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Abstract:
The focus of this review is an introduction to chemiresistive chemical sensors. The general concept of chemical
sensors is briefly introduced, followed by different architectures of chemiresistive sensors and relevant mate-
rials. For several of the most common systems, the fabrication of the active materials used in such sensors and
their properties are discussed. Furthermore, the sensing mechanism, advantages, and limitations of each group
of chemiresistive sensors are briefly elaborated. Compared to electrochemical sensors, chemiresistive sensors
have the key advantage of a simpler geometry, eliminating the need for a reference electrode. The performance
of bulk chemiresistors can be improved upon by using freestanding ultra-thin films (nanomaterials) or field ef-
fect geometries. Both of those concepts have also been combined in a gateless geometry, where charge transport
though a percolation network of nanomaterials is modulated via adsorbate doping.
Keywords: chemical sensor, chemiresistor, CHEMFET, gateless FET, surface doping
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1 Chemical sensors

A chemical sensor is a device which can measure analytical parameters and convert the chemical data into a
measurable signal [1]. Each chemical sensor consists of two functionally distinct parts, a detector and a trans-
ducer. The detector (receptor) transforms the chemical information into a form of energy while the transducer
transforms this energy to a measurable signal [2]. The transduction mechanism of chemical sensors is a crite-
rion which can be used for their categorization. Based on this criterion, the most common groups of chemical
sensors are optical sensors, electrochemical sensors, and electrical sensors. In optical sensors, the change in the
optical properties of a reagent upon interaction with an analyte is measured. Some commonly measured opti-
cal properties are absorption, fluorescence, light scattering, and decay time. Indicator papers are a very simple
form of optical sensors in which a reagent has been covalently immobilized on a paper substrate. While indica-
tor papers are cheap, quick, and easy to use, they are not very accurate, and they cannot be used for continuous,
automated, or remote monitoring. The advances in optoelectronic device fabrication in recent years have aided
in the development of high-quality light sources, photodetectors, and fiber optics which can be used to develop
inexpensive and reliable optical sensors. These achievements have made optical sensors a popular choice for
various applications from water quality monitoring to biomedical applications. However, optical access to the
analyte may be restricted by turbidity, deposits, or other interferences, adding to the complexity of such sensors.

Another widely used group of chemical sensors are electrochemical sensors, most commonly used in pH
measurement in which the activity of the hydronium ions is measured [1, 2]. In the simplest case, electrochem-
ical sensors consist of two conductive electrodes and an electrolyte. However, a third electrode is normally
required as a reference electrode to maintain accuracy and precision of the measurements. Electrochemical
sensors are designed based on various electrochemical techniques such as voltammetry, amperometry, poten-
tiometry, and impedometry. The two former methods are most often used in chemical sensors. In voltammetric
measurements, the potential applied to an electrode is linearly ramped to be more negative and followed by
ramping back to a more positive potential while during this cycle the current is measured. In forward scan,
the reduction of an analyte at any of the applied potentials is monitored. Once the applied potential is equal
to the reduction potential of the analyte the measured current increases. This is followed by the reduction of
the measured current as a result of the depletion of the analyte in the vicinity of the electrode. In the reverse
scan, at a certain potential the analyte will be reoxidized to its initial form. This will appear as a peak with a
reverse sign as the reduction peak. Theoretically, for a reversible process the difference between the reduction
and oxidation peaks is about 59 mV [3, 4]. In amperometric measurements, a constant potential is applied and
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the change in current as a function of time is monitored. The value for this potential can be determined from
the voltammogram of the analyte of interest [2].

Chemical sensors can also operate based on electrical transduction. These sensors are distinct from elec-
trochemical sensors because they do not rely on maintaining precise electrode potentials, thus removing the
requirement for a reference electrode in liquids as well as in the gas phase. Chemiresistive sensors are the main
group of sensors based on electrical transduction. In these sensors, the changes in the conductivity of an active
layer are used to detect the presence of an analyte. Various types of interactions between the active material and
the analyte can lead to a change in the conductivity of the active layer. For example, the analyte can cause oxi-
dation or reduction of the active layer, or the analyte can undergo charge transfer with the active layer through
processes such as surface doping [5]. More sophisticated sensors based on electrical transduction are based on
the field effect transistor (FET) architecture. Therefore, this group of sensors is called chemical FET (CHEM-
FET). Most commonly in CHEMFETs, the interaction of the analyte with the gate electrode is used to modulate
the charge transport in the conductive channel [6]. However, the use of the direct interaction of the analyte
with the conductive channel to modulate the charge transport has also been reported. The former architecture
is simpler than the traditional CHEMFET as the dielectric layer and the gate electrode have been removed [7].
The summary of chemical sensors based on their sensing principle can be found in Table 1.

