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ARTICLE HIGHLIGHTS

• Recent advances of two-dimensional (2D) transition-metal dichalcogenide (TMDC)-based field-effect transistor (FET) sensors for 
environmental analysis are summarized.

• Representative TMDC FET sensors in gaseous and aqueous media analysis are introduced.

• Challenges and future research directions of 2D TMDC FET sensors are discussed.

ABSTRACT Field-effect transistors (FETs) present highly sensi-
tive, rapid, and in situ detection capability in chemical and biological 
analysis. Recently, two-dimensional (2D) transition-metal dichalco-
genides (TMDCs) attract significant attention as FET channel due to 
their unique structures and outstanding properties. With the booming 
of studies on TMDC FETs, we aim to give a timely review on TMDC-
based FET sensors for environmental analysis in different media. First, 
theoretical basics on TMDC and FET sensor are introduced. Then, 
recent advances of TMDC FET sensor for pollutant detection in gase-
ous and aqueous media are, respectively, discussed. At last, future per-
spectives and challenges in practical application and commercialization 
are given for TMDC FET sensors. This article provides an overview on 
TMDC sensors for a wide variety of analytes with an emphasize on the 
increasing demand of advanced sensing technologies in environmental 
analysis.

KEYWORDS Environmental analysis; Two-dimensional transition-metal dichalcogenide; Field-effect transistor; Gas sensor; Biosensor

O2 NO Gas sensing

Water quality
analysis

NO2

NH3 H2

H2S
CH3OCH3

CH2O

H+

Pb2+

Cd2+

Hg2+ AsO2

H2O2

Antibiotics

Bacteria

Virus

M
X

−

   ISSN 2311-6706
e-ISSN 2150-5551

      CN 31-2103/TB

REVIEW

Cite as
Nano-Micro Lett. 
(2020) 12:95

Received: 9 February 2020 
Accepted: 23 March 2020 
Published online: 20 April 2020 
© The Author(s) 2020

https://doi.org/10.1007/s40820-020-00438-w

http://crossmark.crossref.org/dialog/?doi=10.1007/s40820-020-00438-w&domain=pdf


 Nano-Micro Lett. (2020) 12:9595 Page 2 of 24

https://doi.org/10.1007/s40820-020-00438-w© The authors

1 Introduction

Increasing concerns of living environment and public health 
lead to a booming of research on new sensing technologies. 
Sensors based on various mechanisms, e.g., optical sen-
sors based on fluorescence, chemiluminescence, surface 
plasmon resonance, and electrochemical sensors based on 
electrochemistry, have been developed to meet the grow-
ing demand of environmental analysis [1, 2]. These strate-
gies generally require pre- or post-processing, and chemi-
cal reactions in sensing, showing limitations either in rapid 
and real-time detection or in on-site detection. Field-effect 
transistor (FET) is an advanced sensing platform relying on 
electrical signal, which offers rapid sensing capability for a 
wide range of analytes including gases, ions, organics, and 
biomolecules [3, 4]. This low-power consumption device 
works based on the control of transfer performance with a 
slight gate potential. The electrical properties of FET deter-
mine the process of signal conversion in the sensor. Chan-
nel material, as the key component in FET sensor, has been 
studied upon a wide variety of materials, from inorganic 
semiconductors to organics, from bulk materials to one/
two-dimensional (1D/2D) nanomaterials [3–5]. 2D nano-
materials are considered promising channel for FET sen-
sors, and good alternatives of conventional state-of-the-art 
silicon/metal–oxide–semiconductor field-effect transistors 
(MOSFETs). They exhibit high potential in miniaturized 
and low-power transistor due to 2D structure, capable of 
overcoming limitations from Moore’s law which have long 
hindered further performance improvement of MOSFETs. 
2D nanomaterials are also potentially more sensitive in sens-
ing applications due to their 2D nanostructures that have 
high specific surface area for dense modification of binding 
sites [6].

Atomically thin films of transition-metal dichalcogenides 
(TMDCs), with chemical formula  MX2 (M = Mo, W, etc., 
and X = S, Se or Te), are analogues of graphene with layered 
structure. Over the past few years, TMDCs have drawn wide 
attention due to their unique properties. Some of the prop-
erties make TMDCs even superior to other remarkable 2D 
nanomaterials including graphene whose zero bandgap and 
low on/off ratio limit its sensing application and black phos-
phorus (BP) which has poor chemical stability and durability 
in ambient condition [7–10]. As the representative TMDC, 
 MoS2 shows a high carrier mobility (60  cm2/V s at 250 K), 

a layer-dependent bandgap (1.2–1.8 eV), a high transistor 
on/off ratio (~ 108), and reasonable environmental stability 
[11]. Recent reports have demonstrated that 2D  MoS2 is a 
desirable channel material in FET sensor with breakthroughs 
in sensing performance for various analytes including  NO2 
[12–15],  NH3 [16, 17], chemical vapor [18, 19], metal ion 
[20–22], small molecule [23–25], as well as biomaterials 
such as nucleic acid [26–29], protein [30–32], and microor-
ganism [33]. Compared with MOSFET sensors, 2D-TMDC-
based FET sensors normally show higher sensitivities due 
to the 2D nanosheet structure of TMDC. Take gas sensor as 
an example, MOSFET  H2 sensors show detection limits in 
the range of hundreds to thousands ppm [34], and MOSFET 
 NO2 sensors show detection limits over ppm level [35]. In 
contrast, 2D TMDC FET  H2 sensors have detection limits 
of several ppm [36–38] and the detection limits of  NO2 have 
reached ppb level [39–43].

The basics of TMDC-based FET sensor involve two 
aspects, the physics and chemistry of 2D TMDCs and the 
sensing element in FET platform. On one hand, TMDC 
channel determines the characteristics of FET and plays 
a vital role in sensing. On the other hand, the sensor per-
formance also depends on the intrinsic properties of FET 
involving gate (top- or back gate) [44], source, drain elec-
trodes, ohmic or Schottky contact between electrode and 
channel [45], the physics of dielectric [46], and the doping 
level of substrate semiconductor [47]. TMDC-based FET 
sensors also show different characteristics, which relate to 
the working environment. Gas sensors operate in a relatively 
clean and chemically inert environment, and the common 
sensing mechanism is based on direct physical adsorption 
of gas molecule on TMDC surface, including charge trans-
fer and dipole–dipole interactions [48]. Water contaminant 
detection normally operates in aqueous media whose sens-
ing mechanism is more complex due to solution chemistry. 
The aqueous sensing media lead to many research focuses 
in FET sensor development, including electrostatic interac-
tion, electric double layer, Debye screening effect, etc.[49, 
50]. Therefore, classified overview and in-depth analysis of 
TMDC FET sensors based on working media is of a great 
significance for the theoretical studies and practical applica-
tions of TMDC-based FET sensors.

