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Abstract: An ionization sensor based on suspended carbon nanotubes (CNTs) was presented.
A suspended CNT beam was fabricated by a low-temperature surface micromachining process using
SU8 photoresist as the sacrificial layer. Application of a bias to the CNT beam generated very high
non-linear electric fields near the tips of individual CNTs sufficient to ionize target gas molecules and
initiate a breakdown current. The sensing mechanism of the CNT ionization sensor was discussed.
The sensor response was tested in air, nitrogen, argon, and helium ambients. Each gas demonstrated
a unique breakdown signature. Further, the sensor was tested with gaseous mixtures. The sensor
exhibited good long-term stability and had comparable performance to other reported CNT-based
ionization sensors in literature, which use high-temperature vapor deposition methods to grow CNTs.
The sensor notably allowed for lower ionization voltages due to its reduced ionization gap size.
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1. Introduction

Carbon nanotube (CNT)-based gas sensors have been the subject of much research in the past few
decades owing to their excellent electrical and mechanical properties. A host of sensing principles [1–4]
and device designs have been proposed to develop gas sensors based on CNTs with high-performance
metrics [5]. Other materials that have been used in gas sensing applications include metal oxides [6,7]
and polymers [8,9]. Although every gas-sensing material possesses their advantages, they are also
associated with certain drawbacks, such as cross-sensitivity, performance degradation over time, and
shelf-life. CNT-based sensors have overcome these drawbacks and have proven to be excellent gas
sensing elements [10]. Suspended chemical CNT chemical gas sensors have also been previously
fabricated [11,12]. Chikkadi et al. fabricated a NO2 sensor using a single suspended CNT across
prefabricated electrodes. Li et al. [13] fabricated suspended CNT microlines on a polymeric substrate
using a wet contact printing method. More recently, suspended chemical CNT sensors have been used
to sense humidity [14] with minimal hysteretic effects due to the mitigation of substrate effects [15].
The increase in surface area for adsorption of the analyte also results in better sensitivity and long-term
stability of the sensor. However, most chemical sensors are still prone to chemical poisoning and
cross-sensitivity to other gases.

Ionization gas sensors operate by detecting gases based on their ionization properties and the
field emission properties of the sensing elements. Townsend first studied and postulated the concept
of gaseous breakdown, thereby formulating the understanding of this sensing principle’s physics
and its operation [16]. Ionization occurs due to the migration of electrons from the cathode to anode
under an applied electric field between two electrodes. The main advantage of ionization gas sensors
is their independence on absorption characteristics of the sensing material or chemical interaction
between species. Thus, they have faster response and recovery time and are also sensitive to inert gases.
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Some drawbacks of ionization sensors include relatively high voltage operation, bulky architecture,
and performance degradation over time. Metal oxides, ceramics, and, more recently, carbon-based
materials have been used to fabricate ionization gas sensors. CNT-based ionization sensors work on
the principle of the formation of a corona on the tips of the individual CNTs due to very high electric
fields near the tips that favor discharges at lower voltages than that of typical ionization sensors. On
the contrary, typical ionization sensors based on metal electrodes suffer from high power consumption
and high-temperature operation [17–19]. A CNT-based ionization sensor was proposed in 2003 by [20]
using vertically aligned multi-walled CNTs. The sensor has shown good sensitivity to various gases.
A comparative study showed that the breakdown voltages for CNT-based sensors are much lower than
a sensor with metal electrodes. However, no information is provided about the long-term stability of
the sensor, which is a very important performance metric of gas sensors. Other CNT-based ionization
sensors have been developed to detect humidity, NO2, etc. [21–24]. In all the articles mentioned above,
the CNTs are grown vertically using very high temperature-based vapor deposition techniques. These
growth techniques have a risk of low yield. Moreover, these deposition techniques are not suited to the
integration of the sensor with a wide range of substrates, which can reduce their degree of integration
in a full implementation.

In this work, we presented an ionization gas sensor based on suspended single-walled CNTs that
were arranged horizontally, instead of being vertically aligned like previously mentioned publications.
The resultant sensor showed similar behavior to vertically aligned CNT ionization sensors. It is
worthwhile to note that the fabrication process had a temperature budget that was below 115 ◦C
and, as such, had an advantage if the sensor was to be integrated with a wide range of substrates or
various metallizations.

