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opportunity for innovation at the nexus 
of food-energy-water systems (INFEWS) 
through the use of sensor networks[1] and 
distributed information processing for 
next-generation smart and resilient infra-
structure.[2] When they are economical 
and accurate, distributed sensor networks 
generate massive amounts of data at high 
spatio-temporal resolutions, which provide 
system feedback and predictive capabili-
ties through the use of artificial intelli-
gence (AI) and science-driven models.

A poignant example of this opportunity 
is the global need for sustainably clean 
and safe water supplies. Current water-
quality monitoring for public water supply 
systems is frequently applied at the water-
supply intake and the water treatment 
plant. It is much less frequently applied 
along the water distribution lines and at 
the point of use, which creates vulnerabili-
ties if the water quality changes within a 
water distribution system. For example, a 

large portion of water pipes in the United States (US) public 
water systems are near the end of their useful life and are in 
unsatisfactory conditions.[3] In Flint, Michigan, corroded lead-
based water pipes led to a public health crisis,[4] in which many 
residents had elevated blood lead levels from drinking tap water 
contaminated with lead that had leached from the corroded 
pipes.[5] Furthermore, it is estimated that more than 18 million 
people in US are served by 5363 community water systems that 
violated the Safe Drinking Water Act Lead and Copper Rule.[6] 
Since a diverse range of related water-supply issues are present 
throughout the industrialized and developing world, high-per-
formance sensors and sensor networks have the potential for 
global impact on human health.

Conventional laboratory methods based on spectroscopy and 
chromatography can specifically and accurately determine con-
taminants in water, but they require expensive and sophisticated 
laboratory instrumentation, complicated sample preparation, 
and trained operators, making them unsuitable for large-scale 
and in situ monitoring and detection.[7] For example, induc-
tively coupled plasma–mass spectrometry (ICP-MS) is presently 
the gold standard for measuring heavy metals in water (e.g., 
lead and mercury). Typical measurements involve water-sample 
collection following specific instructions and subsequent labo-
ratory analysis, which costs tens of dollars per sample and 
takes hours or days from sample to data.[8] On the other hand, 

Over the last decade, 2D layered nanomaterials have attracted significant 
attention across the scientific community due to their rich and exotic proper-
ties. Various nanoelectronic devices based on these 2D nanomaterials have 
been explored and demonstrated, including those for environmental appli-
cations. Here, the fundamental attributes of 2D layered nanomaterials for 
field-effect transistor (FET) sensors and tunneling FET (TFET) sensors, which 
provide versatile detection of water contaminants such as heavy-metal ions, 
bacteria, nutrients, and organic pollutants, are discussed. The major chal-
lenges and opportunities are also outlined for designing and fabricating 2D 
nanomaterial FET/TFET sensors with superior performance. Translation of 
these FET/TFET sensors from fundamental research to applied technology 
is illustrated through a case study on graphene-based real-time FET water 
sensors. A second case study centers on large-scale sensor networks for 
water-quality monitoring to enable intelligent drinking water and river-water 
systems. Overall, 2D nanomaterial FET sensors have significant potential for 
enabling a human-centered intelligent water system that can likely be applied 
to other precarious water supplies around the globe.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adma.202106975.

1. Introduction

The current unmet need for low-cost, real-time, sensitive, and 
selective detection of a wide range of analytes presents a key 
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in recent years, significant progress has been made toward the 
in situ detection of water contaminants using optical, electro-
chemical, and electronic sensors.[1,7] These advances suggest 
that in situ detection could be viable, but a trade-off often exists 
between performance and price. For instance, voltammetry[9] 
and fluorescence[10] are capable of quantitatively detecting lead 
in water down to the µg L−1 (ppb) level but with a hefty price 
ranging from hundreds to thousands of dollars. As a result, a 
massive unmet need remains for accurate and accessible detec-
tion technologies that enable real-time, onsite water-quality 
monitoring at the point of use or within a water distribution 
system for early warning of water contamination.

