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Abstract: During the last few years graphene has emerged as a potential candidate for electronics
and optoelectronics applications due to its several salient features. Graphene is a smart material
that responds to any physical change in its surrounding environment. Graphene has a very low
intrinsic electronic noise and it can detect even a single gas molecule in its proximity. This property of
graphene makes is a suitable and promising candidate to detect a large variety of organic/inorganic
chemicals and gases. Typical solid state gas sensors usually requires high operating temperature
and they cannot detect very low concentrations of gases efficiently due to intrinsic noise caused
by thermal motion of charge carriers at high temperatures. They also have low resolution and
stability issues of their constituent materials (such as electrolytes, electrodes, and sensing material
itself) in harsh environments. It accelerates the need of development of robust, highly sensitive
and efficient gas sensor with low operating temperature. Graphene and its derivatives could be
a prospective replacement of these solid-state sensors due to their better electronic attributes for
moderate temperature applications. The presence of extremely low intrinsic noise in graphene
makes it highly suitable to detect a very low concentration of organic/inorganic compounds (even
a single molecule ca be detected with graphene). In this article, we simulated a novel graphene
nanoribbon based field effect transistor (FET) and used it to detect propane and butane gases. These
are flammable household/industrial gases that must be detected to avoid serious accidents. The effects
of atmospheric oxygen and humidity have also been studied by mixing oxygen and water molecules
with desired target gases (propane and butane). The change in source-to-drain current of FET in the
proximity of the target gases has been used as a detection signal. Our simulated FET device showed a
noticeable change in density of states and IV-characteristics in the presence of target gas molecules.
Nanoscale simulations of FET based gas sensor have been done in Quantumwise Atomistix Toolkit
(ATK). ATK is a commercially available nanoscale semiconductor device simulator that is used to
model a large variety of nanoscale devices. Our proposed device can be converted into a physical
device to get a low cost and small sized integrated gas sensor.
Keywords: field effect transistor; graphene nanoribbon; propane; butane; gas sensor; detector;
oxygen; humidity; water; nitrogen; carbon dioxide