Till now, some reviews discussed TMDC-based sensors 
with a focus on particular species of TMDC and a wide 
range of sensor types, e.g., chemical, electrical, and optical 
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[51–53], have been covered. However, reviews that focus on 
FET sensing platform are limited, which is greatly needed 
to promote the research on this important type of electri-
cal sensor. Moreover, most of the reviews focus on sensor 
structure and detection performance without an emphasize 
on the impact of working media [10, 54, 55]. Herein, we aim 
to review recent advances in 2D TMDC-based FET sensors 
that work in gaseous and aqueous environment. Therefore, 
this review will introduce the prospective of 2D TMDCs 
in FET sensor and emphasize the importance of working 
media. Redox of gaseous analytes and charging character-
istics of aqueous analytes are, respectively, adopted as the 
classification basis from chemistry and electronics. Com-
prehensive analysis on physics of 2D TMDC and the sen-
sor working principle will be given from TMDC channel 
structure and properties, surface functionalization, target 
binding behavior, and signal generation process. At last, the 
challenges in environment analysis and potential directions 
for future development of TMDC FET sensor for different 

sensing applications discussed. We believe this review arti-
cle will attract considerable attention in environmental sci-
ence, sensor engineering, and materials science community, 
potentially posing a wide interest on 2D nanoelectronics.

2  TMDC Field‑Effect Transistors

2.1  Physical and Electrical Properties of 2D TMDCs

TMDC is a large family with chemical formula  MX2, where 
M is transition metals from IVB-VIB (Ti, Zr, Hf, V, Nb, 
Ta, Mo, and W) and X is the chalcogens (S, Se, and Te), 
up to 24 types overall in theory, though showing various 
physical and chemical properties [56]. Bulk TMDCs has a 
layered crystal structure of X–M–X monolayer, it consists 
of two X atom layers and one M atom layer, in which there 
are in-plane covalent within each layer and out-of-plane van 
der Waals interactions for stacking. The lattice structure of 
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Fig. 1  Structure and electronics of 2D TMDCs. a Schematic structure of typical  MX2 materials. Yellow and gray balls indicate chalcogen atoms 
(X) and transition-metal atoms (M), respectively. Reprinted with permission from Ref. [11], Copyright 2011, Springer Nature. b Top and side 
views of single-layered TMDCs of 2H, 1T, and 1Tʹ phases, showing the primitive unit cell of 2D lattice structure with lattice vectors and the 
stacking of atomic planes. Reprinted with permission from Ref. [56], Copyright 2017, Springer Nature. c Electronics parameters of TMDCs: 
crystal structure, semiconducting type, bandgap in monolayer  (BGm) and bulk  (BGb), and theoretical carrier mobility  (CMt). D direct bandgap, 
ID indirect bandgap. (Color figure online)
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a typical TMDC is shown in Fig. 1a, b. The thickness of 
single-layered TMDCs is ~ 6 to 7 Å and the length of cova-
lent bond between adjacent M is ~ 3.15 to 4.03 Å, which 
depends on the atomic size of metal and chalcogen [57]. 
Structurally, 2D TMDC is comparable to graphene and the 
non-covalent inter-layer interaction is easy to be broken to 
obtain monolayer structure, which is observed dramatically 
different from its bulk form material.

Contributed to advances in exfoliation and synthetic 
techniques, 2D TMDCs  (NbSe2,  MoS2, etc.) were initially 
obtained via mechanical exfoliation strategy like graphene 
from graphite [58]. In recent years, the preparation meth-
ods of 2D TMDC have been developed from mechanical 
exfoliation to other top-down strategies (e.g., liquid-based 
ultrasonic exfoliation and lithium ion intercalation) and bot-
tom up methods (e.g., chemical vapor deposition and hydro-
thermal/solvothermal approach). The specific methodology 
of TMDCs preparation has been summarized in detail in 
previous reviews [59, 60].

It is clear that the preparation process makes a big differ-
ence on the crystal structure of TMDCs based on the inter-
face chemistry, leading to various lattice types of TMDCs, 
e.g., trigonal prismatic 2H phase and octahedral 1 T phase 
[61]. The differences on lattice structure determine their rich 
electronic band structures, resulting in wide electro-conduct-
ibility of TMDCs, from insulator, semiconductors  (MoS2, 
 MoSe2,  WS2,  WSe2, etc.), semimetals, conductors to super-
conductors [56]. From orbital theory, those with d-orbitals 
partially filled show metallic conductivity, while those with 
d-orbitals fully filled are electronically semiconducting [62]. 
2H-TMDC (from all VIB- and some IVB-TMDCs) is the 
thermodynamically stable phase and usually shows semicon-
ducting properties, promising a great fit in FET electronic 
device. In addition to crystal phase, the band structure of 
2H-TMDCs is layer-dependent based on the density func-
tional theory, that is, there is a quantum-drift change at the 
edge of valence and conduction bands when the layer num-
ber increases/decreases [63, 64]. Take  MoS2 as an exam-
ple, bulk  MoS2 has an indirect bandgap of 1.29 eV, while 
the monolayer 2H-MoS2 shows a direct bandgap of 1.9 eV, 
which is also found in many other TMDCs including  WSe2, 
 MoSe2,  WS2,  ReSe2, etc. The physical and electrical proper-
ties of typical TMDCs are summarized in Fig. 1c. The direct 
bandgap of monolayer TMDCs makes it an ideal semicon-
ductor with a tunable layer-dependent band structure, and 

the Fermi level of TMDCs can be simultaneously adjusted 
by layer stacking, potentially promising a wide application 
of 2D TMDCs in electronic device [65].

2.2  Structure of 2D TMDC FET

2D nanomaterials show good potential in miniature and low-
power transistor due to their 2D structures and capability of 
overcoming limitations from Moore’s law [6]. The atomic 
thickness of 2D material enhances the gate electrostatic con-
trol and thus helps suppress the short channel effect. The 
most studied 2D nanomaterial graphene though has a high 
carrier mobility of ~ 15,000 cm2/V s (at room temperature), 
its applications in FETs have long been limited by the semi-
metallic nature from an absence of bandgap; therefore, in 
order to open up a bandgap, structure engineering (e.g., 
nanoribbon and biased bilayer) is applied [66, 67]. Differ-
ent from graphene, 2D TMDCs have direct bandgap (1.1 to 
2.0 eV), which is tunable with adjustment of layer structure. 
Besides, because of the absence of dangling bonds in 2D 
crystal, the FET performance degradation on 2D TMDC 
is well inhibited due to interface states, ensuring a stable 
device properties [68]. These excellent electrical transport 
characteristics make 2D TMDC a superior channel material 
in FET device.

An FET device is composed of source, drain, gate, 
semiconducting channel, and gate dielectric layer [3]. 
The typical FET structures include back gate and top gate 
based on their gate-voltage-dependent FET behavior, as 
presented in Fig. 2a, b. Both the inherent nature of each 
component in FET (e.g., electronics of channel material, 
electrode metal, and dielectric layer) and the geometry 
between them (e.g., the geometrical width and length of 
FET) play important roles in electrical properties of the 
device [69]. With regard to 2D TMDC-based channel 
materials, the excellent on/off ratio (up to  108) and ideal 
subthreshold slope (~ 60 mV/decade) were observed in 
TMDC FETs [70–72]. Besides, studies on FET structure 
have been carried out to better switch off the device, e.g., 
applying multiple gates and depositing high-k dielectrics 
[73, 74].