The field-effect transistor (FET)-based sensing platform 
has attracted growing attention in the last decade due to its 
advantages of high sensitivity, rapid response, low cost, and 
well-defined signal transduction, thus holding promise for 
large-scale and in situ detection. FET sensors can detect a wide 
range of analytes, including toxic gases, water contaminants, 
and biological species, with exceptionally high sensitivity, selec-
tivity, and response time.[7] An FET sensor typically consists  
of a semiconductor channel, source and drain electrodes,  
top/bottom gate oxide/electrodes, and analyte-specific detection 
probes attached to the gate oxide or semiconductor channel. 
The external perturbation introduced by target analyte binding 
with detection probes modulates the semiconductor channel 
current, which is further transduced into a sensor signal by 
measuring the change in the FET electrical characteristics (e.g., 
conductance or resistance). In contrast to the FET architecture 
in which charge carriers move from the source to the drain 
electrode through a single channel material, the tunneling FET 
(TFET) structure relies on charge carriers tunneling through a 
heterojunction formed by two different channel materials. For 
both FETs and TEFT sensors, reduced thickness in the channel 
material generally improves the sensor response due to the 
higher electronic sensitivity to external perturbations caused  
by adsorbed analytes. Moreover, a decrease in the dimension-
ality of the semiconductor channel also changes the underlying 
material physics, which can introduce additional opportu-
nities for optimizing sensing performance. Specifically, 2D 
nanomaterials are leading candidates for FET/TFET sensors 
due to their tunable properties, structural diversity, ease of 
integration due to intrinsic van der Waals bonding, and high 
surface-to-volume ratios. The family of 2D semiconductors pro-
vides diverse options ranging from zero-bandgap graphene[11] 
to finite-bandgap transition metal dichalcogenides (TMDs)[12] 
and phosphorene/black phosphorus (BP).[13] The properties 
of 2D nanomaterials can be exquisitely tuned by controlling 
thickness,[12a,13a] forming heterostructures,[14] or surface modifi-
cation.[15] Recent studies have demonstrated that correlated elec-
tron phenomena can also be obtained by twisting the stacking 
angle of bilayer graphene, providing another opportunity for 
tuning the properties of the 2D-nanomaterial channel.[16]

Herein, we first discuss the physics of 2D layered nanoma-
terials for both FET and TFET sensors. In contrast to conven-
tional FETs based on bulk covalently bonded semiconductors, 
the strong in-plane bonding and weak interlayer interactions 
endow 2D layered nanomaterials with high surface quality after 
exfoliation, leading to higher carrier mobility in the ultrathin 
limit.[17] The confinement of carriers within atomically thin 

layers also gives rise to more efficient gate electrostatic con-
trol.[18] In addition, 2D TFETs exhibit an exceptionally abrupt 
subthreshold swing (SS) due to sharp band edges and quantum 
confinement effects.[19] The wide range of bandgaps and band 
splitting in 2D semiconductors also enables high drive cur-
rents.[20] These diverse attributes contribute to the high sensi-
tivity, fast response, and low energy cost of FET/TFET sensors. 
Beyond fundamental science, herein, we further consider the 
potential challenges for translating 2D-nanomaterial sensors 
from the research laboratory to widely deployed practical set-
tings. Water-quality monitoring is used as a representative 
application through two case studies: one on the commercial 
translation of a graphene-based FET sensor and the other on 
testbeds for large-scale water-quality sensor networks.

2. Physical Attributes of 2D Nanomaterials for 
FET and TFET Sensors
FETs use a gate potential to electrostatically control charge carrier 
transport in a semiconductor channel. By solving the Poisson 
equation, the natural scaling length of the channel is given by 

/ch ox ch oxt tλ ε ε= , where tch is the thickness of the semicon-
ductor channel, tox is the thickness of the gate oxide, and εch and 
εox are the dielectric constants of the semiconductor channel and 
gate oxide, respectively.[21] The channel length can be shortened 
by either decreasing the thickness of channel or using a high-
k (dielectric constant) gate oxide. For efficient electrostatic con-
trol of the carriers, the channel should be several times longer 
than the scaling length, otherwise hot carriers can migrate over 
the potential barrier and lead to leakage currents (Figure  1a), 
resulting in high static power and associated heat dissipation.

Traditional bulk semiconductors have 3D covalent bonding. 
Consequently, ultrathin bulk semiconductors possess surface 
dangling bonds and traps at the interface between the channel 
and gate dielectrics. These dangling bonds result in carrier 
scattering that increases power consumption and reduces 
response time. As the channel gets thinner, the carrier mobility 
μ typically decreases as the sixth power of the channel thick-
ness ( ch

6tµ ∝ ), whereas the bandgap increases quadratically  
( g ch

2E t∆ ∝ − ).[22] In addition, trapped interface states form charge 
centroids with nanometer-scale dimensions,[23] which screen 
applied fields and degrade electrostatic gating. In contrast, 
2D nanomaterials are promising for short-channel FETs due 
to their weak van der Waals interlayer interactions and pas-
sivated surfaces. After exfoliation, few to no dangling bonds 
are present, resulting in reduced carrier scattering compared 
to ultrathin bulk semiconductors. Moreover, trapped impu-
rity charges can be minimized when 2D semiconductors are 
interfaced with 2D layered dielectrics, providing further carrier 
mobility enhancement, as evidenced by the improved mobility 
in MoS2 by more than one order of magnitude after being 
passivated by 2D hexagonal boron nitride (h-BN).[24] The well-
defined and uniform 2D semiconductor channel is efficiently 
modulated by the gate potential, with an electrostatic efficiency 
approaching ≈80% for MoS2

[25] compared with ≈40–50% for 3D 
bulk semiconductors.[26]