2. Materials and Methods

The fabrication process used uncrosslinked SU8 photoresist as a sacrificial layer. The process
was originally developed to obtain suspended nanotube beams and is shown in Figure 1a, and a
cross-section of the device is shown in Figure 1b. To begin, a 30 nm-thick aluminum layer was
deposited onto a silicon substrate by thermal evaporation using a Joule evaporator and patterned into
an electrode shape using contact UV lithography and wet etching, using an Aluminum Etchant (Sigma
Aldrich, St. Louis, Missouri, USA) etching solution.
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Figure 1. (a) Schematic of thefabrication process. Reprinted with permission from [25], and (b)
Schematic of the cross section of the device.

Then, a 3.6 µm-thick SU8 2010 photoresist, obtained from Microchem (Westborough,
Massacheusetts, USA) and diluted with cyclopentanone in the ratio 1:4, was spun on top of the
metal electrode and partially cross-linked by UV contact lithography using an OAI aligner to form
pillar anchors for the CNT beam. The dilution was necessary to achieve the desired thickness using
the thicker SU8 2010 resist. Following this step, a 30 nm-thick barrier aluminum metal layer (Al) was
deposited over the SU8 by thermal evaporation using a Joule effect evaporator.

This barrier metal helped prevent the dissolution of the SU8 in future processing steps, more
specifically during the CNT film transfer onto the substrate. The CNTs used in this work were
obtained from Carbon Solutions Inc. (Riverside, California, USA) (P2-SWNT), and a solution of CNTs
in water was prepared by dispersing CNTs in a 1 wt% solution of sodium dodecyl sulfate (SDDS)
(obtained from Sigma Aldrich St. Louis, Missouri, USA) in water and ultrasonicated for 6 hours
followed by centrifugation for 60 minutes followed by decantation. Then, a thin film of CNTs was
prepared by vacuum filtration with a thickness of 0.48 µm verified by profilometry. The reason for
using the vacuum filtration technique is the easiness of processing and the ability to control the film
thickness precisely depending on the amount of solution filtered. The film was then washed with
deionized water, air-dried, and transferred onto the substrate. The CNT beams were patterned by UV
lithography followed by oxygen plasma ashing. A 20 nm-thick aluminum film was deposited, again
by thermal evaporation and contacts, was then patterned via lithography and wet etching onto the
beam’s extremities, above the anchors.

Finally, the barrier metal was etched using wet etching, and this was followed by removal of the
uncrosslinked SU8 in RemoverPG obtained from Microchem (Westborough, Massacheusetts, USA)
to release the CNT beams. This yielded a gap between the suspended CNT beam and the bottom
electrode of 3.6 µm. All the processing steps were below a temperature budget of 115 ◦C, making
the process amenable to monolithic integration with electronics or other sensors. This fabrication
process had been adopted from [25] and was derived from the process in [14] used to fabricate CNT
humidity sensors. However, the fabrication process diverged from the work in [14] by adding the
bottom electrode layer to implement the ionization sensor. The SEM micrograph of the fabricated
device is shown in Figure 2a. The inset of the figure shows the overall device structure with the bottom
electrode and the CNT beam suspended above it. Figure 2b shows a high magnification SEM image
of the CNT networks that comprise the overall beam structure. Evidently, the SEM micrograph in
Figure 2b shows the intertwined CNTs that form a network aiding in the ionization process.
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Figure 2. (a) SEM micrograph of the device. The inset in the figure shows a top view of the device
structure with the bottom electrode, and (b) High magnification SEM micrograph showing a “mat” of
carbon nanotubes (CNTs) comprising the beam. Reprinted with permission from [25].

Test Setup

Figure 3 shows the photograph of the test setup. The setup consisted of a custom gas chamber
obtained from Laco Technologies(Salt Lake city, Utah, USA) in which the device was placed. Two
DC probes were placed within the chamber along with micro-positioners to align the probes. The
chamber was evacuated using a vacuum pump. Gas lines were connected to the chamber in order to
inject different gases for sensor characterization. The gas flow was controlled via mass flow controllers.
The DC probes were in-turn connected to a Keithley 2290-5 series high voltage DC source limited to
5000 V in order to extract the ionization voltage. The concentration of the gas inside the chamber was
measured using a commercial sensor embedded within the chamber.
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the multimeter, and the computer for data acquisition.

