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Abstract: Benzene, as a typical toxic gas and carcinogen, is an important detection object in the field
of environmental monitoring. However, it remains challenging for the conventional resistance-type
gas sensor to effectively detect low-concentration (ppb-level) benzene gas molecules, owing to their
insufficient reaction activation energy, especially when operating at room temperature. Herein, a
field-effect transistor (FET)-type gas sensor using carbon nanotubes as a channel material is proposed
for the efficient detection of trace benzene, where carbon nanotubes (CNTs) with high semiconductor
purity act as the main channel material, and ZnO/WS2 nanocomposites serve as the gate sensitive
material. On the basis of the remarkable amplification effect in CNTs-based FET, the proposed gas
sensor manifests desirable sensitive ability with the detection limit as low as 500 ppb for benzene even
working at room temperature, and the sensor also exhibits fast response speed (90 s), high consistency
with a response deviation of less than 5%, and long-term stability of up to 30 days. Furthermore,
utilizing Tenax TA as the screening unit, the as-proposed gas sensor can achieve the feasible selective
detection of benzene. These experimental results demonstrate that the strategy proposed here can
provide significant guidance for the development of high-performance gas sensors to detect trace
benzene gas at room temperature.

Keywords: CNTs-based FET gas sensor; ZnO/WS2 nanocomposites; ppb-level benzene detection;
Tenax TA screening unit

1. Introduction

As a colorless, pungent, and toxic volatile organic compound (VOC), benzene (C6H6)
is seriously detrimental to human health [1–3]. Long-term exposure to even low concentra-
tions (ppb-level) of benzene can cause grievous diseases such as leukemia and lymphomas,
and it has also been recognized as a carcinogen by the International Agency for Research on
Cancer (IARC) [4]. Therefore, the effective detection of trace benzene seems to be crucially
important for the protection of human health. Metal-Oxide-Semiconductor (MOS) gas
sensors have been widely used in the detection of benzene because of their low cost and
excellent performance [5–8]. Ruan et al. prepared a gas sensor based on rose-shaped
ZnO with Au noble metal-modified gas-sensitive material, which exhibited improved gas-
sensitive performance toward BTX (benzene, toluene, and xylene) operating at 200 ◦C [9].
The sensor based on the Co3O4 hierarchical porous structure prepared by Cao et al. showed
favorable response/recovery performance against 50 ppm benzene at 220 ◦C operating
temperature, as well as good repeatability and stability [10]. However, conventional MOS-
type gas sensors usually operate at high temperatures between 100 ◦C and 450 ◦C to obtain
improved sensing performance to meet the demand of the reaction activation energy, which
leads to high power consumption, reduced life of the sensor, and an increase in the overall
cost of the gas sensor, limiting its further practical application.
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In recent years, Transition Metal Dichalcogenides (TMDs) offer high surface area
and high electron mobility due to their unique 2D structure, making them promising
candidates for realization of resistive gas sensors at room temperature [11–15]. For instance,
Parne et al. prepared a highly selective and sensitive MoS2-based resistance-type gas
sensor. The gas sensors of MoS2 and MoS2-based nanocomposites (MoS2, MOS2-Fe3O4,
and MOS2-GO) showed good sensing performance for toluene, which can be attributed to
the nanocomposites improving the surface roughness of MoS2 [16]. Stanciu et al. used a
facile solution mixing method to fabricate flexible gas sensors based on Au-functionalized
MoS2 nanoflakes. The results showed that Au/MoS2 sensors showed excellent sensing
performance in terms of sensitivity, selectivity for oxygen-based VOCs, repeatability, and
durability at room temperature [17]. Although the use of TMDs as a sensitive material
can achieve effective detection at low temperatures, even room temperature, the change
of electrical signal caused by the adsorption reaction of trace gas molecules is very weak.
Therefore, the resistance gas sensor still faces the problem of difficulty in detecting trace gas
effectively. In addition, the gas-sensitive characteristics in the trace gas environment are
easily affected by noise signals, which makes it hard for the sensor to capture gas molecules.
Therefore, improving the detection and recognition ability of gas sensors for trace gas
molecules is the key to achieving the detection of benzene at room temperature.