Table 1: Summary of different chemical sensors based on their sensing principle.

Sensor Class Sensing Principle References

Optical Colorimetric [8]
Absorptivity [9]
Chemiluminescence [10]

Electrochemical Amperometric [11]
Voltammetric [4, 12, 13]
Electrochemical gas sensor [14]

Electrical
Chemiresistive [5, 41, 107]
CHEMFET [6]
Ion Selective FET [6, 96]
Work Function FET [15]
OFET [96, 99, 100]
Gateless FET [7, 101]

2 Chemiresistive sensors

2.1 Metal oxide thin film chemiresistive sensors

Some of the earliest work on chemical sensors based on electrical transduction has been reported for chemire-
sistive sensors [16, 17]. These devices operate on the principle that the adsorption of chemical species onto the
surface of a conducting or semiconducting material leads to changes in the electrical properties of the substrate,
mainly its electrical conductivity. The conductive substrate can be simply attached to conductive electrical leads
connected to a source measurement unit [17]. More sophisticated contact geometries include four-point elec-
trical contacts or interdigitated electrodes [18]. The chemical species can interact with the sensing film through
various pathways such as physisorption, chemisorption, catalytic reactions, reactions at grain boundaries, and
bulk reactions. The change in the electrical properties of the sensing material by the adsorbed chemical species
on its surface can be caused by different processes such as oxidation/reduction of the surface or changes in the
surface work function [18]. Table 2 shows the most common categories of sensitive materials used in chemire-
sistive sensors.

Table 2: Common sensitive layers used in chemiresistive sensors.

Type of Sensitive Layer Examples of Sensitive Materials References

Metal oxides, semiconductors SnO2, TiO2, Co3O4, In2O3 [18–21]
Conductive Polymers Polyaniline, polypyrrole, polycarbazole [5, 22, 23, 41, 51]
Nanocarbons Carbon nanotubes, graphene, pencil lead [24, 25, 55, 57, 101]
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Early work on chemiresistive sensors was performed using thin or thick oxide films such as tin oxide [18]. It
was shown that the adsorption of oxygen molecules on this surface leads to the formation of O2

- and O-. Since
the tin oxide is an intrinsic n-doped semiconductor, the flow of electrons from the metal oxide film to these
species leads to a decrease in its electrical conductivity. Upon exposure of this surface to a reducing gas (e. g.
H2, NH3, CO) the electron transfer from the adsorbed gases to the metal oxide leads to an increase in the elec-
trical conductivity of the substrate while the adsorption of an oxidizing gas such as NO2 leads to the opposite
response. In the latter situation, the direction of the charge transfer is opposite, causing the formation of NO2

-

and thus reduction in the conductivity of the metal oxide [16, 17, 26]. Mechanistic studies have found that in
addition to increasing the surface area to volume ratio, the sensor performance can be enhanced by increasing
the surface defect density of the metal oxide, and by careful tuning of the band structures and potential barriers
at junctions within the device [27]. This emphasizes the role of the surface defects in the molecular recognition
process. The most common metal oxides used in chemiresistive sensors are summarized in Table 3.

Table 3: Examples of some of the common metal oxides used in chemiresistive sensors and some of the analytes that have
been detected by them.

Sensitive layer Analyte(s) Operating temperature,
response time, tested
concentrations

Refer-
ence

Fe2O3 Gas: Humidity r.t., 10 sec, 20 … 90 % [28]
In2O3 Gas: CO, H2 >200 °C, 1 … 100 sec, 0.1 … 0.5 % [21]
NiO, WO3, ZnO, SnO2, Nb2O5 Gas: CO, NO2 100 … 400 °C, 5 … 500 ppm CO,

0.2 … 9 ppm NO2

[29]

CaO @ ZnO Gas: CO, NO2 300 °C, 200 sec, 10 … 200 ppm [27]
Ga2O3 Gas: CO 500 °C, 200 … 600 sec, 100 ppm [30]
SnO2 Gas: H2S r.t., 2 … 13 sec, 10 … 100 ppm [31]
Co3O4 Gas: H2S 325 °C, a few minutes, 1 … 100

ppm
[20]

Fe2O3 Gas: Acetone, EtOH 350 °C, 10 … 20 sec, 0.5 … 50 ppm [32]
ZnO Gas: Acetone r.t., 18 sec, 0.2 … 100 ppm [33]
TiO2 Gas: Alcohols r.t. to 250 °C, 2 … 200 sec, 10 …