Electrical properties of FET are the basic for sens-
ing application, including I–V characteristic and transfer 
characteristic. I–V characteristic obtained by monitoring 
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source-drain current with a voltage sweep between is 
important to verify the contact between channel and elec-
trodes (Fig. 2d), yielding the “output” characteristics of 
the FET. Transfer characteristic is obtained by measuring 
drain current under a constant drain-source bias (VDS) and 
a gate potential sweep (Fig. 2e), which provides details of 
switch behavior including the on/off ratio and subthresh-
old swings. It can be modeled by equations developed for 
MOSFETs and organic FETs [69]. In the linear regime, 
where a low VDS is applied, the transfer characteristic can 
be described by Eq. (1):

where ɛi is the dielectric constant of the insulating gate die-
lectric layer, ti is its thickness, W and L are the width and 
length of the channel, µ is the mobility of semiconducting 
channel, and VT is the threshold voltage. For the saturation 
regime where a high VDS is applied and the channel is at an 
“off” state, the FET transfer characteristic is described by 
Eq. (2):
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The parameters in these equations show that the FET 
electrical characterizations are determined by the semicon-
ducting nature of 2D TMDC channel, with influences from 
electrode morphology and contact interface. Specifically, the 
inherent nature of 2D TMDC decides the carrier density 
and mobility, which depend on the type of TMDC and its 
layer structure. The p- or n-type semiconducting channel can 
be observed at different surface conditions and the carrier 
mobility varies with bandgap induced from TMDC as well 
as the layer number [75]. The dielectric and the structure of 
electrodes are also important factors for FET performance. 
For example, an increased charge carrier mobility can be 
obtained by using high-k dielectric top gate [76], and mul-
tiple electrodes and a closer distance between back gate 
and TMDC surface offer better gate control. In addition, 
the interface physics, e.g., the work function difference and 
Schottky barrier between TMDC channel and source/drain 
electrode as well as their contact condition, determine the 

(2)ID =
�
i
W

2t
i
L
μ(VG − VT)

2
.

(a)

S
Bottom Dielectric

Substrate
Back gate

VDS

Channel
(TMDCs)

D

(b)
VDS

Vtg Top gate

Top Dielectric
S D

Bottom Dielectric
Substrate

Ids

(c) Charge Transfer

Charge lnduction

Channel Analyte Molecules FET transfer process

(d) I−V Characteristic

Vbg=0 V800
600

C
ur

re
nt

 I d
s

(n
A) 400

200
0

−200
−400
−600
−800

−40 −20 0 20
Drain voltage Vds (mV)

40

Vtg=4 V
Vtg=−1.25 V
Vtg=−1.75 V
Vtg=−2.5 V

(e)

0

D
ra

in
 c

ur
re

nt
 I D

 (m
A)

0.2

0.4

0.6

0.8

1.0
10−1
   1

10−2

10−3

10−4

10−5

10−6

10−7

10−8D
ra

in
 c

ur
re

nt
 I D

(m
A)

0 0.2 0.4 0.6 0.8 1.0
Gate voltage VG (V)

Transfer Characteristic

Threshold voltage On
current

One decade
of current

1/slope=SS

ΔVG

Off
current

==

l

(f) Dynamic Response

∆I
/I 0 (

%
)

Time (min)
0 50 100 150

0

5

10

15

20 Analyte Concentration

5 ppm

1.2 ppm

1 ppm

0.5 ppm

Fig. 2  Structure, working principle, electrical characterization, and sensing response of TMDC-based FET sensors. The structures of a back 
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contact resistance. The Ohmic or non-Ohmic contact makes 
a big difference to charge transport and logic applications, 
which can be analyzed by I–V characteristic.

2.3  Working Principle of TMDC FET Sensors

The 2D structure of TMDC offers high specific surface area 
of channel and the high carrier mobility of 2D TMDC results 
in ultra-sensitive conductivity via electrostatic perturbation, 
making 2D TMDC FET an ideal sensing platform. Surface 
and interface chemistry play an essential role for the transfer 
characteristics of 2D TMDC. The surface condition includes 
surface defects, the charged impurity concentration, the local 
charge distribution, as well as the trapped charges in the 
substrate [77]. That is, a slight change in surface condition 
including changes in coulomb scattering and carrier mobility 
makes big differences on FET device characteristics, leading 
to a change in device conductivity or resistivity, which can 
be used as signal for chemical or biological sensing.

In theory, the sensing signal of 2D TMDC FET sensor 
relies on the change of transfer property of FET induced 
by analyte molecules [65]. The change of transfer prop-
erty happens in direct or indirect ways, including physical/
chemical adsorption, ions doping, and electrostatic induc-
tion via a probe [78]. The working mechanisms of FET sen-
sors normally fall into two categories: charge-modulated 
mechanism and dielectric-modulated transduction mecha-
nism [79]. Charge-modulated FET sensor works based on 
surface interactions with analyte molecules, which affect 
the channel property through charge effect, including charge 
transfer through the contact interface of analyte and channel 
and the charge induction effect between channel and analyte 
molecules, as illustrated in Fig. 2c. Dielectric-modulated 
FET (DMFET) works based on the change of dielectric con-
stant (or capacitance) of the gate. The dielectric constant 
change normally happens from an indirect bind of analyte 
molecules through a detection probe, which leads to a shift 
in the threshold voltage of FET [80]. DMFETs have been 
widely studied in biosensors [81, 82], since the recognition 
of biomolecules usually relies on the detection probe rather 
than a direct interaction with the channel. Atomic layered 
structure of TMDC provides rich lattice and edge defects 
as the direct binding sites for target molecules, and its high 
specific surface area offers more possibilities for surface 

functionalization, which allows indirect binding of target 
molecules through surface functionalized groups.

For quantitative detection, the relative sensing response of 
FET sensor can be calculated by ΔI/I0, where I0 is the initial 
Ids before exposing to target analyte and ΔI is the change 
of Ids after the analyte being introduced. Figure 2f shows 
typical dynamic responses of TMDC FET sensor, in which 
Ids is monitored as the signal and ΔI/I0 shows a dependence 
on the analyte concentration [83]. The charge transfer on 
FET sensor usually happens upon a direct contact of analyte 
molecule onto TMDC surface, while the indirect contact 
(analyte molecule with detection probe) changes the trans-
fer characteristic of FET by the electrostatic charge effect. 
It should be noticed that some sensor may work based on a 
combination of charge transfer and electrostatic effect.

Since 2D TMDC materials show high sensitivity to work-
ing environment, the sensing medium makes a big impact 
on the sensing performance. Because of this, the sensing 
mechanism can be different when the sensor works in air 
or in water due to the ambient oxygen and water. There-
fore, TMDC-based FET sensors working in air, water, or 
biological environment need to be reviewed separately in 
order to give a clear understanding on the mechanism. In 
comparison, due to the complexity of aqueous media and 
device stability issue, TMDC FET as chemical and biosensor 
sensors working in aqueous media could be more challeng-
ing than those for gas sensing. In this emerging research 
area, most of the TMDC FET sensors have been fabricated 
based on  MoS2 till now, but the use and application of other 
TMDCs are foreseen and may bring new opportunities of 
TMDC-based FET sensors for wide sensing applications.