The advantages of 2D nanomaterials extend to the  
subthreshold regime of TFETs.[19] For a conventional FET, 
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the carrier transport is dictated by thermionic emission over 
the gate-controlled barrier (Figure  1a). The drain current in 
a single-gate configuration thus changes exponentially with 
voltage (I∝ exp(eV/kBT)), thereby fundamentally limiting the SS  
to ≈60  mV per dec ( / ln10BSS k T e( )∝ ) at room temperature. 
In contrast, for a TFET, carrier transport occurs through the 
barrier via interband tunneling from the valence band to the 
conduction band[27] across a heterojunction, which implies that 
the high-energy carriers are filtered by the bandgap above the 
valence band edge (Figure 1b). As a result, the SS in TFETs is 
governed by the band edge sharpness in the heterojunctions. 
Physically, the band edge in a semiconductor is not sharp due 
to an Urbach band tail inside the gap.[28] The density of states 
(DOS) in the band tail is inversely related to the Urbach tail 
energy (E0) with an exponential form DOS ∝ exp(−E/E0), such 
that smaller Urbach tail energies lead to sharper band edges 
(Figure 1c). Structurally speaking, the band tails in 3D hetero-
junctions can have a wide distribution (i.e., larger E0) due to 
trapped states, lattice mismatch imperfections, spatial inhomo-
geneity in thickness, and random doping distribution in the  
lattice.[29] On the other hand, for 2D heterojunctions, the van 
der Waals interaction eliminates lattice-matching issues, and 
the atomically flat interface suppresses band edge roughness.[30] 
Regarding thermal disorder, 2D heterojunctions experience less 
band-edge smearing than 3D bulk heterojunctions due to weak 
electron–phonon interactions and low deformational potentials.

For TFETs, SS is proportional to the Urbach energy  
(SS  =  2.3E0/eη, where η is the gate coupling efficiency[26,31]). 
The calculated E0 at a high current density (or large tunneling 
probability)[32] for bulk semiconductors is 22 meV for Si and  
15 meV for Ge, whereas those of single-layer 2D semiconduc-
tors are considerably lower: 4 meV for MoS2, 2 meV for MoSe2, 
and 2 meV for BP. Therefore, the SS in heterojunction TFETs 
is predicted to follow the trend of 3D–3D > 3D–2D > 2D–2D.[32] 
These expectations from theory generally agree well with 
experiments as illustrated by the case of Ge–MoS2 (bilayer), 
where the predicted SS of 3.2 mV per dec is close to the experi-
mental value (3.9 mV per dec).[33] From a quantum mechanical 
perspective, confinement in a quantum well along the tun-
neling direction suggests a preferred step response function of  
conductance in 2D–2D vertical heterojunctions due to the 
simultaneous conservation of energy and momentum for a 
single tunneling energy (Figure  1d),[34] whereas the energy is 
broadened in higher dimensional heterojunctions (e.g., 3D–3D) 
where a quadratic relationship between current and voltage 
is predicted.[35] For 1D–1D heterojunctions with a point con-
tact, the carrier transport along nanowires exhibits a linear 
response[35] in a manner where the nanowire radius has to 
be much smaller (≈nm) to achieve the same response as the 
2D–2D counterpart.[33] This requirement poses challenges in 
the device fabrication for 1D nanomaterials, and thus 2D nano-
materials are the preferred option for TFETs.