1000 ppm
[35]

Since the sensing depends on chemisorption, the surface structure of the sensing film (grain boundaries,
defects) plays a key role [18]. Figure 1 illustrates the schematic of the reaction of different gases with different
surface sites available in a thin film sensor and the direction of the charge transfer for each surface–analyte
interface. Although the sensing step in these sensors often can be performed at low temperatures (room tem-
perature to 100 °C), the resetting step typically requires elevated temperatures in the range of 100–400 °C [18].
These high temperatures are essential for resetting the sensor as the thermal energy enhances the rate of the an-
alyte desorption from the metal oxide surface [34]. However, the requirement for such step at high temperatures
counts as the main drawback of these sensors and is the reason behind their limited application. In addition,
the elevated temperatures can cause sintering of the sensing film which can alter its reaction sites essential for
chemical sensing. Some of these reaction sites are point and bulk defects, and grain boundaries [18]. Not only
do the surface defects play an essential role in the analyte recognition process [27], but they can also be tuned
to enhance the sensor performance to a point where room temperature operation becomes possible [35].
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Figure 1: Schematic representation of the detection of gas molecules by an active layer in a chemiresistive sensor. Interac-
tion of gas molecules leads to a change in the conductivity of the bulk and the surface of the active layer. Some of these
reactions are from undoped (1) or doped surfaces (1´), from the bulk of the film (2), from the contacts (3), and from the
grain boundaries (4).

The size of the grains of the polycrystalline metal oxide films has a significant effect on the sensitivity of
these sensors. Generally, the reduction of the grain sizes to nanometer levels leads to an increase in sensitivity
[36]. Another method to increase the gas sensitivity of the sensors is the use of suspended ultra-thin metal
oxide films [37, 38]. These quasi two-dimensional films have a high surface area and thus most of the film can
interact with the adsorbed gas analytes. Some of these films such as suspended porous tantalum oxide films
can act like selective membranes. These oxide membranes can even further amplify the interaction with the
gas analytes as the analyte can diffuse into the film [39]. In addition, this way the interaction of the sensing
material with the substrate, which may affect the sensing process, is eliminated [5]. Although these films are
thin, it has been shown that they can withstand flowrates as high as hundreds of milliliters per second and
still sample the dilute gas analytes [40]. However, the use of two-dimensional metal oxide membranes has not
lead to lower operational temperatures for chemiresistive sensors [39]. Figure 2 shows the schematic diagram
of a gas dosing apparatus for sensor testing. The gas molecules flow from the gas source to the measurement
chamber through Teflon tubes. The flow of the gas is controlled by mass flow controllers (MFC). The chamber is
equipped with a heater to control the temperature of the system during the measurement and resting steps. The
chamber is evacuated from interfering gasses by a vacuum pump. The sensor is placed inside a chamber and is
electrically connected to the source measure unit (SMU). A quartz crystal microbalance (QCM) is placed close
to the sensor to quantify the adsorption of the analyte gas on the surface. Both QCM and SMU are connected
to a data acquisition system (DAQ, e. g. computer).

Figure 2: Schematic view of a gas dosing apparatus for sensor testing. The system consists of gas cylinders, mass flow
controller (MFC), Teflon tubes, measurement chamber, quartz crystal microbalance (QCM), source measure unit (SMU),
heater, data acquisition unit (DAQ), and exhaust system for evacuating the system.

2.2 Chemiresistive sensors based on intrinsically conducting polymers

Another group of materials which have been widely used for chemical sensing applications are intrinsically
conducting polymers (ICP) and their oligomers. The common structure of ICPs consists of repeating units of
small organic monomers. Figure 3 shows some of these polymers such as polyacetylene, polypyrrole, polythio-
phene, and polyaniline [17]. The conductivity of the ICPs originates from a conjugated system of alternating
single and double bonds resulting in the formation of delocalized electronic states [5]. These polymers in their
neutral forms are not electrically conductive but can be made conductive through n-doping or p-doping [41].
These processes lead to the generation of charge carriers on their backbone, which transform them into one-
dimensional conductors [17]. Such changes in their conductivity upon interaction with various chemical species
(redox, basic/acidic) can be utilized for sensing applications. The adsorbed gas molecules on such polymers
can act as secondary dopants, exchanging charge carriers with polymers which can lead to the modulation of
their electronic, optical, or magnetic properties [5].

