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Abstract: Field Effect Transistor (FET)-based electrochemical biosensor is gaining a lot of interest due
to its malleability with modern fabrication technology and the ease at which it can be integrated with
modern digital electronics. To increase the sensitivity and response time of the FET-based biosensor,
many semiconducting materials have been categorized, including 2 dimensional (2D) nanomaterials.
These 2D materials are easy to fabricate, increase sensitivity due to the atomic layer, and are flexible
for a range of biomolecule detection. Due to the atomic layer of 2D materials each device requires a
supporting substrate to fabricate a biosensor. However, uneven morphology of supporting substrate
leads to unreliable output from every device due to scattering effect. This review summarizes advances
in 2D material-based electrochemical biosensors both in supporting and suspended configurations by
using different atomic monolayer, and presents the challenges involved in supporting substrate-based
2D biosensors. In addition, we also point out the advantages of nanomaterials over bulk materials in
the biosensor domain.
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1. Introduction

The first biosensor was presented in 1962 by Clark and Lyons based on the enzyme electrode
biochemical to detect chemical components present in blood [1]. Since then, a steep progression
in bio-sensing technology has evolved, creating a significant impact on global human healthcare,
environmental monitoring, drug delivery, and food safety [1]. The biosensor consists of a transducer
that produces a measurable signal by varying physical or chemical properties of the active material.
To date, there are various types of transducing mechanism investigated and commercialized amongst
which optical, piezoelectric, and electrochemical are well known. In optical sensing, change in light
absorption, reflection, and emission occur due to the variation in biomolecules [2]. Piezoelectric
transducer works on the change in mass induced by the change in the concentration of bio-recognition
event [3]. Lastly, electrochemical transducers comprise a change in the electrical impedance, potential,
current, and modulation of the conductance by means of the sensing materials [4]. From these three
types, electrochemical transducers are most popular due to the ease of fabrication, fast response time,
portability, and low power consumption [5]. Electrochemical transducers can be further distinguished
according to their electrical interface with the samples and electronics system, as shown in Figure 1.
From these electrical interfaces, Field Effect Transistor (FET)-based devices are well known due to their
excellent sensitivity and selectivity, and cost-effective wafer-scale fabrication.
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Figure 1. Flow chart of elements of the biosensor. 
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Electrochemical field-effect transistor (FET)-based biosensors are attracting much attention due 
to their compatibility with electronic chips to achieve real-time data, low power consumption, label-
free detection of specific biomolecules, and low-cost mass production. Traditional FETs consist of a 
semiconducting channel connected with two electrodes (source and drain) where gate electrodes 
manipulate channel conductance by using an electrostatic field called the gating effect. Generally, the 
gating effect is produced by applying a voltage through a metal gate electrode, which is capacitively 
attached with the semiconductor via a thin dielectric layer. However, in the case of a FET-based 
biosensor, a physical metal electrode is replaced by a specific receptor for selective target biomolecules. 
The trapped charged biomolecules generate a gating effect and change the conductivity of the channel, 
which is easily measured by transistor characteristics such as the source to drain current [3,4]. Silicon 
dioxide (SiO2) is usually used as a dielectric layer in transistors, but in biosensors, it is replaced by 
polymers and lipids, i.e., a bioreceptor, which can be easily functionalized on the semiconducting 
channel by using selective linkers as shown in schematic Figure 2. In addition, a reference electrode 
(such as Ag/AgCl, gold, silver or platinum) is used to apply the electrolyte gate voltage in 
electrochemical-based FET biosensor [6,7]. Generally, the reference gate electrode provides stable 
change in conductance as well as precise signal output, therefore, the reference electrode is one of the 
important elements in biosensor regime for steady and control operation [7–9]. 
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1.1. General Operation of Field Effect Transistor (FET) Biosensor

