networking junctions on two CuO nanowires, which have
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grown on both Cu wires as shown in Fig. 2(b) will serve as electrical transport path while Current-
voltage (I-V) measuring in chemical sensor applications.

Figure 2. (a) Top-view and inset enlarged FESEM images of the thermally treated sample. (c) High
magnification FESEM images of the CuO nanowire-bridges.

This CuO nanowire-bridge device is very easy and efficient fabricated compared to other
growth method reported by some research group [9-12]. In addition, the SEM image of the CuO film
and growth phenomena was shown on Fig. S1 (supporting information). In our work, the nanowire-
bridges are self-assembled on the two twisted Cu wires during the one step thermal treatment process.
Note that, in other research reports, the nanowire-bridge based devices are generally fabricated by
dreary and complex processing steps such as a series of processes involving mask lithography to define
the electrical contacts and to synthesis nanowire, or photolithography technique [13].

Fig. 3(a) shows the XRD spectrum of the thermally treated sample of the CuO film and CuO
nanowire. It was found that both the film and the nanowire sample were display very sharp Cu,O and
CuO related peaks and could be well indexed from JCPDS (No. 45-0937, 05-0667). The result shows
only Cu and O involved element in the nanowires and film, and indicates highly crystalline structure,
which also agrees with the XRD analysis. It is worth to mention that the CuO nanowire-bridges were
self-grew on the two twisted Cu wires by one step thermal treatment process in the air ambient and
catalytic free in our chemical sensor fabrication method. The formation of CuO can be investigated by
two chemical reaction equations as following while the thermal treating process [14]:

4Cu + O; — 2Cu,0 1)

2Cu,0 + O, — 4CuO 2



Int. J. Electrochem. Sci., Vol. 8, 2013 3476

Intensity (a.u.)

20 30 40 50 60 70
26 (degree)

b} —CuOfilm |

—— CuO nanowire 1

A

Intensity (a.u.)

200 300 400 500 600 700 800
Raman shift (cm™)

Figure 3. (a) XRD patterns and (b) Room temperature Raman spectra for the CuO film and the CuO
nanowire-bridges. (c) High magnification TEM images of the

We believe that the similar mechanism of the continuously oxidized the Cu wires could also
occur as our thermally treated in the air. As a result, we observed the tri-layer core-shell wire covered
with numerous nanowires as illustrated on Fig. 1(b) inset.
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Fig. 3(b) depicts room temperature Raman spectrum of the CuO film and CuO nanowires. We
observed that both film and nanowires show three main peaks, located at 298, 348 and 630 cm™,
corresponding to the Raman active optical phonon modes of Ag, B1g and B,y symmetries, respectively
[15]. The results of these three strong peaks suggest that both the CuO film and nanowires are highly
good quality sample for chemical sensor applications.

Fig. 3(c) shows the HRTEM image and its corresponding selected-area electron diffraction
(SAED), which taken from a randomly picked nanowire on the sample. It was confirmed that the CuO
nanowire is single crystalline with no observable defect in this region and the lattice spacing was
observed to be 0.228 nm corresponding to the (-2 0 2) plane of the CuO crystal. Fig. 3(c) inset depicts
the SAED pattern of the sample, which can be seen clearly that the pairs of reciprocal lattice peaks
existed along two different lattice directions [16]. Such a pattern suggests the twin plan exists in the
CuO nanowires, and implies the nanowires are dual-phased monoclinic CuO [17].
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Figure 4. (a) Measured resistance as a function of time sensing response for the CuO film and the CuO
nanowire-bridges. (b) Measured response (%) as a function of the oxygen pressures.

The oxygen molecules sensing responses of the CuO film and the CuO nanowire-bridge
devices with varying gas pressures in room temperature were measured at 1V bias, and the results are
shown in Fig. 4(a). It can be found that both resistances of the CuO film and the CuO nanowire-bridge
devices are increased, while enhancing the oxygen pressure. Moreover, to quantitatively determinate
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the O, sensing response, the response equation of the CuO film and the CuO nanowire-bridge devices
was described as the following

response= ———x100 =S*log[ P]+ A
R, ©)

Where Ry denotes the sensor resistance in the oxygen gas and R, denotes that under vacuum. S
IS sensitivity, P is the oxygen gas pressure in the chamber, and A is constant. Fig. 4(b) shows the
response of the sensor devices as a function of oxygen pressure. As can be seen in Fig. 4(b), the CuO
film device shows an obvious change of response, and its sensitivity is 0.09. In addition, the response
of the CuO nanowire-bridge device is much larger than that of the CuO film device. Moreover, it can
be found that sensitivity of the CuO nanowire-bridges is 0.155, which is about 2 times higher than that
of CuO film device.
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Figure 5. Schematic of the electron transport processes in the sensing layer (top) and the
corresponding energy bands representation (bottom) for (a) the CuO film and (b) the CuO
nanowire-bridges.

This result also indicates that the oxygen molecular sensing performance of the CuO nanowire-
bridges can be improved by large surface-area-to-volume effect.