Figure 3: Molecular structure of four intrinsically conducting polymers in their undoped state.
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Most of the chemical sensors that have been developed based on ICPs are gas sensors. In these sensors,
the polymer can be used as either the selective sensing material or as an interconnect component. The latter
application is not desired as the change in the electrical conductivity of the interconnect component can interfere
with the main sensing process [5]. Therefore, the ICPs or other organic small molecules should only be used as
the selective sensing material. The simplest and most common measurement configuration for chemical sensors
based on ICPs is the chemiresistor with two electrical leads (Figure 4a). In this configuration, the polymer film
is deposited between two electrodes (commonly Au) and a constant current or voltage is applied between them
[41]. The gaseous analyte can interact with the ICP layer and act either as electron donor or electron acceptor. It
will thus either enhance the degree of doping and increase the electrical conductivity of the film, or counteract
the doping and decrease the electrical conductivity of the film [5]. Therefore, the most common way to report
the response from chemiresistive sensors is in the form of (R1−R0)/R0, where R0 is the resistance of the system
before the exposure to the analyte and R1 is its resistance after exposure to the analyte [17]. This simple principle
leads to the detection of the chemical species of interest present in the gas phase.

Figure 4: Common measurement configurations in chemiresistive sensors based on ICP selective layers. (a) Two-point
measurement without fixation of the ICP layer potential, (b) typical set up used in electrochemical experiments, (c) Two-
point measurement with fixation of the ICP layer potential, (d) Four-point technique, (e) Two- and Four- point measure-
ment together without fixation of ICP potential, and (f) Two- and Four- point measurement together with fixation of ICP
potential.

The drawback of this configuration is the drop of the potential at the metal-polymer contacts. A change in
the electrical conductivity at this junction is attributed to the modulation of the Schottky barrier height which
can be determined from the differences between the work functions of the polymer and the metal electrodes
[5]. The materials choices for the metal electrode can also influence the nature of the contacts with the polymer
film and result in a different magnitude of the response. It has been reported that the contact between gold and
polyaniline (PANI) is ohmic while platinum (Pt) and PANI form a Schottky contact in the presence of hydrogen.
The latter system showed a greater response (65 % increase in the resistance) to the presence of hydrogen gas
in comparison to the former system (3 % decrease in the resistance). The absence of hydrogen in the chemical
sensor based on Pt-PANI converts the contact between metal and polymer film back to ohmic [42]. One way
to eliminate the contribution of the metal-polymer contact to the response of a chemical sensor is by use of a
four-point measurement configuration (Figure 4d). However, this technique does not provide any information
regarding the actual contact resistance, which is problematic in cases where the contact resistance is higher
than the sensing response. The configuration in Figure 3(e) can be used to perform both two- and four-point
measurements. It is also known as s24-configuration. This configuration enables the comparison of the delay
time between the two- and four-point measurement signals which can provide information regarding the dif-
fusion of the gas through the polymer layer.

Most of the sensing measurements using these configurations are performed by application of constant po-
tential or constant current, which can itself cause irreversible or reversible changes in the polymer layer. This can
be avoided by application of DC pulses or of AC (instead of DC). In addition, the probe power should be limited
as it can lead to self-heating of the polymer layer [41]. Some other common sensing configurations involving
two- and/or four- point configurations are shown in Figure 4(b, c, and f). Figure 4(b) shows the typical config-
uration which uses a conductive polymer layer in electrochemical systems. These configurations are based on
organic field effect transistors in which the current between the source and the drain electrodes is regulated by
the gate voltage [41]. The details of this type of chemical sensor will be further discussed along with CHEM-
FETs. In many chemical sensors based on conductive polymers, specifically in biosensors, the conductivity of
the conductive polymer is low which makes it difficult to measure its conductivity between two electrodes.
In such cases the conductivity between the conductive polymer layer and an electrode in solution is used for
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measurement [41]. Figure 4(c) shows a somewhat similar configuration to the set up in Figure 4(b) with the
difference that in the latter case the purpose of the external electrode is fixation of the polymer potential. This
is useful if it is necessary to control the redox states of the polymer. This setup resembles the FET architecture as
the external electrode can control the potential of the polymer layer and thus it was termed as electrochemical
transistor setup [41]. Table 4 summarizes some of the most common ICPs used in chemiresistive sensors.

Table 4: Common ICPs used in chemiresistive sensors.