Electrochemical field-effect transistor (FET)-based biosensors are attracting much attention due to
their compatibility with electronic chips to achieve real-time data, low power consumption, label-free
detection of specific biomolecules, and low-cost mass production. Traditional FETs consist of a
semiconducting channel connected with two electrodes (source and drain) where gate electrodes
manipulate channel conductance by using an electrostatic field called the gating effect. Generally,
the gating effect is produced by applying a voltage through a metal gate electrode, which is capacitively
attached with the semiconductor via a thin dielectric layer. However, in the case of a FET-based
biosensor, a physical metal electrode is replaced by a specific receptor for selective target biomolecules.
The trapped charged biomolecules generate a gating effect and change the conductivity of the channel,
which is easily measured by transistor characteristics such as the source to drain current [3,4]. Silicon
dioxide (SiO2) is usually used as a dielectric layer in transistors, but in biosensors, it is replaced by
polymers and lipids, i.e., a bioreceptor, which can be easily functionalized on the semiconducting channel
by using selective linkers as shown in schematic Figure 2. In addition, a reference electrode (such as
Ag/AgCl, gold, silver or platinum) is used to apply the electrolyte gate voltage in electrochemical-based
FET biosensor [6,7]. Generally, the reference gate electrode provides stable change in conductance as
well as precise signal output, therefore, the reference electrode is one of the important elements in
biosensor regime for steady and control operation [7–9].
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For a semiconducting channel in FET-based biosensors, many materials have been categorized
for better performance. These materials can be distinguished according to their structures, such as
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bulk, i.e., 3 dimension (3D), and nanomaterials, 0 dimension (0D), 1 dimension (1D), and 2 dimensions
(2D). Among the two types of semiconducting materials, nanomaterials are attracting much attention
because of their high surface to volume ratio that provides higher sensitivity. From all morphology
of nanomaterials, 2D materials which have pristine structure can provide an excellent electrostatic
effect due to the thin atomic layer [10]. In addition, 2D materials are easy to pattern due to planar
structure, and dangling bond free surface, which is well suited as a semiconducting channel in FET
than 1D and 0D materials. In the 2D domain, graphene has shown great potential since last decade
because of its excellent electrical, optical, mechanical, and chemical properties [11]. After the great
achievement of graphene, recently, interest in some new materials has emerged in 2D transition metal
dichalcogenides (TMDs) such as MoS2, MoSe2, WS2, and WSe2 [12,13]. The properties of ultrathin
2D TMDs are intriguing fundamentally as well as technologically, in contrast to graphene, which is
semi-metallic in nature, TMDs have a direct bandgap in monolayer and indirect in bulk [14]. Monolayer
TMDs bandgap and carriers (n-type or p-type) can be tailored between compounds depending on
their chemical composition [11,15]. Variation in the chemistry of different compounds and the crystal
structure leads towards dramatic changes in their electronics properties.

Despite these merits, the performance and consistency of such atomic layer crystals are easily
affected by supporting substrate interaction. This interaction of supporting substrate and atomic layer
TMDs implies that the control of interface is vital for the performance and reliability of biosensor
devices. Specifically, SiO2 substrate have highly disordered morphology and are chemically active due
to the trapped atmospheric gases, chemical species, unidentified functional group, and electrostatic
charges [16]. Therefore, transferring another layer of 2D TMDs on the top of SiO2 cannot contribute to
charge transport clearly, which leads to the unreliable function of every single device. In recent years,
many efforts have been made to enhance the quality of the substrate active layer interface such as using
Poly(methyl methacrylate) (PMMA) and polymer electrolytes [10] which elude chemical bonding or
surface roughness and improve mobility. However, PMMA and polymer electrolytes cannot be useful
in specific applications such as 2D-based biosensor due to pristine coating of PMMA has the mean
square roughness of 3.715 nm, which might introduce inconsistency on each fabricated device due to
scattering phenomenon [17], whereas the polymer electrolyte vary the 2D semiconductor transport
phenomenon and change its intrinsic properties [18,19]. Therefore, researchers have diverted towards
the suspended 2D layer devices to take advantage of the intrinsic properties of 2D materials [20],
which can be fabricated by wet etching of silicon dioxide (SiO2) underneath the monolayer [21].
Freestanding 2D TMDs have shown better performance than the supporting, on the SiO2 substrate
in terms of back gating electronic conduction [22]. Therefore, this review illustrates the supported
2D material FET-based biosensor, challenges involved in supporting devices, and suspended-based
biosensor and their fabrication method.