3. Results

A plot of the breakdown voltages of each tested gas as a function of the discharge current is shown
in Figure 4. For six measured devices, the average breakdown in the air was observed at a voltage
of 500 V with a discharge current of 0.44 mA. In a vacuum, there was no observed breakdown for a
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voltage sweep between 150 V and 1000 V. This was expected since, in a vacuum, there are not enough
gaseous molecules in the chamber for ionization to occur.
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Hence, different gases showed breakdown at different voltages. The effect of gas concentration on
the breakdown voltages of each gas is shown in Figure 5a. The breakdown voltages did not change
significantly with varying the concentration. This was because the breakdown behavior was dominated
by the generation of highly non-linear electric fields at the tips of the CNTs. The electric field bridged
the inter-electrode gap, thereby mitigating the effect of gas concentration on the breakdown voltage.Sensors 2019, 19, x 6 of 10 
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the gas was independent of the gas concentration, and (b) discharge current increased as a function of
concentration due to increasing gas molecules available for conduction.

Figure 5b shows the discharge current as a function of gas concentration. The discharge current
increased logarithmically as the concentration increased, which was because the generated current
at the breakdown was a property related to the number of gas molecules amenable to conduction at
the time of the breakdown. Thus, the self-sustained discharge could also be used to quantify the gas
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concentration. The device was also tested for sensitivity to gaseous mixtures, as shown in Figure 6a.
Here, the gas concentration percentage outlined the mixture ratio of the second gas listed in each
mixture to the overall mixture. In the first case, argon was pumped into the chamber, already containing
air. For greater than 50% argon concentration in the chamber, the ionization voltage converged to
the value obtained for standalone argon measurements indicated the increased presence of argon gas
in the chamber. As the relative concentration of argon was reduced, the voltage increased towards
500 V, a value characteristic of the ionization voltage measured for air. Then, the air-argon mixture
was pumped out, and a mixture of air-nitrogen was pumped into the chamber. As the amount of N2

was increased, the voltage increased towards the breakdown voltage of 646 V for nitrogen. As the
concentration of nitrogen was decreased gradually, the breakdown voltage also decreased. Similarly,
the sensor was also tested in other gaseous mixtures, such as argon-helium. In this case, the recorded
voltage shifted towards 378 V with decreasing helium concentration and towards the standalone value
of 233 V as the helium concentration increased, as predicted. Figure 6b shows the dynamic sensing
curve of the sensor for the air-nitrogen mixture. The current increased from 0.44 mA in air ambient to
0.93 mA for 100 ppm of N2.
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Then, when nitrogen was introduced into the chamber, the average breakdown was observed at
646 V, with a discharge current of 0.618 mA. In argon ambient, the average breakdown was observed
at 378 V, with a discharge current of 0.32 mA, and, for helium, the average breakdown was 233 V. The
measurements were made multiple times in order to verify the stability of the breakdown voltages and
to determine the repeatability of the sensor. The trend of the breakdown voltage of the tested gases is
similar to other reports in the literature [20]. This corresponds to the theory of different gases having
different breakdown “signatures”. The ionization of different gases occurs via a Townsend discharge
where there is an electron avalanche due to the ionization. The avalanche effect depends on the mean
free path of gas molecules, which varies depending on the gas density.

The sensitivity of the sensor defined as the ratio of the gas concentration to changes in the current
and is given by:

S = C/(Ig − Ia) (1)

where S is the sensitivity, C is the concentration, Ig is the current in the gas ambient, and Ia is the
pre-breakdown current in the air. The sensitivity of the sensor was about 0.2 ppm/0.01 mA. Thus, the
limit detection of the sensor was about 0.2 ppm. The schematic of Figure 7 shows the possible sensing
mechanism with a positive CNT nanotip. The tips of the CNTs produced strong electric fields, which
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ionized the target gas analyte and resulted in the release of an electron. The released electron was
absorbed at the positive CNT tip, while the ion moved towards the negative electrode (metal). On the
metal surface, the ion recombined with an electron. Further, the kinetic energy of the ion induced an
electron emission from the negative electrode (also called the γ process). The emitted electron now had
enough energy to ionize other gas molecules on its path. This process is called impact ionization. The
pre-breakdown current was due to the ionization at the nanotip, which was amplified by the impact
ionization. Thus, the working voltage of the device could be reduced [26]. When the CNTs were biased
as the negative electrode, electron emission occurred from the CNT nanotips, followed by impact
ionization and recombination, which would further aid in decreasing the working voltage of the device.
When the CNTs were biased negatively, the breakdown voltage in the air reduced to 242 V, while, for
nitrogen, the breakdown was observed at 328 V, in agreement with [26] and [27]. The one-dimensional
structure of CNTs aided in amplifying the electric field and induce discharge at a lower voltage as
compared to traditional metallic ionization sensors. This was in accordance with [20], where the use of
two metallic electrodes in the air for ionization yielded breakdown at 1050 V as compared to 354 V for
CNTs for similar inter-electrode separation. Figure 8a shows the effect of interelectrode separation
on the breakdown voltage. The different electrode spacing was achieved by varying the SU8 pillar
thickness during the fabrication process. The breakdown voltage for the gases was found to decrease
with the reduction in the inter-electrode spacing. For air, the breakdown voltage was observed at 725 V
for the spacing of 7.4 µm and decreased to 500 V for the spacing of 3.6 µm. The breakdown voltage
could then further be reduced by decreasing the inter-electrode distance. In this case, the limitation was
the beam collapse onto the bottom electrode below a height of 3.6 µm, possibly due to stiction issues.
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with time.