1. Introduction
Gas sensing has been a critical subject for wide range of applications such as medical, industrial
environment, military and aerospace applications. The presence of hazardous and toxic gases may lead
to some serious accidents in industrial as well as household environments. There must be some tool to
detect the presence of these gases effectively [1,2]. The ultimate goal of gas detection is to obtain high
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level of sensitivity with high resolution. There presence of very low concentration of desired gases
should be detected. However, such high resolution of gas sensor has not been achieved even with
solid-state gas sensors [3–5]. The main reason of low resolution of these sensors are defects and abrupt
fluctuations due to the thermal motion of charge carriers [6], which lead to the creation of noise in these
device. Due to this noise, the detection of individual molecules becomes very difficult. Solid-state
gas sensors can be categorized into different groups depending on the base of their working principle.
The most common categories of such sensors are resistive type sensors, semiconductor gas sensors,
impedance type gas sensors (based on alternating current measurements) and electrolyte based gas
sensors. The resistive type solid-state gas sensors are the most commonly used gas sensors because
their working principle is simple and they have low fabrication cost. The resistance of the constituent
semiconductor material changes due to its interaction with target gas. The reason of change in
electrical resistance is the transfer of charge carriers between target gas and semiconductor material [7].
In impedance based gas sensors, the frequency response of the device changes in response to the target
gas molecules [8]. Whereas, in solid-state electrolyte based gas sensors, the ionic conductivity of the
electrolyte changes due to the transportation of holes or electrons from the desired target gas molecules.
This change in ionic conductivity is used as a detection signal. Amperometric and potentiometric
gas sensors are included in this category [9]. Solid-state gas sensor are very crucial to monitor and
control the emission of toxic and hazardous gases. However, they also have some limitations in terms
of selectivity, long term stability, sensitivity and reproducibility. The long term stability of electrodes,
sensing materials, electrolyte and substrates of solid-state sensors are open challenges. It is also a big
challenge to obtain a reliable and accurate reading at high temperatures with such sensors. Due to
these reasons, the analysis of desired gases at lower temperature is being done in industries to avoid
the issues of inaccuracy and durability of the devices [10].
Although, with an increase in the demand of gas sensors, still there is a need to develop
robust, highly sensitive and reversible sensors that work at low temperatures. Gas sensors based
on conventional semiconductor materials usually require high operating temperatures. In order to
cope with these issues, several efforts are being made to modify the shape and orientations of such
materials [11]. Nanomaterials are the promising candidates for the development of gas sensors with
low operating temperature and low power consumption. It has been considered that nanomaterials
can be used efficiently to detect a large variety of organic/inorganic molecules. The main parameter
that dictates the sensitivity of a gas sensing material is its surface-to-volume ratio, which is quite high
for nanostructures. This high surface-to-volume ratio allows nanomaterials to adsorb the detectable
target molecules effectively and make them suitable candidates to develop efficient gas sensors [12].
In order to overcome the issues found in conventional solid-state gas sensors, graphene has emerged
as an exciting and promising candidate to detect a wide range of organic and inorganic materials
including gases more efficiently. Extraordinary electronic attributes of graphene and its derivatives
make them a promising candidate to replace solid-state gas sensors [13–15].
Graphene based gas and inorganic/organic molecule detectors detect the presence of these
molecules with different mechanisms. The most popular detection mechanisms are the resistive
method, field effect transistors (FET) method and micro-electromechanical system (MEMS) based
method. In the resistive method, the change in electrical conductivity in the presence of target
molecules is used as a detection signal [16]. In FET based gas detectors, the change in drain-to-source
current at some gate voltage is used as a signature to detect the presence of foreign adsorbed
particles [17,18]. MEMS based gas sensors have low power consumption, small size, fast response and
high sensitivity [19]. In MEMS based sensors, electrical and mechanical components are integrated
in the form of a chip. The mechanical component of this sensor converts any physical change in the
surrounding into electrical signal [20].
Graphene based field effect transistor (FET) can be a potential candidate to detect the presence of
a wide range of chemicals, toxic compounds, biomolecules and gases with better sensitivity compared
to that of solid-state sensors. The sensitivity range of these graphene based FETs usually range from
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parts per billion (ppb) to parts per million (ppm) [21–23]. Typically, the gate electrode controls the flow
of electric current through FET based gas sensors. Actually, the adsorption of foreign gas molecules
and organic compounds effect the concentration of the charge carriers through the graphene layer and