1.2. Interaction Mechanism between Semiconductor Material and Biomolecules

Many of the biochemical such as antibody-antigen [23,24], complementary single-stranded
DNA [25], and enzyme interaction with substrate [26] are frequently used for harnessing signal from
FET-based biosensors. The concentration of sensing biomolecule is directly proportion to the change
in magnitude of the electrical signals from the FET [27]. When electrolyte solution interacts with
device surface charge redistribution occurs and leads to change in surface potential. Figure 3 illustrates
the potential-change phenomenon, which is influenced by the ionic strength and pH of the analyte
solution. Solid–liquid interface can be best described by electrical double layer as shown in Figure 3a
by Von Helmholtz [27,28]. This model was modified by Gouy equations:

C = Coe
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kT

)
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where C0 and z are, respectively, the concentration of ions in the bulk solution and the valence of ions,
ε0 is the permittivity of free space, εr is the dielectric constant of the solution, T is the temperature,
k Boltzmann constant, and Ψ and Ψ0 are, respectively, the potential in each point in the solution and the
potential at the interface solid/electrolyte [29]. Electrostatic double layer is a combination of Helmholtz
model and the Gouy–Chapman model to describe the ion distribution in the Stern layer and the diffuse
layer. Stern layer consists of two regions of inner and outer Helmholtz planes referred to respectively
as inner Helmholtz plane (IHP) and outer Helmholtz plane (OHP) as shown in Figure 3b,c. The Debye
length gives the thickness of the diffusion layer, the distance from the OHP into the solution up to
the point where the electrostatic effect of the surface is felt by the ions [29]. The detection limit of
biosensors is highly dependent with Debye screening length between the sensitive material surface
and the electrolyte solution [30].
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2. Nanomaterials in FET-Based Biosensor

As the material’s dimension reduces in the nanometer regime (1–100 nm), the surface to volume
ratio, i.e., the ratio of surface atoms to the interior atoms is high. This type of structure is beneficial
in the semiconducting channel of biological field effect transistor (Bio-FET) because of the external
influence (electrostatic effect from the gate) that penetrates interior as well as surface atoms, as shown
in Figure 4a,b. Therefore, a small change in the charged particles or biomolecules on the gate electrode
brings a significant variation in conduction of nanomaterials, which can increase the sensitivity
and reduce the detection limit. The atomic arrangement in the nanometer domain is confined,
which reduces the internal scattering phenomenon of electrons and decreases the mean free path [31,32].
This advantageous atomic arrangement helps to enhance mobility as well as reduce the response time
of detection. In addition, some nanomaterials are easily functionalized with the bioreceptor without
any modification for specific detection of the biomolecule due to the tailoring of the wettability [10,33]
Therefore, nanomaterials-based FET provides the best sensing platform by offering an excellent
interface with bioreceptor, facilitates the binding of biomolecules, and reduces overall system power
due to nano-level of operation.

The performance of nanomaterials in semiconducting channel depends upon the structure and the
morphology, which are distinguished in 0D, 1D, and 2D. Each dimension exhibits unique properties
that contribute tremendous potential in biosensing and bioelectronics applications. 0D and 1D
are known as the first generation of the nanomaterials such as fullerene (C60), Carbon nanotubes
(CNT), Silicon nanowires, gold nanoparticles, etc. These materials have shown better performance
in FET-based biosensor by driving high current with small gate potential from charged particles and
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biomolecules [34]. Detection of the single-molecule and improvement of the sensitivity with these
structures have been reported [35,36]. Despite the various merits of 0D and 1D, this technology is not
successful in flourishing at biosensor domain due to low electronic mobility, difficulties in bandgap
tuning, and this technology is also impossible to fabricate on large scale [37,38]. These flaws of the 1D
and 0D nanomaterials are eliminated in 2D structure due to the pristine nature, compatible with recent
nano/microfabrication, and easy to tune the bandgap [39–41].
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2.1. 2 Dimensions (2D) Materials

In 2004, a single layer of graphite had been isolated by Andre Geim’s group at the University
of Manchester, known as graphene [42]. Prompted by these, an ample number of reviews and
articles have been published on 2D materials and its applications. The emergence of 2D materials has
significantly changed the path of FET-based sensors. These materials are biocompatible, extremely
sensitive, and feasible for batch mode fabrication. Patterning of 2D materials has further broadened
the biosensor and bioelectronics applications. Numerous techniques for patterning of 2D materials
have been recognized in the past decades [14–16,22,43]. It has just begun to apply a photolithography
technique, electron beam lithography, and scanning probe technique for patterning 2D films [44–47].
Shortly the market for 2D materials is expected to compete with the reliability of silicon-based electronic
sensor because of possibility of designing in micro and nanoscale. Furthermore, patterning these
nanomaterials on various substrates holds promising development in healthcare wearable, and portable,
flexible sensors [48,49]. In this section, properties of the various 2D materials are discussed along with
the feasibility of the patterning as well as their potential application in the biosensor domain.