3  Sensing Applications

3.1  Gas Sensing

Air pollution is a widely concerned global problem, whereas 
the demand for real-time gas sensing method has promoted 
research in FET sensors [84, 85]. TMDCs with tunable 
bandgap, high surface-to-volume ratio, and high adsorp-
tion capability for a variety of gases show their advantages 
as channel material in FET gas sensor [77]. Gas sensing 
with TMDC FET sensors mainly relies on direct interac-
tion between TMDC surface and gas molecules through 
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physical adsorption, as illustrated in Fig. 3a with  NO2 and 
 NH3 as example [86].  NO2 and  NH3 are the representative 
of oxidizing and reducing gas, respectively, as the unpaired 
electrons in  NO2 and lone electron pair in  NH3 around N 
atom determine the tendency to be reduced and oxidized. 
Changes within TMDC channel in the form of conductance 
increase or decrease are resulted from charge effect of gas 
molecule on TMDC, a combination of carriers in channel 
(i.e., electrons or holes) and redox property of the gas (i.e., 
oxidizing or reducing). For instance, an exposure of p-type 
TMDC to oxidizing/reducing gas usually leads to increased/
decreased conductivity of the FET channel.

Studies on TMDC FET gas sensor normally focus on the 
sensitivity, which depends on the strength of gas adsorption. 
Adsorption energy determines the ability of gas adsorption 
on TMDC surface, given by Ead = ETMDC/gas − (ETMDC + Egas) 
[87], where ETMDC/gas is the total energy of the supercell con-
taining both TMDC and a gas molecule, ETMDC is the energy 
of the hosting TMDC supercell, and Egas is the energy of the 
target gas supercell. A negative Ead between target gas and 
TMDC suggests an exothermic adsorption process, which 

means a voluntary absorption and indicates the feasibility 
of gas sensing. Reliable analysis of gas sensing behaviors 
on TMDC channel is generally given by the first-principles 
calculation based on the density functional theory (DFT), 
parameters which include the position and orientation of the 
adsorbed gas molecules on channel [86]. However, TMDC 
FETs usually show unsatisfied sensitivity and poor selective 
gas recognition due to the non-specific physisorption. To pro-
mote the practical application of TMDC gas sensors, more 
attention has been paid to the lattice structure optimization and 
surface modification of 2D TMDC channel for enhanced sen-
sitivity and selectivity. As charge transfer mechanism for gas 
sensing was verified by in situ photoluminescence spectrum, 
strategies enhancing electron transfer between gas molecules 
and TMDC channel are potentially able to improve the sens-
ing performance [16]. Such strategies include crystal structure 
engineering and material compositing by introducing electro-
active material into TMDCs. Since the redox property of gas 
molecules determines the direction of charge transfer, discus-
sions on TMDC-based FET gas sensors will be given in groups 
of oxidizing gases, reducing gases, and redox-neutral gases.
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3.1.1  Oxidizing Gas Detection

Oxidizing gas molecules are oxidizers due to the unpaired 
electrons and chemically show good affinity to electrons. 
These gases usually act as electron-acceptors when sens-
ing on TMDC FETs, causing p-doping effects on channel 
surface by withdrawing electrons from TMDC surface and 
resulting in source-drain current change.  NOx  (NO2 and NO) 
is one of the typical oxidizing gases that can be detected 
by TMDC FET sensors.  MoS2 with single or multi-layered 
structure shows pronounced sensitivity to oxidizing gases. 
Studies on mechanically exfoliated  MoS2 FET gas sensor 
indicate that the number of  MoS2 layer and gate bias are two 
key factors in gas sensing. Monolayer  MoS2 FET exhibited 
a rapid response with an unstable electronic output, demon-
strated in a report from Zhang et al. for NO sensing. This 
sensors shows a limit of detection (LOD) of 0.8 ppm with 
4-layer  MoS2 rather than 1-layer  MoS2 FET [88]. In another 
work by Late et al. (Fig. 3b), FETs with few-layer  MoS2 
exhibited excellent sensitivity and recovery in  NO2 sensing 
[89]. The gate bias study in gas sensing demonstrated that 
a higher sensitivity can be observed with a more positive 
gate bias for the sensing of oxidizing gases [42], as shown 
in Fig. 3c.

NO2 works as an electron acceptor and takes electrons 
from TMDC when adsorbed on the TMDC surface. Since 
mechanically exfoliated  MoS2 shows n-type semiconducting, 
this electron transfer process leads to p-doping on channel 
surface via electronic effect. Electronic properties of  MoS2 
FETs may vary due to different  MoS2 preparation processes. 
The liquid-phase exfoliated [39, 90] and chemical vapor 
deposition (CVD)-grown  MoS2 [40] were used as channel 
in FET sensors for oxidizing gas detection. These methods 
show advantages in scalable production of large size  MoS2 
nanosheet, but with chemical interactions involved, these 
methods potentially introduce impurities into  MoS2, lead-
ing to poorer electronic properties than that prepared by 
mechanical exfoliation, e.g., lower on/off ratio and transfer 
efficiency [91]. In addition, a thin  Al2O3 passivation layer on 
the surface of  MoS2 was demonstrated as a potential strategy 
for enhanced  NOx sensing [92]. The sensing mechanism of 
 MoS2 FET was investigated by first principle study based on 
DFT calculation, which depends on adsorption configura-
tion, adsorption energy, charge transfer, and electronics of 
the channel. It was demonstrated that gas molecules (either 
charge acceptors or donors) are physisorbed on  MoS2 with 

small charge transfer, which is modulated by perpendicular 
electric field, and oxidizing gases introduce adsorbate states 
in the bandgap of the host monolayer [86]. Negative adsorp-
tion energy of  NO2 onto  MoS2 [16], active sites for  NO2 of 
(110) plane of  MoS2 [93], and slight changes of valence and 
conduction bands upon introduction of adsorbate state in 
bandgap by oxidizing gases  (O2, NO, and  NO2) [86] were 
observed. Therefore, exploration on active sites, adsorbate 
states, and band characteristics change during the gas sens-
ing are needed to further understand the sensing mechanism 
of  MoS2 FETs.

In addition to  MoS2, other layered pristine TMDCs were 
employed for gas sensing and studies have demonstrated 
 WS2 [94],  MoSe2 [13, 41],  WSe2 [95–98],  MoTe2 [42, 43, 
99, 100], and  NbS2 [101] can be used in FET for the detec-
tion of  O2, NO,  NO2,  SO2, etc., with a sensing capability 
of ppm to ppb level. Studies on  MoSe2 FET sensor suggest 
that gap state variation is the key mechanism in  NO2 sens-
ing based on modeling and quantum transport simulation. 
In  NO2 detection, the gas adsorption on  MoSe2 leads to the 
change in gap states near the valence band and results in an 
increase in hole current in the off-state regime, contribut-
ing to the high sensitivity of the sensor [13]. Research on 
 WSe2 FETs has experimentally demonstrated the obvious 
impacts on electronic structure of TMDC monolayer from 
the adsorption of oxidizing gases [96]. Based on the sens-
ing mechanism, it explained the higher responses of oxidiz-
ing gases against reducing gases [97] and provided strategy 
for improved recovery performance (e.g., utilizing external 
thermal energy) [98]. The noise originated from conducting 
channel [99], the impact of gate bias and Schottky barrier on 
recovery time [42, 100], and the influence from edge defects 
of chalcogens [101] were also investigated in  MoTe2 and 
 NbS2 FET platforms.