consequently the current through the device changes at some gate voltage. Some gas molecules act
as donors of charge carriers for graphene and increase the electric current through the device after
adsorption. Whereas, some foreign gas molecules act as acceptor for the graphene layer and they
reduce the current through the device. This change in electric current is used as a detection signal for
gases and other organic/inorganic compounds [24,25]. Even the fluctuation of the conductance can be
used as a detection signal [26].
Moreover, propane and butane are the most commonly used fuel for household/industrial
environments [27]. These are flammable and toxic gases [28]. In order to avoid fatal explosion
accidents, the leakage of these gases in the environment must be detected. Different material processing
techniques are used to obtain graphene-based materials like carbon nano-sheets, carbon nanoribbons,
and carbon nanotubes with exceptional electronic attributes. Recently, graphene nanoribbons (GNRs)
have attracted the interest of researchers due to their distinct electronic properties. GNRs are promising
candidate as building blocks of next generation electronics devices [29]. Carbon nanotubes (CNTs)
are unzipped with different techniques to get GNRs [30]. Graphene nanoribbon based FETs have
very interesting electrical properties that change with the width and direction of the constituent
nanoribbons [29,31]. First principles simulations of graphene based FETs to study the doping effects
on the IV-characteristics have been reported in the literature [29,32]. Graphene based FET devices and
sensors have also been reported in the literature [33–35].
In this article, we simulated a novel FET device based on graphene nanoribbons with nanoscale
semiconductor device simulator, Quantumwise Atomistix Toolkit (ATK). This simulated device has
been used to detect the presence of propane and butane gases. The change in electric current through
FET device at different gate voltages in the presence of these gases has been used as a detection
mechanism. To the best of our knowledge, this type of device has not been reported in the literature
for the detection of propone and butane gases.
2. Materials and Methods
The simulations of GNR based FET for the detection of propane and butane gases have been
carried out with Quantumwise Atomistix Toolkit (ATK) software package. Graphical user interface
of ATK is called Virtual Nano Lab (VNL). ATK-VNL allows atomic scale modeling of nano-systems.
This software uses several in-built calculators to solve and calculate transportation properties of
quantum systems. Density functional theory (DFT) calculator has been used for the simulations of our
proposed device in ATK-VNL. The work flow and mathematical formalism used by ATK-DFT has
been given in [36]. All these simulations have been run in a high performance computing environment
(HPC) [37]. This HPC has 232 high power computing machines. Each machine has 24 processing
units and 48 GB of internal memory. Density of states (DOS) and IV-curves of simulated device in the
presence of propane and butane gases have been calculated using eight computing nodes of HPC. With
eight computing nodes of HPC, each IV-curve took around more than one week to calculate. A brief
description of used materials have been given in the next subsection below.
Graphene Armchair and Zigzag Nanoribbons
The constituent materials of simulated graphene field effect transistor are armchair graphene
nanoribbons (AGNR) and zigzag graphene nanoribbons (ZGNR). The termination pattern of the edge
of these structures defines the type of nanoribbon either armchair edge or zigzag edge, as shown in
Figure 1 [38]. The structure shown in Figure 1a is zigzag nanoribbon because the termination edge
forms a zigzag pattern. Whereas, the structure shown in Figure 1b is armchair nanoribbon because
the termination edge forms an armchair pattern. The bandgap of armchair and zigzag nanoribbons
change with an increase or decrease in number of carbon atoms in the ribbons [39]. The bandgap of
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AGNR
decreases with an increase in number of carbon atoms in its structure. The bandgap of AGNRs
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the simulated FET device. The position and geometry of each butane molecule along with X, Y, Z axis
have been shown as an example in Figure 4g. It can be seen in this figure that the geometry of all butane
molecules are almost identical to each other with respect to the FET device. Similar atoms (oxygen
atoms in case of butane molecules) of all target molecules are facing to the FET device. The same
procedure has been adopted for exposing other target molecules to the simulated FET device. All target
molecules have been kept at an optimal distance of few Angstroms to the FET device, ensuring that
Van der Waals Forces are acting between target molecules and FET device. Graphical user interface
of ATK-VNL software has been used to confirm that Van der Waals Forces are acting between target
molecules and FET device, as shown in Figure 4g. A more comprehensive detail about simulating
graphene nanoribbon based FET in ATK-VNL can be found at this reference [40]. The reason of
choosing this small number of gas molecules in these simulations is to reduce the computation time
in HPC environment. The change in density of states (DOS) and IV-characteristics of FET have been
calculated in the presence of propane and butane as target molecules.
3. Results and Discussion
In this section, the results obtained from simulations have been presented and discussed in detail.