Various methods have been explored to achieve one atomic layer sheets. Micromechanical
cleavage, also known as micromechanical exfoliation, is one of the techniques to get yielding films
containing single and multiple layers of 2D materials [50]. Laser ablation and photo exfoliation are a
controlled technique to achieve a 2D layer by removing material from the solid surface using laser
beam [51]. Liquid-phase-exfoliation is a method to extract individual layers from solid materials in the
liquid environment that involves three steps dispersion in a solvent, exfoliation, and purification [52,53].
Chemical vapor deposition (CVD) is a widely used method to achieve 2D monolayers and fabricate
large area films of single to few layers [54,55]. This method is inexpensive and scalable to fabricate 2D
material devices because of being easy to transfer on a non-specific substrate like SiO2/Si [56].

2.1.1. Graphene

Graphene is the first example of one atom thick layer of tightly bond sp2 carbon, which provides
a whole new range of unusual properties for investigating, as shown in Figure 5a. Many of the
extraordinary properties of graphene stem from its peculiar electronic bandgap and dimensionality
in which the electrons mimic relativistic particle [57]. Therefore electrons in graphene are usually
known as massless Dirac Fermions, which is ideally suitable to study the relativistic effect of condensed
matter physics [58]. As shown in Figure 5b at a single point, the valence and the conduction band in
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graphene touch each other which compromise few electronics states near the Fermi level [59]. That is
why graphene is usually called semi-metal or a zero bandgap semiconductor [60–62]. Single point
contact makes graphene bandgap highly vulnerable to any change of electric field, doping, mechanical
deformation, and adsorbates. This fragility of graphene bandgap opens the door to a new area in the
sensing field [5,63,64].
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2.1.2. Transition Metal Dichalcogenides (TMDs)

TMDs monolayer is one atom thick semiconductor, where atomic composition contains MX2

structure (M is a transition metal element from group IV, group V or group VI, whereas X is a
chalcogen). As shown in Figure 6, TMDs form the layered structure of the arrangement X-M-X with two
chalcogen atoms separated by transition metal atom in the hexagonal plane [65]. In semiconducting
2D TMDs, bulk layer possesses an indirect bandgap, whereas single layer contains direct gap. In case
of Molybdenum disulfide (MoS2), the bulk indirect bandgap is 1.3 eV while single layer direct band
gap is 1.8 eV [66,67]. This direct bandgap makes the MX2 semiconducting material suitable for many
electronics and optoelectronic applications [68,69]. The most studied 2D TMDs is MoS2, which is
similar to graphene and has a thickness equivalent to the unit cell, which is held by weak van der
Waals forces. MoS2 planes contain molybdenum atoms sandwiched between two Sulphur atoms which
demonstrate high electronic, mechanical, optical, and chemical properties [70,71]. Therefore, 2D TMDs
such as MoS2 shows remarkable properties in the field of sensing applications [72,73]. 2D TMDs
are mostly stable in a liquid as well as oxygen comprising environmental medium because its basal
plane does not contain any dangling bonds, which facilitate their capable incorporation into sensing
application [74]. Graphene and its oxides are semi-metallic, contain either no or negligible band
gap which limits this material to make more sensitive sensors (mostly FET-based sensors). However,
the overall sensitivity of device-based 2D TMDs, i.e., MoS2 is much more significant because of the
existence band gap (1.8 eV) [75]. The band structure in 2D MoS2 contains d-orbital of Molybdenum
in which 4 electrons from Mo fill the bonding state and the surface layers completed via lone pair of
electrons [76,77]. The d-orbital hybridization of MoS2 leads towards the indirect to direct bandgap
when it is exfoliated into a single layer [67,78]. It has demonstrated that a single layer MoS2 Field-effect
transistor (FET) has turn ON/OFF ratio more than 108, which is specifically advantageous for highly
sensitive FET-based sensors. The maximum free career mobility was estimated 400 cm2/Vs at room
temperature whereas such high mobility of free carriers is impossible without high permittivity layers.
The carrier lifetime of MoS2 is ~100 ps, and the diffusion coefficient is ~20 cm2/s [79]. This diffusion
coefficient and carrier lifetime are apposite for making electrochemical and electric field-based sensors.
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3. Supported 2D-Based FET Biosensor