Based on studies of TMDC FET sensor in oxidizing gas 
detection, functionalization strategies are found to be able 
to improve sensing performance by means of enhancing 
gas adsorption, promoting charge transfer efficiency, etc. 
The modification methods are categorized according to 
the channel structures, i.e., non-composites or composites. 
Non-composites refer to alloys (Fig. 4a), while composites 
are 2D TMDCs that are combined with other 2D materials 
(e.g., graphene) or lower dimensional materials (e.g., nano-
particles), as illustrated in Fig. 4b, c. TMDC alloys such as 
 WS2xSe2−2x were reported in gas sensing [102, 103], where 
selenium vacancy defects were observed prominent for the 
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adsorption behavior of oxidizing gas for selective gas sens-
ing. Besides, alloy composition adjusted by controlled sul-
furization process showed an optimized sensing performance 
for  NO2  (WS0.96Se1.04), suggesting that alloying is a potential 
strategy for sensing performance improvement. Construc-
tion of hybrid structures within TMDC by employing 2D 
materials or lower dimensional material (e.g., nanowires and 
nanoparticle) is an effective strategy to improve the TMDC 
FET performance in gas sensing. Heterostructures of 2D 
composites include graphene/WS2/graphene [104],  MoS2/
graphene [105],  WS2/ZnS2 [106], and  MoS2/WS2 structures 
[107]. The heterostructure promotes sensing performance for 
oxidizing gas and  MoS2/WS2 heterostructure showed a dra-
matically enhanced sensing performance for  NO2 compared 
with pristine  MoS2 or  WS2 nanosheet [107]. In addition, 
the decoration of 1D or 0D materials in TMDC provides 
more possibilities to improve sensing performance and the 
detailed mechanisms behind the performance enhance-
ment depend on their unique hybrid structure. For instance, 

Schottky barrier was suggested as the reason for enhanced 
 NO2 detection with Pt nanoparticle-modified  MoS2 [83]. 
 SnO2 and  WO3 nanocrystals were demonstrated contributing 
to the selective detection of  NO2 with  MoS2 and  WS2 [12, 
38]. Ag nanowire-functionalized  WS2 exhibited enhanced 
sensitivity and recovery property for  NO2 due to the n-dop-
ing effect and low surface energy of Ag [15]. Moreover, 
the observation of excellent sensing performance of metal-
organic framework (MOF) ZIF-67-modified  WS2 potentially 
opened a new area for functionalized TMDC channel [108].

3.1.2  Reducing Gas Detection

Reducing gases are those having lone electron pair in out-
ermost electron layer of the component atoms, working 
as reductant and showing tendency of losing electrons or 
accepting protons. Reducing gas performs as electron donor 
when sensing with FET platform, and once reducing gas is 
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introduced onto the 2D TMDC channel, its electrons are 
transferred to the conduction band of TMDC, leading to a 
resistance change of the sensor.

Similarly,  MoS2 is the most studied TMDC material in 
FET sensor for reducing gas (e.g.,  NH3) sensing. With a 
negative Ead for  NH3 (− 0.25 eV) [86], 2D  MoS2 shows 
superiority in sensing of reducing gases with voluntary 
adsorption behavior and generally exhibits a resistance 
decrease based on the charge transfer mechanism [16]. 
Impacts from layer number [83, 89] and layer direction 
[109] were investigated on sensing performance. Multi-
layer  MoS2 shows higher sensitivity and better recovery 
for  NH3 over the single-layer counterpart, as well as better 
stability [89]. For the layer direction, vertically aligned 
 MoS2 nanosheets exhibit higher sensing performance 
compared to horizontally aligned nanosheets, owing to 
the enhanced gas adsorption in edge sites [109]. Besides, 
compared with  NO2, CVD-grown monolayer  MoS2 shows 
a decreased Schottky barrier and contact resistance in 
sensing of  NH3, giving a detection limit of 1 ppm (com-
pared with 20 ppb for  NO2) [40]. The decreased sensitiv-
ity is resulted from the electric field built by gate poten-
tial at contact interface that repels the electron from  NH3 
to channel, indicating better sensitivity for  NH3 without 
applying gate voltage. Therefore, studies on electric filed 
and bias effect on  MoS2 FET are critical to enhance the 
sensing performance of reducing gases [86, 110].

In addition to  MoS2, TMDC-based channel materials 
including  WS2,  MoSe2, and  MoTe2 have been demonstrated 
in FET sensors for reducing gas sensing.  WS2 has a direct 
bandgap of 1.8 to 2.1 eV, high electron mobility up to 234 
 cm2/V s at room temperature, and an ambi-polar field-mod-
ulation behavior, indicating a more promising potential than 
 MoS2 in FET gas sensing [87]. It has been experimentally 
demonstrated to have high sensitivity at room temperature 
with low LOD (1.4 ppm) for  NH3 sensing based on physi-
cal adsorption mechanism [94, 111] and a better recovery 
performance [112].  WSe2 [96–98] and  MoTe2 [42, 43, 113] 
showed their unique gas sensitivity (down to 3 ppb) based on 
the different bond length due to the atomic radii differences 
of chalcogens. In these studies, gate bias and Schottky junc-
tion were also found to be critical factors in sensing perfor-
mance [42, 43] and poor recovery was overcome by applying 
external thermal energy for Schottky barrier tuning [98].

Structure engineering and functionalization strategies have 
also been adopted to enhance the sensing performance of 

TMDC FET for reducing gases. Layered heterostructures of 
graphene/WS2/graphene formed with van der Waals force was 
reported for  NH3 detection, and the feasibility of selective  NH3 
detection in mixed gases with this heterostructure was also 
demonstrated [104]. In contrast, doping has been commonly 
used in TMDC for reducing gas sensing, where noble metal-
lic nanoparticles (NMNPs) and nanocrystals (NCs) were used 
based on different mechanisms. NMNPs including Pt, Pd, Au, 
and Ag are able to adjust the electrophilicity/nucleophilicity 
of the TMDC sensing surface and its affinity to target gas mol-
ecules [114, 115]. The decoration of nanocrystals offers extra 
chemical or electronic activity for reducing gas sensing, e.g., 
the modification of  WO3 onto  WS2 [38] and Pd–SnO2 onto 
 MoS2 [116]. Further studies on TMDC alloys and 2D com-
posites as FET channel are required to better understand the 
sensing properties of reducing gas, and doped TMDC struc-
tures with new adsorption behavior at phase interface deserve 
deeper investigation for gas sensing applications.