The mechanism of the enhanced oxygen sensitivity between the CuO nanowire-bridges and the
CuO film device is illustrated qualitatively in Fig. 5(a), the CuO film, and Fig. 5(b), the CuO
nanowire-bridges. It is well known that CuO is a p-type semiconductor which the copper vacancies
provide the acceptor levels as the synthesis in progress [18,19]. While the oxygen sensing, the O,
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molecules will be adsorbed on CuO surface and create surface states of electron trap, which leads to
the energy band bend upwards at the surface forming an accumulation layer with majority carriers of
holes [20]. This reaction process can be described by the following equation [21]:

0, <> O, + VacancyCu," + 2h (4)

As the oxygen sensing, the holes (h) will accumulate near the surface of the CuO to form the
hole accumulation layer due to surface band bending effect, which will lead to decrease the overall
conductance of the device. This means that the accumulation layer/barrier height (4,) can be modulated
by oxygen concentration, which will induce the device to change its conductance. Fig. 5(a) depicts the
cross-section schematic diagram of the CuO film that both surfaces of the CuO films are connected
together (Fig. 5(a) top), and it corresponds the real-space energy band diagram (Fig. 5(a) bottom). In
the CuO film case, the electron transport flowed through the contact area of both surfaces of the CuO
films. Therefore, the contact area plays a dominant role in conduction. Moreover, the transport
properties of CuO film are similar to the bulk CuO material, in which surface states and surface barrier
height (¢,) are relatively less than that in the nanostructure. That will result in fewer oxygen molecules
available in surface states, which will limit sensing sensitivity of the device. In the CuO nanowire-
bridge case, owing to the large surface-to-volume ratio, the sensing performance of the device is
expected to be strongly affected by surface states. Fig. 5(b) depicts the schematic diagram of the CuO
nanowire-bridges, Fig. 5(b) top, and the real-space energy band diagram, Fig. 5(b) bottom. As the CuO
nanowire-bridges do not expose in oxygen molecule, the current flow through networking points
connecting by two CuO nanowires as a conductive nano-bridge. As the CuO nanowire-bridges exposes
in oxygen molecule, the surface of each nanowire adsorbed oxygen molecule will significantly
increase both the accumulation layer and barrier height () in the networking junctions. Therefore, the
electrical transport properties of the CuO nanowire-bridges are strongly influenced by the networking
junctions. As a result, the enhanced sensitivity of our CuO nanowire-bridge device can be ascribed as
high density of surface states of the CuO nanowires, which will induce large tunable surface band
bending with barrier height (4,) by oxygen molecule in the each networking junction.

The noise property is a very important parameter for the actual application of a gas sensor.
Because the low-frequency noise property contains information about the charge fluctuations, it will
determine the reliability of the gas-sensing device. Fig. 6 shows measured noise power spectra of both
CuO film and the CuO nanowire-bridges, respectively. We applied forward bias of 1V with bandwidth
from 1 Hz to 1000 Hz at room temperature while noise measuring. According to the Hooge’s empirical
model, the noise power spectrum of low-frequency was given by the equation [22, 23]

|ﬁ’
Sn(f):Sof—da

(5)

where Sy(f) is the spectral density of the noise current, 14 is the dark current of the detector, f is
the frequency, S, is a bias-independent constant, o and B are two fitting parameters. Note that the noise
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spectra shown 1/f-type (0=1) fluctuations is widely found in nature. This behavior of the noise power
spectra at low-frequencies f have been observed in physics, technology, biology, condensed matter and
electronic devices [24], which represents low noise signal in the device.

[

—— CuO film slpp = 0.958
CuO bridge NW slop = 0.96

:’f

o
[

1/f fitting -

Noise Power Density (A’/Hz)

[

[
=]

10' 10° 10°
Frequency (Hz)

—

Figure 6. Measured noise power spectra of the fabricated CuO film and CuO nanowire-bridges device.

In the measured curves, the fitting parameters o of the CuO film and the CuO nanowire-bridges
were found to be 0.956 and 0.958 (near a=1). As a result, we can conclude that the low-frequency
noise in our devices is dominated by 1/f type noise [22]. Such a result also suggests that this CuO film
and CuO nanowire-bridge device has a good gas-sensing reliability.

4. CONCLUSION

In this study, we have introduced a direct growth of CuO nanowire-bridge device fabrication by
one step thermal treatment. It is found that the nanowire-bridges are self-assembled during the
nanowires growing. The XRD, micro Raman, and HRTEM measurements indicate that the CuO
nanowires are single crystalline with high crystal quality. The sensing response of the CuO
nanobridges reinforces linearly while logarithmic O, pressure increases at room temperature. It is also
found that the sensitivity of CuO nanowire-bridge device for sensing oxygen molecule is about 2 times
higher than that of the CuO thin film on the same measuring condition. The enhanced sensitivity of the
nanowire-bridges should be attributed to the higher surface band bending, which due to the large
potential barrier interacts as the accumulation layer at nanowire/nanowire junction in each nanowire.
Furthermore, the electrical noise properties of both the CuO film and the CuO nanowire-bridges are
followed Hooge’s 1/f-type fluctuations model, which suggests a good reliability of the gas-sensing
device. This one step fabrication method in the CuO nanowire bridging can provide a new type sensing
application such as chemical/bio sensors, nanomechanical resonators and photodetector to enhance
their capability.
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Supporting information:

The CuO film was growth by a conventional horizontal furnace under atmospheric pressure at 400°C
in air for 2 hours as shown in Fig S1.
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Figure S1. Top-view FESEM image of the CuO film by thermal treatment sample at 400 °C.
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