Graphene and MoS2-based FETs are widely used in the biosensor domain; therefore, this section
encompasses recent studies of these 2D materials supported on silicon di oxide (SiO2) substrate.
A graphene-based selective FET biosensor was demonstrated by Yinxi et al., via detecting the E-coli
bacteria [80]. Chemical Vapour deposition (CVD) grown graphene was functionalized by linkers
and anti-E-coli to achieve specificity, as shown in schematic Figure 7a. It is interesting to notice
that E-coli induce the hole on the graphene sheet and increase the conductivity on the left side of
the Dirac point, as shown in Figure 7b. Drain current-gate voltage (ID-VLG) transfer curve of bare
graphene, and functionalize steps of linkers, anti-E-coli, ethanolamine, and tween 20 is demonstrated
in Figure 7c. Drain current-Drain voltage (ID-VD) performed at different concentration of E-coli
bacteria was used to detect the limit of the sensor as illustrated in Figure 7d. The detection limit of
graphene biosensor was found to be 10 CFU/mL, which varies from the conductivity of the graphene
by 3.24%. This graphene sensor demonstrates high sensitivity, ease in fabrication, high response time,
and label-free detection, which demonstrates that 2D materials have potential in the next generation of
biosensing [7,81,82]. However, the absence of a bandgap in graphene makes this material unsuitable in
the semiconductor field. In case of the small bandgap/semi-metallic semiconductors, electrons can
tunnel through barrier very easily and increase the leakage current and reduce the performance of
the sensor by increasing the subthreshold swing [83]. Thus, researchers are diverted their interest to
other 2D single layer semiconducting materials with appropriate bandgap to turn ON/OFF devices
and have negligible leakage current [84]. Specifically, considerable attention has been centering on the
single-layer semiconducting materials, such as TMDs monolayer. 2D TMDs demonstrates very unique
properties in the physical, optical, and electrical domains [85,86].
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Figure 8a shows the schematic of the MoS2-based FET biosensor, where the first-time dielectric
layer has functionalized with bio-receptors rather than the active material (2D materials) [38]. The direct
functionalization of biomolecules (linkers and antibodies) on dielectric materials eliminates defects and
considerable variation in semiconductor channel [82,87,88]. In other words, when linkers/antibodies
are directly attached to the bare channel, the transduction mechanism is the combination of the
electrostatic gating, direct charge transfer, and mobility modulation. The combination of the gating
effect can provide false results and does not measure the real concentration of the target molecules.
Therefore, it is desirable to eliminate the density of defects by covering bare channel material with
insulating material and then functionalize linkers and antibodies on the top of the insulator [5]. In such
type of the architecture of FET biosensor, Sarkar et al. has demonstrated highly sensitive and selective
2D FET-based sensor. In this paper, mechanically exfoliated MoS2 was transferred on the top of
Silicon/Silicon di oxide substrate and then gold contacts were engraved to achieve source and drain.
For gating purposes, Hafnium Oxide (HfO2) was used as a dielectric layer, where gate voltage was
provided by ionic liquid. Sarkar et al. has depicted the pH sensing with 723 µA/pH sensitivity and for
selective sensing, HfO2 was functionalized with 3-aminopropyl(triethoxy)silane (APTES) molecules
and detection of the streptavidin has performed. The sensitivity through the MoS2-based FET biosensor
was demonstrated 196 µA for 100 fM of the streptavidin at the subthreshold region (SS) as illustrated
in Figure 8b,c [38].