3.1.3  VOCs’ and Other Gases’ Detection

Non-redox gases in the air can also be harmful due to their 
unique biological toxicity or environmental side effects. 
Detection of these toxic gases, typically volatile organic 
compounds (VOCs), with TMDC-based FET sensors has 
been demonstrated in recent years. Studies have demon-
strated the superiorities, especially high specificity, of 
TMDC in sensing of VOCs (including ethanol, acetoni-
trile, toluene, chloroform, methanol, etc. against other 2D 
materials [117–119]. Mechanically exfoliated  MoS2 showed 
rapid response but different detectability for VOCs includ-
ing methylbenzene, hexane, ethanol, acetone, and trimeth-
ylamine. As shown in Fig. 4d, e, surface functionalization 
(e.g., 11-mercaptoundecanoic acid/MUA) on  MoS2 was 
observed exhibiting adjustment effect between sensitivity 
and selectivity by changing configuration of gas adsorp-
tion [18]. Dynamic studies on VOCs’ sensing showed that 
Schottky barrier was important for selective detection (labile 
nitrogen detection) and recovery [120] in addition to the 
influence from inherent property of chalcogenides in TMDC 
[118]. Other TMDCs such as  WS2 (1T-WS2 and n-type mul-
tilayer  WS2) [94, 121] and  MoTe2 [19] also showed their 
potential in chemical vapor detection for methanol, ethanol, 
and ketone compounds with high specificity and stability.
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Modifications on TMDC-based channel material include 
forming heterostructure and chemical functionalization. 
Besides MUA functionalization on  MoS2 with sensing per-
formance adjustment capability as discussed above [18], 
a thin layer of hexagonal boron nitride (h-BN) onto  MoS2 
as a heterostructure also showed positive effects on selec-
tive sensing for chemical vapors [122]. The heterostructure 
and chemical functionalization have a big research space 
for TMDC-based FET sensors in chemical vapor sensing. 
Since there are a wide range of chemical vapors with dif-
ferent physical and chemical characteristics and that the 
reported works were normally carried out under single 
gas environment, it is still far from achieving molecular 
recognition till now. Therefore, further studies for sensing 
performance improvement are required for practical use 
especially in selective detection of chemical vapors.

3.2  Water Quality Analysis

Water contaminants detection conventionally relies on 
instrumental methods including spectroscopy and chroma-
tography (e.g., gas chromatography and high-performance 
liquid chromatography-related methods), which have limi-
tations in rapid and in situ detection [123, 124]. FET sen-
sors provided a new methodology to meet the demanding 
for real-time water quality monitoring and rapid detection, 
playing an important role in next-generation environment 
analysis. In addition to the superiorities of TMDCs in 
FET gas sensors summarized before, the high mechani-
cal strength and flexibility (i.e., high Young’s modulus 
of 0.33 ± 0.07 TPa) extended their applications in a more 

complex and stressed environment such as under water 
[125]. However, FET sensor working in water show a 
different sensing mechanism and the operational mod-
ule becomes important due to the aqueous impact on the 
mobility of TMDC [126], whereas impact from ions in 
water needs to be considered. Positively and negatively 
charged ions in water are comparable to oxidizing and 
reducing gases based on charge donor–acceptor theory. 
The cations/anions perform as the electron acceptor/
donor and cause a p-/n-doping effect with direct charge 
transfer. At the same time, electrostatic interactions with 
ion hydration in water lead to a different sensing mecha-
nism, making it possible to induce an inverse doping effect 
upon an indirect binding. Therefore, water quality sensing 
can be complex due to the different sensing mechanisms 
and impacts from water medium. This section will dis-
cuss TMDC-based FET sensors in water quality analysis 
with focuses on ions (cations and anions) and non-ionic 
molecules.

3.2.1  Detection of Ions

Most of the dissolved water contaminants are in the form 
of ions with positive or negative charges, i.e., cations and 
anion. Since research in this field is still at the early stage, 
there are limited studies and applications of TMDC-based 
transistors for ion sensing. By discussing their generalities 
and differences in sensing mechanism and device construc-
tion, it may give an insight in the research of TMDC FET 
sensors in water contaminants detection.
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H+ and metal ions, especially heavy metals with bio-
toxicity, are the main concerned cations in water, the lev-
els of which are important water quality parameters. The 
capability of TMDC FET sensors for water quality analysis 
was first demonstrated on  MoS2 platform for pH sensing 
[81]. The concentration of  H+ influences the protonation 
and deprotonation behavior of OH groups on sensing surface 
and changes the dielectric surface charges, as illustrated in 
Fig. 5a. This pH-dependent surface charging is the origin of 
transfer characteristic changes along  MoS2-based channel, 
leading to high current responses at a particular gate bias 
(Fig. 5b). The testing results showed a linear shift (59 mV/
pH) over a wide pH range (3–9), as seen in Fig. 5c [81]. In 
FET theory, a smaller subthreshold swing indicates a higher 
sensitivity for pH change due to the gating effect, and the pH 
sensing performance in  MoS2 FET is excellent due to its 2D 
structure and pristine interface.  HfO2 and  Al2O3/HfO2 were 
then fabricated as the gate dielectrics on the top of  MoS2, 
giving a highly linear, stable, and repeatable responses 
[127]. Besides, a sandwich structure of trilayer made up 
of  MoS2/WS2/MoS2 also showed good subthreshold per-
formance, as well as Nernst sensitivity with high sensing 
responses for  H+ (pH of 4–8) [128]. Hence, TMDC FETs 
are promising sensors for pH sensing in water.

Metal ion sensing on TMDC-based FET sensors has also 
been demonstrated with  MoS2 for  Hg2+,  Pb2+,  As3+, etc. 
Owing to the affinity between  Hg2+ and S atoms on  MoS2 
layer surface, the first  MoS2 FET sensors for  Hg2+ detec-
tion was constructed based on a direct binding of  Hg2+ onto 
mechanically exfoliated few-layer  MoS2 [20]. As the electron 
acceptor,  Hg2+ caused p-type doping and reduced electron 
concentration in  MoS2. The n-type  MoS2 FET responded to 
 Hg2+ of different concentrations with conductance decreases 
as shown in Fig. 6a. Besides,  Hg2+ detection on  MoS2 FET 
platform was also achieved with DNA functionalization on 
the channel surface via gold nanoparticle as the linker [21]. 
The sensing mechanism of which is quite different from 
a direct binding of  Hg2+, but relying on the formation of 
T–Hg2+–T chelates (T is thymine). The sensing response of 
DNA-functionalized  MoS2 FET is shown in Fig. 6b. This 
sensor showed a highly selective  Hg2+ detection with a fast 
response (1–2 s) and low detection limit (0.1 nM). Despite 
 Hg2+ showing an inherent affinity to  MoS2, other metal ions’ 
sensing with TMDC FET sensors relies on sensing probe 
modified on TMDC surface due to the absence of specific 

affinity. A recent report has achieved selective detection of 
 Na+,  Hg2+,  Cd2+, and  Pb2+ at trace concentration with  MoS2 
FET sensors by using different types of ionophore as the 
probe [129]. The co-effect of functionalization and surface 
stabilization with ionophore provides a solution for metal 
ion sensing on those chemically unstable TMDCs.

Anions in water include nutrient ions and those contain-
ing poisonous elements. Anions detection with 2D nano-
material FET sensors was reported; however, few were 
constructed on TMDC-based FET platforms. A sensor 
structure with ionophore was constructed for the sensitive 
and selective detection of  AsO2

− on  MoS2 FET; the sensor 
structure and typical responses are shown in Fig. 6c–e. 
This sensor showed a very low detection limit down to 
0.1 ppb with no influence from large Schottky barrier [22]. 
In another study, organic functional group carboxylated 
polypyrrole (CPPy) was modified onto  MoS2 by vapor 
deposition [130], and it selectivity grasped  AsO3

3− by 
conjugation effect, achieving a rapid detection within 1 s 
and an LOD down to 1 pM. Overall, functionalization of 
TMDC can either rely on physical deposition based on the 
superior adsorption capability of 2D materials or a chemi-
cal modification via a transition-metal- or chalcogenide-
affinitive linker.

