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ABSTRACT 

This work explains a facile approach to fabricate 
hybrid-nanostructure based gas sensor. The prefabricated 
sensor chip with microheaters was used to grow ZnO/CuO 
hybrid-nanostructures directly on top of electrodes using 
hydrothermal reaction at low temperature (<95 oC). It was 
found that controlling the precursor concentration and 
growth time were the keys to minimize the damage on the 
base structures. As a gas sensor, the fabricated device 
based on ZnO/CuO hybrid-nanostructures was tested and 
shown to enhance the response from 2500 to 7100 % as 
compared to the ZnO nanowire-based device upon the 
exposure to 20 ppm of NO2 gas at 250 oC. 
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INTRODUCTION 

In recent years, metal oxide nanostructures gained 
great attention from researchers because of their superior 
sensing performances including sensitivity and response 
time compared to their bulk structures. Many reports [1-3] 
have shown nanostructured materials such as nanotubes, 
nanowires, nanoparticles, and nanobelts have superior 
results due to their higher sensitivity and selectivity to 
certain gaseous species. Gas sensing properties of various 
individual materials have been explored intensively using 
SnO2, ZnO, and In2O3 materials as n-type semiconductors. 

Many attempts were presented to enhance the 
sensitivity by introducing noble metal nanoparticles. By 
means of spill-over effect or catalytic effect, the sensitivity 
can be improved significantly. Various noble metals such 
as Au, Pt, and Pd were found to be efficient for increasing 
the sensitivity to H2 gas using WO3 nanowires [4], to NO2 
gas using ZnO nanowires [5], and to H2 gas using SnO2 
nanowires [6], respectively. However, in the real 
applications, such noble materials require high cost so that 
the sensor price can be high. 

Alternatively, hybrid structures of nanomaterials were 
proposed to enhance sensitivity with its unique properties 
so that the sensor price can be lowered without sacrificing 
the sensing performances. Generally, hybrid 
nanostructure-based gas sensors can be made by using 
nanowires or nanoribbons as base materials and coating 
distributed nanoparticles or smaller nanostructures on the 
base materials resulted in branch-like structures. Many 
researchers believe that sensitivity and selectivity of sensor 
may be enhanced by combining two nanostructures with 
different electronic properties [7-9]. As further expectation, 

the hybrid nanostructures can be listed as a new class of 
nanomaterials with different properties. Here, we 
demonstrated gas sensor based on ZnO/CuO 
hybrid-nanostructures made through all solution-based 
precursors grown at relatively low temperature with 
enhanced sensitivity at lower operating temperatures. In 
addition, this method may provide simpler and faster 
fabrication compared with previous works [7-8]. 

 
FABRICATION 

The fabrication process was started by manufacturing 
the sensor platform that consists of gold sensing electrodes 
and platinum microheaters using photolithography 
technique. As illustrated in Figure 1, silicon substrate with 
oxide was patterned by using photoresist (PR) to make 
microheater pattern. Then very thin layer of chrome as an 
adhesive layer and platinum layer were deposited 
subsequently. As an insulation layer, silicon oxide was 
covered by using LPCVD process. Finally, another PR 
layer was patterned to make inter-digitated sensing 
electrodes before deposition of gold layer. The gap 
distances between adjacent electrodes were maintained at 4 
μm. 
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Figure 1: (a) Chip fabrication process using 
photolithography, and (b) SEM images of sensing 
electrodes and microheaters pattern. 
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To synthesize hybrid-nanostructures, the seed layer of 
ZnO nanoparticles was firstly coated on top of sensing 
platform by precipitating zinc acetate-based solution using 
ethanol at 150oC for 20 min. Then, ZnO nanowires (NW) 
were grown from nitrate-based solution using localized 
hydrothermal technique by addressing sufficient heat 
(approx. 95oC) via microheaters for 30 min. The heat 
source was generated through localized Joule heating by 
flowing current of DC power supply at 2 V. Another seed 
layer was introduced on top of ZnO NW by similar manner. 
Lastly, CuO nanostructures (NS) were grown directly on 
ZnO NW surfaces at 95oC using previous procedure for 30 
seconds. CuO precursor was made by mixing 
Cu(NO3)2·3H2O and hexamethylenetetramine (HMTA) in 
DI water. Different CuO precursor concentrations (4 and 
0.25 mM) were used to be compared. Schematically, 
overall synthesis process is shown in Figure 2.  
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Figure 2: Synthesis process of ZnO/CuO hybrid- 
nanostructures using localized Joule heating via 
microheaters. 
 
EXPERIMENTAL 

The gas sensing measurement was conducted by using 
a quartz tube furnace at various temperatures. Total gas 
flow rate was maintained at 600 sccm by using a mass flow 
controller. The resistance of sensor was measured by using 
a sourcemeter (Keithley 2400). The sensor response was 
defined as relative sensitivity S = (Rgas - Rair)/Rair x 100%. 
As a preliminary test, 20 ppm of NO2 was introduced. The 
same sensor sample was used for the gas testing before and 
after growing CuO nanostructures on ZnO nanowires. 
 