Electrochem 2020, 1 268
Electrochem 2020, 2, FOR PEER REVIEW 9 

 
Figure 8. (a) Schematic of MoS2 biosensor with HfO2 dielectric coating, bioreceptor, and biomolecules 
5) (c) ID-VLG profile of buffer and 100 fM streptavidin [38] Copyright (2014), with permission from 
American Chemical Society. 

4. Scattering Phenomenon in 2D Materials FET Devices 

The 2D material has the potential to create a significant impact on a large number of applications 
ranging from electronics to the energy system, catalysis, new generation sensors, etc. A large number 
of patents and articles are coming from the field of the 2D materials regarding synthesis, physical 
properties, and their applications. When graphene was added in the 2D material family, it shows 
incredible achievement in the area of material science [63]. Then, other 2D materials have been 
investigated such as MoS2, tungsten disulphide (WS2), phosphorene, and boron nitride (BN), that 
have a unique bandgap structure, chiral fermions, biocompatibility, and rendering the quasiparticle 
in it formally identical to massless [58]. These properties of the 2D materials can be useful in real 
applications such as FET-based biosensors by enhancing the sensitivity and reliability of detection at 
low power [89]. However, the plane of the 2D layer has confined the transport and scattering of the 
carriers [90]. The following primary scattering mechanism affected the mobility of the carriers: (a) 
acoustic and optical phonon scattering; (b) surface interface phonon scattering; (c) Coulomb 
scattering at charge impurities; (d) roughness scattering. The amount of scattering phenomena affect 
the carrier transport governs the thickness of the layer, temperature, carrier density, effective mass, 
phonon, and electronic band structures [91]. 

4.1. Challenges 

Coulomb scattering is also one of the critical causes to reduce the mobility of electrons in 2D 
materials. This phenomenon happens because of random charge impurities located in the 2D material 
or on its supporting surface [92]. The dielectric environment can improve mobility, as demonstrated 
for graphene [93] as well as for MoS2 [94]. The bandgap and carrier concentration in the 2D material 
can be tailored by using ionic impurities, but the mobility reduces because of scattering, the choice of 
doping depends upon the specific device performance. However, in extremely thin 2D materials 

Figure 8. (a) Schematic of MoS2 biosensor with HfO2 dielectric coating, bioreceptor, and biomolecules
(b) Drain current (ID) versus gate voltage (VLG) of different pH values (c) ID-VLG profile of buffer and
100 fM streptavidin [38] Copyright (2014), with permission from American Chemical Society.

4. Scattering Phenomenon in 2D Materials FET Devices

The 2D material has the potential to create a significant impact on a large number of applications
ranging from electronics to the energy system, catalysis, new generation sensors, etc. A large number
of patents and articles are coming from the field of the 2D materials regarding synthesis, physical
properties, and their applications. When graphene was added in the 2D material family, it shows
incredible achievement in the area of material science [63]. Then, other 2D materials have been
investigated such as MoS2, tungsten disulphide (WS2), phosphorene, and boron nitride (BN), that have
a unique bandgap structure, chiral fermions, biocompatibility, and rendering the quasiparticle in it
formally identical to massless [58]. These properties of the 2D materials can be useful in real applications
such as FET-based biosensors by enhancing the sensitivity and reliability of detection at low power [89].
However, the plane of the 2D layer has confined the transport and scattering of the carriers [90].
The following primary scattering mechanism affected the mobility of the carriers: (a) acoustic and
optical phonon scattering; (b) surface interface phonon scattering; (c) Coulomb scattering at charge
impurities; (d) roughness scattering. The amount of scattering phenomena affect the carrier transport
governs the thickness of the layer, temperature, carrier density, effective mass, phonon, and electronic
band structures [91].

4.1. Challenges

Coulomb scattering is also one of the critical causes to reduce the mobility of electrons in 2D
materials. This phenomenon happens because of random charge impurities located in the 2D material
or on its supporting surface [92]. The dielectric environment can improve mobility, as demonstrated
for graphene [93] as well as for MoS2 [94]. The bandgap and carrier concentration in the 2D material
can be tailored by using ionic impurities, but the mobility reduces because of scattering, the choice of
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doping depends upon the specific device performance. However, in extremely thin 2D materials (single
atomic layer), the effect of roughness scattering and surface phonon is significant [95,96]. Despite the
different scattering phenomenon in 2D materials, the presence of substrate scattering confines the
electron mean free path to less than a micron which considers the significant barrier to developing
devices from these low dimensional materials [97,98]. Interface between low dimension material
and supporting substrate plays a critical role in the performance of the sensing field or any other
devices [99]. For instance, SiO2 is the standard substrate for 2D material device fabrication which
seems highly disordered topographically and chemically as well as it may harbor atmospheric gases,
unknown functional group, chemical adsorbates and charges along with corrugation. This type of
interface distortion affects the repeatability of the sensor data and decrement of mobility disturbs the
response time and sensitivity of detection.