Adv. Mater. 2022, 34, 2106975

Figure 1.  a) Schematic of operation in the on and off states for a conventional FET with an n-type semiconducting channel. The electrons move from 
the source to drain via thermionic emission, while the barrier height is controlled by the gate–source voltage (VGS) (e.g., increased height by the nega-
tive voltage). Only when the channel length is much longer (typically >10λ) than the natural scaling length λ can the transistor be effectively turned 
off. Otherwise, the gate loses control over the barrier and the high-energy tail causes electrons to migrate over the lowered barrier, leading to leakage 
current. b) Illustrations of the on and off states in a TFET. Electrons from the valance band (VB) in the source tunnel into the conduction band (CB) 
in the drain when they overlap with each other. Without band overlap, the high-energy electrons are filtered by the bandgap above the VB maximum. 
c) Schematic of the Urbach energy tail along the band edges. Ideally, the band edges are sharp, as illustrated by the dashed lines. However, in real 
materials, the band edges are smeared by structural disorder, electron-phonon interactions, and imperfections in stoichiometry. The density of states 
(DOS) of the Urbach tail varies exponentially with the Urbach energy E0. d) Diagram of electron tunneling for a 2D lateral TFET. Due to the quantum 
confinement of electrons along the tunneling direction, the electron energy is quantized in the quantum well with a limited number of energy states for 
atomically thin 2D nanomaterials. Single-energy tunneling occurs with conservation of both energy and momentum, as shown by the red circle in the 
overlapped bands, while the energy and momentum conservation restrictions can be lifted to some extent with the aid of phonons and defect states.
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Transistors based on 2D nanomaterials can also provide 
advantageous switching speed compared to 3D bulk materials 
with the same energy bandgap and/or carrier concentration. 
The delay τ in a transistor is characterized as τ  = CV/I , where 
C is the gate capacitance, V is the supply voltage, and I is the 
drive current. Faster switching speeds (i.e., smaller τ) require 
a larger drive current (assuming the same C and V), which 
depends on the intrinsic transport properties of the channel 
(e.g., carrier mobility and concentration). The larger carrier 
mobility in 2D layered nanomaterials is beneficial for higher 
drive currents. In addition, the splitting of valence subbands 
by up to hundreds of meV due to broken crystal symmetry in 
the out-of-plane direction and strong spin–orbit coupling exists 
in some 2D TMD semiconductors[20] in contrast to their bulk 
3D counterparts. The effective mass in these valleys influences 
the ballistic transport in FETs. Particularly for smaller effective 
masses (<0.2m0, where m0 is the free electron mass), a larger 
number of valleys leads to a proportionately higher drive cur-
rent.[36] For TFETs, the drive current depends more significantly 
on the carrier concentration, assuming the same tunneling 
probability and contact area. Therefore, a smaller bandgap in 
the channel is preferred without degrading the transfer char-
acteristics since the off-state is obtained through forbidden 
band tunneling. In practice, this large drive current is more 
prominent than the switching speed when evaluating the  
performance of 2D-nanomaterial-based FET/TFET sensors. 
Fast-switching 2D-nanomaterial-based sensors operate with 
lower energy consumption since a smaller drain voltage is 
needed to achieve the same drive current, while the ultimate 
sensor response time is limited by the slower diffusion/trans-
port of analytes onto the sensor surface to reach an equilib-
rium state, whose characteristic time is typically on the order of  
seconds in contrast to the intrinsic transistor switching time on 
the order of nanoseconds.

2D nanomaterials offer many bandgap choices ranging from 
semimetals to insulators, and thus a suitable bandgap can be 
achieved by selecting materials with proper band engineering 
based on thickness control. In contrast, reduced thickness in 
3D bulk semiconductors can lead to both severe mobility degra-
dation and bandgap increases, and thus the drive current will be 
compromised. To mitigate such effects, 3D bulk semiconduc-
tors in the source region of a TFET are usually heavily doped to 
enhance both the carrier concentration and electric field across 
the interface for carrier injection. However, this approach  
sacrifices SS due to doping-induced band-edge smearing.[37] For 
1D nanomaterials derived from 2D nanomaterials by cutting or 
rolling, the reduced dimensionality limits the contact area with 
the electrode in a TFET, thus compromising the magnitude of 
the tunneling current and switching speed.

3. Sensor Design and Fabrication Based on 2D 
FETs/TFETs
FET/TFET sensors are based on monitoring the electrical 
resistance or conductance change induced by target adsorbates 
such as gases, ions, and biomolecules. The sensitivity can be 
derived from the transfer characteristics with the sensor opera-
tion mode lying either in the linear response or subthreshold 

region, where the carrier mobility and SS dominate the sensing 
mechanism, respectively (Figure  2a). The advantages of 2D 
nanomaterials over 3D bulk materials in terms of carrier 
mobility, SS, and switching speed translate into high sensitivity 
and fast responses for 2D FET/TFET sensors. For the same gate 
voltage change and on–off current ratio, the sensitivity can be 
enhanced with a larger carrier mobility and a smaller SS. In 
particular, the sensitivity depends linearly on carrier mobility 
and as the tenth power of SS, suggesting that TFETs are ideal 
for ultrasensitive detection. For example, a TFET biosensor 
has been demonstrated to show a higher sensitivity by more 
than four orders of magnitude and a shorter response time 
by one order of magnitude compared with a conventional FET 
sensor.[38]

To further employ the effect of carrier mobility, sensors can 
be designed by vertically stacking 2D nanomaterials,[14] sepa-
rated by a small-bandgap 2D semiconductor (Figure  2b). The 
2D separator acts as a barrier and can be tuned by the external 
top gate to control carrier transport. Practically, BN layers are 
used to screen the carrier-scattering charge impurities in the 
substrate and gate oxide. For TFET sensing, the tunneling  
current can be tuned by adjusting either the carrier overlap con-
centration with constant tunneling probability in the vertical 
architecture (Figure  2c) or the tunneling width with fixed car-
rier overlap concentration in the lateral architecture (Figure 2d). 
For both FET and TFET sensing, the external top gate can be 
realized by the adsorption of charged species to specific probes 
anchored to the gate oxide.