The inter-electrode distance could also be decreased by using thinner resists as sacrificial materials,
and this is currently being investigated with thinner SU8 variants. The reason for using SU8 as the
sacrificial material was its ease of availability and its ease of processing. Further, SU8 also allowed for
a higher thermal budget and provided a stable surface for chemical processing. The long-term stability
of the sensor was gauged by measuring the breakdown voltage of all gases after intervals of 5 days for
a period of 30 days. The sensor exhibited stable and consistent behavior for each measurement phase
for all tested gases, as shown in Figure 8b. The sensor was also tested for performance degradation
under a constant applied voltage of 500 V. The sensor showed consistent behavior for 150 breakdown
cycles at 500 V, after which the CNT network seemed to degrade. It remains to be seen if increasing the
thickness of the CNT layer influences the degradation time of the sensor.

4. Discussion

The work presented here shows the application of suspended CNTs to ionization gas sensing.
In comparison to metallic ionization gas sensors, CNTs offer advantages, such as room temperature
operation, reduced operating voltages, and miniature size. Ionization sensors can be advantageous in
applications, which require instant and consistent gas detection. The generation of strong non-linear
electric fields at the tips of CNTs under applied bias reduces the breakdown voltages of target gases in
comparison to metallic ionization sensors. Under positive bias, the sensing proceeds via three different
steps, namely, the ionization of the CNT tips, the ionization of the gas due to impact with the electron,
and the recombination. It is important to acknowledge that the operation of the presented ionization
sensor is not readily applicable in all sensing systems due to the still high breakdown voltages required.
However, in comparison to other CNT-based ionization sensors [20,22,23], the presented suspended
CNT sensor demonstrates lower breakdown voltages and represents a step towards mitigating this
limitation. Methods to reduce the breakdown voltage even further are being investigated to widen the
applications of the sensor. The sensor also shows predictable behavior on exposure to gaseous mixtures.
The analyte concentration can be quantified by monitoring the breakdown current. Ionization sensors
could be used in place of gas chromatography systems, which are often bulky and expensive, provided
the working voltage is of the order of a few volts. The high working voltage of ionization sensors
hinders them from being used as-is in such an application. Further, sensor decay also remains an issue
to be studied. It could be interesting to see if the sensor can also be used to sense volatile organic
compounds (VOCs), thereby providing an alternative for gas chromatography systems. Further,
the operation of the sensor in various temperature ranges and humidity needs to be studied.
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5. Conclusions

In this work, an ionization gas sensor based on suspended CNTs was demonstrated as an
alternative to conventional CNT ionization sensors. A metal electrode was placed under the suspended
beam and was used as one electrode with the suspended beam acting as the other electrode. The CNT
beam was biased both positively and negatively, and the sensor was able to sense various inorganic
gases based on their breakdown voltages. In comparison to metallic ionization sensors, the use of
CNTs lowered the working voltage of the sensor, charting a path towards a more compact and wider
application space for such sensors. The demonstrated sensor could be used for applications, such as
environmental monitoring and gas sensing, in industrial and domestic environments.

Author Contributions: S.A. performed all the experiments, data acquisition, and analysis. F.N. and R.I. contributed
expertise, direction, materials, and experimental tools. All authors have read and agreed to the published version
of the manuscript.