4.2. Solutions for Scattering

The 2D material have always required the supporting substrate to fabricate a device due to atomic
layer structure [100]. The surface of the supporting substrate is highly disordered topographically as
well as chemically for such thin nanomaterials, which creates a scattering phenomenon and reduce the
overall mobility and the consistency of the device [11]. Several attempts have been taken to increase
the mobility of 2D nanomaterials by upgrading the substrate. The high dielectric medium can be useful
to reduce coulombic scattering and increase the mobility of the film. Lin et al. have demonstrated
by coating a thin layer of electrolyte PEO and LiClO4 on the supporting substrate underneath of
2D material, which increases the mobility and reduces the contact resistance in between supporting
substrate and atomic layer [101]. Similarly, Bao et al. demonstrated that Poly(methyl methacrylate)
(PMMA) could provide high dielectric support and enhance the mobility and transport of electron in
the MoS2 monolayer by eliminating the chemical bonding and surface roughness at the supporting
substrate interface [102]. On the other hand, the freestanding 2D materials in between electrodes can
eradicate the interface issues such as trapping of charges and upgrade transport properties of carrier
charges, which seems a promising strategy towards highly sensitive sensors and digital electronic
devices [103].

5. Suspended 2D-Based FET

5.1. Fabrication Technique

It has been demonstrated that single and few layers of MoS2 encapsulated with the high dielectric
layer on a supporting substrate is very useful for FET’s application [94,104]. However, substrate
disorder topography, unknown functional group, chemical adsorbates reduce the conductivity of the
2D material. To abbreviate these consequences and achieve high conductivity in 2D MoS2, Jin et al.
demonstrated suspended MoS2 FET on SiO2 substrate by means of e-beam lithography and etching of
insulator layer i.e., SiO2 [105]. As shown in Figure 9 (Ia) Mechanical exfoliated MoS2 transferred on an
n-doped SiO2/Si substrate (300 nm SiO2 thickness) followed by e-beam lithography to create metal
electrode for electrical characterization. Then, to achieve suspended MoS2, oxide layer etched in BOE
(Buffer Oxide Etch) solution has been carried out to etch away half of the oxide thickness as shown in
Figure 9 (Ib). Afterward, suspended MoS2 device was carefully transferred in ethanol solution and
then dried out in critical point dryer (CPD) as illustrated in Figure 9 (Ic). Figure 9 (II,Id) represents the
schematic, SEM, and optical image of the final suspended device inbetween the gold electrode with
AFM mapping. In this experiment, Jin et al. verified that the mobility of suspended MoS2 is 0.9 cm2/Vs
and supported one is 0.1 cm2/Vs. The on/off ratio is improved an order of magnitude in the suspended
one, i.e., 105 [105]. This process of wet etching of SiO2 underneath of 2D materials process has been
employed in different ISFET sensor, where electrode spacing varies from the 1 µm to 2 µm.
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5.2. Suspended Based FET Biosensor