The DOS and IV-characteristics of simulated FET based sensor have been calculated.
3.1. Density of States of Simulated Graphene Nanoribbon Field Effect Transistor Device
A significant and distinct change in the DOS of FET device have been observed in the presence of
different target gas molecules. A comparison of DOS of simulated FET device in the absence of any
target gas molecules and in the presence of three propane gas molecules has been shown in Figure 5a.
It can observed that many new energy states have been introduced by propane gas molecules both
above and below the fermi level of the device compared to that of the reference simulated device
(without any target gas), as shown in Figure 5a. Many new energy spikes can be observed at energy
levels of −1.8, −1.2, −0.8, 1.0 and 1.3 eV in FET device in the presence of propane gas.
Furthermore, the presence of three butane gas molecules affected DOS of FET differently compared
to that of propane gas molecules, as shown in Figure 5b. Many new energy states can be observed at
energy levels of −1.9, −1.4, 0.9, 1.6 and 1.8 eV, approximately. These energy states were not present in
the presence of propane molecules. Similarly, a distinct change in DOS can be observed in the device
when it is exposed to both propane and butane gas molecules simultaneously, as shown in Figure 5c.
It can be observed that the presence of both gases introduced new energy states in FET device. New
energy spiked can be observed at energy levels of −1.1, −0.6, 0.6, 1.3, 1.6, 1.8 and 1.9 eV approximately,
as shown in Figure 5c.
3.2. Current-Voltage Characteristics of Simulated Graphene Nanoribbon Field Effect Transistor Device in
Presence of Only Propane and Butane Molecules
Drain to source current (Ids ) and voltage (Vds ) curves of simulated FET have been calculated for
different applied gate voltages. The simulated device (in absence of any target gas molecules) showed
depletion mode MOSFET like behavior. A decrease in Ids versus Vds has been observed with an increase
in negative gate to source voltage (Vgs ), as shown in Figure 6. The same IV-curves for the gate voltages
of −0.1, −0.3 and −0.5 V have been calculated in the presence of three propane molecules, three butane
molecules and both gases (four molecules of butane and one molecule of propane) in three different
experiments. In the presence of target gas molecules, a significant change in IV-curves of FET device
has been observed for the same voltage biased conditions compared to that of the device in the absence
of target gas molecules. This change in IV-characteristics can be used as a detection signal to detect the
presence of propane and butane gases.
In our previously published work [31], we used purely resistive method based on pristine AGNR
to detect propane and butane gases. However, in this article, we used FET based device in which the
electric current not merely depends on applied bias voltage (Vds ), but also on gate voltage. The adsorbed
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target gas molecules act as donors or acceptors of charge carriers for the graphene. If they act as donors,
they change (increase) the concentration of charge carriers in graphene. Consequently, the electric
current through the graphene based device increases in the presence of adsorbed target molecules
under same bias condition. When the foreign target molecules behave like acceptors of charge carriers,
they decrease the current through the graphene based device [41]. In resistive methods of graphene
based gas detectors, it is comparatively easy to realize this change in conductivity of graphene. Because
in such type of devices, graphene behaves like a resistive strip which is only a function of external
applied voltage. Nevertheless, in FET based graphene sensors, the change in charge carriers through
the graphene channel is also a function of gate voltage and hence could be more accurate. So one has
to keep in mind the effect of gate voltage as well as Vds on the IV-characteristics of FET based sensor.
Furthermore, our simulated device exhibited a considerable change in IV-characteristics in the
presence of the target gases. The reference FET device showed a current range between −24 nA to
−66 nA at Vgate = −0.1 V and at a fixed Vds , shown with a solid black line in Figure 7. A decrease
in Ids has been observed in the presence of propane as a target gas, at Vgate = −0.1 V, as shown with
orange dotted line in Figure 7. The current range of FET based device in the presence of propane
target is between −22 nA to −44 nA, which is less than that of reference device. It seems that propane
molecules may have acted like acceptors of charge carriers for graphene and reduced the charge carrier
concentration in the device. Consequently, a decrease in current has been observed in the presence of
propane molecules. The device showed a sufficient increase in Ids in presence of butane gas molecules
compared to that of reference device. The range of the Ids is between −26 nA to −134 nA approximately
in the presence of butane gas, shown with blue color dashed line in Figure 7. It seems that butane
molecules may have acted like donors of charge carriers for graphene and increased the charge carrier
concentration in the device. Consequently, an increase in current has been observed in the presence of
butane molecules. A dramatic increase in Ids has been observed when FET device is exposed to four
butane and one propane gas molecules simultaneously. The range of Ids in this case is between −93 nA
to −167 nA at Vgate = −0.1 V, which is quite high compared to that of the reference device. This high