Recently, with the rapid development of semiconductor technology, a field effect
transistor (FET)-type gas sensor has shown great potential because of its high sensitivity,
integration, and miniaturization [18–20]. The FET regulates the carrier concentration in the
channel through the change of the gate electrical signal. The weak electrical signal change
caused by trace gases can be captured and then effectively amplified by the FET-type gas
sensor [21,22]. Channel material is one of the important factors affecting the electrical
performance of FET. Carbon nanotubes (CNTs), as a typical one-dimensional nanomaterial,
are regarded as a potential channel material with advantages such as high electron mobility,
extremely small size, and excellent mechanical and electrical properties [23–25]. Zhang
et al. optimized the structure of the FET gas sensor by introducing a Y2O3 thin film as the
gate insulation layer, which improved various gas-sensitive properties of the sensor; the
detection limit of H2 gas concentration could reach 5 ppb [26], which is expected to replace
the traditional resistance-type gas sensor in the field of trace gas detection. Accordingly,
it can be predicted that efficient detection of trace benzene at room temperature would
be achieved through the combination of TMD-sensitive materials and carbon-based FETs
with an amplification effect. In addition, it remains challenging to effectively solve the
cross-sensitivity problem for gas sensors toward benzene and its homologs. Typically, the
selectivity of gas sensors can be improved by modifying sensing materials and highly
porous nanostructures, as well as increasing the operating temperature or adding an
external light source [27,28]. However, the above method will lead to shortages, such as
changes in material properties, increased power consumption, and sensor costs. Noticeably,
Tenax TA, a porous polymer 2,6-diphenyl furan resin, is widely used in the adsorption of
VOCs and SVOCs because of its ability to separate molecules by molecular weight and
chemical functional groups [29]. Thus, the integration of Tenax TA into gas-sensing devices
as the screening unit is expected to solve the cross-sensitivity problem between benzene
and its homologs.

Inspired by the above investigations, a CNTs-based FET-type gas sensor based on
ZnO/WS2 nanocomposites has been fabricated for the efficient detection of benzene at
room temperature. The ZnO/WS2 nanocomposites serve as the gate material for the capture
of gas molecules, and the CNTs are used as the channel material for electron transfer. The
gas-sensitive performance of the as-proposed FET-type gas sensor is investigated in detail.
As expected, the CNTs-FET-type gas sensor based on ZnO/WS2 nanocomposites exhibits
high sensitivity toward trace benzene at room temperature and shows desirable stability
and repeatability. The Tenax TA screening unit is further used to screen benzene and
toluene, which improves the selectivity of the sensor. It is expected that this method can
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provide a useful reference for the preparation of integrated, low-power consumption, and
portable gas sensors.

2. Materials and Methods
2.1. Fabrication of FET Gas Sensors

The as-proposed FET-type gas sensor is fabricated onto a carbon-based wafer via
the micro–nano manufacturing technologies as depicted in Figure 1a; the commercial
carbon-based wafer (4-inch, Peking University) used here is formed from high-purity CNTs
randomly distributed on the Si/SiO2 substrate [30]. The wafer was cut to 11 mm × 11 mm
size, and the surface was cleaned for subsequent preparation. Firstly, the pre-defined source
(S) and drain (D) electrode regions are lithographed by a laser direct writing lithography ma-
chine (Microwriter ML®3, Durham Magneto Optics, Ltd., Cambridge, UK). Subsequently,
Ti/Pd/Au (0.3/20/40 nm) films are deposited as electrodes by electron beam evaporation
(DE400DHL, Beijing Deyi Tianli Technology Development Co. Ltd., Beijing, China) at the
rates of 0.1, 1, and 1 Å s−1, respectively. In order to prevent mutual interference between
different sensors on the same unit, the excess CNTs are etched away by a reactive ion
etching machine (Haasrode-R200A, Jiangsu Leuven Instruments Co., Ltd., Peizhou, China)
in an oxygen environment of 60 s that would form a conductive channel with a length
of 300 nm and a width of 600 nm. Secondly, yttrium (Y) film with a thickness of 3 nm is
deposited on the S/D electrode and conductive channel at a rate of 0.1 Å s−1 by electron
beam evaporation and then oxidized at 270 ◦C for 30 min. By repeating the previous
step one more time, yttrium oxide (Y2O3) film with a thickness of about 10 nm is formed
as the gate insulation layer of the FET. The gate insulation layer is usually composed of
Y2O3, Al2O3, Ta2O5, Pr2O3, HfO2, and HfSiOx. Among them, Y2O3 is an ideal high-κ gate
material (dielectric constant of 12–20 and a wide energy gap of 5.5 eV), and the wettability
between Y2O3 and CNTs is excellent, so Y2O3 is selected as the gate insulation layer [31].
In addition, Y2O3 can grow uniformly on the surface of the CNTs without degrading key
metrics such as gate capacitance and drain current of the FET. The ultrathin Y2O3 film with
a high dielectric constant can optimize the sensitivity, selectivity, and stability of the thin
film gas sensor through synergistic amplification and protection effects. Therefore, these
properties make Y2O3 one of the most promising gate dielectric layers for applications in
FET sensors. Finally, the as-prepared ZnO/WS2 nanocomposites are coated on the FET
by drip coating. The package diagram of the FET gas sensor and its optical micrograph
can be seen in Figure 1a, where the ZnO/WS2 layer serves as the floating gate, and the
back of the Si substrate acts as the control gate. Details of the preparation of ZnO/WS2
nanocomposites can be found in the supporting information. The FET gas sensor prepared
using the above method is perfectly compatible with semiconductor processing technology,
suitable for large-scale sensor production, and ensures good consistency.