Cheng et al. reported the enhanced performance of the suspended graphene FET in the aqueous
solutions by increasing the transconductance and decreasing the noise level [106]. This suspended
graphene device demonstrated as a real time and sensitive pH sensor and can detect holes or electrons
in same device, which is very useful to fabricate sensitive flexible bioelectronics device by using 2D
materials. As shown in Figure 10a, this device is fabricated by using mechanically exfoliated graphene
single layer on the top of the SiO2/Si wafer (300 nm SiO2 thickness). For electrical contacts, source and
drain electrodes were defined by means of e-beam photolithography on the top graphene monolayer,
subsequently metallization with 5/70 nm of Cr/Au. For confining the electrolyte 100 mM potassium
chloride and 10 mM phosphate (pH7), a PDMS (polydimethylsiloxane) chamber was placed on the top
of the device. Ag/AgCl, reference electrode was incorporated for gating purpose. To characterize the
effect of oxide substrate, in-situ etching technique has been developed for tracking the conductance,
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while etching as shown in Figure 10b,c shows the change in conductance before and after the etching.
The trans-conductance of holes in this device reaches until 1 mS/V in linear operating mode due to
electrolyte gating. It is found that the conductance of device is larger at negative gate voltage due to
the depletion of hole carrier. When gate voltage starts increasing in positive side the conductance of
device decreases until its Dirac point and then it starts to increase with accumulation of electron carrier
showing n-type of graphene behavior. It explains that the conductance in the suspended graphene is
more as compared to the supported one.
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So it can work either as a p-type or n-type sensor when small gate voltage is applied without
introducing of any chemical for redox reaction to change the carrier concentration of Graphene
monolayer. The viability of this suspended graphene device in terms of pH sensing has been shown in
Figure 10d, where pH solution varied from 6 to 9. From lower to higher pH value the conductance
is consistently increased whereas the Dirac point is shifted towards the positive side with respective
gate voltage. In Figure 10e, this device works as a p-type when negative potential is applied with
different concentration of the pH value as well as n-type when gate potential is positive. Ionic liquid
salt contains mobile ions (cations and anions), which are useful for ISFET sensing [107]. When an
electric field is applied, ions in the liquid accumulate, forming an electric double layer on the top of
the device by creating a nanogap capacitor with large capacitance. Ionic gating can induce charge
density which is usually an order magnitude greater than the traditional back gating. Wang et al.
demonstrated the effect of ionic gating in the suspended MoS2 monolayer [103]. In this case, they have
eliminated the scattering effect comes from the SiO2/Si substrate as well as shown the top and bottom
side of electric double layer gating. A droplet of ionic liquid deposited, as shown in the schematic of
Figure 11a, and an optical image in Figure 11b. These devices are usually suspended after addition of
the Ionic liquid (IL). In this device, the conductance of typically increase 103 or 104, and the enhanced
mobility found 46 cm2/(V s). Fabrication process to achieve suspended layer is same as mentioned in
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above [103]. The mechanically exfoliated MoS2 sheet is coupled with Ti/Au electrodes and acquire
free-standing layer by etching SiO2 in hydrofluoric acid, as shown in Figure 11c. Suspended MoS2

devices characterized in vacuum environment at room temperature as illustrated in Figure 11d,
I-V characteristics at a different back gate voltage (mobility ~2.1 cm2/(V s)). A suspended IL gating
device improves the performance regarding conductance increment in order of 103 or 104, and mobility
of the device is 46 cm2/(V s). To recognize carrier transport mechanism in the fabricated devices by
applying IL gating, Wang et al. measured their transfer curve characteristics at different gate voltage as
shown in Figure 11e at temperature 300 K and 265 K. As gate voltage increased, the device conductance
also improved from ~1 to ~180 µS, which indicates the Fermi level is shifted near to conduction band.
As shown in Figure 11e inset at lower gate voltage I-V curves are linear, but it becomes nonlinear
at higher gate voltages. This IL gating suspended devices demonstrate such a drastic enhancement
in conduction, which suggests that IL reduces the Schottky barrier at the interface of metal and the
semiconductor. Additionally, the improvement in mobility indicates that charge impurities reduced
because of the IL help to reduce electron scattering. These types of structure are very suitable for
building the suspended reliable pH sensor.
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6. Conclusions

Among various 2D materials, TMDs has demonstrated impressive performance in FET-based
biosensor because of the tunable bandgap, biocompatibility, and high mobility. The nanometer thickness
of these materials requires supporting substrate (SiO2/Si) to fabricate the FET devices. However,
supporting substrate has uneven morphology, harbor atmospheric gases, unknown functional group,
corrugated charges, and chemical adsorbates, which degrades the transport properties of the 2D
materials by scattering phenomenon. This effect implies that the interface control between 2D material
and the supporting substrate is essential due to the unreliability output response from every single
fabricated sensor. To solve these issues, freestanding 2D materials without interacting with the
supporting substrate are viable, which have shown improvement of carrier transport as compared to
the supporting substrate.
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