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This device can detect and discriminate toxic and non-toxic gases in the ppb level at 

room temperature.  
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Abstract 

A novel fabrication of microelectronic nose based on ZnO nanowires and ZnO surface 

modifications including ZnO-ZnAl2O4 core-shell nanowires and ZnO-Zn2TiO4 core-shell 

nanowires gas-sensing elements operated at room temperature is reported. By combining vapor-

phase transport processes and atomic layer deposition techniques, highly homogeneous core-

shell nanowires structures can be successfully obtained on large scale areas. Under ultraviolet 

illumination on the specific oxide surfaces, photo-stimulated oxygen species ( 2 ( )O ads− ) response 

and dominate the gas sensing mechanism of the core-shell nanowires at room temperature. 

Principal component analysis results show the perfect discrimination of gases including toxic 

gases and non-toxic gases. This novel device can be used to identify both the gas type and the 

concentration of the gases with concentrations in the ppb level at room temperature. 
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1. Introduction 

Since more than a decade, so-called electronic nose (E-nose) became a very well-known 

practical device for sensing technology. With the ability to identify many detecting substances, 

E-noses are now widely used in several branches of science and engineering, for examples, 

biosensor E-nose, gas sensor E-nose, or liquid sensor E-nose [1-5]. Although originally it was 

created in analogy to ‘a nose’, the application of E-nose is far better than a natural nose in term 

of quantity analysis. Furthermore E-nose can be used to characterize a substance which might 

endanger humans.  

A normal E-nose is composed of an array of sensors which usually has thin films as 

sensing receptors. Recently instead of using thin films, E-nose based on nanowires is in the focus 

of attention. The superior properties in 1D-nanostructure such as a higher surface per volume 

ratio, potential band-depletion, and surface charge accumulation can provide a better sensitivity 

with lower power consumption [6]. Therefore, attempts to produce nanowires based E-nose have 

been increasing. In order to fabricate nanowires sensor arrays, sets of sensors based on different 

materials are normally combined. An example was shown for instance by Chen et al. [7]. Carbon 

nanotubes, In2O3, SnO2 and ZnO nanowires were used to act as different selective sensing 

material on the same E-nose platform. Baik et al. demonstrated a method to obtain an E-nose 

from a single material, i.e. SnO2 nanowires, with different metallic decorations on the surface 

[8]. Despite of the progress accomplished, most of nanowires E-nose still requires high operating 

temperatures (>200 ◦C). In this paper, we report the development of photo-stimulated E-nose 

based on pristine ZnO nanowires and surface reconstruction of ZnO nanowires including ZnO-

ZnAl2O4 core-shell and ZnO-Zn2TiO4 core-shell nanowires that work at room temperature for 
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detecting toxic gases. The sensing mechanism of the core-shell nanowires under photo-activation 

will be discussed in details. 

 

2. Experimental details 

The fabrication of the respective ZnO nanowires based E-nose started with the 

preparation of a 100 nm dry oxide (SiO2) as insulated layer on a Si wafer accomplished in the 

usual way. The Cr (5 nm): Au (100 nm) interdigitated electrode array (IDA) with comb-like 

pattern was then fabricated on the insulator by conventional photolithography. The produced 

IDA was cleaned with acetone, isopropanol, and deionized water, and was dried with N2. In 

order to establish the sensing materials, ZnO nanowires were directly grown on the IDA by 

vapor-phase transport process. Note that the ZnO nanowires selectively grow on the 

lithographically structured Au layer of IDA while the density and thickness of the ZnO 

nanowires can be well controlled by fixed optimum growth conditions [9]. Briefly, a mixture of 

ZnO (purity 99.999%, Sigma–Aldrich) and graphite (−200 mesh, purity 99.9995%, Alfa Aesar) 

powders in a 1:1 ratio by weight was placed at the 950 °C position of the horizontal (vacuum 

tight) two-zone the furnace as vapor source and the IDA at the 750 °C position as substrate. The 

nanowires synthesis was carried out at 30 mbar under a constant flow rate of 30 sccm Ar 

