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Abstract: One-dimensional semiconductor nanostructures are unique sensing materials for 
the fabrication of gas sensors. In this article, gas sensors based on semiconducting 
nanowire field-effect transistors (FETs) are comprehensively reviewed. Individual 
nanowires or nanowire network films are usually used as the active detecting channels.  
In these sensors, a third electrode, which serves as the gate, is used to tune the carrier 
concentration of the nanowires to realize better sensing performance, including sensitivity, 
selectivity and response time, etc. The FET parameters can be modulated by the presence 
of the target gases and their change relate closely to the type and concentration of the gas 
molecules. In addition, extra controls such as metal decoration, local heating and light 
irradiation can be combined with the gate electrode to tune the nanowire channel and 
realize more effective gas sensing. With the help of micro-fabrication techniques, these 
sensors can be integrated into smart systems. Finally, some challenges for the future 
investigation and application of nanowire field-effect gas sensors are discussed. 
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1. Introduction 

Gas sensors are important components in safety control systems, because there are many gases that 
are harmful to lives and very dangerous in some circumstances [1–7]. For example, in our ordinary 
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life, alcohol sensors are used to detect drivers’ condition to reduce traffic accidents caused by drunk 
driving. In the medical field, monitoring a patient’s respiratory system requires CO2 and O2 sensors [8]. 
Other typical application of gas sensors includes monitoring of toxic and flammable gas leakage in 
industry and civilian establishments, control of combustion efficiency and exhaust gases in 
automobiles [9,10]. Moreover, an unexplored future with potential applications in intelligent buildings, 
clean energy vehicles, or as part of advanced wireless sensor networks has been identified by  
scientists [11,12]. According to a recent market report, the global gas sensor market is expected to 
reach a value of 2.32 billion USD by 2018 [13]. 

In gas sensors, the active element that is sensitive to the target gas molecules is the key part and 
thus receives intensive attention [14–18]. For example, after realizing the resistance of some 
semiconductor materials can be dramatically changed by the presence of gas molecules, many works 
have been directed to investigate them in gas sensors [19–21]. The conductance of a semiconductor is 
determined by the carrier concentration and carrier mobility [22]. Gas adsorption should affect one or 
both parameters to realize gas sensing. Due to the presence of oxygen vacancies some wide bandgap 
metal oxides, such as ZnO and SnO2, are semiconducting and exhibit n-type behavior [3,14,15,21].  
In these materials, oxygen vacancies are shallow states and act as n-type donors. The bonding electrons 
on the adjacent cations can be easily removed and donated to the conduction band. The free electron 
concentration is high caused by oxygen vacancies. Atoms and molecules prefer to bind at the oxide 
surface at the oxygen vacancy sites. Some molecules such as oxygen are charge acceptors on the oxide 
surface. Thus the free electrons in the conduction band can be captured and immobilized by oxygen 
chemo-adsorption in air. This process lowers the conductance of the oxide. As a result, there is a 
balance between the free electrons in the oxide body and the captured electrons on the surface. This 
balance can be modulated by further exposure to oxidizing or reducing gases. The resistance of the 
oxides can thus be controlled by the adsorption and desorption of gas molecules. The change can be 
recorded for gas sensing. Usually, in inorganic semiconductors, the modulation of carrier concentration 
is more important; in contrast, in organic semiconductors, the modulation of carrier mobility is  
more important. 

In resistive-type gas sensors, the main signal comes from the chemistry processes happening on the 
surface of the sensing element, therefore, active materials with high surface-to-volume ratio are 
preferred [1,23,24]. Molecular single-walled carbon nanotubes, as a kind of material with extremely 
high surface area-to-volume ratio, have been found with high oxygen sensitivity [25–27]. Various 
thick metal-oxide films composed of multi-crystalline grains with very small dimensions have been 
used in commercialized gas sensors for many years. In 1991, Yamazoe demonstrated that a reduction 
in the size of SnO2 grains would significantly increase the sensor’s performance [2]. Nanosized grains 
of metal oxides are almost depleted of carriers compared to microsized grains in ambient air; hence, 
when exposed to target gases, much greater modulation of the conductance can be realized. There are 
two reasons. First, in nanosized grain films, the base carrier concentration is much lower due to the 
depletion of electrons. Second, more electrons are activated from the captured states to the conduction 
band due to the much higher surface area-to-volume ratio. Therefore, fabrication of nanomaterials with 
small dimensions is crucial for gas sensors with high sensitivity.  

One-dimensional semiconductor nanostructures, which can be conveniently synthesized by vapor 
transport and hydrothermal methods or fabricated by lithography and nanoimprint methods, have been 



Sensors 2014, 14 17408 
 

 

intensively investigated due to their unique electronic, optical and mechanical properties [28–40]. The 
surface area-to-volume ratio of a nanowire could be roughly estimated to be 2/r, where r is the 
nanowire diameter. With decreasing diameter, this ratio increases rapidly. In addition, nanowires have 
much higher aspect ratio compared to grains and thus carriers could transport through drift along the 
length direction. A lower resistance could thus be attainable. In recent years, many investigations have 
been made in nanowire-based gas sensors [41–45]. Due to their unique properties, gas sensors with a 
combination of high sensitivity and low resistance, which is of considerable interest for the practical 
application, could be realized from semiconducting nanowires [30–32]. In addition, nanowires have 
promising application in miniaturized gas sensors. 

According to the working mechanisms and device structures, semiconducting nanowire gas sensors 
can be mainly categorized into conductometric and field-effect transistor (FET) types. Conductometic 
sensors are based on resistance changes caused by the exposure of the sensing elements to target gases. 
A local heater is usually required to raise the temperature of the sensing material to improve its 
reactivity. This type of devices is a natural evolution of Taguchi-type metal-oxide gas sensors by 
replacing the sensing components from metal-oxide grain films to nanowire films. In contrast, FET gas 
sensors are based on changes in the FET parameters due to the exposure of the sensing channels to 
target gases. Apart from the current variation, changes in other FET parameters, such as threshold 
voltage and sub-threshold swing, could also be used for identifying the sensing processes; this is 
different from the conductometric gas sensors where only the resistance changes are used to realize gas 
sensing. The FET gas sensors have interesting features include: (1) they are able to work at room 
temperature (the conductometric sensors are usually working at 200–400 °C); (2) they enable the 
application of a variety of sensing materials thus enhance the chance to generate a sensing surface for 
sensitive and selective sensing; and (3) due to the very small dimensions and compatible with  
micro-fabrication technology, they can be made into sensor arrays for more powerful sensing 
capability [46]. Several comprehensive reviews are already available about gas sensors based on 
semiconductor nanowires, especially the conductometric-type gas sensors [41–45].  

In this review, we will focus mainly on gas sensors which are based on semiconductor nanowire 
FETs. As schematically shown in Figure 1, a third gate electrode is used to tune the carrier 
concentration of the nanowires to realize better sensing performance. Individual nanowires or 
nanowire network films are usually used as the active detecting elements. The FET parameters can be 
modulated by the presence of the target gases and their change relates closely to the type and 
concentration of the gas molecules. In addition, with the help of micro-fabrication techniques, 
nanowire FET gas sensors can be made very small to be integrated into smart systems. In Section 2, 
the fabrication of gas sensors and the gas sensing mechanism based on semiconducting nanowire FETs 
are briefly discussed. In Section 3, recent progress on the research of these gas sensors is summarized. 
Finally, in the last section, we conclude this review with an outlook of the challenges for future 
investigation and application. It is worth noting that the term “FET gas sensor” may also refers to  
metal-oxide-semiconductor FET (MOSFET) gas sensors based on Si or SiC channels. These sensors 
work on a different sensing mechanism of catalytic interaction between metal gate and gas molecules. 
A change on the channel current can be measured to give out sensing signals. This is different from 
nanowire FET gas sensors where the sensing is due to the interaction between the channel and gas 
molecules. Interested readers may find several excellent reviews on that topic [47,48]. 
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2. Fabrication and Mechanism 

2.1. Structure and Fabrication of Nanowire FET Gas Sensors 

Gas sensors based on nanowire FETs usually have the structures depicted in Figure 1. Note that 
MOSFET sensors work on the principle that molecules entering into the sensor area will be charged 
positively or negatively, which have a direct effect on the electric field. Introducing each additional 
charged particle will affect directly the transistor in a unique way, producing a change in the MOSFET 
signal that can then be interpreted by pattern recognition. Therefore, unlike the top-gate MOSFET gas 
sensors [47,48], nanowire FET gas sensors usually use an bottom-gate structure. With such a structure, 
the channel is accessible by the target molecules to serve as the sensing components. Usually, 
individual nanowires or nanowire network films work as the sensing elements. The fabrication process 
of these devices includes the synthesis of nanowires and the construction of FET devices. 