In addition to surface functionalization with sensing 
probe, which determines charge transfer process, device 
construction is also critical due to influences from gating 
effect, by means of applying back or top gate. Charged 
molecules binding on TMDC channel surface are able to 
induce an effective gating field, which plays an important 
role in balancing the charge transfer and gating effect, and 
thus influence the sensing signal. Research on TMDC-
based FET sensors for ion detection including channel 
material, sensing surface chemistry, as well as device 
structure and electronics is of great value for sensor devel-
opment and their broader applications.

3.2.2  Detection of Non‑ionic Molecules

In addition to anions and cations with positive and nega-
tive charges, those electrically neutral molecules dissolved 
in water may also pose threats on aquatic environment as 
well as human health, such as industrial wastes or pharma-
ceutical and personal care products (PPCPs). The sensing 
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mechanism of these non-ionic water contaminants on 
TMDC FETs can be different from those charged mol-
ecules and thus requires novel sensor structure design and 
methodology. Specifically, the lack of distinct tendency of 

direct charge donation or acceptance in non-ionic molecule 
sensing makes TMDC FET sensors highly depend on sur-
face functionalization. Though pristine TMDC FETs have 
shown sensitive response to some small neutral molecules 
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such as hydrogen peroxide [24], studies on macromolecule 
detection are more significant for the detection of wider 
range of chemicals [131].

PPCPs including antibiotics and some other pharma-
ceuticals as emerging environmental threats have been 
successfully detected on TMDC-based FET sensors [132, 
133]. From sensing capacity and selectivity, biomateri-
als were proposed and demonstrated in these studies as 
effective detecting probe, which were functionalized on 
TMDC surface. For instance, a water-soluble variant of 
μ-opioid receptor was functionalized onto  MoS2 via an 
atomic length nickel-mediated linker, achieving a sensitive 
detection (3 nM level) of enkephalin in water [30], while 
 Cu2+-DNA-modified  MoS2 exhibited excellent detection 
capability for doxorubicin-like molecules [132].

As FET sensor working in water is limited by the Debye 
screening effect, aptamers have been considered as a potential 
solution as sensing probe. A systematic study has achieved 
molecular recognition for antibiotics with  MoS2-based 
aptasensor, demonstrating promising application of aptamer 
as probe on TMDC for the detection of neutral molecules 
[133]. As illustrated in Fig. 7a, the release of a complementary 
DNA strand from kanamycin aptamer was observed, offer-
ing a novel sensing mechanism. Different from the detection 
of charged molecules, this working principle that relied on 
charge release (the complementary DNA strand) from probe 
provided a methodology for electrically neutral molecule 

sensing and could overcome Debye screening limitation. Fur-
ther investigation from dynamic sensing test demonstrated 
time-dependent sensitivity of the sensor (Fig. 7b), in which 
the ultratrace kanamycin detection capability is adjustable 
with merits of high stability and selectivity. Though there are 
limited studies on 2D TMDC-based FET sensors for non-ionic 
molecules in water, the fundamental knowledge and strategies 
provided by existing studies are significant for TMDC FET 
sensor design and fabrication, and can inspire future research 
on FET sensors for a variety of water contaminants.

3.2.3  Detection of Microorganisms

Microorganisms such as bacteria and virus can be threats for 
aquatic ecosystem and pathogens for human, and thus their 
existences in the water environment are highly concerned. 
Sensing strategies and devices for microorganism have been 
reported based on different principles and TMDC-based 
FET has recently become newly emerged sensing platform 
for microorganisms. The reports of TMDC FET sensors for 
the detection of various biomolecules including proteins [31, 
32, 81, 134–143] and nucleic acids (DNA/RNA) [26–29, 
144–149] demonstrated the superiorities of TMDC FET sen-
sors in biomaterials sensing.

Moudgil et al. reported a highly sensitive and selective 
Gram-positive bacteria sensor based on a hybrid  MoS2/
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Table 1  Gas sensing with 2D TMDC-based FET sensors: device structure and sensing performance

L layer, LPE liquid-phase exfoliated, ALD atomic layer deposition, QDs quantum dots, SNR signal -to-noise ratio, rGO reduced graphene oxide, 
MUA mercaptoundecanoic acid

Gas sensing FET channel LOD Sensitivity (response) Response/recovery time References

Oxidizing gas NO2 MoS2 20 ppb –/60 min [39]
MoS2 (1L, CVD) 20 ppb  > 20% 10 min/– [40]
MoS2@CNT 1 ppm 366 s/1950s [93]
MoS2/SnO2 0.5 ppm  ~ 0 6% 6.8 min/2.7 min [12]
MoS2/PtNP 2 ppb 3 (SNR) > 30 min/> 30 min [83]
MoS2@WS2 50 ppm 26.12% 1.6 s/27.7 s [107]
MoS2/graphene 0.2 ppm 19% 6.5 s/6.5 s [105]
WS2 (4L) 25 ppm 8.7% [15]
WS2xSe2-2x 180% (10 ppm) [103]
WS2/AgNW 1 ppm 32% [15]
WS2/ZnS 5 ppm 32.5% 4 s/– [106]
WS2/WO3 100 ppm [38]
WS2/MOF 5 ppm 48.2% [108]
WSe2 (LPE) 50 ppb 5.06% 50 s /1050 s [41]
WSe2 (3L, ALD) 10 ppm 6.5 min/43 s [98]
MoTe2 12 ppb 1.15% –/10 min [42]
α-MoTe2 70 ppb 13% 15 s/– [43]
MoSe2 (CVD) 10,300 ppm –/30 min [13]
NbS2 241 ppb 3000 s/9000 s [101]

NO MoS2 (1L) 0.3 ppm 50% 5 s/– [88]
MoS2 (2L) 0.8 ppm > 2.5 min/– [95]

O2 MoS2 (3L, CVD) 100 ppm 4.84% 18 s/47 s [155]
SO2 MoS2/Ni 5 ppm 7.4% 50 s/56 s [156]

Reducing gas NH3 MoS2 (1L, CVD) 1 ppm > 40% 5–9 min/– [40]
MoS2 (CVD) 300 ppb 4.2 (SNR) 15 s [157]
MoS2/ZnO 50 ppm 46.2% 10 s/11 s [158]
MoS2/TiO2 QDs 250 ppm 43.72% –/ ~ 174 s [159]
WS2 5 ppm – 120 s/150 s [112]
WS2 1.4 ppm 3.3 (SNR)  > 5 s/– [111]
WS2/WO3 1 ppm 1.16 15 min/28.9 min [38]
MoTe2 1 ppm 2.76% –/10 min [42]
α-MoTe2 70 ppb 101% 1 s/2 s [43]
WSe2 (3L, ALD) 20 ppm –/20 s [98]

H2 MoS2 (1L) 0.1%-90% 7 min/67 min [160]
MoS2/Si 1 ppm 30.4%  ~ 400 s/ ~ 450 s [36]
WS2/PtNP 7.8 ppm 1.14 119 s/370 s [37]
WS2/WO3 1 ppm 1.15 5.9 min/27.2 min [38]

VOCs Acetone MoS2 1 ppm 10 s/– [18]
MoS2/rGO 10 ppm 73 s/– [161]
WS2 5.6 ppm [121]
WS2 (2L) 0.5–10 ppm [15]
MoTe2 ~ 0.2 ppm 3 (SNR) [19]