RESULTS AND DISCUSSION 

In Figure 3 (a-b), SEM images of bare ZnO NW and 
hybrid-nanostructures of ZnO NW/CuO NS were recorded 
from the same location. It was clearly shown that CuO NS 
were successfully synthesized and equally distributed 
throughout the ZnO NW using low concentration of CuO 
precursor (0.25 mM) for 30 seconds. In Figure 3 (c), a 
close-up look of CuO NS could be obtained. Its dimension 
ranged from 240-270 nm in length and 40-50 nm in width 
with sharp tip feature.  

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: SEM images of (a) bare ZnO NW and (b-c) ZnO 
NW/CuO NS using 0.25mM precursor of CuO. 

 
Elemental mapping of Zn and Cu were displayed 

using STEM-EDS images on Figure 4. It could be simply 
observed that the hybrid-nanostructures were well 
synthesized. Even at high level of Cu noise due to TEM 
grid, the Cu element on CuO NS part was slightly shown 
denser than its background. 

 

 
Figure 4: STEM image of (a) ZnO NW/CuO NS, and EDS 
mapping images of (b) element of Zn, and (c) element of 
Cu. 

 
On the other hand, using 4 mM of CuO precursor 

concentration for five minutes, it can be seen that rapid 
reaction of CuO formation damaged the ZnO NW that 
some parts of NW was etched (Figure 5). To understand 
this phenomenon, sequence experiment was performed by 
changing the synthesis order. Thus we found that with the 
CuO precursor pH level around 8-9; this incident more 
likely was caused due to extreme alteration of pH level 
induced by CuO reaction. At elevated temperature, HMTA 
was hydrolyzed into ammonia [10-11] and lead to 
dissolving ZnO [12] as described in reaction (Eq. 1). 

 
ZnO(s)+ 4NH3•H2O → Zn(NH3)4

2+ + 2OH– + 3H2O  (1) 
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Figure 5: SEM Images of high concentration (4 mM) of 
CuO precursor etched ZnO NW during rapid synthesis. 

 
We noticed that there are three important aspects to 

realize hybrid-nanostructures using hydrothermal method: 
seed layers provide sites where the nucleation starts; 
chemical reaction may damage base structures by changing 
pH level; precursor concentration and growth time are the 
keys for successful process. 

The gas sensing performances of ZnO/CuO 
hybrid-nanostructures resembled as n-type semiconductor 
behavior since the ZnO nanowires worked as base 
structures. The exposure of an oxidizing gas (NO2) led to 
increase the sensor resistance. Figure 7 (a) showed the 
sensitivity of bare ZnO NW over time at different level of 
temperatures (200-350 oC). Towards 20 ppm of NO2 gas, 
bare ZnO nanowires showed responses 2134, 2561, 2957, 
and 3470 % when the sample was heated at 200, 250, 300, 
and 350 oC, respectively. It was observed that the response 
of sensor increased as the temperature was increased. The 
highest sensor response (S = 3470 %) was recorded at 350 
oC. After growing CuO nanostructures using low 
concentration of precursor (0.25 mM), the sensor 
responses were changed to 1043, 7178, 1834, and 1522 % 
at the same level of operating temperatures.  

The gas sensing mechanism of hybrid-nanostructures 
was based on p-n junction formation on the surface of 
n-type [13] or p-type [14-15] semiconductor. In bare ZnO 
nanowires, adsorbed oxygen species (O-) at high 
temperature formed a depletion layer on the surface of 
nanowires. During the exposure to NO2 gas, two possible 
reactions may occur at the same time. First reaction is the 
direct oxidation that transfers electrons from nanowires 
and results in negatively charged NO2. Second reaction is 
the desorption reaction between the negatively charged 
NO2 that was produced in first reaction with adsorbed 
oxygen species and this results in neutral NO2 and O2-. 
Both reactions are characterized by increasing resistances 
that means thickening of depletion layer. After growing 
CuO nanostructures, additional depletion layer is 
generated on nanowires. It was represented by increasing 
baseline resistance from kΩ level to MΩ level. During the 
exposure to NO2 gas, both reactions constitute the change 
of resistances. Since the baseline resistances is shifted to 
higher level, the change of resistance relatively higher than 
its bare structures. At any rate, it only occurred at lower 
temperature (250 oC) when the maximum sensor response 
was obtained. Accordingly, temperature effect on CuO 
nanostructures might have a significant role to enhance the 
sensor response at lower temperature. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7:  Gas sensing performance: (a) bare ZnO NW, 
and (b) ZnO NW/CuO NS at various temperatures. 

 
CONCLUSIONS 

To conclude, we demonstrated simple and fast 
fabrication of hybrid-nanostructures metal oxides using 
ZnO NW and CuO NS with enhanced sensitivity at lower 
operating temperature (250 oC). The synthesis processes 
were performed by hydrothermal reaction via localized 
Joule heating using microheaters directly on the sensing 
electrodes. The concentrations of CuO precursor and 
growth time were key factors for successful synthesis 
process. 
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