Figure 1. Schematic drawing of nanowire FET gas sensors. (a) Individual nanowire as the 
channel. (b) Nanowire network film as the channel. 

 

To synthesize nanowires, there are mainly two approaches: top-down and bottom-up. The top-down 
approach obtains nanowires from thin film in a controlled way, while the bottom-up approach obtains 
nanowires from atomic or molecular precursors. Si nanowire is a typical material that can be fabricated 
by the top-down approach. In addition, there are also some chemical top-down methods [49]. 
However, except for Si, other semiconductor nanowires such as metal oxides are difficult to obtain by 
the top-down approach. These nanowires are mainly fabricated by several bottom-up methods, such as 
vapor phase or liquid phase growth methods. Chemical vapor deposition [50] and vapor transport 
growth [51] are two main vapor phase methods, while template-assisted deposition [52] and 
hydrothermal synthesis [53] are typical liquid phase methods. Comprehensive reviews on these topics 
can be found in literatures [54–56]. 

The fabrication of nanowire FET gas sensors depends on the way that the nanowires are obtained. 
The reason for this is that if it is necessary to transfer the nanowires from one substrate to another. In 
the case of top-down approach, such as using lithographically defined Si nanowires, nanowire 
fabrication is compatible with the subsequent device making processes. In contrast, if the nanowires 
are produced by the bottom-up approach, the nanowires have to be transferred onto the final device 
substrate. This is a difficult process and still needs to be improved. The simplest way is by dispersing 
the nanowires into a liquid and then dropping the suspending solution on the substrate. This approach 
gives nanowires lying on the substrate without any control and order. Other methods, such as 
dielectrophoretic alignment, have been developed to improve the nanowire transferring process [57–60]. 
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The electrodes are usually fabricated by lithography followed by metal deposition. Compared to 
photolithography, electron-beam lithography can achieve pattern with higher precision [61]. In addition, 
focused-ion-beam/electron-beam (FIB/EB) direct depositions are also applied occasionally [62]. FIB/EB 
system uses ion or electron beam to induce decomposition of metal organic precursors and deposit 
metals in a predefined shape. 

Besides above procedures, decoration of nanowires with metal catalyst is frequently required. This 
can be done either directly after the nanowire growth or when they are transferred to the final 
substrate. The former case puts less limitation on the preparation condition. Both chemical and 
physical methods are applicable. The latter case prefers to physical methods, e.g., evaporation or 
sputtering, to ensure the intactness of the final devices. 

2.2. Mechanism of Nanowire FET Gas Sensors 

Nanowire FET gas sensors work on the principle that adsorption or desorption of gas molecules on 
the surface of the nanowire will modify the FET parameters such as channel conductance [41–45]. 
Such a modification is usually realized through tuning the carrier concentration or mobility and 
depends on the materials used. It is known that the conductance of a semiconductor relates to the 
concentration and mobility of the free carriers. In a perfect crystal, such as Si and compound 
semiconductors, free carriers are delocalized. The crystal symmetry is usually disrupted by lattice 
vibrations, which limits the carrier mobility. In these materials, carriers transport through drift and the 
conductance is mainly modulated by carrier concentration. However, in an organic crystal, carriers are 
localized due to defects, disorder or self-localization, here hopping transport is the main conduction 
mechanism, the tune of the carrier mobility by active gases is much more important for effective sensing. 

Figure 2. (a) In oxidizing gas, some of the free electrons are immobilized on the nanowire 
surface. (b) In reducing gas, some of the trapped electrons are released into the conduction 
band. (c) and (d) are schematic energy band diagrams of (a) and (b), respectively. 

 

In reducing gasIn oxidizing gas

Captured Released
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In the case of metal oxides, the adjustment of the carrier concentration by gas molecules is the main 
mechanism for gas sensing. Figure 2 shows an example of an n-type oxide nanowire in oxidizing and 
reducing gases. In an oxidizing gas environment, some of the free electrons in the conduction band are 
captured on the surface and the free carrier concentration decreases. In contrast, in a reducing gas 
environment, due to the reaction on the surface, some of the captured electrons are released into the 
conduction band as free carriers. Therefore, the conductance of oxide nanowires can be tuned by the 
surface chemical process. In a FET gas sensor, this process can be further tuned by the gate voltage. 

Compared with normal conductometric gas sensors, the free carrier concentration in nanowire FET 
gas sensors can be tuned to enhance the sensing ability. Firstly, the transfer characteristics are 
dependent on the type of gas for selectivity. In addition, the sensitivity can be tuned by setting the gate 
voltage to a level that maximum conductance change appears and changes in other FET parameters, 
including threshold voltage and sub-threshold swing etc., could also be used for identifying the  
sensing process. 

2.3. Sensing Performance Advantage 

There are several aspects that are important for gas sensors, including gas sensitivity and selectivity, 
response time, stability etc. Semiconductor nanowires are unique system to have good performance on 
these parameters. At first, the surface of the nanowires is fully exposed to the gas environment. Due to 
the very large surface area-to-volume ratio, a high sensitivity can be expected. By tuning the base 
conductance to a low level, very high sensitivity has been reported [63,64]. In addition, metal 
nanoparticles can be easily decorated with a high coverage ratio on the surface of a nanowire for gas 
selectivity. With the use of gate voltage as well as heating, light irradiation etc., the response time of 
the fully-exposed nanowire FET sensors can be accelerated.  

3. FET Gas Sensors Based on Semiconductor Nanowires 

Many kinds of semiconductor nanowires, especially metal oxides of SnO2, ZnO and In2O3, have 
been intensively investigated in FET gas sensors. In this section, the discussions are divided into five 
parts, according to the type of materials that are FET gas sensors based on SnO2, ZnO, In2O3 and other 
oxides, Si, and organic nanowires, respectively. 

3.1. FET Gas Sensors Based on SnO2 Nanowires 

SnO2-based gas sensors are the predominant solid state sensors used nowadays [3,15]. In 1962, 
Taguchi applied for a Japanese patent on porous SnO2 ceramic material based gas sensors, and this is 
the very beginning of SnO2 gas sensors [65]. After numerous efforts, SnO2-based gas sensors were put 
onto the market in 1968. It has been reported that by decreasing the diameter of the nanocrystals, a 
much larger change of resistance can be realized [1]. After the successful synthesis of single-crystalline 
SnO2 nanowires, it became possible to investigate this new material in FET gas sensors with the help 
of micro-fabrication technology. Many works on FET gas sensing has been carried out with SnO2 
nanowires [55,66–72]. Three particularly impressive works [70–72] on improving the sensitivity and 
selectivity are discussed below. 
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Moskovits et al. reported that in a typical SnO2-nanowire FET gas sensor, as shown in Figure 3a, 
the rate and extent of oxidation and reduction reaction taking place at the surface of a nanowire can be 
modified by changing the electron concentration in the wire through the gate voltage [70]. This is a 
characteristic property of nanowire FET gas sensors.  

Figure 3. (a) A schematic illustration of the nanowire FET gas sensor. (b) Evolution of the 
nanowire conductance in three different gas conditions, at time t1, N2 was changed to a 
mixture of N2 + O2, and at time t2 to a mixture of N2 + O2 + CO. The response curves of 
the device were drastically tuned by gate potentials, especially at the decaying and rising 
regions. Reprinted from reference [70] with permission from the American Chemical Society. 