Funding: The authors wish to thank the Natural Science and Engineering Research Council (NSERC) of Canada
for its financial support for this work.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chen, W.-P.; Zhao, Z.-G.; Liu, X.-W.; Zhang, Z.-X.; Suo, C.-G. A Capacitive Humidity Sensor Based on
Multi-Wall Carbon Nanotubes (MWCNTs). Sensors 2009, 9, 7431–7444. [CrossRef]

2. Penza, M.; Rossi, R.; Alvisi, M.; Aversa, P.; Cassano, G.; Suriano, D.; Benetti, M.; Cannata, D.; Di Pietrantonio, F.;
Verona, E. SAW Gas sensors with carbon nanotubes films. In Proceedings of the 2008 IEEE Ultrasonics
Symposium, Beijing, China, 2–5 November 2008.

3. Cantalini, C.; Valentini, L.; Armentano, I.; Kenny, J.M.; Lozzi, L.; Santucci, S. Carbon nanotubes as new
materials for gas sensing applications. J. Eur. Ceram. Soc. 2004, 24, 1405–1408. [CrossRef]

4. Liang, Y.X.; Chen, Y.J.; Wang, T.H. Low-resistance gas sensors fabricated from multiwalled carbon nanotubes
coated with a thin tin oxide layer. Appl. Phys. Lett. 2004, 85, 666–668. [CrossRef]

5. Rana, M.M.; Ibrahim, D.S.; Asyraf, M.M.; Jarin, S.; Tomal, A. A review on recent advances of CNTs as gas
sensors. Sens. Rev. 2017, 37, 127–136. [CrossRef]

6. Comini, E. Metal oxide nano-crystals for gas sensing. Anal. Chim. Acta 2006, 568, 28–40. [CrossRef] [PubMed]
7. Fine, G.F.; Cavanagh, L.M.; Afonja, A.; Binions, R. Metal Oxide Semi-Conductor Gas Sensors in Environmental

Monitoring. Sensors 2010, 10, 5469–5502. [CrossRef] [PubMed]
8. Han, S.; Zhuang, X.; Shi, W.; Yang, X.; Li, L.; Yu, J. Poly(3-hexylthiophene)/polystyrene (P3HT/PS) blends

based organic field-effect transistor ammonia gas sensor. Sens. Actuators B Chem. 2016, 225, 10–15. [CrossRef]
9. Meyerhoff, M.E. Polymer membrane electrode based potentiometric ammonia gas sensor. Anal. Chem. 1980,

52, 1532–1534. [CrossRef]
10. Kerdcharoen, T.; Wongchoosuk, C. Carbon Nanotube and Metal Oxide Hybrid Materials for Gas Sensing;

Woodhead Publishing: Cambridge, UK, 2013; pp. 386–407.
11. Chikkadi, K.; Muoth, M.; Liu, W.; Maiwald, V.; Hierold, C. Enhanced signal-to-noise ratio in pristine,

suspended carbon nanotube gas sensors. Sens. Actuators B Chem. 2014, 196, 682–690. [CrossRef]
12. Lee, D.; Ye, Z.; Campbell, S.A.; Cui, T. Suspended and highly aligned carbon nanotube thin-film structures

using open microfluidic channel template. Sens. Actuators A Phys. 2012, 188, 434–441. [CrossRef]
13. Li, B.; Wang, X.; Jung, H.Y.; Kim, Y.L.; Robinson, J.T.; Zalalutdinov, M.; Hong, S.; Hao, J.; Ajayan, P.M.;

Wan, K.T.; et al. Printing Highly Controlled Suspended Carbon Nanotube Network on Micro-patterned
Superhydrophobic Flexible Surface. Sci. Rep. 2015, 5, 15908. [CrossRef] [PubMed]

14. Arunachalam, S.; Gupta, A.; Izquierdo, R.; Nabki, F. Suspended Carbon Nanotubes for Humidity Sensing.
Sensors 2018, 18, 1655. [CrossRef] [PubMed]