FET sensors also exhibit responses through direct contact 
between the adsorbates and 2D sensor materials. For example, 
both theory and experiments show that sensor performance 
for nitrogen dioxide is optimized at a thickness of a few nano
meters for phosphorus nanosheets (PNS).[39] The dependence of 
the sensitivity on thickness can be categorized into two regimes. 
For thinner PNS with a thickness-dependent bandgap, the sen-
sitivities are dictated by the bandgap. However, for thicker PNS, 
despite the invariant bandgap, its conductivity is governed by an 
effective thickness region after gas adsorption in the framework 
of a resistance network model, which increases gradually and 
finally saturates as the actual PNS thickness increases (Figure 3a).

Upon physical adsorption, charge transfer typically occurs for 
neutral gas molecules, whereas both charge transfer and elec-
trostatic gating modulation occur for charged adsorbates such 
as metal ions in aqueous environments. These two regimes 
(i.e., charge transfer versus electrostatic gating in Figure  3b) 
are predicted and observed in PNS sensors, depending on the 
Debye screening length and the distance between adsorbed 
mercury ions.[40] At a lower adsorption density, the charge 
transfer effect is dominant, whereas the evolution from charge 
transfer to the electrostatic gating effect occurs at a higher 
adsorption density as the distance between adsorbed ions 
approaches the PNS Debye length.[40] The correlations between 
the sensor performance and the PNS intrinsic properties sug-
gest that the lower detection limit can be predicted with the 
knowledge of the electronic properties of the sensor materials 
and its interaction strength with adsorbates. In addition, the 
sensor response range can be expanded from an ultralow to an 
ultrahigh concentration of adsorbates in an array of sensors or 
sensor network with sensing materials in different thicknesses.

Adv. Mater. 2022, 34, 2106975
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Note that 2D nanomaterials as the sensor channel in the  
FET/TFET structure lead to high sensitivity rather than 
high selectivity. Although a 2D nanomaterial can be spe-
cific to certain types of analytes after direct contact (e.g., 
MoS2 and BP can specifically detect mercury ions as a 
result of the larger electronegativity of mercury compared 
to other interfering ions,[40,41] while NO2 as a strongly oxi-
dizing gas can be specifically detected by MoS2, BP, and gra-
phene[39,42]), this selectivity cannot be generalized to other 
analytes. Instead, molecular engineering of probes for selec-
tive binding with target analytes is required to exploit and 
expand the functionalities of FET/TFET sensors for accurate 
detection of various analytes with superior sensitivity and 
selectivity. The selectivity of an FET sensor can be tuned by 
decorating analyte-specific probes on the surface of the gate 
oxide or semiconductor channel. For gases, the probes are  
usually metal or metal oxide nanoparticles,[43] which are  
judiciously designed to provide appropriate band alignment 
among the sensor material, nanoparticles, and gas molecules, 
as illustrated in Figure  3c. The charge transfer between the 
gases and probes affects both the carrier concentration and 
the depth of charge depletion/accumulation regions, which 
act as scattering centers for carrier transport. The sensor per-
formance is optimized with respect to the probe density by  
balancing the carrier concentration and mobility changes.

For charged analytes, the probes are typically molecules 
with desired functional groups. The identification of effective 
molecular probes requires careful study of the characteristic 
interactions between functional groups in the probe and target 
analytes. For example, mercury and lead ions prefer binding 
with amine and phosphate groups, and thus DNAzyme and 
DNA can be used as probes for detecting mercury and lead 
ions, respectively.[44] The carboxylic group in the short carbon 
chain conjugated on gold nanoparticles via the thiol group, 
such as dithiothreitol[45] and reduced glutathione,[46] can also 
be used for detecting heavy-metal ions. Depending on the pH, 
the functional groups in the molecular probe can be either 
protonated or deprotonated and thus positively and negatively 
charged, respectively. Evidently, the negatively charged state 
is favored in order to attract positively charged metal ions.  
Further opportunities also exist in the design and synthesis of 
new probes through macromolecular engineering. The identi-
fied molecular probes can be anchored directly to the sensor 
surface or to metal nanoparticles.[47] In this case, the sensor 
operates via a gating effect due to the charged nature of adsorb-
ates, where the Debye length (Figure 3d) in the electrolyte influ-
ences the sensor performance.[48] Probes with a short chain 
or ligands are especially preferred in aqueous environments  
typically with a short Debye screening length. A more  
challenging but exciting opportunity lies in the design of a 