  

The response of the device to three different gas atmospheres was investigated. As shown in Figure 3b, 
when the gas only contains N2, oxygen desorbs thermally from the surface of the nanowire, creating 
surface vacancies. The electrons captured by the oxygen adsorption are thermally excited into the 
conduction band and the current is high. When oxygen is introduced into the gas flow at t1, the SnO2 
nanowire surface adsorbs it at the vacancy sites, and the electrons, that are localized in the vacancy and 
able to be easily activated into the conduction band, are trapped again. They can no longer contribute 
to conductance and thus the current decreases. At time t2, CO is introduced into the gas mixture, which 
reacts with oxygen ions on the surface and creates oxygen vacancies as new donor states. The current 

(a) 

(b) 
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across the nanowire channel increases again. It can be seen that the gas response curves can be tuned 
by the gate voltage, especially at the decaying and rising regions. By changing the number of electrons 
available for oxygen surface chemistry, the oxidation rate and the extent of oxygen adsorption can be 
modulated. When the gate voltage is carefully selected, the sensitivity of the device can be extremely 
high. Their results showed that manipulating the carrier concentration inside a nanowire affects the 
chemical reactivity of its surface and are very important for nanowire FET gas sensors. 

Decoration of catalytic metal nanoparticles on oxides has been an effective method to improve the 
activity of oxide surfaces [73–75]. Therefore, the sensing ability of pristine SnO2 nanowire can be 
further enhanced by metal decoration. By using Pd-nanoparticle-coated SnO2 nanoiwres as the 
channel, Moskovits et al. obtained an unusually high sensitivity to H2 when the device was working in 
the depletion region [71]. Figure 4 shows the transfer characteristics of the SnO2 nanowire channel 
decorated with Pd nanoparticles under different H2 partial pressures at 100 °C.  

Figure 4. Transfer characteristics of Pd-nanoparticle decorated SnO2 nanowire channel 
under different H2 partial pressures. The bias voltage is 0.5 V. Reprinted from reference [71] 
with permission from John Wiley and Sons. 

 

At a gate voltage of −3 V, the channel current is heavily affected by H2. As the H2 partial pressure 
increases from 0 to 2500 ppm, the current increases by nearly five orders of magnitude. This change is 
extremely high. From the transfer curves, the carrier concentration can be extracted under different 
conditions. It is found that the response of the device to H2 relates directly to the increase of carrier 
concentration in the nanowire channel. The H atoms can react at a variety of surface sites and 
potentially diffuse into sub-surface regions of the nanowire to create donors states for increased free 
carrier density. From the curves in Figure 4, it can be seen that the device exhibits maximal response 
when the gate voltage is equal to the threshold voltage. This work indicates that in SnO2 nanowire FET 
gas sensors, the combination of the gate and metal catalytic nanoparticle decoration can effectively 
enhance the sensor’s response. 
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In addition to gas sensitivity, gas selectivity is another important parameter in gas sensors. Since for 
a semiconductor channel, various reducing (or oxidizing) gases affect the current across the nanowire 
channel with the same trend, more controls over the channel are therefore required to realize selectivity. 
As an interesting example, Dattoli et al. combined temperature and gate voltage control to modulate 
SnO2 nanowires [72]. As shown schematically in Figure 5, the device contains a local-heating 
apparatus which can heat the nanowire to desired temperatures. Together with the gate voltage, the 
SnO2 nanowire sensor can be set to different working conditions to realize selectivity. During the test, 
the temperature and gating conditions were modulated in order to induce variations to the sensor’s 
response behavior to analyte. By treating the results as identifying fingerprint, analyte identification is 
achieved using a statistical pattern recognition procedure, linear discriminant analysis. Obviously, this 
interesting method can be applied to other nanowire systems and are very promising. 

Figure 5. (a) The schematic view of the sensor fabricated on a silicon nitride membrane-based 
micro-hotplate platform. Different components, including Pt heater, gate and nanowire 
sensor etc., are marked by the arrows. (b) An optical image of the device. (c) Simulating 
results at a typical working condition. (d) SEM images of the device. Reprinted from 
reference [72] with permission from the Royal Society of Chemistry. 

 

From SnO2 nanowire FET gas sensors, it can be seen that the gate voltage can tune the response to 
gases effectively to realize better sensing performance; this is clearly different to the normal  
two-terminal conductometric gas sensors where the base condition of the channel is fixed. In addition, 
extremely high sensitivity can be obtained by combining the gate voltage and the catalytic metal 
decoration. Moreover, gas selectivity can be realized by using both the gate and temperature controls 
over the nanowire channel. These results indicate that in nanowire FET gas sensors the active channel 
can be controlled by the gate voltage, catalytic metal nanoparticle decoration and temperature and 
increased functionality can be realized. 
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3.2. FET Gas Sensors Based on ZnO Nanowires 

Like SnO2, the resistance of ZnO is also very sensitive to the gas environment and ZnO has been 
intensively investigated in conventional multi-crystalline film gas sensors [76–79]. Several works on 
ZnO nanowire FET gas sensors have been reported [23,80–85], although most of them are similar to 
SnO2 nanowires. Here two special works are discussed. One relates to light illumination and another 
relates to the refresh of the system. 

Using individual ZnO nanowires, Wang et al. fabricated FET sensors and investigated the oxygen 
sensing properties under ultraviolet illumination [86]. As shown in Figure 6a, the channel current is 
sensitive to the oxygen pressure. The response of the FET sensors to oxygen is characterized by a shift 
of threshold voltages as well as a change of channel current. The current decreased and the threshold 
voltage was shifted to the positive direction with increasing oxygen pressure. In addition, with 
increasing oxygen pressure, the slope in the linear region decreases. This can be ascribed to increased 
oxygen ion coverage at the nanowire surface at higher oxygen pressure. They also found out that, in 
addition to gate voltage, ultraviolet light illumination strongly affects the transfer characteristics, as 
shown in Figure 6b. Upon illumination, the current at an oxygen pressure of 105 Pa increases a lot, as 
shown by curve 1 in Figure 6b, due to photo-generated carriers as well as light-induced desorption of 
surface oxygen ions. Curve 2 is measured 1 min after turning of the ultraviolet light. It takes nearly 
half an hour for the device to recover. The results indicate that above bandgap illumination can 
severely affect the oxide nanowire channel which can be further used as an additional control method 
of nanowire FET gas sensors. 

Figure 6. (a) Channel current vs. gate voltage under different oxygen pressures. (b) Curve 1 
was obtained under ultraviolet illumination with an oxygen pressure of 105 Pa. Curve 2–9 
were obtained 1, 3, 5, 6, 9, 14, 20, 26 min after turning of the ultraviolet light, respectively. 
In these measurements, the bias voltage is 2 V. Reprinted from reference [86] with 
permission from AIP Publishing. 

 

The quick refresh of the nanowire channel, especially the nanowire surface, is very important for 
the application. It is difficult to return nanowire chemical sensors to the initial state at low temperature 
because the thermal energy is normally lower than the activation energy for desorption. However,  

(a) (b)
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Lu et al. found out that in addition to significantly affecting the gas sensitivity, the gate potential can 
also be used as an effective method to refresh the nanowire sensors [87], as shown in Figure 7. The 
pulses of 10 ppm NO2 gas and the gate potential are shown by the top and bottom curves, respectively. 
On exposure to NO2 pulse the current across the nanowire decreases gradually. After turning off the 
NO2 gas, the current is still at the low level and increases very slowly. By applying a −60 V gate 
potential, the current increases sharply and then drops gradually to the initial conductance state. The 
refresh process is markedly accelerated by a large negative gate potential. The interesting result in this 
work expands our understanding on the gate potential. 

Figure 7. The response of the nanowire to 10 ppm NO2. A gate pulse of −60 V was used to 
refresh the surface of the nanowire at room temperature. Reprinted from reference [87] 
with permission from AIP Publishing. 