Sensitive layer Analyte(s) Operating temperature,
Response time, tested
concentrations

Refer-
ence

Polyaniline Gas: CO r.t., 100 sec, 1 ppm (in H2) [43]
Gas: Humidity r.t., 600 sec, 0 … 100 % [44]
Aqueous: pH r.t., pH 1 … 6 [45]

Polypyrrole Gas: NH3 r.t., 10 sec, 0.1 ppb … 2 ppm [51]
Gas: Humidity, alcohols, acetone r.t., 400 sec [46]

Polythiophene Gas: Xylene Isomers r.t. 400 ppm (selective for
p-xylene)

[47]

Polycarbazole Gas: H2S r.t., 600 sec, 1 … 60 ppm [23]
Poly(paraphenylene vinylene) Gas: Ethyl acetate, n-propanol,

methanol
r.t., 60 sec, saturated vapors [48]

Poly(paraphenylene ethylene) Gas: Menthol Enantiomers r.t., 170 … 1200 sec, 50 … 300 ppm [49]

Although chemiresistive sensors based on conductive polymers are simple, easy to fabricate, and can be
prepared in various configurations, they have several drawbacks. The thickness of the organic film can greatly
affect the response. Polymer films are porous and thus gas molecules of the analyte can diffuse through them
[50]. The morphology of the polymer film (filament or dendritic, smooth, or compact) itself can also change
the sensitivity of the device [51, 52]. Furthermore, the interface between the polymer film and the insulating
substrate of the sensor itself can affect the electrical response. Last but not least, the copresence of different gases
and moisture from the ambient environment can also interfere with the response to the analyte of interest [5,
53].

2.3 Chemiresistive sensors based on nanocarbons

Another group of materials that have been extensively incorporated into chemiresistive sensors are nanocar-
bons such as carbon nanotubes (CNTs) [54, 55], graphene [55–57], and even graphite or pencil lead [58]. Most of
these materials are resistant to harsh chemical conditions and high temperatures [54, 58]. They are inexpensive
or there is research underway for their mass production which will eventually reduce their production cost
[59]. They are easy to fabricate on a wide range of substrates through various methods such as CVD [60], inkjet
printing [61], or drop-casting [62]. All of this makes them suitable materials for sensing applications. They have
been used for both gas sensing [54] and sensing in liquid phases [62].

CNTs are the most commonly used allotrope of carbon for chemiresistive sensors, mainly in the form of
single-walled carbon nanotubes (SWCNTs). They are used as the sensing materials and often suspended over
Au or Pt electrodes. One of the unique characteristics of CNTs is their high surface area (~1600 m2 g−1) [54].
In addition, they have superb electrical properties such as carrier mobilities as high as ~10,000 cm2 V−1 s−1

which is better than silicon and possible electrical current densities of up to ~ 4 × 109 A cm−2, which is about
a thousand times higher than copper [63]. CNTs can be chemically doped (p- or n- doped) by a wide range of
chemical species [64–66]. The combination of these characteristics makes SWCNTs a better choice than metal
oxides (e. g. SnO2) or ICPs for sensing applications. In addition, in contrast to most metal oxide based sensors,
they can operate at room temperature. The common sensing mechanism of chemical species by chemiresistive
sensors based on CNTs is similar to what was described earlier for chemiresistive sensors based on ICPs/s-
mall molecules and metal oxides. The high surface area of CNTs allows for good interactions with the analyte
molecules. The analyte molecules adsorb onto this surface and can transfer charge to or from the CNTs and as a
result change the charge polarity (doping) of CNTs [67]. This will lead to a change in the electrical conductivity
of the CNTs and can be used for detection of analyte molecules [68].

A challenge in the fabrication of CNT devices is that CNTs usually are only available as mixes of tubes with
very different mechanical and electrical properties. Even within each batch of synthesized CNTs, the diameters
of the tubes are different. Since the bandgap of semiconducting CNTs has an inverse relationship with their
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diameter, the bandgap of the tubes in each batch can vary over a broad range. For example, it was reported
that the SWCNTs produced via laser-ablation can have diameters ranging from 11 to 16 Å which will lead to a
variation in their bandgap from 0.95 to 0.65 eV [69]. These variations in diameter, bandgap, and their electronic
type (metallic/semiconducting) can cause reproducibility issues for mass production of such sensors [54]. The
presence of metallic CNTs is not usually a problem in chemiresistive sensors, but can cause shorts in the case
of CNT-based FETs [54]. Fortunately, in recent years ways have been found to sort the as synthesized CNTs
(especially SWCNTs) through various separation means in order to produce more homogenous batches of tubes
[69].

An issue with the use of CNTs in electronic devices including chemiresistive sensors is the high contact re-
sistance between the metal electrodes and the CNTs. Suspending CNTs over electrodes often causes unreliable
contacts between the electrodes and CNTs. This issue can be circumvented by new techniques such as creat-
ing end-bonded contacts between CNTs and molybdenum to form molybdenum carbide [70]. Even though
chemiresistive sensors based on CNTs are often more sensitive than those based on ICPs, both suffer from sim-
ilar problems associated with the effects of interfering molecules present in uncontrolled environments such
as ambient conditions. It is known that humidity, hydrogen bonding with oxygen defects, and direct water
adsorption can greatly affect the baseline resistance of the sensor. Such cross sensitivity between interfering
molecules and the analyte of interest makes the process of establishing a calibration curve for these sensors
challenging [54].