amount of current through the device may be due to the donor like dominated effect of four butane
molecules compared to that of one propane molecule (acceptor like behavior), which are exposed to the
device simultaneously. This curve has been shown with a dotted-dashed green colored line in Figure 7.
However, an increase in negative bias gate voltage reduced the overall Ids through reference FET,
as it is a depletion mode n-channel FET. A similar trend of increase and decrease in Ids at Vgate = −0.3 V
for the same Vds has been observed with respect to the reference FET device, as shown in Figure 8.
In presence of propane gas molecules a decrease in Ids at this Vgate has been observed compared to that
of reference FET. The range of Ids in this case is between −20 nA to −57 nA, approximately. Whereas
butane gas increased the Ids compared to that of reference FET and the range of current is between
−18 nA to −106 nA. The simultaneous presence of both gases increased the Ids in similar manner that is
observed in previous cases. The range of electric current under this bias condition is between −187 nA
to −220 nA, which is quite high compared to that of the device at Vgate = −0.1 V, as shown in Figure 8.
Finally, the IV-characteristics of the device have been calculated at Vgate = −0.5 V, as shown in Figure 9.
It also exhibited a similar trend but with different current ranges compared to that of the previously
discussed cases.
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In Section 3.2. the simulated graphene based FET device is exposed to only propane and butane
In Section 3.2. the simulated graphene based FET device is exposed to only propane and butane
molecules in a controlled environment, where the influence of the atmospheric species like oxygen,
molecules in a controlled environment, where the influence of the atmospheric species like oxygen,
carbon dioxide, water vapors and humidity have been neglected. The purpose of the work presented
carbon dioxide, water vapors and humidity have been neglected. The purpose of the work presented
in this article is to access the feasibility of the simulated device for the detection of propane and butane
in this article is to access the feasibility of the simulated device for the detection of propane and
gases. But for real-time application of such device, the influence of other atmospheric parameters cannot
butane gases. But for real-time application of such device, the influence of other atmospheric
be ignored. Therefore, we also studied the effect of oxygen and water molecules on IV-characteristics
parameters cannot be ignored. Therefore, we also studied the effect of oxygen and water molecules
of simulated structure. For this purpose, additional simulations have been done. In two different
on IV-characteristics of simulated structure. For this purpose, additional simulations have been done.
experiments, the simulated FET has been exposed to only two oxygen molecules and only two water
In two different experiments, the simulated FET has been exposed to only two oxygen molecules and
molecules. In third and fourth experiment, three propane molecules have been detected in the presence
only two water molecules. In third and fourth experiment, three propane molecules have been
of two water molecules and two oxygen molecules individually. In fifth and sixth experiment, three
detected in the presence of two water molecules and two oxygen molecules individually. In fifth and
butane molecules have been detected in the presence of two water molecules and two oxygen molecules
sixth experiment, three butane molecules have been detected in the presence of two water molecules
individually. The IV-curves of simulated device at Vgate = −0.1 and fixed Vds have been calculated.
and two oxygen molecules individually. The IV-curves
of simulated device at Vgate = −0.1 and fixed
A slight decrease in Ids of the simulated FET has been observed in the presence of two oxygen molecules,
Vds have been calculated. A slight decrease in Ids of the simulated FET has been observed in the
as shown in Figure 10a. At exposure to two water molecules, the FET device also exhibited a decrease
presence of two oxygen molecules, as shown in Figure 10a. At exposure to two water molecules, the
in source-drain current, as shown in Figure 10a. In case of exposure to two water molecules, the
FET device also exhibited a decrease in source-drain current, as shown in Figure 10a. In case of
decrease in current of device is more compared to that of the oxygen molecules. Similarly, a decrease
exposure to two water molecules, the decrease in current of device is more compared to that of the
in Ids has been observed, when water and oxygen molecules are mixed with propane gas molecules, as
oxygen
molecules. Similarly, a decrease in Ids has been observed, when water and oxygen molecules
shown in Figure 10b. At the exposure of the device to butane molecules mixed with water molecules
are mixed with propane gas molecules, as shown in Figure 10b. At the exposure of the device to
simultaneously, the device showed a decrease in Ids , as shown in Figure 10c. Whereas, a similar effect
butane molecules mixed with water molecules simultaneously,
the device showed a decrease in Ids,
on Ids has been observed in the presence of mixture of butane and oxygen molecules, as shown in
as shown
in Figure 10c. Whereas, a similar effect on Ids has been observed in the presence of mixture
Figure 10c.
of butane and oxygen molecules, as shown in Figure 10c.
The presence of both oxygen and water molecules degraded the device performance in terms of
The presence of both oxygen and water molecules degraded the device performance in terms of