15. Soares, J.S.; Jorio, A. Study of Carbon Nanotube-Substrate Interaction. J. Nanotechnol. 2012, 2012, 10.
[CrossRef]

16. Townsend, J. The Theory of Ionization of Gases by Collision; Constable & Co.: London, UK, 1910.

http://dx.doi.org/10.3390/s90907431
http://dx.doi.org/10.1016/S0955-2219(03)00441-2
http://dx.doi.org/10.1063/1.1775879
http://dx.doi.org/10.1108/SR-10-2016-0230
http://dx.doi.org/10.1016/j.aca.2005.10.069
http://www.ncbi.nlm.nih.gov/pubmed/17761243
http://dx.doi.org/10.3390/s100605469
http://www.ncbi.nlm.nih.gov/pubmed/22219672
http://dx.doi.org/10.1016/j.snb.2015.11.005
http://dx.doi.org/10.1021/ac50059a037
http://dx.doi.org/10.1016/j.snb.2014.02.058
http://dx.doi.org/10.1016/j.sna.2012.06.013
http://dx.doi.org/10.1038/srep15908
http://www.ncbi.nlm.nih.gov/pubmed/26511284
http://dx.doi.org/10.3390/s18051655
http://www.ncbi.nlm.nih.gov/pubmed/29786661
http://dx.doi.org/10.1155/2012/512738


Sensors 2020, 20, 1660 10 of 10

17. Hernandez-Ramirez, F.; Prades, J.D.; Hackner, A.; Fischer, T.; Mueller, G.; Mathur, S.; Morante, J.R.
Miniaturized ionization gas sensors from single metal oxide nanowires. Nanoscale 2011, 3, 630–634.
[CrossRef] [PubMed]

18. Hackner, A.; Habauzit, A.; Muller, G.; Comini, E.; Faglia, G.; Sberveglieri, G. Surface Ionization Gas Detection
on Platinum and Metal Oxide Surfaces. IEEE Sens. J. 2009, 9, 1727–1733. [CrossRef]

19. Mohammadpour, R.; Ahmadvand, H.; Irajizad, A. A novel field ionization gas sensor based on self-organized
CuO nanowire arrays. Sens. Actuators A Phys. 2014, 216, 202–206. [CrossRef]

20. Modi, A.; Koratkar, N.; Lass, E.; Wei, B.; Ajayan, P.M. Miniaturized gas ionization sensors using carbon
nanotubes. Nature 2003, 424, 171–174. [CrossRef]

21. Jiahao, W.; Hai, L.; Yanyan, W.; Dong, X.; Yafei, Z. (Eds.) A MEMS-based ionization gas sensor using carbon
nanotubes and dielectric barrier. In Proceedings of the 3rd IEEE International Conference on Nano/Micro
Engineered and Molecular Systems, Sanya, China, 6–9 January 2008.

22. Song, H.; Li, K.; Li, Q. A tripolar-electrode ionization gas sensor using a carbon nanotube cathode for NO
detection. J. Micromech. Microeng. 2018, 28, 065010. [CrossRef]

23. Song, H.; Li, K.; Wang, C. Selective Detection of NO and NO2 with CNTs-Based Ionization Sensor Array.
Micromachines 2018, 9, 354. [CrossRef]

24. Bohr-Ran, H.; Tzu-Ching, L.; Ying-Kan, Y. (Eds.) Gas ionization sensors with CNT/Ni field cathodes. In
Proceedings of the 3rd International Nanoelectronics Conference (INEC), Hong Kong, China, 3–8 January
2010.

25. Arunachalam, S.; Izquierdo, R.; Nabki, F. Fabrication of an Ionization Gas Sensor using Suspended Carbon
Nanotubes. In Proceedings of the 2019 IEEE Sensors, Montreal, QC, Canada, 27–30 October 2019.

26. Huang, J.; Wang, J.; Gu, C.; Yu, K.; Meng, F.; Liu, J. A novel highly sensitive gas ionization sensor for ammonia
detection. Sens. Actuators A Phys. 2009, 150, 218–223. [CrossRef]

27. Saheed, M.S.M.; Mohamed, N.M.; Burhanudin, Z.A. Breakdown voltage reduction by field emission in
multi-walled carbon nanotubes based ionization gas sensor. Appl. Phys. Lett. 2014, 104, 123105. [CrossRef]

© 2020 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
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1039/C0NR00528B
http://www.ncbi.nlm.nih.gov/pubmed/21082084
http://dx.doi.org/10.1109/JSEN.2009.2030705
http://dx.doi.org/10.1016/j.sna.2014.04.038
http://dx.doi.org/10.1038/nature01777
http://dx.doi.org/10.1088/1361-6439/aab414
http://dx.doi.org/10.3390/mi9070354
http://dx.doi.org/10.1016/j.sna.2009.01.008
http://dx.doi.org/10.1063/1.4869758
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