Adv. Mater. 2022, 34, 2106975

Figure 2.  a) Schematic transfer characteristics of an FET and TFET for log and linear scales of drain–source current IDS to visualize the subthreshold 
and linear responses, respectively. The SS is >60 mV per dec for FETs due to the thermionic emission of electrons, while it is <60 mV per dec for TFETs 
resulting from band-to-band tunneling. In the subthreshold regime, the sensitivity S varies as the tenth power, and thus will be much larger for smaller 
SS with the same change of gate voltage (ΔVGS). In the linear regime, S is linearly proportional to the product of field-effect carrier mobility µFE and 
gate voltage change ΔVGS. The coefficient α depends on the channel width (W), channel length (L), gate oxide capacitance (Cox), and drain–source 
voltage (VDS). b) Illustrations of a 2D FET in a vertical heterostructure and band diagrams for electron transport. In the heterostructure, the channel is 
separated by a 2D semiconductor with suitable bandgap and band alignment. Boron nitride (BN) layers are used to mitigate the carrier-scattering on 
the surface of the substrate/gate oxide and thus enhance the carrier mobility. The electron flow can be tuned by the gate-controlled barrier from the 2D 
separator. c,d) Schematic structures and band diagrams of vertical and lateral 2D TFETs, respectively. For the vertical 2D TFET, the electrons from the 
VB in the p-doped source tunnel into the CB in the n-doped drain with a fixed tunneling barrier width since the distance between the p and n channels 
after direct contact is constant and small. The tunneling probability is the same for the on and off states since the tunneling current depends only on 
the joint DOS (JDOS) resulting from band overlap. In contrast, the JDOS is the same for both the on and off states in a lateral 2D FET, while the tun-
neling barrier width is tuned by the gate. The shortened barrier width gives rise to a large tunneling probability, and the electrons in the p-doped source 
tunnel through the intrinsic channel into the n-doped drain. Similarly, the probability becomes extremely small when the barrier width is widened by 
the gate and band-to-band tunneling is prohibited.
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moderate interaction strength between the molecular probe 
and the target analyte to achieve the reversible binding that is 
required for continuous or inline detection.

Historically, it has been assumed that high surface-to-
volume ratios enhance the sensitivity of FET-based biosen-
sors, which led to significant efforts to use nanowires for bio-
sensing.[49] However, numerical simulations of nanowires on a 
substrate show that the enhanced sensitivity is due to reduced 
screening in concave corners, which implies that smaller 

diameter nanowires are less effective unless they are placed on 
an insulating substrate.[50] In the corners between the nano-
wire and the substrate, the electrolyte exhibits weaker Debye 
screening, leading to a larger charge sensitivity. Consequently, 
crumpled 2D nanomaterials[51] are effective for detecting 
charged analytes when using probes with long ligands that 
overcome the Debye length limit (Figure 3d). Compared with 
FETs, the lower SS in a TFET sensor results in a larger current 
change at the same target analyte adsorption density, which is 

Adv. Mater. 2022, 34, 2106975

Figure 3.  a) Schematic contour of mobile carrier concentration in 2D nanomaterial (solid black line indicates an individual layer) and 3D bulk semi-
conductors, assuming the same vertical thickness and bandgap. Modulation of the carrier concentration can result from either charge transfer or 
gating effects in a sensor. The red curved arrow indicates the direction of the electric field line along which carriers are transported. The inset shows 
the resistance network model with different electrical resistances along the plane (//) and out of plane (⊥) for 2D and the same for 3D. b) Top and 
side views of carrier transport due to the surface adsorbates at large (left) and small (right) densities in a 2D nanomaterial sensor. Within the Debye 
sphere with radius λD (green color), the carrier undergoes strong scattering and frequently changes its transport direction. c) Schematic interactions 
between metal oxide or metal NPs and 2D nanomaterials for gas sensing. The illustrated band diagrams present the path of charge transfer between 
the gas molecules (oxidizing vs reducing) and 2D nanomaterials via NPs. At the contact region, a p–n heterojunction forms between the p-type nano-
material and n-type metal oxide NPs. For contact with the metal NPs, the junction is dominant in the semiconducting nanomaterial due to the large 
electron density in metal NPs. The carrier transport directions across the junction depend on the work function alignment. The lowest unoccupied 
molecular orbital (LUMO) accepts electrons for oxidizing gases, and the highest occupied molecular orbital (HOMO) donates electrons for reducing 
gases. d) Design principle for detecting charged species via the gating effect in a 2D FET or TFET sensor. For a 2D nanomaterial (left), the probe length 
L should be at least shorter than the Debye radius λD in the aqueous environment, otherwise, the carriers in the 2D nanomaterial cannot undergo a 
pronounced electric perturbation from the specific binding between the probe and charged adsorbates due to Debye screening. This screening effect 
can be mitigated in an exponential way with a larger Debye radius. For a crumpled 2D nanomaterial (right), the Debye radius is larger in the concave 
versus convex regions, which is promising for overcoming the Debye screening limit. The distribution of charged red and green balls depicts the electric 
double-layer formation.
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important in many cases where the surface potential modula-
tion is only tens of mV.