2.2. Characterization

Raman spectroscopy (Renishaw in Via, Renishaw, Ltd., Wotton-under-Edge, UK) is
used to verify the defect degree and conductivity of the CNTs channel. The morphology
of CNT films and gas-sensitive materials is investigated by field emission scanning elec-
tron microscopy (FE-SEM, Hitachi SU5000, Hitachi, Ltd., Tokyo, Japan). The chemical
composition of the materials is characterized by energy-dispersive X-ray spectroscopy
(EDS). The composition and chemical state of the gas-sensitive materials are analyzed by
X-ray diffraction (XRD, U1tima IV) and X-ray photoelectron spectroscopy (XPS, Thermo
ESCALAB 250Xi, Thermo Fisher Scientific, Inc., Waltham, MA, USA).

2.3. Gas-Sensing Measurement

The gas-sensing performances of the as-prepared FET-type gas sensor are investi-
gated by the CGS-MT intelligent gas sensitive analysis system, DGL-III Humidity Control
gas–liquid distribution system, and the SA3102 electrical analysis system (Beijing Elite Tech
Co., Ltd., Beijing, China), as shown in Figure 1b. The electrical performances of CNTs-
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based FET are measured by using a Keithly 4200 semiconductor analyzer (Tektronix, Inc.,
Beaverton, OR, USA) and probe stand (Cascade Microtech MPS 150, Cascade Microtech,
Inc., Beaverton, OR, USA). The gas-sensing data are obtained by detecting the current
change of the sensor at room temperature (25 ◦C) with a fixed bias voltage (Vds = −0.1 V).
Considering that the bias (Vds) has little effect on the gas-sensing response, a small fixed
operating voltage (i.e., Vds = −0.1 V) is chosen in order to prevent device breakdown [32,33].
The dry air (79% N2 and 21% O2) and benzene (100 ppm) are controlled by the combination
of the Gas Mass Flow Controller (MFC) of the DGL-III (MFC1 (service range: 20–1000 sccm)
and MFC2 (service range: 2–100 sccm)), which is proportionally diluted into different
concentrations of benzene, and the total gas flow is fixed at 1000 sccm. It is worth noting
that when the gas flow is too low, the gas may be adsorbed by the tube before reaching
the sensor, especially at low concentrations. When the gas flow is too high, the sensor
signal size and even stability will be affected. From the experience of previous experi-
ments, a fixed flow rate of 1000 sccm ensures that a sufficient amount of the target gas can
participate in the reaction without damaging the sensor [34,35]. The testing gases were
all purchased from Dalian Special Gas Co., Ltd. (Dalian, China). Gas flow and humidity
were controlled using mass flow controllers in DGL-III, and different concentrations of
benzene were prepared by the dynamic configuration of the gas distribution system, with
the preparation process of interfering gases (such as Toluene, SO2, H2S, etc.) being like that
of the target gas. Before starting the test, dry air is pre-injected into the chamber for 30 min
to eliminate the effects of other interfering gases. The response of the FET-type gas sensor
can be defined as |Ig − Ia|/Ia × 100%, where Ig and Ia are the currents of the sensor in
target gas and air, respectively. In order to improve the efficiency of the test, this work uses
a fixed time to measure the change in the response of the sensor, that is, 90 s of injection of
the target gas. The response/recovery time is expressed as the time required for the current
change to reach 90% of the total change. Based on the above-mentioned condition, each
test was repeated three times, and each datum was a statistical average unless otherwise
mentioned. Relevant parameters are extracted and analyzed using batch processing and
statistical functions in Origin software (OriginPro 2021, 9.8.0.200).
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3. Results and Discussion
3.1. Characterization Results