(99.9999%) and 1.5 sccm Ar/O2 mixture (Ar/O2 ration of 90/10, purity 99.999%) for 20 min. By 

vapor phase deposition, the ZnO nanowires grew densely and perpendicular or slightly tilted on 

the electrodes. Hence, at the interdigitated pads, the ZnO nanowires grow across the electrodes 

with many touching points air-bridged between the nanowires from adjacent contact pads 

forming a metal-semiconductor-semiconductor-metal device. The sensing of ZnO nanowires 

results from resistance modulation of the ZnO nanowires across two electrodes as shown in the 
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schematic device in Fig. 1a. To further establish different sensing materials, the ZnO nanowires 

were coated homogeneously with 5 nm oxides such as Al2O3 and TiO2 by atomic layer 

deposition (ALD) to obtain core-shell nanostructures. The Al2O3 and TiO2 were formed at 115 

°C by reacting trimethylaluminum or titanium isopropoxide, respectively, with water vapor in a 

vertical flow type reactor (OpAL, Oxford Instruments). The coated samples were subsequently 

annealed at 700 °C for 3 h to achieve ZnAl2O4 or Zn2TiO4 on the surface of ZnO nanowires, 

respectively, based on solid-state reactions [10].  

All three nanowires gas sensors including the ZnO, ZnO-ZnAl2O4 core-shell, and ZnO-

Zn2TiO4 core-shell nanowires sensing parts were used to characterize toxic and non-toxic gases 

at room temperature. An ultraviolet (UV) light-emitting diode (LED) with λ ~ 356 nm and 

optical power ~ 200 Wμ  was mounted above the sensors for photostimulation. The gas sensor 

array will be later integrated on the handling printed circuit board (PCB) for an E-nose. Before 

introducing gases into the measuring chamber, the chamber was evacuated down to ~10-3 mbar, 

followed by purging of sythesized air. This cycle was repeated several times. After that, different 

gases, such as O3, CO and NO2 with a concentration between 100 ppb and 1 ppm and O2 with a 

concentration of 5% to 80% in nitrogen were individually led into the chamber adjusted by mass 

flow controller. During sensing, the UV LED was switched off in present of target gases and was 

switched on when the target gas was removed. Theoretically, a large photocurrent will be 

induced by switching on/off the above-band-gap excitation due to photogenerated carriers [11]. 

The resistance minima in absent of target gas (R0) and maxima in target gas (RG) of the 

nanomaterials were recorded. The response of the sensor (S) is defined as (S= |(RG-R0)/R0| × 

100%). Next, the sensor response data from all sensors were introduced into principal component 

analysis (PCA) to provide classification/qualification results of the sensors upon toxic and non-
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toxic gases. The PCA is a multivariate technique that transforms the overall information into a 

set of new linear combinations of orthogonal variables called principal components (PC) without 

heavy loss of important original information. 

 

3. Results and Discussion 

The electrode was designed with a gap size between adjacent electrodes of 3 µm as 

shown in the inset of Fig. 1b. After the growth of ZnO nanowires, adjacent electrodes are 

electrically connected by cross ZnO nanowires (see Fig. 1c). The diameter and length of ZnO 

nanowires are in the range of 60-180 nm and a few tens of μm, respectively. As one can see in 

the inset of Fig. 1c, the ZnO nanowires are self-assembled between the gaps of electrodes. This 

electrical connection by a simple self-assembly process during synthesis reduces tedious and 

time consuming task comparing with other nanowire-based gas sensor fabrication techniques 

[12-14]. With the growth condition used here in our vapor phase deposition chamber, the density 

of ZnO nanowires is also well-controlled. The nanowires are single-crystalline with the typical 

[0002] elongation (c-oriented) and follow the vapor–solid (VS) growth mechanism as shown in 

Fig. 2a.  