reduction of detectable current for propane and butane gases. A careful calibration of such physical
reduction of detectable current for propane and butane gases. A careful calibration of such physical
sensor is required to nullify the environmental effects on the actual reading of the device in the presence
sensor is required to nullify the environmental effects on the actual reading of the device in the
of desired target molecules. The presence of oxygen content in the atmosphere has a strong influence
presence of desired target molecules. The presence of oxygen content in the atmosphere has a strong
on the electrical properties of graphene. The oxygen content of the air strongly affects the electrical
influence on the electrical properties of graphene. The oxygen content of the air strongly affects the
resistance of graphene which depends on the exposure time. The electrical conductance of graphene
electrical resistance of graphene which depends on the exposure time. The electrical conductance of
reduces with passage of time at its exposure to the oxygen content of the air. Therefore, the change in
graphene reduces with passage of time at its exposure to the oxygen content of the air. Therefore, the
device performance may be expected as exposure time increases [42]. Similarly, the presence of water
change in device performance may be expected as exposure time increases [42]. Similarly, the
content in the air also has an effect on the electrical properties of the graphene as water molecules act
presence of water content in the air also has an effect on the electrical properties of the graphene as
as p-type dopant for graphene and change its electronic properties. Therefore, the device should be
water molecules act as p-type dopant for graphene and change its electronic properties. Therefore,
encapsulated for stable operation [43–45].
the device should be encapsulated for stable operation [43–45].
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involvement of the effect of gate voltage and addition of zigzag nanoribbons as electrodes for the FET
device that was absent in our previously simulated device [31]. The physical fabrication of this type
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involvement of the effect of gate voltage and addition of zigzag nanoribbons as electrodes for the FET
device that was absent in our previously simulated device [31]. The physical fabrication of this type of
device could be challenging due to the handling and processing of nanoribbons at atomic level. In near
future, as the graphene technology will evolve, the physical fabrication of such type of devices will
be possible.
4. Conclusions
The goal of the work that has been presented in this article is to access the potential of graphene
nanoribbon based FET for the detection of propane and butane gases. Armchair graphene nanoribbons
and zigzag nanoribbon have been used to develop FET device. In the absence of any target gas
molecules, the IV-characteristics of the simulated device are similar to n-channel depletion mode
FET. In the proximity of target gas molecules, a change in source-to-drain current of FET at different
gate voltages has been observed. This change is distinct for each specific target gas i.e., propane
and butane. Our simulated FET device also exhibited a noticeable change in the density of states in
the proximately of these target gases. The change in source-to-drain current of FET in the presence
of target gas molecules has been used as a detection signal for the leakage detection of these gases.
The influence of atmospheric factors like the presence of water and oxygen molecules on the proposed
device have also been investigated. It has been observed that the presence of these molecules also
affected the IV-characteristics of the device. A careful calibration of such physically fabricated device
is required to nullify the effect of atmospheric factors and get the correct reading for desired target
gases. Our proposed device could be a promising candidate to replace conventional solid-state gas
sensors due to its exceptional electronic properties and compact size. Theoretically, it is possible to
simulate such type of FET sensors. However, the physical fabrication of these kind of device could
be a challenge due to extremely small dimensions of graphene nanoribbons that make it difficult to
handle at atomic levels. Moreover, during physical fabrication of our proposed FET, there is a need of
some suitable substrate like SiC or Si for the deposition of graphene. Our nearest future intension is to
develop graphene based FET device for the detection of propane and butane gases.
Author Contributions: M.H.R. and A.K. conceived the idea. M.H.R. performed the simulations and drafted the
article. A.K. and T.R. reviewed the article and managed funding of the project. All authors have read and agreed
to the published version of the manuscript.
Funding: This research was supported by the Estonian Research Council through Research Projects PUT 1435,
IUT 1911 and by the Horizon 2020 ERA-chair grant “Cognitive Electronics COEL H2020-WIDESPREAD-2014-2”
(agreement number 668995; project TTU code VFP15051).
Acknowledgments: Authors would like to acknowledge the courtesy of Poklonski, N.A. and SPIE publishers to
give copyright permission to reprint a figure from article Poklonski, N.A.; Kislyakov, E.F.; Vyrko, S.A.; Bubel’,
O.N.; Ratkevich, S.V.; Electronic band structure and magnetic states of zigzag graphene nanoribbons: quantum
chemical calculations. J. Nanophotonics 2012 Volume 6, 61712. doi:10.1117/1.JNP.6.061712.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.