Currently, most initial demonstrations in research labora-
tories fabricate sensors with single 2D nanomaterial flakes, 
which involves identifying the flake on the wafer followed 
by an aligned lithography step for electrode patterning. This 
laborious procedure is evidently too cumbersome and time-
consuming for the commercialization of a sensor platform due 
to its low yield and a high cost. Solution-based exfoliation is 
promising for the large-scale production of few-layer 2D nano-
materials.[52] Following solution-based exfoliation, thin films 
can be achieved by spin coating or related liquid-phase depo-
sition techniques, after which interdigitated electrodes can be 
patterned at any point on the substrate. Despite the scalability 
of this approach, the thickness and shape variations of 2D 
nanomaterials and their solution-deposited thin films[53] pose a 
significant challenge for the uniformity of electronic properties 
across the substrate surface, which compromises the homoge-
neity of the sensor array response. Therefore, improvements in 
the electronic uniformity and thin-film deposition of solution-
processed 2D nanomaterials will expedite the commercializa-
tion of 2D-nanomaterial-based sensor technologies.[54] Another 
possibility is to accommodate device-to-device inhomogeneity 
by using calibration algorithms that take advantage of advanced 
data-mining techniques. For example, with the framework of 
state-of-the-art machine learning (ML), a feed forward neural 
network can learn and exploit the unique response of each 
sensor in the array by taking into account both the structural 
and electronic characteristics of the sensors.

The top-gate oxide of an FET/TFET is typically fabricated 
by atomic layer deposition.[55] For a given dielectric material, 
a thinner gate oxide implies a larger capacitance and thus is 
favored for enhanced sensor response, but it provides less pro-
tection as an encapsulation layer.[56] To mitigate the degrada-
tion of the sensor response and enhance its lifetime, a thicker 
oxide can be used. However, a tradeoff has to be made between 
the sensor stability and the sensitivity because a thicker oxide 
increases the stability of the device at the cost of a lowered sen-
sitivity and elevated limit of detection. One way to optimize 
this tradeoff is to employ high-k dielectrics for the gate oxide[57] 
(e.g., Al2O3 or SiO2 can be replaced with HfO2). Another prom-
ising option is to use multilayers of different gate oxides (e.g., 
Al2O3/TiO2), which increases both the lifetime[58] and dielectric 
constant.[59]

4. Case Studies for Water-Quality Monitoring

As discussed above, 2D layered nanomaterials offer exciting 
opportunities to engineer FET/TFET sensors because their 
unique features (e.g., rich bandgap options, high carrier 
mobility, large gate electrostatic efficiency, and low SS) can 
potentially lead to superior sensing performance (e.g., ultralow 
limit of detection, high sensitivity, fast response, and natural 
integration with control electronics). In addition, the miniatur-
ized FET/TEFT sensor chip and conductance-based measure-
ments require less complicated hardware and circuit design 
for convenient integration into the existing water equipment 
and network. Prior success in FETs for microelectronics 

applications further suggests a scalable pathway toward low-
cost manufacturing of such devices. Consequently, FET/TFET 
sensors have immense potential in quantitative onsite detec-
tion and monitoring of water quality at a large scale with facile 
operation. While FET sensors have been demonstrated in the 
past decade for ultrasensitive, versatile detection of chemical 
and biological analytes,[7] TFET sensors are still in their infancy 
due to relatively more complicated architecture and fabrication 
requirements compared with FET sensors.

In this section, we present two case studies on exploring 2D 
nanomaterial FET/TFET as emerging water-quality sensing tech-
nologies. Case study I will discuss the general roadmap and illus-
trate critical steps with potential roadblocks in the commercializa-
tion trajectory of a graphene-based FET water sensor for detecting 
heavy-metal ions. The discussion will focus on how the Tech-
nology Readiness Level (TRL) can be elevated from the concept 
formulation to prototyping and product realization by leveraging 
various funding mechanisms at the US National Science Foun-
dation (NSF) and partnerships with the water industry, offering 
insights into how one can effectively embark on such a journey to 
translate other 2D-nanomaterial-based FET and emerging TFET 
sensor technologies. Case study II then envisions intelligent water 
systems and how the real-time FET/TFET sensor technologies can 
be deployed and tested in large-scale sensor networks through 
two potential testbeds, one for drinking water-quality monitoring 
and the other for geospatial mapping of river-water quality. These 
real-world applications not only motivate the research and devel-
opment of 2D nanomaterial FET/TFET sensors but also illus-
trate the desirable performance metrics for these sensors, such 
as simultaneous detection of multiple contaminants, real-time 
monitoring, and sensor stability against biofouling effects.