To investigate formation of ZnO-ZnAl2O4 core-shell and ZnO-Zn2TiO4 core-shell 

nanowires, Figure 2b and 2c present the transmission electron microscope (TEM) images of 

structures after annealing ZnO-Al2O3 and ZnO-TiO2 nanowires under identical conditions. For 

ZnO-ZnAl2O4 core-shell nanowires, cavities distributed along the interface clearly show the 

existence of bridge-like linkages between the residual ZnO core and the spinel ZnAl2O4 shell 

(see Fig. 2b) after solid-solid reaction. The one-way interfacial bulk diffusion of ZnO into the 

amorphous Al2O3 shell can form the ZnAl2O4 at shell and generate a series of cavities at the 
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interface due to the Kirkendall effect [10]. Unlike the reaction of ZnO-Al2O3 nanowires, no 

cavity was observed at ZnO-Zn2TiO4 core-shell interface (see Fig. 2c), indicating the 

interdiffusion between ZnO and TiO2 was not dominated by the Kirkendall effect in this case. 

Apparently, from the electron diffraction (ED) patterns, the unreacted ZnO nanowires cores still 

keep the single-crystal nature while the formed ZnAl2O4 and Zn2TiO4 are polycrystalline with a 

rough surface feature.  

It is well known that the gas sensitivity of ZnO nanowires comes from the trapping of the 

gas molecules on the surface which can modulate the surface depletion layer width [15]. The 

negative charges at the surface of n-type semiconductor usually generate an upward electronic 

band-bending along the diameter of ZnO nanowires [16]. The surface charges influence the 

surface-band potential and cause a stronger or a weaker band-bending. This modulation of band-

bending directly makes a change in the conduction of ZnO nanowires. Figure 3 demonstrates the 

dynamic responses of nanowires sensors to oxidizing NO2 gas at room temperature under on/off 

UV illumination cycles. The electrical resistance of all the sensors increases at the moment of 

NO2 exposure.  By applying UV illumination, electron–hole pairs are generated in sensing 

materials. The photo-generated holes can migrate to the surface via the electric field induced by 

the band bending and react with adsorbed oxygen species ( 2 ( )O ads− ). At the same time, the 

photo-generated electrons react with additional photoinduced oxygen ions, resulting to form 

photostimulated oxygen species ( 2 ( )O ads− ) at the shell surfaces as the following schemes [17]: 

( ) ( )hv h hv e hv+ −→ +
 
              (2) 

2 2( ) ( ) ( )h hv O ads O g+ −+ →
 
                (3)

 

2 2( ) ( ) ( )O g e hv O hv− −+ →
 
                (4) 
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Upon exposure to NO2, NO2 molecules come to react with the photostimulated oxygen 

species on the surface to capture available free electrons in the following reaction: 

2 2 2( ) ( ) 2 ( ) ( ) 2 ( )NO g O hv e hv NO ads O ads− − − −+ + → +
 
                  (5) 

This reaction increases the concentration of holes that enlarged the band bending, leading 

to an increase of depletion layer width. Therefore, resistance of core-shell nanowire sensor 

increases with increasing NO2 concentration. Moreover, NO2 can also directly capture the 

electrons from the conduction band due to its higher electrophilic properties [18].  

From Fig. 4, at low NO2 concentrations (100-300 ppb), the ZnO-Zn2TiO4 core-shell 

nanowires sensor shows high response to NO2 over other sensors (more than 50%) due to more 

surface roughness for specific NO2 adsorptions while it also shows medium sensitivity to O2 and 

relatively low sensitivity to CO and O3. At concentration of 100 ppb, the gas responses of ZnO-

Zn2TiO4 core-shell nanowires sensor to NO2 and CO are 109 and 96, respectively. For the 

ZnO nanowires sensor, it is sensitive to most of gases. Especially, upon exposure to O3, the 

signal of ZnO nanowires sensor always reaches to saturation point. The cross-sensitivity problem 

makes its selectivity of ZnO nanowire to be low. This may provide an ambiguous response in 

terms of individual components of the gas mixtures. In case of ZnO-ZnAl2O4 core-shell 

nanowires, it exhibits high sensitivity and selectivity to NO2. At concentration of 1 ppm, the gas 

responses of ZnO-ZnAl2O4 core-shell nanowires sensor to NO2, CO, and O3 are  137, 38, and 

44, respectively.  Moreover, its response to O2 with a concentration of 5-80% in nitrogen is in 

range of only 32-45. This refers to the good performance for NO2 detection in real world 

application. The NOx species prefer to adsorb on the ZnAl2O4 surface over other gases via 

