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Abstract: Chemoresitive gas sensors based on multiple nanowires (M-NWs) randomly grown and 
electrically inter-connected on the top of interdigitated electrodes (IDEs) and arrays of single 
nanowires connected between faced nanoelectrodes (A-S-NWs) are developed in this work. These 
systems, consisting of gas sensitive tungsten oxide nanowires (NWs), are tested to NO2, and their 
performance regarding the response magnitude, sensitivity and response rate are evaluated here. 

Keywords: gas sensing; single-nanowire; multi-nanowire; sensor array; tungsten oxide 
 

1. Introduction 

Recent research on gas sensitive NWs demonstrated that these systems provide better detection 
efficiency and improved performance compared to bulk materials such as thin-films. These better 
properties in NW-based gas sensors are attributed to the lack of grain boundaries and thus more 
efficient transfer of charge with a lower probability of recombination. Currently, however, gas sensor 
devices based on NWs still depend on the wire to wire interfaces, due to the relatively simple 
technological steps to fabricate multiple (M-) NWs based gas sensors instead of single (S-) NWs. Also, 
because M-NWs usually provide higher magnitudes of response and broader exposed surface area 
that allow for a large number of gas molecules to impinge the surface, in turn, amplifying the 
electrical output signal, as opposed to S-NW systems [1]. 

Previously, we have developed a method to fabricate gas microsensors based on directly 
integrated M-NW films via Aerosol Assisted Chemical Vapor Deposition (AACVD). These sensors 
demonstrated improved gas sensing properties compared to sensors based on polycrystalline films 
[2]. Also, recently, we have advanced on the fabrication of arrays (A-) of S-NWs sensors with the aim 
to combine the efficiency of S-NWs and simultaneously enlarge the exposed surface area by 
integrating several S-NWs connected between faced nanoelectrodes arranged in parallel [3]. Thus, 
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here we compare and evaluate the performance of sensors based on multiple and arrays of single 
tungsten oxide NWs towards nitrogen dioxide (NO2).  

2. Materials and Methods 

Gas sensors based on M-NW and A-S-NW were fabricated following the same procedure 
described before. [2,3] Each system was mounted on a TO-8 package and contains a heating element 
isolated from the electrodes (either IDEs for the M-NW sensors or faced nanoelectrodes for the A-
SNW sensors), see Figure 1. The integration of the gas sensitive NWs onto the IDEs was performed 
directly in vapor-phase via AACVD, whereas the integration of the single NWs previously grown via 
AACVD was performed using dielectrophoresis technique (i.e., applying an electrical potential 
between the nanoelectrodes during the re-deposition of NWs via drop coating). 

 
Figure 1. Top-view (a) and cross-sectional SEM images (b) of the M-NWs deposited on interdigitated 
electrodes. Top-view of the A-S-NWs (c) and SEM image of a S-NW connected between a pair of faced 
nanoelectrodes (d). 

The surface examination was performed using scanning electron microscopy (SEM; Tescan FE 
Mira II LMU and Carl Zeiss, Auriga Series) equipped with EDX, and optical microscopy (Carl Zeiss 
Microscopy GmbH, Jenavert). Further material analysis of the NWs were carried out using scanning 
transmission electron microscopy (STEM; FEI Tecnai F20, 200 kV), and XPS (XPS; Phoibos 150 
analyzer SPECS GmbH, Berlin, Germany in ultrahigh vacuum conditions (base pressure 1 × 10−10 
mbar) and a monochromatic Kα X-ray source, 1486.74 eV). 

Both types of sensors (i.e., based on M-NWs and A-S-NWs) were exposed towards various 
concentration of nitrogen dioxide (NO2) diluted in dry synthetic air using the continuous flow tests 
system described previously [3]. The total flow was adjusted to 200 sccm, and the sensors were 
exposed to the measured analyte for 10 min. Subsequently, the test chamber was purged with 
synthetic air until the initial baseline was recovered. The sensor response was defined as (ΔR/Rair), 
i.e., (Rgas-Rair/Rair) where Rair is the sensor resistance in air at the stationary state and Rgas the sensor 
resistance after ten minutes of gas exposure. 

3. Results and Discussion 

Figure 1 displays the two type of sensors tested in this work and the configuration of the 
interconnected wires. One can observe in Figure 1a, the M-NWs deposited uniformly on the IDEs 
forming a mat-like network of non-aligned tungsten oxide NWs interconnected across the IDEs. In 
contrast, Figure 1c shows the A-S-NWs formed by multiple parallel-connected S-NW sensors. 
Further, in Figure 1b is displayed the cross-section of the M-NW sensors and the NW to NW contacts, 
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which are responsible for the electrical interconnection between IDEs, whereas in Figure 1d it can be 
observed how the S-NW are interconnected across the nanoelectrodes in the array.  

HRTEM analysis of the tungsten oxide NW employed in this work (Figure 2) revealed that the 
NWs are highly crystalline with a marked planar spacing of 3.6 Å along the NW, consistent with the 
unit cell of the monoclinic phase WO3 (ICCD card no. 72-0677) identified in our previous works [2,3]. The 
typical W4f core level XPS spectrum recorded on the tungsten oxide NWs is also shown in Figure 2 (inset). 

 
Figure 2. HRTEM imaging of a single tungsten oxide NW. The inset displays the W 4f XPS core level 
spectrum recorded for the tungsten oxide wires. 

Gas sensing measurements for both types of sensors were carried out at 250 °C towards various 
concentrations of NO2 (from 1 to 10 ppm for the M-NW sensors and from 0.2 to 5 ppm for the A-
SNWs). Figure 3 shows the concentration dependence of the sensor response recorded for the M-NW 
and A-S-NW sensors. Results show that the M-NW sensors respond with higher magnitudes for NO2 
concentrations above 3 ppm, whereas responses for the A-S-NW are higher for NO2 concentrations 
below 2.5 ppm.  

 
Figure 3. Sensor response for the M-NW and A-S-NW sensors to various concentrations of NO2 
diluted in the dry synthetic air at 250 °C. 

On the other hand, the sensitivity, defined as the prefactor of the power law that describes the 
calibration curves of both systems (Table 1), is higher for the A-S-NW sensors (1.84) compared to the 
M-NW sensors (1.63). Also, the response and recovery times of the A-S-NW (i.e., response rate) is 
faster compared to the M-NW sensors. The typical normalized response to 1 ppm concentration 
registered for each sensor is displayed in Figure 4. During the gas exposition cycle, both sensors 
exhibited similar behavior of the response, thus increasing its electrical resistance during NO2 
exposure, as observed previously for tungsten oxide when exposed to NO2.  
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Table 1. Comparative table of the sensing parameters of the M-NW-based sensors and the A-S-NWs 
to NO2. 

Features M-NWs  A-S-NWs  
Power law constants, ppm−1  1.63 C0.18  1.84 C0.12  

Response rate, s−1  9.06  11.24  
Baseline resistance, MΩ  0.25  6.70  

 
Figure 4. Normalized sensor response to 1 ppm of NO2 for the M-NWs and the A-S-NWs. 

4. Conclusions 

Two chemoresistive gas sensors based on multiple tungsten oxide NWs or arrays of single NWs 
were compared in this work. This comparative study showed that both the sensors based on IDEs 
with randomly distributed M-NWs and the array of faced nanoelectrodes with S-NW have suitable 
responses to nitrogen dioxide. However, the sensitivity for the A-S-NW sensors was higher as 
compared to the M-NW sensors, with higher response magnitudes and faster response rates for NO2 
concentrations below 2.5 ppm. 
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