 

3.3. FET Gas Sensors Based on In2O3 and Other Oxide Nanowires 

In2O3 is another popular material for gas sensors and several works are about In2O3 nanowire FET 
gas sensors [63,64,88–90]. Zhou et al. reported the first work on individual In2O3 nanowire transistors 
as room temperature gas sensors [63]. Upon exposure to 100 ppm NO2 in Ar at a bias of −0.3V, the 
shape of the transfer characteristic curve changed a lot and the threshold voltage shifted from −48 to 
20 V, as shown in Figure 8a. It means that, due to NO2, the free carrier concentration of the nanowires 
decrease dramatically. A similar behavior can be observed for NH3 in Ar, as shown in Figure 8b. Note 
that the transfer characteristics are very different for NO2 and NH3 gases. By carefully selecting the 
working gate voltage, sensitivity as high as 105 is reached for NH3 detection. 

In order to realized selectivity, Liao et al. designed a nanowire transistor that worked at the 
enhancement mode with the help of decorated nanoparticles [64]. The basic mechanism is very similar 
to the device shown in Figure 4. As shown in Figure 9a, in a normal n-type oxide nanowire gas sensor, 
which works on electron transfer between the nanowire and the gas molecules adsorbed on the surface, 
can response to both reducing and oxidizing molecules, with an increase and decrease of conductance, 
respectively. If the nanowire channel is tuned to enhancement mode, because the channel is depleted, it 
cannot detect oxidizing gases. If the channel is depleted much deeper, even reducing gases cannot be 
detected. Therefore, the device has no response to both oxidizing and reducing gases, as shown in 
Figure 9b. However, the surface of the nanowire can be activated by decorating selected catalytic 
metal nanoparticles, such as Au, Pt and Ag, to realize sensitivity and selectivity to CO, H2 and ethanol, 
respectively. An illustration for the Au-decorated case is shown in Figure 9c. An experimental 
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demonstration was performed on gas sensors based on Mg-doped In2O3 nanowires. In addition to the 
efficient response to one particular gas, the sensors also exhibited high sensitivity, low power 
consumption and fast response. The devices can work at room temperature and detect to sub ppm level 
for reducing gases such as CO. 

Figure 8. (a) Transfer characteristic of the In2O3 nanowire FET gas sensor recorded before 
and after NO2 exposure. (b) Recorded before and after NH3 exposure. Reprinted from 
reference [63] with permission from AIP Publishing. 

 

Figure 9. (a) Conventional nanowire FET gas sensors that work on the depletion mode. 
Reducing/oxidizing gas can result in the increase/decrease of conductance. (b) If the 
nanowire channel is deeply depleted, the device has no response to both oxidizing and 
reducing gases. (c) The nanowire surface can be activated by decorating selected catalytic 
metal nanoparticles for both sensitivity and selectivity. Reprinted from reference [64] with 
permission from the American Chemical Society. 
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Several other oxide nanowires have also been reported [91–93]. A special work is mentioned here. 
As has been discussed, the main purpose of the gate potential is to tune the free carrier density in the 
nanowire, which is balanced with the captured carriers on the surface. Light illumination can also 
increase the free carrier concentration in an oxide nanowire and is used to realize optically driven 
oxygen sensing in low conductance nanowires [93]. The key to fast response is to rapidly tune the 
carrier density. In a semiconductor, the carrier density can be modulated by above-bandgap light. 
Under illumination, the oxide nanowire that initially has a high conductance, such as ZnO nanowires, 
needs a long time to reach equilibrium [86]. Based on such facts, by using low conductance nanowires, 
an optically driven fast oxygen sensing mechanism was proposed and demonstrated [93]. As shown in 
Figure 10a, initially, the free carrier density in a nanowire is low; the modulation of its conductance by 
oxygen will be very small. Under illumination, the current across the nanowire will increase to a value 
that can reflect the level of the oxygen pressure very quick, as shown in Figure 10b.  

Figure 10. Optically driven oxygen sensing in β-Ga2O3 nanowires. Schematic and  
energy-level representations of the nanowires (a) without and (b) under ultraviolet 
illumination, Ef is the Fermi level, Efn and Efp are the steady-state Fermi level for electrons 
and holes under the illumination, respectively. (c) A SEM image of the nanowire oxygen 
sensors. (d) The current of the device as the oxygen pressure in the chamber changes. The 
illumination makes the devices become sensitive to oxygen. (e) Current-time curves under 
different oxygen pressures, very fast response and recovery processes can be realized. 
Reprinted from reference [93] with permission from AIP Publishing. 
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When the illumination is off, the photogenerated carriers recombine rapidly and the optically driven 
oxygen sensing vanishes. By using individual β-Ga2O3 nanowires as the sensing elements and 
ultraviolet illumination as a means to excite excess free carriers in the nanowires (just like a field-effect 
gate done), in the devices shown in Figure 10c, fast response oxygen sensing are realized. As exposed 
to the 254-nm light, due to the fast electron-hole generation process, the carrier concentration in the 
nanowire rapidly increased. At this stage, more surface oxygen ions would form. And such an increase 
of the surface oxygen ion coverage directly correlated to the oxygen pressure. As a result, the current 
across the nanowire could reflect the level of the oxygen pressure. The sensing results of the devices 
are shown in Figure 10e. Very fast response and recovery processes were realized. 

3.4. FET Gas Sensors Based on Si Nanowires 

Si nanowires can also be used as channels in FET gas sensors. Due to the presence of an insulating 
native oxide layer on the surface, Si nanowires work in an analogous way to a FET. The electrostatic 
potential on the surface of the nanowire controls the free carrier concentration in the channel as an 
extra gate. By careful design, various kinds of receptors can be functionalized on the surface to detect 
the target molecule which can be recognized by the receptor for selectivity [94,95]. In most cases, 
nanowire synthesis and device fabrication are performed on separate substrates, especially for oxide 
nanowires, which will face the difficulty of controlled transfer of the nanowires. In addition to catalyst 
directed vapor-liquid-solid growth route, Si nanowires can be made by lithography techniques. This is 
a very special characteristic of Si nanowires. 

Figure 11. (a) Top-down image of one Si nanowire device with interdigitated Al source 
and drain electrodes. (b) Close-up SEM image, the dense, well-arranged Si nanowire 
channels were connected with two Al electrodes. Cross-sectional SEM images at (c) 60° 
and (d) 90° tilt. (e) Channel current vs. gate voltage curves before and after NH3 exposure, 
a negatively shift of the threshold voltage of about 5.4 V was obtained after NH3 exposure; 
for comparison, the inset shows that the SOI thin film device has much smaller threshold 
voltage shift. Reprinted from reference [96] with permission from AIP Publishing. 
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Based on silicon-on-insulator (SOI) wafers and nanoimprint lithography, a top-down approach was 
used by Talin et al. to fabricate Si nanowire FET gas sensors [96]. Large-area, dense p-type nanowire 
array sensors are shown by the SEM images in Figure 11a–d. The Si nanowires are well defined with 
diameters of about 76 nm and oxidized with O2 plasma treatment. The nanowire channel exhibited 
similar mobility to the corresponding thin film device, indicating no significant degradation of the Si 
nanowire body during the dry etching process. The response (defined as the shift of threshold voltage) 
of the Si nanowire FET sensors to NH3 vapor is shown in Figure 11e. Due to the reducing character of 
NH3, a negative shift of the threshold voltage by about 5.4 V was observed. In contrast, a thin film 
device shows a much smaller threshold voltage shift, as shown in the inset of Figure 11e. This  
top-down approach could be very promising in the investigation of Si nanowire FET gas sensors.  

Using the fabrication processes similar to the FinFET [97], an n-type Si nanowire FET with two 
side-gates was fabricated by Park et al. [98] as shown in Figure 12. The nanowires’ sensing/top surface 
was oxidized by annealing and passivated with H bonds. The device has a channel width of 100 nm 
and a gate length of 1 μm. The side-gates were insulated from the nanowire channel by thermally 
grown SiO2 of about 5 nm thick. To enhance the H2 selectivity and sensitivity, the nanowire top 
surface was further deposited with a ~1 nm thin Pd layer. During the operation, two side gates were 
applied with the same voltage.  