For the CNTs-based FET gas sensor, CNTs serve as the channel material to participate
in the charge transfer process, and ZnO/WS2 nanocomposites act as the gate-sensitive
material to capture the target gas molecules [36,37]. The low-defect CNT film and the
ZnO/WS2 gas-sensitive material without excess impurities are the keys to achieving the
excellent sensing performance of the gas sensor. Therefore, the CNT film is characterized to
verify the purity via the Raman spectrum test, as depicted in Figure 2a. It can be observed
that the peaks of the RBM peak, D peak, and G peak are located at 170 cm−1, 1340 cm−1,
and 1590 cm−1, respectively, which are consistent with the typical Raman characteristic
peaks of CNTs [38]. The IG/ID ratio is about 27, and a high IG/ID indicates that CNTs
have a high degree of graphitization, less number of defects, and high conductivity [39–42],
which provide the foundation for the excellent gas-sensing performance in the subsequent
CNTs-based gas sensors. The diameter of CNTs is about 1.45 nm according to the formula d
(nm) = 248/ω (cm−1), where ω is the displacement of the RBM peak, and the thin channel
can be greatly beneficial to the electrical performance of the gas sensor [33,43]. Figure 2b
shows the FE-SEM image of the CNT film, which is distributed in a uniform random
grid in the channel region. As described in Figure 2c, it can be clearly observed that a
clear and neat boundary is generated between the etched region and the channel region,
and there are no CNTs distributed in the etched region, indicating that excess CNTs are
etched clean and will not interfere with the electrical properties of the sensor. Then, the
morphology and composition of ZnO/WS2 gas-sensitive materials are analyzed. XRD
patterns of ZnO/WS2 nanocomposites are shown in Figure 2d. It can be seen that the
diffraction peaks of ZnO/WS2 correspond to standard cards (PDF #84-1398) and (PDF
#36-1451), respectively, and no impurity diffraction peaks are observed; this proves the
high purity of ZnO/WS2 gas-sensitive material. From the FE-SEM images of ZnO/WS2,
as illustrated in Figure 2e, ZnO reveals a common spherical structure with a diameter of
about 400 nm, and WS2 presents a flower-like structure consisting of curved thin slices. The
flower-like WS2 can increase the specific surface area and adsorption site and promote the
adsorption and penetration of electrons on the material and thus would be conducive to
improving the gas-sensitive properties. That is one of the keys for ZnO/WS2 gas-sensitive
materials to realize benzene gas sensing at room temperature. Figure 2f shows the EDS
element mapping of ZnO/WS2 gas-sensitive materials. It can be found that O, S, Zn, and
W elements are evenly distributed on the surface, which can prove that the materials are
randomly mixed. The full spectrogram is shown in Figure S1; corresponding peaks of Zn
2p, O 1s (adsorbent oxygen and lattice oxygen), S 2p, and W 4f further prove that ZnO/WS2
gas-sensitive materials have been successfully prepared.