Graphene is another popular nanocarbon for use in chemical sensors. Graphene is a flat monolayer of car-
bon atoms arranged in the form of a two-dimensional (2D) honeycomb lattice. Graphene is the basic building
block of many carbon allotropes such as graphite (3D), CNTs (1D), and fullerenes (0D) [71]. The pioneering
reports on the concept of graphene go back sixty years and relate to theoretical studies on the band structure
of graphite [72–74]. For a long time, it was believed that the 2D crystals are thermodynamically unstable and
as the lateral size increases would transform to a stable 3D structure [75]. The base of such argument was that
the thermal fluctuations in low-dimensional crystals lead to the displacement of atoms over distances as large
as their interatomic distances at any finite temperature. However, advances in fabrication and characterization
of graphene demonstrated the possibility for 2D crystals to exist [76]. Graphene can be produced by several
approaches such as mechanical exfoliation of graphite, chemical exfoliation of graphite, and epitaxial growth
[71, 77, 78].

The s, px, and py orbitals of each carbon atom in a graphene sheet hybridize to form strong covalent sp2

bonds leading to the chicken-wire-like arrangements. The pz atomic orbitals of a large number of carbon atoms
overlap with each other forming a filled π band (valance band, VB) and an empty π* band (conduction band,
CB). This means that three out of four valance electrons of each carbon atom form σ bonds while the fourth
electron participates in π bonding [79, 80]. The superior electronic properties of graphene are mainly due to its
high-quality 2D crystal structure. Although graphite is made of ABAB stacks of graphene sheets, their electronic
structure is quite different. It is known that graphite is a semimetal while single layer graphene is known to be
a zero-band gap semiconductor. The CB and VB of graphene are cone-shaped and meet each other at the Dirac
point [81, 82]. By increasing the number of sheets in graphene, the crystal shows increasingly semimetallic
behavior and for stacks of 11 or more sheets, the band overlap varies by less than 10 % from graphite [82].
Another unique electrical property of graphene is its high charge carrier mobility (as high as 20,000 cm2/Vs for
Si/SiO2 supported graphene sheets under ambient conditions) [71].

Similar to CNTs, graphene can become both p-doped and n-doped through various means such as an ap-
plied electric field or by chemical dopants. The former method is based on the possibility to tune charge carriers
between electrons and holes by changing the polarity of the gate voltage (Vg). This means when Vg is negative
the Fermi level is below the Dirac point and the VB is full of holes and when the Vg is positive the Fermi level
is above the Dirac point and the CB is filled with electrons [71]. The latter method (chemical doping) is similar
to the doping of CNTs as described earlier. Therefore, it is not surprising that one of the first electronic devices
developed based on graphene was a chemical sensor [83]. In fact, some of the most sensitive gas sensors ever
developed are based on graphene which can detect adsorption/desorption of an individual gas molecule [56].
Upon adsorption of an individual gas molecule on graphene, the local carrier concentration in this substrate
will change, which will appear as a step in the resistance. The reason behind the possibility to detect such a
small change is the unique and extremely low-noise characteristic of graphene. Thus, the possibility of chemi-
cal doping of graphene is one of the bases of using this material in sensing devices [56]. In addition, graphene
has a high surface area (>2000 m2/g) which is an important aspect in sensing applications. It has an advantage
over CNTs in that it can be prepared uniformly and in high quality with very few defect sites [84]. Graphene
has been incorporated in both chemiresistors [85] and CHEMFETs [86]. These sensors have been used for both
gas sensing and sensing in liquids [85, 86]. Graphene, similar to CNTs, suffers from high sensitivity to many
interfering adsorbates (humidity, oxygen, etc.) that are present in liquids or in ambient conditions and decrease
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the sensitivity of the device [85]. Table 5 summarizes some of the most common nanocarbon applications in
chemiresistive sensors.

Table 5: Common nanocarbon materials used in chemiresistive sensors.