Triethylamine MoS2 (1L) 1 ppm 15 s/30 s [118]
MoS2 1 ppm ~ 70% ~ 50 s/ ~ 100 s [119]
MoS2 (1T/2H contact) 80 ppb  ~ 20 s/ ~ 50 s [120]

Ethanol MoS2 10 ppm 10 s/- [18]
MoS2-MUA 100 ppm 10 s/- [18]
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TiO2 FETs [150], in which vancomycin with bio-affinity to 
S. aureus was functionalized onto  MoS2 via a  TiO2 layer, 
contributing to the efficient discriminating ability of the 
sensor between Gram-positive and Gram-negative bacte-
ria. The detection of Ebola, a lethal virus, was achieved 
with FET sensors with liquid-phase exfoliated  MoS2 [151], 
in which selective detection relied on the bio-recognition 
of a specific protein VP40 antigen on Ebola. Inspired by 
antibody–antigen interaction, the antibody of VP40 anti-
gen was functionalized on the sensing surface as the recep-
tor in this study. Generally, microorganism biosensing on 
TMDC FET mainly relies on a transducer to convert bio-
recognition into detectable signals (i.e., TMDC channel) 
and a bio-receptor to achieve this bio-recognition behavior 
(i.e., detecting probe). The most critical but challenging 
work in microorganism detection on TMDC FET is the 
construction of TMDC channel with functional group or 
bio-receptor with specific affinity to target microbial cell 
or some characteristic components on the cell, as well as 
the surface functionalization methodology for the bio-
receptor linking. As there is a range of threating microor-
ganisms in water, further research in this area is needed 
to increase the sensing performance and applicability of 
TMDC FET sensors for microorganism detection.

To help get a clear understanding on recent advances 
of TMDC FET sensors for environmental analysis, com-
prehensive summaries of studies on TMDC FET sensors 
in gas sensing and water quality analysis are given in 
Tables 1 and 2, respectively. Various TMDCs with differ-
ent layer structures and functionalization have been used 
in FET sensors that work in gaseous and aqueous media. 
Currently, most of the studies were carried out based on 
 MoS2 because of the technical difficulty and high cost in 
the preparation of other TMDCs, as well as their chemical 
and electronic instability [152–154]. Strategies to lower 
the technical barrier and cost of material synthesis are 
needed for future development of 2D TMDC-based FET. 

4  Conclusions and Outlook

2D TMDC is an emerging 2D nanomaterial group with a 
wide variety of individuals. Their physical and electronic 
properties including high surface-to-volume ratio, high car-
rier mobility, direct and tunable bandgap, and high transis-
tor switching characteristic make them promising channel 
material in high-performance FET sensors. Considering the 
growing demand of environment analysis, in this article, we 

Table 2  Water quality analysis with 2D TMDC-based FET sensors: device structure and sensing performance

L layer, MOR µ-opioid receptor

Water quality analysis FET channel Probe LOD/sensitivity Response time References

Ions H+ MoS2 HfO2 pH 3–9 (60.13 mV/dec) [81]
MoS2 Al2O3/HfO2 pH 0.01 (59.6 mV/dec) [127]
MoS2 (1L) Ionic liquid-gate –/(4.4 V/pH) [162]
MoS2/WS2/MoS2 pH 4–8 (59 mV/dec) [128]

Hg2+ MoS2 30 pM  ~ 10 s [20]
MoS2 DNA 0.1 nM 1–2 s [21]

Cd2+ MoS2 Cd2+ ionophore 5 ng/mL 8 s [129]
AsO3

3− MoS2 CPPy 1 pM  < 1 s [130]
AsO2

− MoS2 AsO2
− ionophore 0.1 ppb 100–210 s [22]

Non-ionics H2O2 MoS2 rGO 1 pM seconds [24]
Kanamycin MoS2 DNA 1.06 nM 20 s [133]
Doxorubicin MoS2 Cu2+-DNA 5 s [132]
Enkephalin MoS2 MOR  ~ 3 nM [30]

Microorganism Bacteria
(S. aureus)

MoS2 Vancomycin 50 cfu/mL 22.19 s [150]

Virus
(Ebola)

MoS2 VP40 antibody fM-pM level ~ min [151]



Nano-Micro Lett. (2020) 12:95 Page 17 of 24 95

1 3

review recent advances of 2D TMDC FET sensors for gas 
and water contaminant detection with an emphasis on the 
working media and sensing mechanism. Working principles 
of TMDC FET sensors for the detection of various analytes 
in different media are discussed with a classification of target 
molecules based on the redox, where gaseous molecules are 
classified into oxidizing gas, reducing gas, and VOCs, while 
water contaminants are classified into anions, cations, and 
non-ionics. The sensing performance of TMDC FET sensors 
depends on various factors including 2D TMDC layer num-
ber, its intrinsic properties, contacting physics, and sensing 
probe. Different sensing mechanisms of TMDC FET sensors 
working in the air and in aqueous media are summarized 
based on the analysis of sensor structures and sensing capa-
bilities. Surface functionalization is demonstrated as one of 
the key points in enhancing sensing selectivity and device 
stability especially in aqueous media.

In terms of future prospective of 2D TMDC-based FET 
sensors, there are plenty of room in sensor performance 
improvement for practical environment analysis. For gas 
sensors, though many types of TMDC channels with vari-
ous physical/chemical modifications were reported and 
gas sensing capability were enhanced through a variety 
of research attempts, there is still a lack of a systematic 
understanding between the optimized performance and 
modification-induced geometrical, electronic, or chemical 
effects. Further studies are needed to offer more compre-
hensive understanding on physics and chemistry in mate-
rial synthesis and sensor design for practical applications. 
For water contaminant sensing, the aqueous environment 
is one of the most challenging aspects at this early-stage 
research, though the reported achievements have inspired 
studies of more water contaminant species. The chemi-
cal and electrical impacts of surrounding water on TMDC 
channel require an in-depth study with a consideration for 
Debye screening, followed by more scientific attempts on 
the TMDC material construction and surface modification 
for sensitive and selective detection with a stable device 
structure.

Since most of the studies remain at the laboratory 
stage till now, though their potentials and superiorities 
in environmental analysis have been demonstrated, there 
are some critical challenges that need to be addressed to 
realize the sensor commercialization, from channel fabri-
cation, device integration to detection capability. Specifi-
cally, the high cost and poor uniformity in the fabrication 

of 2D TMDC channels as well as the difficulties of their 
large-scale production are major obstacles in TMDC FET 
device fabrication. In addition, the signal analysis relies 
on professional semiconductor analyzer type of equip-
ment, and thus on-site detection remains to be met with 
portable and affordable integrated device and detection 
system. Moreover, besides the sensing capability, the lack 
of detecting selectivity either in gaseous or aqueous sur-
roundings is another barrier for immediate commercializa-
tion. All of the above are inevitable challenges to face and 
extensive studies are needed to achieve commercialization. 
Overall, TMDC-based FET is a promising sensor platform 
for highly effective environmental analysis, but wider and 
deeper studies are required for its practical applications. 
Further development of the sensors will rely on theoreti-
cal fundamentals for interactions between TMDC, sensing 
probe, analyte, and the working media.
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