Figure 12. (a) Schematic illustration of the Pd-decorated Si nanowire FET gas sensor with 
local side gates. (b) Transfer characteristics of the pristine and Pd-decorated Si nanowire 
FET gas sensors. (c) Real time measurement of the current across the channel in response 
to H2 pulses at different concentrations under four gate voltages. (d) Current change versus 
H2 concentration, the current change is defined as (IH2-Iair)/Iair*100%, where Iair and IH2 are 
the current in air and H2, respectively. Reprinted from reference [98] with permission from 
AIP Publishing. 
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The transfer curve in Figure 12b shows an increase of threshold voltage and a decrease of channel 
current, indicating the enhanced extraction of electrons from the channel after Pd decoration. As can be 
seen in Figure 12c–d, the Pd decorated sensor shows an evident gate voltage dependent H2 sensing. 
Higher response is found when the device is working in the sub-threshold region (VG = 0.5 V).  
In contrast, pristine Si nanowire device exhibits no response to H2 up to 1%. Such a comparison 
indicates the strong activation effect of Pd in the decorated device. H2 will dissociate on the surface of 
Pd, producing H atoms, which then diffuse into the Pd nanoparticles and generate hydrogen-induced 
dipole layers at the interface. The positive dipole layers eventually cause the increase of conductance. 
The gate voltage dependence response once again evidences that high response is more obtainable at a 
low electron concentration state than a high electron concentration state, as demonstrated in Figure 4 
and Figure 9.  

3.5. FET Gas Sensors Based on Organic Nanowires 

In the inorganic nanowires shown above, the modulation of the free carrier concentration by the 
surface chemical process is the main mechanism for gas sensing. It is different when an organic 
nanowire is used as the channel, because in organic semiconductor hopping transport dominates. 
Several works are about organic nanowire FET gas sensors [99–105]. A typical work is discussed here. 
By using single crystalline CuPc nanowires, room temperature SO2 sensing with low detection level 
down to sub ppm regions was reported by Liu et al. [99]. In their system, the CuPc nanowire was 
floated from the substrate, thus the whole channel was exposed to the gas atmosphere, as shown by the 
illustration in Figure 13a and the SEM image in Figure 13b.  

Figure 13. (a) Schematic illustration of the CuPc nanowire FET sensors. (b) A SEM image 
of the device, the nanoawire was floated up by PMMA. (c) The response of the device as 
the SO2 concentration was changed from 0.5 to 20 ppm. The gate voltage was −10 V and 
the bias −15 V. (d) The sensitivity of the device. Reprinted from reference [99] with 
permission from John Wiley and Sons. 
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The device was in pure dry N2 at first. On exposure to SO2 pulses, as shown in Figure 13c, the 
current had a rapid response followed by a gradual recovery. The sensitivity was defined by the ratio 
between current change and the base current. The device exhibited a fascinating sensitivity of 119% to 
0.5 ppm SO2. In organic materials, the transport refers to hopping of charge carriers between 
molecules. Carrier mobility is reliant upon the levels of similar energy for the carriers to move on. This 
process can be affected by a variety of parameters. In this research, the authors ascribed the increase of 
current upon SO2 exposure to the compensation of shallow traps in the CuPc nanowire. Since the 
mobility of organic conductors can be changed over a very large range, it is possible to realize high 
sensitivity by tuning the carrier mobility, which is in contrast to inorganic semiconductors where 
carrier concentration tuning is more crucial. 

4. Conclusions and Outlook 

A lot of works have been reported on semiconducting nanowire FET gas sensors as shown above. 
Active gas molecules affect the nanowire’s conductance by mainly tuning the free carrier density, such 
as in oxides, or the carrier mobility, such as in organic materials. In contrast to normal nanowire 
sensors with two-terminal structures, a gate electrode was used to tune the free carrier density. With 
this method, the balance between the free carrier concentration in the nanowire and the surface  
chemo-sorption of active molecules was modulated and enhanced sensing performance could be 
realized. These researches are helpful for better understanding of semiconductor nanowires on the 
correlation between free carrier concentrations and surface chemistry, which are important for their 
application in gas sensors. Based on these progresses on nanowire FET gas sensors, it is necessary to 
highlight two things, the basic tuning mechanism and the fabrication procedure of the device, which 
are important for future investigation. 

Firstly, we comment on the basic tuning mechanisms that have been used. In the nanowire FET gas 
sensors, the chemical process at the nanowire surface can affect the transfer characteristics. Therefore, 
by appropriately choosing the gate voltage, the carrier concentration in the nanowire can be tuned and 
the sensing performance can be improved. In addition to the gate voltage, other methods can also be 
used as extra controls over the nanowire channel for gas selectivity and sensitivity, response time etc. 
Figure 14 summarizes four methods that are used and discussed in the above section. In addition to the 
gate voltage, metal nanoparticle decoration, light irradiation and local heating are also efficient tuning 
methods. Metal decoration and local heating can increase the surface activity of the nanowire, while 
above-bandgap irradiation can result in a sharp increase of the carrier concentration and a reset of the 
surface condition. 

Secondly, we comment on the fabrication procedure of the devices. Except for the nanowires, all 
other components of FET gas sensors, such as metal electrodes, local-heating apparatus, metal 
decoration etc, are compatible with conventional micro-fabrication technology. Therefore, controlled 
alignment and patterning of the nanowires at a desired position on a large area is very important for 
controlled fabrication of the nanowire FET gas sensors. For the preparation of the nanowires, there are 
two approaches, top-down and bottom-up schemes. The top-down approach is preferred because the 
nanowires can be well-defined in a controllable way. Si nanowires can be obtained by the top-down 
method; however, the processes still need to be refined for much smaller diameter and improved 
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sensing performance. Various kinds of oxide nanowires are usually synthesized by the bottom-up 
method. However, high-speed, large-area patterning of nanowires with good control on the orientations 
and dimensions are still a significant challenge. 

Figure 14. In addition to gate voltage, other methods including metal particle decoration, 
light irradiation and local heating can be used as effective additional means to modulate the 
nanowire channel in the FET gas sensors for improved sensing performance, such as 
sensitivity, selectivity and response time. 

 

Acknowledgments 

The supports from the National Natural Science Foundation of China 11174300 are greatly 
acknowledged. 

Conflicts of Interest 

The authors declare no conflict of interest.  

References 

1. Xu, C.N.; Tamaki, J.; Miura, N.; Yamazoe, N. Grain-size effects on gas sensitivity of porous 
SnO2-based elements. Sens. Actuators B Chem. 1991, 3, 147–155. 

2. Yamazoe, N. New approaches for improving semiconductor gas sensors. Sens. Actuators B 
Chem. 1991, 5, 7–19. 

3. Gopel, W.; Schierbaum, K.D. SnO2 sensors—Current status and future prospects. Sens. Actuators 
B Chem. 1995, 26, 1–12. 

4. Albert, K.J.; Lewis, N.S.; Schauer, C.L.; Sotzing, G.A.; Stitzel, S.E.; Vaid, T.P.; Walt, D.R. 
Cross-reactive chemical sensor arrays. Chem. Rev. 2000, 100, 2595–2626. 

5. Barsan, N.; Weimar, U. Conduction model of metal oxide gas sensors. J. Electroceram. 2001, 7, 
143–167. 

6. Batzill, M.; Diebold, U. The surface and materials science of tin oxide. Prog. Sur. Sci. 2005, 79, 
47–154. 

7. Kreno, L.E.; Leong, K.; Farha, O.K.; Allendorf, M.; Van Duyne, R.P.; Hupp, J.T. Metal-organic 
framework materials as chemical sensors. Chem. Rev. 2012, 112, 1105–1125. 

Metal decoration 

Local heatingLight irradiation

Gate voltage 



Sensors 2014, 14 17424 
 

 

8. Folke, M.; Cernerud, L.; Ekstrom, M.; Hok, B. Critical review of non-invasive respiratory 
monitoring in medical care. Med. Biol. Eng. Comput. 2003, 41, 377–383. 