Sensitive layer Analyte(s) Operating temperature,
response time, tested
concentrations

Refer-
ence

CNTs
Gas: MEK, acetone, methanol,
ethanol

r.t., 480 sec, saturated vapors [87]

Gas: Volatile organic carbons r.t., 60 sec, 300 … 2000 ppm [88]
Gas: Benzene, Toluene, Xylene r.t., 50 sec, 0.5 … 10 ppm [89]
Aqueous: Glycerol r.t., 100 sec, 10 … 50 % [90]
Aqueous: Free chlorine r.t., 300 sec, 0.06 … 60 ppm [62]
Aqueous: Free chlorine r.t., 100 sec, 0.03 … 8 ppm [24]

Graphene Gas: NH3 r.t., 20 min, 15 … 48 ppm [91]
Gas: NO2, NH3 r.t., 50 min, 0.1 … 200 ppm [92]

Reduced Graphene Oxide Gas: NH3 r.t., 30 sec, 100 … 500 ppm [93]
Gas: NH3 r.t., 350 … 650 sec, 10 … 50 ppm [94]

Graphene Oxide Gas: NO2, NH3, Cl2 r.t., 200 sec, 0.5 … 100 ppm [95]
Graphite (Pencil) Aqueous: Free chlorine r.t., 50 sec, 0.1 … 60 ppm [101]

Aqueous: Free chlorine r.t., 300 sec, 0.06 … 60 ppm [102]

3 CHEMFET

Another configuration for chemical sensing is based on the field-effect geometry. The general idea behind these
sensors is that the interaction of the analyte with the gate electrode affects the charge transport properties in
the conductive channel of the FET. This is different from the general scheme of FETs in which the gate electrode
is insulated from the surrounding environment (Insulated Gate FET, IGFET). Therefore, the gate electrode acts
as the selective layer. The same technology which is used in the semiconductor industry for fabrication of FETs
can be used for fabrication of these sensors. Therefore, they can be miniaturized since in CHEMFETs the signal
does not depend on the size of the sensing area. However, the signal from these type of sensors is small and
requires a high input impedance amplifier [6].

Traditionally, CHEMFETs are categorized according to two main configurations; ion-sensitive FET (ISFET,
Figure 5a) and work function FET (WF-FET, Figure 5b). ISFET operation is based on the selective separation of
ionic charge present in the analyte sample at its interface with the selective layer (e. g. ion selective membrane).
Therefore, the interfacial potential follows the Nernst equation. Since the potential of a single electrode is not
measurable, a second reference electrode is used to measure the potential difference between this electrode and
the selective layer [6]. This design has been mostly used for pH measurements. Based on the analyte of inter-
est, the selective layer of an ISFET can be fabricated from semiconducting inorganic or organic materials (e. g.
ICPs) [96]. WF-FET operation resembles the working principle of Kelvin probes (vibrating capacitor) [97]. The
schematic of this configuration is depicted in Figure 5(b). Since this configuration does not require the presence
of an external electrode (unlike ISFET), they are suitable for miniaturization. It has been argued that the gate
electrode in FETs is part of a capacitor consisting of the gate electrode (here selective layer), the dielectric layer,
and the conductive channel (often Si in FETs). The two plates of this capacitor (selective layer and the channel)
have different chemical potentials. Their connection leads to the equalization of their Fermi levels which results
in formation of an electric field. Since in FETs the channel is sealed from the surrounding environment, its work
function remains unchanged during the sensing events. Therefore, it can be used as a reference electrode [6].
The gate electrode in WF-FETs can be fabricated from ICPs [96]. The interaction of analyte molecules with this
electrode leads to the charge transfer between them and the formation of donor/acceptor complexes [98]. The
extent of this charge transfer depends on the electron affinity of the host material (selective layer) and the ability
of the analyte species to donate electrons [6].
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Figure 5: Schematic representation of two common architectures of CHEMFET. (a) ion sensitive (ISFET) sensor. (b) Work
function sensor (WF-FET), in which no external reference electrode is required.

The gate electrode in FET sensors can be fabricated from ICPs. Thus, an extra layer of appropriate ICP is
fabricated on the dielectric layer and will interact with the measurement environment [96]. This organic semi-
conductor layer can be further functionalized with biological receptors for biosensing purposes. The common
ICPs used in such sensors are 3-hexythiophene and alkyl-substituted triphenylamine polymers. One advantage
of these devices compared to other chemical sensors is that they can be fabricated through the same technologies
that are developed for the fabrication of other organic electronic devices. This can help their mass production,
their cheap fabrication, and their miniaturization [99, 100].