2.

3.
4.

Joshi, S.; Bhatt, V.D.; Wu, H.; Becherer, M.; Lugli, P. Flexible lactate and glucose sensors using electrolyte-gated
carbon nanotube field effect transistor for non-invasive real-time monitoring. IEEE Sens. J. 2017, 17, 4315–4321.
[CrossRef]
Hosseini-Golgoo, S.M.; Salimi, F.; Saberkari, A.; Rahbarpour, S. Comparison of information content of
temporal response of chemoresistive gas sensor under three different temperature modulation regimes for
gas detection of different feature reduction methods. J. Phys. 2017, 939, 012005. [CrossRef]
Moseley, P.T. Solid state gas sensors. Meas. Sci. Technol. 1997, 8, 223–237. [CrossRef]
Simonetta, C.; Forleo, A.; Francioso, L.; Rella, R.; Siciliano, P.; Spadavecchia, J.; Presicce, D.S.; Taurino, A.M.;
Forleo, D.A. Solid state gas sensors: State of the art and future activities. J. Optoelectron. Adv. Mater. 2003, 5,
1335–1348.

Nanomaterials 2020, 10, 98

5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.

29.

15 of 17

Kong, J.; Franklin, N.R.; Zhou, C.; Chapline, M.G.; Peng, S.; Cho, K.; Dai, H. Nanotube molecular wires as
chemical sensors. Science 2000, 287, 622–625. [CrossRef] [PubMed]
Dutta, P.; Horn, P.M. Low-frequency fluctuations in solids: 1/f noise. Rev. Mod. Phys. 1981, 53, 497–516.
[CrossRef]
Ramamoorthy, R.; Dutta, P.K.; Akbar, S.A. Oxygen sensors: Materials, methods, designs and applications.
J. Mater. Sci. 2003, 38, 4271–4282. [CrossRef]
Macdonald, J.R. Impedance Spectroscopy: Emphasizing Solid Materials and Systems; John Wiley & Sons: New York,
NY, USA, 1987.
Park, C.O.; Akbar, S.A.; Weppner, W. Ceramic electrolytes and electrochemical sensors. J. Mater. Sci. 2003, 38,
4639–4660. [CrossRef]
Liu, Y.; Parisi, J.; Sun, X.; Lei, Y. Solid-state gas sensors for high temperature applications-a review. J. Mater.
Chem. A 2014, 2, 9919–9943. [CrossRef]
Korotcenkov, G. Gas response control through structural and chemical modification of metal oxide films:
State of the art and approaches. Sens. Actuators B Chem. 2005, 107, 209–232. [CrossRef]
Jiménez-Cadena, G.; Riu, J.; Rius, F.X. Gas sensors based on nanostructured materials. Analyst 2007, 132,
1083–1099.
Schedin, F.; Geim, A.K.; Morozov, S.V.; Hill, E.W.; Blake, P.; Katsnelson, M.I. Dtection of individual gas
molecules adsorbed on graphene. Nat. Mater. 2007, 6, 652–655. [CrossRef] [PubMed]
Robinson, J.T.; Perkins, F.K.; Snow, E.S.; Wei, Z.; Sheehan, P.E. Reduced Graphene Oxide Molecular Sensors.
Nano Lett. 2008, 8, 3137–3140. [CrossRef] [PubMed]
Lu, Y.; Goldsmith, B.R.; Kybert, N.J.; Johnson, A.T.C. DNA Decorated Graphene Chemical Sensors.
Appl. Phys. Lett. 2010, 97, 83107. [CrossRef]
Pearce, R.; Iakimov, T.; Andersson, M.; Hultman, L.; Spetz, A.L.; Yakimova, R. Epitaxially grown graphene
based gas sensors for ultra sensitive NO2 detection. Sens. Actuators B Chem. 2011, 155, 451–455. [CrossRef]
Ohno, K.; Maehashi, K.; Matsumoto, K. Chemical and biological sensing applications based on graphene
field-effect transistors. Biosens. Bioelectron. 2010, 26, 1727–1730. [CrossRef]
Syu, Y.-C.; Hsu, W.-E.; Lin, C.-T. Review—Field effect transistor biosensing: Devices and clinical application.
ECS J. Solid State Sci. Technol. 2018, 7, Q3196–Q3207. [CrossRef]
Lee, J.; Kim, J.; Im, J.P.; Lim, S.Y.; Kwon, J.Y.; Lee, S.M.; Moon, S.E. MEMS-based NO2 gas sensor using ZnO
nano-rods for low-power IoT application. J. Korean Phys. Soc. 2017, 70, 924–928. [CrossRef]
Bogue, R. Recent developments in MEMS sensors: A review of applications, markets and technologies.
Sens. Rev. 2013, 33, 300–304. [CrossRef]
Morales-Naraez, E.; Merkoci, A. Graphene oxide as an optical biosensing platform. Adv. Mater. 2012, 24,
3298–3308. [CrossRef]
Varghese, S.S.; Lonkar, S.; Singh, K.K.; Swaminathan, S.; Abdala, A. Recent Advances in graphene based gas
sensors. Sens. Actuators B Chem. 2015, 218, 160–183. [CrossRef]
Yuan, W.; Shi, G. Graphene-based gas sensors. J. Mater. Chem. A 2013, 1, 10078–10091. [CrossRef]
Latif, U.; Dickert, F.L. Graphene hybrid materials in gas sensing applications. Sensors 2015, 15, 30504–30524.
[CrossRef] [PubMed]
Korotcenkov, G. Metal oxides for solid-state gas sensors: What determines our choice. Mater. Sci. Eng. B
2007, 139, 1–13. [CrossRef]
Rumyantsev, S.; Liu, G.; Potyrailo, R.A.; Balandin, A.A.; Shur, M.S. Selective sensing of individual gases
using graphene devices. IEEE Sens. J. 2013, 13, 2818–2822. [CrossRef]
Natgaz. Propane vs. Butane. Available online: http://www.natgaz.com.lb/all-about-gaz/propane-vs-butane
(accessed on 10 September 2019).
National Research Council USA. Butane: Acute exposure guide levels. In Acute Exposure Guideline Levels for
Selected Airborne Chemicals; National Academies Press (US): Washington, DC, USA, 2012; Volume 12. Available
online: https://www.ncbi.nlm.nih.gov/books/NBK201460/olume12 (accessed on 10 September 2019).
Yan, Q.; Huang, B.; Yu, J.; Zheng, F.; Zang, J.; Wu, J.; Gu, B.; Liu, F.; Duan, W. Intrinsic current-voltage
characteristics of graphene nanoribbon transistors and effect of edge doping. Nano Lett. 2007, 7, 1469–1473.
[CrossRef]