9. Docquier, N.; Candel, S. Combustion control and sensors: A review. Prog. Energy Combust. Sci. 
2002, 28, 107–150. 

10. Moos, R. A brief overview on automotive exhaust gas sensors based on electroceramics. Int. J. 
Appl. Ceram. Technol. 2005, 2, 401–413. 

11. Fleischer, M.; Lehmann, M. Solid State Gas Sensors—Industrial Application; Springer:  
Berlin-Heidelberg, Germany, 2012. 

12. Potyrailo, R.A.; Surman, C.; Nagraj, N.; Burns, A. Materials and transducers toward selective 
wireless gas sensing. Chem. Rev. 2011, 111, 7315–7354. 

13. Gas sensors market—global industry size, share, trends, analysis and forecast, 2012–2018. A 
report by Transparency Market Research—Albany, NY, USA, 2013. 

14. Sberveglieri, G. Recent developments in semiconducting thin-film gas sensors. Sens. Actuators B 
Chem. 1995, 23, 103–109. 

15. Barsan, N.; Schweizer-Berberich, M.; Gopel, W. Fundamental and practical aspects in the design 
of nanoscaled SnO2 gas sensors: A status report. Fresenius J. Anal. Chem. 1999, 365, 287–304. 

16. Comini, E. Metal oxide nano-crystals for gas sensing. Anal. Chim. Acta 2006, 568, 28–40. 
17. Huang, X.-J.; Choi, Y.-K. Chemical sensors based on nanostructured materials. Sens. Actuators 

B Chem. 2007, 122, 659–671. 
18. Lee, J.-H. Gas sensors using hierarchical and hollow oxide nanostructures: Overview. Sens. 

Actuators B Chem. 2009, 140, 319–336. 
19. Oyabu, T.; Osawa, T.; Kurobe, T. Sensing characteristics of tin oxide thick-film gas sensor.  

J. Appl. Phys. 1982, 53, 7125–7130. 
20. Gentry, S.J.; Jones, T.A. A comparison of metal-oxide semiconductor catalytic gas sensors.  

Sens. Actuators 1983, 4, 581–586. 
21. Watson, J. The tin oxide gas sensor and its applications. Sens. Actuators 1984, 5, 29–42. 
22. Sze, S.M.; Ng, K.K. Physics of Semiconductor Devices, 3rd ed.; Wiley-Interscience: Hoboken, 

NJ, USA, 2006. 
23. Fan, Z.; Lu, J.G. Chemical sensing with ZnO nanowire field-effect transistor. IEEE Trans. 

Nanotechnol. 2006, 5, 393–396. 
24. Zhang, G.; Liu, M.L. Effect of particle size and dopant on properties of SnO2-based gas sensors. 

Sens. Actuators B Chem. 2000, 69, 144–152. 
25. Kong, J.; Franklin, N.R.; Zhou, C.W.; Chapline, M.G.; Peng, S.; Cho, K.J.; Dai, H.J. Nanotube 

molecular wires as chemical sensors. Science 2000, 287, 622–625. 
26. Collins, P.G.; Bradley, K.; Ishigami, M.; Zettl, A. Extreme oxygen sensitivity of electronic 

properties of carbon nanotubes. Science 2000, 287, 1801–1804. 
27. Li, J.; Lu, Y.J.; Ye, Q.; Cinke, M.; Han, J.; Meyyappan, M. Carbon nanotube sensors for gas and 

organic vapor detection. Nano Lett. 2003, 3, 929–933. 
28. Heo, Y.W.; Norton, D.; Tien, L.C.; Kwon, Y.; Kang, B.S.; Ren, F.; Pearton, S.J.; LaRoche, J.R. 

ZnO nanowire growth and devices. Mater. Sci. Eng. R-Rep. 2004, 47, 1–47. 
29. Wanekaya, A.K.; Chen, W.; Myung, N.V.; Mulchandani, A. Nanowire-based electrochemical 

biosensors. Electroanalysis 2006, 18, 533–550. 



Sensors 2014, 14 17425 
 

 

30. Wan, Q.; Li, Q.H.; Chen, Y.J.; Wang, T.H.; He, X.L.; Li, J.P.; Lin, C.L. Fabrication and ethanol 
sensing characteristics of ZnO nanowire gas sensors. Appl. Phys. Lett. 2004, 84, 3654–3656. 

31. Feng, P.; Wan, Q.; Wang, T.H. Contact-controlled sensing properties of flowerlike ZnO 
nanostructures. Appl. Phys. Lett. 2005, doi:10.1063/1.2135391. 

32. Wan, Q.; Huang, J.; Xie, Z.; Wang, T.; Dattoli, E.N.; Lu, W. Branched SnO2 nanowires  
on metallic nanowire backbones for ethanol sensors application. Appl. Phys. Lett. 2008, 
doi:10.1063/1.2890735. 

33. Li, Y.; Qian, F.; Xiang, J.; Lieber, C.M. Nanowire electronic and optoelectronic devices.  
Mat. Today 2006, 9, 18–27. 

34. Hayden, O.; Agarwal, R.; Lu, W. Semiconductor nanowire devices. Nano Today 2008, 3, 12–22. 
35. Shankar, K.; Basham, J.I.; Allam, N.K.; Varghese, O.K.; Mor, G.K.; Feng, X.; Paulose, M.; 

Seabold, J.A.; Choi, K.-S.; Grimes, C.A. Recent advances in the use of TiO2 nanotube and 
nanowire arrays for oxidative photoelectrochemistry. J. Phys. Chem. C 2009, 113, 6327–6359. 

36. Yan, R.; Gargas, D.; Yang, P. Nanowire photonics. Nat. Photon. 2009, 3, 569–576. 
37. Tian, B.; Kempa, T.J.; Lieber, C.M. Single nanowire photovoltaics. Chem. Soc. Rev. 2009, 38, 

16–24. 
38. Fan, Z.; Ho, J.C.; Takahashi, T.; Yerushalmi, R.; Takei, K.; Ford, A.C.; Chueh, Y.-L.; Javey, A. 

Toward the development of printable nanowire electronics and sensors. Adv. Mater. 2009, 21, 
3730–3743. 

39. Hobbs, R.G.; Petkov, N.; Holmes, J.D. Semiconductor nanowire fabrication by bottom-up and 
top-down paradigms. Chem. Mater. 2012, 24, 1975–1991. 

40. Huang, H.; Liang, B.; Liu, Z.; Wang, X.; Chen, D.; Shen, G. Metal oxide nanowire transistors. J. 
Mater. Chem. 2012, 22, 13428–13445. 

41. Huang, J.; Wan, Q. Gas sensors based on semiconducting metal oxide one-dimensional 
nanostructures. Sensors 2009, 9, 9903–9924. 

42. Zhai, T.; Fang, X.; Liao, M.; Xu, X.; Zeng, H.; Yoshio, B.; Golberg, D. A comprehensive review 
of one-dimensional metal-oxide nanostructure photodetectors. Sensors 2009, 9, 6504–6529. 

43. Choi, K.J.; Jang, H.W. One-dimensional oxide nanostructures as gas-sensing materials: Review 
and issues. Sensors 2010, 10, 4083–4099. 

44. Arafat, M.M.; Dinan, B.; Akbar, S.A.; Haseeb, A.S.M.A. Gas sensors based on one dimensional 
nanostructured metal-oxides: A review. Sensors 2012, 12, 7207–7258. 

45. Chen, X.; Wong, C.K.Y.; Yuan, C.A.; Zhang, G. Nanowire-based gas sensors. Sens. Actuators B 
Chem. 2013, 177, 178–195. 

46. Moos, R.; Sahner, K.; Fleischer, M.; Ulrich, G.; Barsan, N.; Weimar, U. Soild state gas sensor 
research in Germany—A status report. Sensors 2009, 9, 4323–4365. 