3.1 Chemical sensors based on electrostatically charged selective layers

CHEMFETs have many advantages such as the possibility to scale down their size or use current semiconduc-
tor fabrication technology for their mass production while maintaining uniform quality across devices [6]. The
main difference between chemiresistive sensors and CHEMFETs is the absence of the dielectric layer and gate
electrode. This makes chemiresistive sensors simple, inexpensive, and allows for easy incorporation of carbon
nanotubes, graphene, and other 2D materials in these sensors. It has been recently reported that the electrostatic
gating of semiconducting materials such as CNTs through chemical surface adsorbates can be used to create
CHEMFETs without the need for a dielectric layer and a gate electrode [7]. The architecture of the reported
sensor is similar to chemiresistive sensors but the function and the response of the sensor is similar to CHEM-
FETs. It has been shown that the increase in the functional density of the negatively charged adsorbed receptors
on CNTs can modulate the charge transport in the tube (charge transport layer). Based on this observation, it
was concluded that the sensing mechanism of the device is based on chemically driven electrostatic gating.
Therefore, the field effect created through electrostatic gating is similar to the effect of the gate voltage in FETs
(CHEMFETs) [7].

Based on the same principle, it has been shown that redox-active oligoanilines such as a phenyl-capped
aniline tetramer (PCAT) adsorbed on the surface of a pencil drawn film can be used for the sensing of oxidizing
agents in drinking water such as free chlorine [101]. Although a bare pencil film can also be used for the detec-
tion of the oxidizing agents in drinking water, the adsorbed PCAT film not only increases the sensitivity of the
device but also makes it more selective to free chlorine [102]. The sensing mechanism in this system has been
attributed to the temporary protonic doping of PCAT during its oxidation by free chlorine [101]. The protoni-
cally doped PCAT will impose an electric field onto the underlying thin pencil drawn substrate and can affect
the charge transport in this conductive channel. Another advantage of using a redox-active small molecule as
a receptor is the possibility of its chemical or electrochemical reduction after each measurement, which creates
the possibility to reset the sensor for continuous sampling [62, 67].

Charge transfer doping at interfaces is another principle which can be used for sensing applications. This
chemical doping method is based on the idea that the adsorption of electron donating or electron withdrawing
molecules or atoms on surfaces can cause doping of the substrate and change its electronic characteristics such
as electrical conductivity. The effectiveness of the doping process between a surface and an adsorbate can be
assessed by comparison between the Fermi level of a surface and the electrochemical potential of an adsorbate
molecule. Electrons can be added to a surface once the electrochemical potential of a molecule is higher than
the Fermi level of the surface. On the other hand, electrons can be removed from a surface if the electrochemical
potential of a molecule is lower than the Fermi level of the surface [103].

PCAT (or PANI) is also able to perform charge transfer doping with some surfaces (e. g. iron oxide [104])
and nanomaterials (e. g. SWCNTs [67]). In the former case, it has been shown that the fully reduced PCAT will
be oxidized on the surface of an iron oxide thin film while the fully oxidized PCAT will be reduced on the same
surface [104]. Based on this idea, a chemical sensor can be constructed. While iron oxides, due to their poor con-
ductivity and instability under ambient conditions, are poor choices for application in chemical sensors [105],
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SWCNTs are highly conductive and chemically inert [106]. In addition, nanomaterials are desirable choices for
chemical sensing as their high surface to bulk ratio maximizes their interactions with the analyte [39].

It has been shown that the adsorption of PCAT on SWCNTs drop cast between two gold electrodes fab-
ricated on a glass substrate can be used for sensing of free chlorine in drinking water [62]. This ensemble of
PCAT-SWCNT can be incorporated into a microfluidic channel which directs the analyte solution to this film.
Introduction of aqueous free chlorine to the fully reduced PCAT-SWCNT causes the oxidation of PCAT which
leads to p-doping of the SWCNTs and a drop in their electrical resistance [67]. Therefore, the magnitude of the
change in the electrical resistance of the system can be related to the concentration of the free chlorine present in
the drinking water [62]. It has been argued that percolation networks formed from disordered nanostructures
are the most promising architecture for chemical sensing, because such structures will integrate the response
of all network elements in the ensemble. Thus, microscopic scale variations between different elements are
averaged out leading to a homogenous and reproducible system [107].

4 Conclusion

In this review, the typical transduction mechanisms in chemical sensors were introduced. The working principle
of different variations of chemiresistive sensors was described and the most common materials used in each
one were mentioned. The advantages and disadvantages of each architecture were discussed. The CHEMFET
and its most common configurations were briefly introduced. In addition, we discussed recent work on gateless
chemical sensors in which changes in the charge or electron affinity of a molecular layer directly incorporated
onto – but distinct from – the conductive film lead to the sensing response. This geometry has several advantages
over traditional CHEMFETs such as no need for a gate electrode and dielectric layer.
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