3.2. Gas-Sensing Performance

The premise of a high-performance FET gas sensor is to have excellent electrical
performance, and then the transfer characteristic curves of 30 FET sensors in three-chip
units (the range of Gate Voltage (Vgs) is from −60 V to +40 V) are tested, as shown in
Figure 3a. It can be seen that all transfer characteristic curves of FETs reveal relatively high
consistency with p-type characteristics, and the switching ratio can reach up to four orders
of magnitude, which makes the FETs possess very reliable electrical performance [44].
The transfer characteristic curve of the FET gas sensor is shown in Figure 3b. It can be
seen that the FET gas sensor exhibits the characteristics of depletion type FET, which is in
the “on-on” state when the gate voltage (Vgs) is set as 0 V [45]. Compared with FET, the
transfer characteristic curve of the sensor is positively offset, which can be attributed to the
change of electron transport between WS2 and ZnO and the carrier concentration in the
channel [46,47].
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The gate voltage is an important parameter affecting the gas-sensing performance of
the FET-type gas sensor. In order to obtain the best working gate voltage, the response
of the FET gas sensor to 1 ppm benzene at different Vgs is measured first, as depicted in
Figure S2. When Vgs increases from −5 V to 5 V, the response shows no obvious change
trend. Taking into account the power consumption of the sensor, the Vgs is set to 0 V. Figure
S3 shows the response/recovery curve of the FET gas sensor tested under 1 ppm benzene.
It can be found that the response time of the sensor is 90 s, which has a fast response rate,
but the recovery time is relatively slow. Considering that the recovery performance of the
sensor is not strictly required in the actual application scenarios in industrial sites, just the
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fast response speed can meet the detection needs, the recovery characteristic of the sensor
is no longer considered in the subsequent experiments, and only the response characteristic
is evaluated as a performance indicator. As shown in Figure S4, the response curve of
a FET under 1 ppm benzene is tested; the curve shows that the FET has no response to
benzene, which proves that the response of the sensor to benzene is attributable to the
ZnO/WS2 nanocomposites. In order to evaluate the response characteristics of the sensor
to benzene in the allowable concentration range, dynamic response curves of the FET gas
sensor at the range of 0.5–2 ppm C6H6 are shown in Figure 4a. The |Ids| of the sensor
increases when exposed to benzene and decreases when switched back to air. As the
concentration increases, the sensor’s |Ids| also increases. The response fitting curve is
shown in Figure 4b. The response of the sensor has an excellent linear distribution with the
increase of gas concentration. The sensor can detect benzene as low as 500 ppb and has a
lower theoretical detection limit [48]. In this work, a resistance-type gas sensor based on
ZnO/WS2 nanocomposites is also prepared, as shown in Figure S5. The concentration range
of 0.5–2 ppm benzene is measured on the ZnO/WS2-based resistance-type gas sensor, as
shown in Figure S6. It can be found that this sensor has no obvious response when exposed
to ppb-level benzene, just a slight change at 1 ppm. By comparison, it can be concluded
that the amplification effect of FET can further reduce the detection limit, resulting in the
FET gas sensor manifesting a higher sensitivity. According to the standards issued by the
European Union for the allowable concentration of gas in industrial sites, the allowable
concentration of benzene is set at 0.5 ppm and 1 ppm according to the actual situation [49].
Therefore, dynamic response curves of the sensor at 0.5 ppm and 1 ppm C6H6 for three
cycles are further recorded, as depicted in Figure 4c. During a fixed response time (90 s),
the sensor reveals the same response characteristic in each cycle; the current changes are
almost the same, and it has stable response values of 0.5% and 1.9% in 0.5 ppm and 1 ppm
benzene, respectively. Upon exposure to 1 ppm benzene, the current baseline of the sensor
is shifted upward, which may be due to the incomplete recovery of the sensor due to the
long recovery time (>3600 s). When sufficient air is injected, the sensor’s current baseline
can be restored to the initial level without affecting subsequent detection. In addition,
the multi-lot repeatability of the sensor is evaluated. As shown in Figure 4d, it can be
seen that a total of nine sensors in three units show excellent response consistency with
a response error of less than 5% at 0.5 ppm, 1.0 ppm, and 1.5 ppm benzene, respectively,
which confirmed that the prepared devices possess satisfactory reproducibility. The sensor
was stored in ambient air without power and was discontinuously tested multiple times for
28 days, with each exposure being to 0.5 ppm, 1.0 ppm, and 1.5 ppm benzene for 4.5 min
(three cycles), as shown in Figure 4e. The response error of the sensor is less than 10%,
showing ideal stability. Notably, the gas sensor is usually susceptible to interference from
water molecules, especially when working at room temperature [50]. Therefore, moisture
resistance should also serve as a common index to evaluate the performance of gas-sensing
devices. The response curve of the sensor to 1 ppm benzene at 0.4–70% relative humidity
(RH) is then evaluated, as shown in Figure S7. It can be seen that with the increase of
RH, the response value of the sensor gradually decreases, which means that the moisture
resistance of the sensor is general, mainly due to the competition between water molecules
and benzene molecules. Since the sensor has a certain cross-response phenomenon to
the interference gas, selectivity needs to be fully considered as an important influence
parameter of the sensor [51]. As shown in Figure 4f, the gas-sensing characteristics of the
FET gas sensor are measured toward different common polluting gases (i.e., SO2, H2S,
CH3OH, HCHO, NH3, C3H6O, and C7H8) in industrial sites at a concentration of 1 ppm. It
can be found that the response of the sensor to these gases, except toluene, is very low, less
than half of benzene. The similar response toward benzene and toluene is due to the fact
that they belong to a homolog and have similar molecular functional groups.
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Figure 4. (a) Dynamic response curves of the FET gas sensor at the range of 0.5–2 ppm C6H6. (b) The
response fitting curve. (c) Dynamic response curves of the FET gas sensor at 0.5 ppm and 1 ppm
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3 batches. (e) The response values of the FET gas sensor measured several times within 28 days.
(f) The response values of the FET gas sensor toward different gases at 1 ppm.