*π (N) transitions [19]. Enhancement of sensing properties of core-shell nanowires over ZnO 

nanowires may result from the contribution of n−n heterojunction that can adjust energy barrier 

Page 9 of 19 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



height and modulate electron transport [20]. In comparison between ZnO-Zn2TiO4 and ZnO-

ZnAl2O4 core-shell nanowires, the different sensing properties cause from different rough 

surface feature and intrinsic material properties. The rough surface feature of the ZnO-Zn2TiO4 

improves the efficiency and the amount of oxygen chemisorptions [21] resulting in an 

enhancement of gas responses on all target gases over the ZnO-ZnAl2O4. The AlZn antisite 

defects in ZnAl2O4 spinel were found to act as a shallow donor and Al-O bond appears more 

ionic [22]. This can contribute to charge transports between NO2 and ZnO-ZnAl2O4 core-shell 

nanowires leading to higher selectivity of the ZnO-ZnAl2O4 core-shell towards NO2. 

To evaluate the discrimination power of core-shell sensor array, the PCA was carried out 

with the relative response feature extraction technique [2]. As shown in Fig. 5, the PCA result is 

clearly separated to 4 clusters corresponding to the 4 different target gases. No overlap between 

different gas species occurs in PCA. It indicates the high performance of such nanowires gas 

sensor array for detection and discrimination of both oxidizing and reducing gases at room 

temperature over other pervious work that usually operated at high temperatures (>200 ◦C) [7, 

23]. Here we demonstrate that the nanowires E-nose based on ZnO nanowires and surface 

modification can be used to identify both gas type and the concentration of gases at room 

temperature. This device will be very useful in term of energy conservation. 

 

4. Conclusion 

In summary, we propose a simple but reliable method for the nanowires E-nose 

fabrication. The E-nose composed of three nanowires sensors which are ZnO nanowires, ZnO-

ZnAl2O4 core-shell nanowires, and ZnO-Zn2TiO4 core-shell nanowires. The photolithography 

was used to pattern and identify the ZnO nanowires structure. The ZnO nanowires were grown 
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by vapor phase deposition and the result from the growth is the cross nanostructure of ZnO 

nanowires between two electrodes. The sensor array was then deposited by ALD before 

annealing process. After an annealing at 700 oC, the solid reactions were completed. All three 

sensors were used to sense NO2, CO, O2, and O3 at room temperature. Based on photostimulation 

by UV, oxygen species ( 2O− ) can be generated to adsopt on the nanowires surface for interacting 

with gas molecules. The results show that pure ZnO nanowires cannot use as a potential single 

gas sensor for detection of toxic gas in real envelopment at room temperature due to cross 

sensitive problem of ZnO surface. The ZnAl2O4 surface shows high sensitivity and selectivity to 

NO2 while Zn2TiO4 exhibits improvement of gas response of toxic gas (NO2 and CO) at low 

concentration (100-300 ppb) due to high surface area. By combined three nanowires sensors, the 

microelectronic nose has great potential to detect and discriminate a wide variety of gases 

including toxic gases and non-toxic gases.  
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Lists of Figures 

Figure 1: (a) Schematic structure of gas sensor for an E-nose. Scanning electron microscope 

(SEM) images of (b) finger grid interdigitated electrode and (c) ZnO nanowires grown on the 

IDA. 

Figure 2: TEM images and their corresponding ED patterns of (a) ZnO nanowire, (b) ZnO-

ZnAl2O4 core-shell nanowire, and (c) ZnO-Zn2TiO4 core-shell nanowire. 

Figure 3: Real time NO2 detection of ZnO nanowires, ZnO-ZnAl2O4 core-shell nanowires, and 

ZnO-Zn2TiO4 core-shell nanowires sensors under on/off UV illumination cycles at room 

temperature. 

Figure 4: Responses to various NO2, CO, O2, and O3 concentrations of ZnO nanowires, ZnO-

ZnAl2O4 core-shell nanowires, and ZnO-Zn2TiO4 core-shell nanowires at room temperature. 

Figure 5: 3D PCA plot of three nanowires gas sensors for discriminating a variety of gases at 

room temperature. 
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Figure 3 
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Figure 4 
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Figure 5 
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