47. Lundström, I.; Armgarth, M.; Spetz, A.; Winquist, F. Gas sensors based on catalytic metal-gate 
field-effect devices. Sens. Actuators 1986, 10, 399–421. 

48. Spetz, A.L.; Skoglundh, M.; Ojamae, L. FET Gas-Sensing Mechanism, Experimental and 
Theoretical Studies. In Solid State Gas Sensing; Comini, E., Ed.; Springer: New York, NY, USA, 
2009; pp. 1–27. 

49. Yu, H.-D.; Regulacio, M.D.; Ye, E.; Han, M.-Y. Chemical routes to top-down nanofabrication. 
Chem. Soc. Rev. 2013, 42, 6006–6018. 



Sensors 2014, 14 17426 
 

 

50. Mathur, S.; Barth, S.; Shen, H.; Pyun, J.-C.; Werner, U. Size-dependent Photoconductance in 
SnO2 Nanowires. Small 2005, 1, 713–717. 

51. Lei, L.; Brian, D.S.; Liwei, L. Local vapor transport synthesis of zinc oxide nanowires for 
ultraviolet-enhanced gas sensing. Nanotechnology 2010, 21, 495–502. 

52. Li, X.; Wang, Y.; Lei, Y.; Gu, Z. Highly sensitive H2S sensor based on template-synthesized 
CuO nanowires. RSC Adv. 2012, 2, 2302–2307. 

53. Fan, J.; Hao, Y.; Cabot, A.; Johansson, E.M.J.; Boschloo, G.; Hagfeldt, A. Cobalt(II/III) redox 
electrolyte in ZnO nanowire-based dye-sensitized solar cells. ACS Appl. Mater. Interfac. 2013, 5, 
1902–1906. 

54. Law, M.; Goldberger, J.; Yang, P. Semiconductor nanowires and nanotubes. Annu. Rev. Mater. 
Res. 2004, 34, 83–122. 

55. Barth, S.; Hernandez-Ramirez, F.; Holmes, J.D.; Romano-Rodriguez, A. Synthesis and 
applications of one-dimensional semiconductors. Prog. Mater. Sci. 2010, 55, 563–627. 

56. Comini, E.; Baratto, C.; Faglia, G.; Ferroni, M.; Vomiero, A.; Sberveglieri, G. Quasi-one 
dimensional metal oxide semiconductors: Preparation, characterization and application as 
chemical sensors. Prog. Mater. Sci. 2009, 54, 1–7. 

57. Yu, H.Y.; Kang, B.H.; Pi, U.H.; Park, C.W.; Choi, S.-Y.; Kim, G.T. V2O5 nanowire-based 
nanoelectronic devices for helium detection. Appl. Phys. Lett. 2005, doi:10.1063/1.1954894. 

58. Maijenburg, A.W.; Maas, M.G.; Rodijk, E.J.B.; Ahmed, W.; Kooij, E.S.; Carlen, E.T.;  
Blank, D.H.A.; ten Elshof, J.E. Dielectrophoretic alignment of metal and metal oxide nanowires 
and nanotubes: a universal set of parameters for bridging prepatterned microelectrodes.  
J. Colloid Interfac. Sci. 2011, 355, 486–493. 

59. Lao, C.S.; Liu, J.; Gao, P.; Zhang, L.; Davidovic, D.; Tummala, R.; Wang, Z.L. ZnO 
nanobelt/nanowire Schottky diodes formed by dielectrophoresis alignment across Au electrodes. 
Nano Lett. 2006, 6, 263–266. 

60. Freer, E.M.; Grachev, O.; Duan, X.; Martin, S.; Stumbo, D.P. High-yield self-limiting  
single-nanowire assembly with dielectrophoresis. Nat. Nanotechnol. 2010, 5, 525–530. 

61. Goldberger, J.; Sirbuly, D.J.; Law, M.; Yang, P. ZnO Nanowire Transistors. J. Phys. Chem. B 
2004, 109, 9–14. 

62. Steve, R.; Robert, P. A review of focused ion beam applications in microsystem technology. J. 
Micromech. Microengineer. 2001, 11, 287–300. 

63. Li, C.; Zhang, D.; Liu, X.; Han, S.; Tang, T.; Han, J.; Zhou, C. In2O3 nanowires as chemical 
sensors. Appl. Phys. Lett. 2003, 82, 1613–1615. 

64. Zou, X.; Wang, J.; Liu, X.; Wang, C.; Jiang, Y.; Wang, Y.; Xiao, X.; Ho, J.C.; Li, J.; Jiang, C.; et al. 
Rational design of sub-parts per million specific gas sensors array based on metal nanoparticles 
decorated nanowire enhancement-mode transistors. Nano Lett. 2013, 13, 3287–3292. 

65. Taguchi, N. A Metal Oxide Gas Sensor. Jpn Patent 45–38200, 1962.  
66. Zhang, Y.; Kolmakov, A.; Lilach, Y.; Moskovits, M. Electronic control of chemistry and 

catalysis at the surface of an individual tin oxide nanowire. J. Phys. Chem. B 2005, 109,  
1923–1929. 

67. Chen, P.-C.; Shen, G.; Zhou, C. Chemical sensors and electronic noses based on 1-D metal oxide 
nanostructures. IEEE Trans. Nanotechnol. 2008, 7, 668–682. 

http://dx.doi.org/10.1063/1.1954894


Sensors 2014, 14 17427 
 

 

68. Ho, G.W. Gas sensor with nanostructured oxide semiconductor materials. Sci. Adv. Mater. 2011, 
3, 150–168. 

69. Park, J.; Kim, Y.; Kim, G.-T.; Ha, J.S. Facile fabrication of SWCNT/SnO2 nanowire 
heterojunction devices on flexible polyimide substrate. Adv. Funct. Mater. 2011, 21, 4159–4165. 

70. Zhang, Y.; Kolmakov, A.; Chretien, S.; Metiu, H.; Moskovits, M. Control of catalytic reactions 
at the surface of a metal oxide nanowire by manipulating electron density inside it. Nano Lett. 
2004, 4, 403–407. 

71. Mubeen, S.; Moskovits, M. Gate-tunable surface processes on a single-nanowire field-effect 
transistor. Adv. Mater. 2011, 23, 2306–2312. 

72. Dattoli, E.N.; Davydov, A.V.; Benkstein, K.D. Tin oxide nanowire sensor with integrated 
temperature and gate control for multi-gas recognition. Nanoscale 2012, 4, 1760–1769. 

73. Moshfegh, A.Z. Nanoparticle catalysts. J. Phys. D Appl. Phys. 2009, doi:10.1088/0022-3727/ 
42/23/233001. 

74. Zhang, J.; Liu, X.; Wu, S.; Xu, M.; Guo, X.; Wang, S. Au nanoparticle-decorated porous SnO2 
hollow spheres: A new model for a chemical sensor. J. Mater. Chem. 2010, 20, 6453–6459. 

75. Kolmakov, A.; Chen, X.; Moskovits, M. Functionalizing nanowires with catalytic nanoparticles 
for gas sensing application. J. Nanosci. Nanotechnol. 2008, 8, 111–121. 

76. Chang, J.F.; Kuo, H.H.; Leu, I.C.; Hon, M.H. The effects of thickness and operation temperature 
on ZnO:Al thin film CO gas sensor. Sens. Actuators B Chem. 2002, 84, 258–264. 

77. Jing, Z.; Zhan, J. Fabrication and gas-sensing properties of porous ZnO nanoplates. Adv. Mater. 
2008, 20, 4547–4551. 

78. Mitra, P.; Chatterjee, A.P.; Maiti, H.S. ZnO thin film sensor. Mater. Lett. 1998, 35, 33–38. 
79. Pearton, S.J.; Norton, D.P.; Ip, K.; Heo, Y.W.; Steiner, T. Recent progress in processing and 

properties of ZnO. Prog. Mater. Sci. 2005, 50, 293–340. 
80. Fan, Z.Y.; Wang, D.W.; Chang, P.C.; Tseng, W.Y.; Lu, J.G. ZnO nanowire field-effect transistor 

and oxygen sensing property. Appl. Phys. Lett. 2004, 85, 5923–5925. 
81. Wang, X.; Song, J.; Wang, Z.L. Nanowire and nanobelt arrays of zinc oxide from synthesis to 

properties and to novel devices. J. Mater. Chem. 2007, 17, 711–720. 
82. Song, S.; Hong, W.-K.; Kwon, S.-S.; Lee, T. Passivation effects on ZnO nanowire field  

effect transistors under oxygen, ambient, and vacuum environments. Appl. Phys. Lett. 2008, 
doi:10.1063/1.2955512. 