Nanomaterials 2020, 10, 98

30.

31.

32.
33.
34.
35.

36.
37.
38.

39.
40.
41.
42.

43.

44.
45.
46.

47.
48.

49.
50.
51.

16 of 17

Erol, O.; Uyan, I.; Hatip, M.; Yilmaz, C.; Tekinay, A.B.; Guler, M.O. Recent advances in bioactive 1D and 2D
carbon nanomaterials for biomedical applications. Nanomed. Nanotechnol. Biol. Med. 2018, 14, 2433–2454.
[CrossRef]
Rashid, M.H.; Koel, A.; Rang, T. Simulations of propane and butane gas sensor based on pristine armchair
graphene nanoribbon. In Proceedings of the IOP Conference Series: Materials Science and Engineering,
Bucharest, Romania, 7–9 March 2018; Volume 362.
Narendar, V.; Gupta, S.K.; Saxena, S. First principle study of doped graphene for FET applications. Silicon
2019, 11, 277–286. [CrossRef]
Siddique, S.; Mukhtar, H. Probing the performance of glucose oxidase treated graphene-based field effect
transistors. J. Nanosci. Nanotechnol. 2019, 19, 7442–7446. [CrossRef]
Hasan, N.; Hou, B.; Radadia, A.D. Ion sensing with solution-gated graphene field-effect sensors in the
frequency domain. IEEE Sens. J. 2019, 19, 8758–8766. [CrossRef]
Tsang, D.K.H.; Lieberthal, T.J.; Watts, C.; Dunlop, E.L.; Ramadan, S.; Hernandez, A.E.D.R.; Klien, N.
Chemically functionalised graphene FET biosensor for the label-free sensing of exosomes. Sci. Rep. 2019, 9,
1–10.
QuantumWise User Manual, ATK-DFT Calculator. Available online: https://docs.quantumwise.com/v2017/
manuals/ATKDFT.html (accessed on 14 October 2019).
High Performance Computing. Available online: https://www.ttu.ee/support-structure/it-services/services4/high-performance-computing-2/ (accessed on 15 October 2019).
Poklonski, N.A.; Kislyakov, E.F.; Vyrko, S.A.; Bubel’, O.N.; Ratkevich, S.V. Electronic band structure and
magnetic states of zigzag graphene nanoribbons: Quantum chemical calculations. J. Nanophotonics 2012,
6, 61712. [CrossRef]
Owens, F.J. Electronic and magnetic properties of armchair and zigzag graphene nanoribbons. J. Chem. Phys.
2008, 128, 194701. [CrossRef] [PubMed]
Quantumwise, Building a Graphene Nanoribbon Transistor. Available online: https://docs.quantumwise.
com/v2017/tutorials/vnl_graphene_transistor/vnl_graphene_transistor.html (accessed on 16 October 2019).
Yavari, F.; Koratkar, N. Graphene-based chemical sensors. J. Phys. Chem. Lett. 2012, 3, 1746–1753. [CrossRef]
Bekduz, B.; Kampermann, L.; Mertin, W.; Punckt, C.; Aksay, I.A.; Bacher, G. Influence of the atmospheric
species on the electrical properties of functionalized graphene sheets. RCS Adv. 2018, 8, 42073–42079.
[CrossRef]
Melios, C.; Centeno, A.; Zurutuza, A.; Panchal, V.; Giusca, C.E.; Spencer, S.; Silva, S.R.P.; Kazakova, O. Effects
of humidity on the electronic properties of graphene prepared by chemical vapour deposition. Carbon 2016,
103, 273–280. [CrossRef]
What Effect Does Humidity Have on Graphene Sensors? Available online: https://www.azosensors.com/
article.aspx?ArticleID=1323 (accessed on 3 December 2019).
Yao, Y.; Chen, X.; Zhu, J.; Zeng, B.; Wu, Z.; Li, X. The effect of ambient humidity on the electrical properties of
graphene oxide films. Nanoscale Res. Lett. 2012, 7, 363. [CrossRef] [PubMed]
Smith, A.D.; Elgammal, K.; Fan, X.; Lemme, M.C.; Delin, A.; Rasander, M.; Bergqvit, L.; Schroder, S.;
Fischer, A.C.; Niklaus, F.; et al. Graphene-based CO2 sensing and its cross-sensitivity with humidity.
RSC Adv. 2017, 7, 22329–22339. [CrossRef]
Eugster, W.; Kling, G.W. Performance of low-cost methane sensor for ambient concentration measurements
in preliminary studies. Atmos. Meas. Tech. 2012, 5, 1925–1934. [CrossRef]
Tao, C.; Li, X.; Yang, J.; Shi, Y. Optical fiber sensing element based on luminescence quenching of silica
nanowires modified with cryptophane-A for the detection of methane. Sens. Actuators B Chem. 2011, 156,
553–558. [CrossRef]
Wu, Z.; Chen, X.; Zhu, S.; Zhou, Z.; Yao, Y.; Quan, W.; Liu, B. Room Temperature Methane Sensor Based on
Graphene Nanosheets/Polyaniline Nanocomposite Thin Film. IEEE Sens. 2013, 13, 777–782. [CrossRef]
Roy, S.; Sarkar, C.K.; Bhattacharyya, P. A highly sensitive methane sensor with nickel alloy microheater on
micromachined Si substrate. Solid State Electron. 2012, 76, 84–90. [CrossRef]
Haridas, D.; Gupta, V. Enhanced response characteristics of SnO2 thin film based sensors loaded with Pd
clusters for methane detection. Sens. Actuators B Chem. 2012, 166, 156–164. [CrossRef]

Nanomaterials 2020, 10, 98

52.

53.
54.
55.
56.
57.

58.

17 of 17

Prasad, A.K.; Amirthapandian, S.; Dhara, S.; Dash, S.; Murali, N.; Tyagi, A.K. Novel single phase vanadium
dioxide nanostructured films for methane sensing near room temperature. Sens. Actuators B Chem. 2014, 191,
252–256. [CrossRef]
Vuong, N.M.; Hieu, N.M.; Hieu, H.N.; Yi, H.; Kim, D.; Han, Y.S.; Kim, M. Ni2 O3 -decorated SnO2 particulate
films for methane gas sensors. Sens. Actuators B Chem. 2014, 192, 327–333. [CrossRef]
Gong, G.; Zhu, H. Development of highly sensitive sensor system for methane utilizing cataluminescence.
Luminescence 2015, 31, 183–189. [CrossRef]
Zhang, Y.N.; Zhao, Y.; Wang, Q. Measurement of methane concentration with cryptophane E infiltrated
photonic crystal microcavity. Sens. Actuators B Chem. 2015, 209, 431–437. [CrossRef]
Yang, D.; Yang, N.; Ni, J.; Xiao, J.; Jiang, J.; Liang, Q.; Ren, T.; Chen, X. First-principles approach to design
and evaluation of graphene as methane sensors. Mater. Des. 2017, 119, 401. [CrossRef]
Humayun, M.T.; Divan, R.; Stan, L.; Rosenmann, D.; Gosztola, D.; Paul, L.G.; Solomon, A.; Paprotny, I.
Ubiquitous low-cost functionalized multi-walled carbon nanotube sensors for distributed methane leak
detection. IEEE Sens. J. 2016, 16, 8692–8699. [CrossRef]
Humayun, M.T.; Divan, R.; Liu, Y.; Gundel, L.; Solomon, P.; Paprotny, I. Novel chemoresistive CH4 sensor
with 10 ppm sensitivity based on multiwalled carbon nanotubes functionalized with SnO2 nanocrystals.
J. Vac. Sci. Technol. A Vac. Surf. Films 2016, 34, 01A131. [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/).