In order to solve the problem of cross-sensitivity between benzene and toluene, the
Tenax TA screening unit has been prepared for this work. Owning to its unique physical
structure, Tenax TA particles can effectively separate benzene and toluene based on the
difference in the adsorption time of gas molecules [29]. The schematic diagram of the
structure of the sensor is shown in Figure S8a. The Tenax TA screening unit is composed of
a hard Teflon tube with an inner diameter of 4 mm and a length of 90 mm, which is filled
with 150 mg Tenax TA particles. The internal package structure diagram of the FET gas
sensor is shown in Figure S8b. The FET gas sensor is fixed on the metallic substrate. The
FE-SEM image of the Tenax TA particle is shown in Figure S8c. It can be observed that
the Tenax TA particle presents a highly porous structure, which is the key to its ability to
achieve gas adsorption and separation. To verify the successful separation effect of the
Tenax TA screening unit, the gas-sensitive performance of the gas sensor with the Tenax TA
screening unit is tested. The response curves of the FET gas sensor to 2 ppm benzene and
2 ppm toluene with or without the Tenax TA screening unit are first tested, as shown in
Figures 5a and 5b, respectively. Through comparison, it can be obviously observed that
there is a delay in the response curve; the retention time is 5.2 min and 16.3 min, respectively,
which is basically consistent with the gas retention time of benzene and toluene in the
previous report [29]. Notably, the response value of the gases is attenuated, which is due
to the insufficient elution of benzene and toluene gases by the Tenax TA screening unit.
Figure 5c shows the response curve of the FET gas sensor toward mixed gas, including
2 ppm benzene and 2 ppm toluene. It can be found that two peaks appear at different times:
the first peak at 5.3 min is the peak corresponding to benzene, and the second peak at
16.4 min is the peak corresponding to toluene. Benzene can be successfully screened from
the mixed gas and effectively detected. Therefore, the Tenax TA screening unit successfully
realizes the separation of benzene and toluene, which improves the selectivity of the FET
gas sensor.
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3.3. Gas-Sensing Mechanism

The gas-sensing mechanism of the FET gas sensor can be explained theoretically by
Figure 6. As shown in Figure 6a, ZnO work function is smaller than WS2, resulting in
electron flow from ZnO to WS2. When the gas sensor is exposed to oxygen, O2 molecules
will obtain electrons from ZnO. Meanwhile, electrons transferred from ZnO to WS2 will
also be captured by O2 molecules, and then the Fermi level will bend until equilibrium is
balanced [52]. O2 molecules are adsorbed on the surface of the ZnO/WS2 nanocomposites
in the form of adsorbed oxygen ions (O2

−(ads)) to form an electron aggregation layer,
and then the holes in the channel will transfer to the gate dielectric layer interface via
the dipole–dipole interaction [33]. Therefore, the hole concentration in the channel will
be reduced, which can lead to the reduction of |Ids|. As shown in Figure 6b, when the
gas sensor is exposed to benzene, the reducing benzene molecules react with O2