83. Hagen, J.A.; Kim, S.N.; Bayraktaroglu, B.; Leedy, K.; Chavez, J.L.; Kelley-Loughnane, N.;  
Naik, R.R.; Stone, M.O. Biofunctionalized zinc oxide field effect transistors for selective sensing 
of riboflavin with current modulation. Sensors 2011, 11, 6645–6655. 

84. Chang, S.-P.; Li, C.-W.; Chen, K.-J.; Chang, S.-J.; Hsu, C.-L.; Hsueh, T.-J.; Hsueh, H.-T.  
ZnO-nanowire-based extended-gate field-effect-transistor pH sensors prepared on glass substrate. 
Sci. Adv. Mater. 2012, 4, 1174–1178. 

85. Pachauri, V.; Kern, K.; Balasubramanian, K. Field-effect-based chemical sensing using 
nanowire-nanoparticle hybrids: The ion-sensitive metal-semiconductor field-effect transistor. 
Appl. Phys. Lett. 2013, doi:10.1063/1.4775579. 

86. Li, Q.H.; Liang, Y.X.; Wan, Q.; Wang, T.H. Oxygen sensing characteristics of individual ZnO 
nanowire transistors. Appl. Phys. Lett. 2004, 85, 6389–6391. 

http://dx.doi.org/10.1088/0022-3727/42/23/233001
http://dx.doi.org/10.1088/0022-3727/42/23/233001
http://dx.doi.org/10.1063/1.2955512
http://dx.doi.org/10.1063/1.4775579


Sensors 2014, 14 17428 
 

 

87. Fan, Z.; Lu, J.G. Gate-refreshable nanowire chemical sensors. Appl. Phys. Lett. 2005, 
doi:10.1063/1.1883715. 

88. Zeng, Z.; Wang, K.; Zhang, Z.; Chen, J.; Zhou, W. The detection of H2S at room temperature by 
using individual indium oxide nanowire transistors. Nanotechnology 2009, doi:10.1088/0957-4484/ 
20/4/045503. 

89. Zhang, D.H.; Liu, Z.Q.; Li, C.; Tang, T.; Liu, X.L.; Han, S.; Lei, B.; Zhou, C.W. Detection of 
NO2 down to ppb levels using individual and multiple In2O3 nanowire devices. Nano Lett. 2004, 
4, 1919–1924. 

90. Singh, N.; Gupta, R.K.; Lee, P.S. Gold-nanoparticle-functionalized In2O3 nanowires as CO gas 
sensors with a significant enhancement in response. ACS Appl. Mater. Interfac. 2011, 3,  
2246–2252. 

91. Li, D.; Hu, J.; Wu, R.; Lu, J.G. Conductometric chemical sensor based on individual CuO 
nanowires. Nanotechnology 2010, doi:10.1088/0957-4484/21/48/485502. 

92. Liao, L.; Zhang, Z.; Yan, B.; Zheng, Z.; Bao, Q.L.; Wu, T.; Li, C.M.; Shen, Z.X.; Zhang, J.X.; 
Gong, H.; Li, J.C.; Yu, T. Multifunctional CuO nanowire devices: P-type field effect transistors 
and CO gas sensors. Nanotechnology 2009, doi:10.1088/0957-4484/20/8/085203. 

93. Feng, P.; Xue, X.Y.; Liu, Y.G.; Wan, Q.; Wang, T.H. Achieving fast oxygen response in 
individual beta-Ga2O3 nanowires by ultraviolet illumination. Appl. Phys. Lett. 2006, 
doi:10.1063/1.2349278. 

94. Patolsky, F.; Lieber, C.M. Nanowire nanosensors. Mater. Today 2005, 8, 20–28. 
95. Cui, Y.; Wei, Q.; Park, H.; Lieber, C.M. Nanowire nanosensors for highly sensitive and selective 

detection of biological and chemical species. Science 2001, 293, 1289–1292. 
96. Talin, A.A.; Hunter, L.L.; Léonard, F.; Rokad, B. Large area, dense silicon nanowire array 

chemical sensors. Appl. Phys. Lett. 2006, doi:10.1063/1.2358214. 
97. Hisamoto, D.; Wen-Chin, L.; Kedzierski, J.; Takeuchi, H.; Asano, K.; Kuo, C.; Anderson, E.; 

Tsu-Jae, K.; Bokor, J.; Hu, C. FinFET—A self-aligned double-gate MOSFET scalable to 20 nm.  
IEEE Trans. Electron. Devices 2000, 47, 2320–2325. 

98. Ahn, J.-H.; Yun, J.; Choi, Y.-K.; Park, I. Palladium nanoparticle decorated silicon nanowire 
field-effect transistor with side-gates for hydrogen gas detection. Appl. Phys. Lett. 2014, 
doi:10.1063/1.4861228. 

99. Shaymurat, T.; Tang, Q.; Tong, Y.; Dong, L.; Liu, Y. Gas dielectric transistor of CuPc single 
crystalline nanowire for SO2 detection down to sub-ppm levels at room temperature. Adv. Mater. 
2013, 25, 2269–2273. 

100. Briseno, A.L.; Mannsfeld, S.C.B.; Jenekhe, S.A.; Bao, Z.; Xia, Y. Introducing organic nanowire 
transistors. Mater. Today 2008, 11, 38–47. 

101. Andringa, A.M.; Meijboom, J.R.; Smits, E.C.P.; Mathijssen, S.G.J.; Blom, P.W.M.;  
de Leeuw, D.M. Gate-bias controlled charge trapping as a mechanism for NO2 detection with 
field-effect transistors. Adv. Funct. Mater. 2011, 21, 100–107. 

102. Torsi, L.; Tanese, M.C.; Cioffi, N.; Gallazzi, M.C.; Sabbatini, L.; Zambonin, P.G.; Raos, G.; 
Meille, S.V.; Giangregorio, M.M. Side-chain role in chemically sensing conducting polymer 
field-effect transistors. J. Phys. Chem. B 2003, 107, 7589–7594. 

http://dx.doi.org/10.1063/1.1883715
http://dx.doi.org/10.1088/0957-4484/20/4/045503
http://dx.doi.org/10.1088/0957-4484/20/4/045503
http://dx.doi.org/10.1088/0957-4484/21/48/485502
http://dx.doi.org/10.1088/0957-4484/20/8/085203
http://dx.doi.org/10.1063/1.2349278
http://dx.doi.org/10.1063/1.2358214
http://dx.doi.org/10.1063/1.4861228


Sensors 2014, 14 17429 
 

 

103. Bouvet, M. Phthalocyanine-based field-effect transistors as gas sensors. Anal. Bioanal. Chem. 
2006, 384, 366–373. 

104. Torsi, L.; Dodabalapur, A. Organic thin-film transistors as plastic analytical sensors. Anal. Chem. 
2005, 77, 380A–387A. 

105. Marinelli, F.; Dell’Aquila, A.; Torsi, L.; Tey, J.; Suranna, G.P.; Mastrorilli, P.; Romanazzi, G.; 
Nobile, C.F.; Mhaisalkar, S.G.; Cioffi, N.; Palmisano, F. An organic field effect transistor  
as a selective NOx sensor operated at room temperature. Sens. Actuators B Chem. 2009, 140,  
445–450. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/3.0/). 


	1. Introduction
	2. Fabrication and Mechanism
	2.1. Structure and Fabrication of Nanowire FET Gas Sensors
	2.2. Mechanism of Nanowire FET Gas Sensors

	References