−(ads),
releasing the captured electrons back into ZnO, and the Fermi level changes again. The
decrease of electrons on the surface of the material will cause the holes at the gate dielectric
layer interface to be released back into the channel, the hole concentration in the channel
will increase, and the |Ids| of the FET gas sensor will increase, which is consistent with
the response of the gas sensor to benzene in the above experiments. The equations for the
reaction of the gas sensor exposed to air and benzene are as follows:

O2 + e− → O−
2 (ads) (1)

2C6H6 + 15O−
2 (ads) → 12CO2 + 6H2O + 15e− (2)

The remarkable gas-sensing performance of the sensor can be attributed to the struc-
ture of the FET sensor and the use of ZnO/WS2 nanocomposites. Based on the working
principle of FET, the gate-sensitive material produces a chemical signal after contact with
the target gas molecules; the chemical signal will be converted into a gate electrical signal.
The unique gate control characteristics of FET can be used to adjust the current between the
source and drain to achieve the amplification of the weak gas-sensing signal [53–55]. CNTs,
as the channel material of FET, have extremely high carrier mobility, and they can provide
a high-speed channel for carrier transmission. A small change in the gate electrical signal
can cause a large change in the conductivity of the FET [56,57]. Y2O3 is regarded as an ideal
material for the gate dielectric layer due to its good interface with CNTs and high κ value.
The isolation between the conductive layer and the gas-sensitive layer avoids interference
from external gas molecules in the channel; the gas reaction process only occurs on the
gas-sensitive layer, thus improving the reliability and stability of the FET sensor [58,59].
In addition, the flower-like WS2 provides more adsorption sites, which is conducive to
the adsorption and penetration of gas molecules, eventually facilitating the gas-sensing
performances of the as-proposed carbon-based FET-type gas sensor. Furthermore, due to
the difference in van der Waals forces between the Tenax TA particles and different gas
molecules, the adsorption time in the screening unit is different, and they will eluate at
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the corresponding time. The introduction of the screening unit successfully realizes the
separation of benzene and toluene and improves the selectivity of the sensor.
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Figure 6. Schematic illustrations of the gas-sensing mechanisms (a) in air and (b) in C6H6.

4. Conclusions

To sum up, in this work, a carbon-based FET-type gas sensor for the detection of
trace benzene at room temperature has been successfully prepared by using micro–nano
processing technology. ZnO/WS2 nanocomposites serve as gate materials to participate in
the gas-sensitive response, and CNTs are used as channel materials to be involved in charge
transport. The gas-sensing layer and the transfer layer are isolated by the Y2O3 dielectric
layer to play their respective roles. Based on the amplification effect of FET, the as-proposed
gas sensor reveals a low detection limit to benzene, as low as 500 ppb at room temperature.
It also has excellent stability and repeatability, and the response value error of multi-batch
sensors is less than 5%. The portable Tenax TA screening unit has been fabricated and
then combined with the FET gas sensor to screen benzene from the mixed gas, which can
solve the cross-sensitive problem of the sensor to benzene and toluene. The selectivity of
the gas sensor can thus be improved by using the portable Tenax TA screening unit. It is
expected that this work will provide a reference for the exploitation of high-performance
gas sensors for the efficient identification and detection of trace gases in industrial sites and
environmental monitoring.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors12090179/s1, Figure S1: The full spectrogram
of ZnO/WS2 nanocomposites; Figure S2: The response of the FET gas sensor at different Vgs;
Figure S3: The response/recovery curve of the FET gas sensor toward 1 ppm benzene; Figure S4: The
response curve of FET toward 1 ppm benzene; Figure S5: The diagram of the resistance-type gas
sensor; Figure S6: Dynamic response curves of ZnO/WS2-based resistance-type gas sensor at the
range of 0.5–2 ppm C6H6; Figure S7: The response curve of the FET gas sensor at 0.4–70% relative
humidity (RH); Figure S8: (a) The schematic diagram of the structure of the sensor. (b) The internal
package structure diagram of the FET gas sensor. (c) The FE-SEM image of Tenax TA particles.
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