4.1. Case Study I: Translation of a Graphene-Based FET 
Heavy-Metal-Ion Sensor Technology

Taking an original scientific discovery from the laboratory to 
the marketplace for real-world application is a complex and 
phased process that requires not only research (e.g., explora-
tory and fundamental studies) but also business activities (e.g., 
customer discovery and market survey). During the translation 
of a technology, its progress is often assigned with different 
maturity levels. In the US, particularly for government-funded 
technologies, TRLs are commonly used to quantitatively esti-
mate this maturity level. TRLs are numbered from 1 (i.e., 
basic principles observed and reported) to 9 (i.e., actual system 
proven through successful mission operations or commer-
cialization).[60] The general roadmap for technology translation 
can simply follow the TRL spectrum from 1 to 9. The involved 
critical steps include the invention of new technology, customer 
discovery to understand market needs, proof-of-application 
research, prototyping through partnership with industry, and 
product development and manufacturing. A vibrant innovation 
ecosystem that facilitates strategic partnerships with industry is 
the key to accelerating this process. Here, we illustrate such a 
journey to translate a graphene-based FET sensing technology 
from the laboratory to the marketplace, i.e., effectively elevating 
the TRL value by leveraging various funding mechanisms 
offered by the US NSF[61] (Figure 4a).

Adv. Mater. 2022, 34, 2106975
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The invention of the FET sensing technology was made 
during a fundamental research project that discovered that 
the electrical characteristics of a graphene-based FET can 
be modified by electronic perturbations induced by binding 
events between analytes in the surrounding environment 
and the molecular probes functionalized on the FET device 
surface.[47b,62] The initial proof of concept for the FET sensing 
platform was demonstrated by the detection of proteins.[47b] 
The FET sensing technology soon attracted significant  
attention from the sensing and the nanomaterials communities,  
which motivated us to explore a critical pathway to bring the 
technology to the marketplace, particularly through industrial 
partnerships.

Initial conversations with water industry leaders suggested 
that the invented graphene-based FET sensing technology 
may be useful for detecting water contaminants such as 
heavy metals and bacteria. To identify the product-market fit 
and assess the potential for commercialization, a series of 
customer discovery interviews were conducted with potential 
customers of the technology in the water sector, which was 
sponsored by the NSF I-Corps program. More than 100 poten-
tial customers of the FET sensor technology were interviewed, 
which led to the conclusion that none of the existing sensing 
methods were desirable for water users and water service pro-
viders to perform low-cost, real-time, in situ detection of heavy 
metals in water. Therefore, an unmet need was identified for a 
fast, sensitive, selective, easy-to-use, and cost-effective method 
for detecting heavy metals. Graphene-based FET sensing tech-
nology could potentially meet this need and serve a sizable 
niche market.

Equipped with the customer discovery insights, the next 
critical step was to carry out the proof-of-application research. 
With support from the NSF Industry/University Cooperative 
Research Center (I/UCRC) program, the graphene-based FET 
sensor demonstrated promising features for in situ detec-
tion of heavy metals in water, such as rapid response (within  
seconds), high sensitivity and selectivity, ease of use, and low 
cost. Specifically, the graphene-based FET sensor was found to 
effectively detect heavy-metal ions in water (e.g., Pb2+ and Hg2+) 
well below their action levels (e.g., 15 ppb for Pb2+).[44a,46,47] 
While such a low limit of detection is encouraging, technical 
challenges needed to be resolved prior to real-world applica-
tions. For detecting water contaminants, more attention should 
be paid to mitigating interfering effects such as pH, hardness, 
disinfection byproducts, and particulates in various types of 
water. Heavy-metal ions in drinking water exist in the forms 
of free ions, complexed ions, and particulates, depending on 
the pH.[63] Therefore, pH dependence needs to be considered 
in optimizing the sensor response to accurately predict heavy 
metals in water. To detect all three forms of heavy metals, one 
potential solution is to establish the equilibrium model of the 
metal species and its dissolution kinetics with respect to pH,[64] 
and thus the total metal can be extrapolated from the dissolu-
tion curve against both time and pH.

The identified potential for commercialization and suc-
cessful proof-of-application outcomes brought together several 
strategic water industry partners to prototype the technology 
with support from the NSF Partnerships for Innovation (PFI) 
program, which resulted in a functioning prototype handheld 
device for detecting heavy-metal ions in tap water. The prototype 

Adv. Mater. 2022, 34, 2106975

Figure 4.  a) Illustration of the TRL evolution for a graphene-based FET sensor technology from exploratory research to scalable manufacturing.  
b) Schematic of an envisioned smart drinking-water system that integrates real-time sensing technologies throughout the system to continuously 
monitor water quality and quantity and to provide early-warning/alarm capabilities. In-line sensors are installed along water distribution lines and at 
households to enable the continuous monitoring of water quality and quantity. End-users are provided with handheld devices for regular water-quality 
testing at the point of use (POU). Sensing data/signals from both in-line sensors and handheld devices are collected, transmitted to a central control 
station (or cloud), and processed so that the entire water distribution system can be monitored and controlled remotely in real time by the water utility. 
Users can also access the information through smart phone apps and websites. If there is a warning triggered by elevated concentrations of certain 
contaminants, the system will automatically take measures to manage the situation and notify users who may be affected.

 15214095, 2022, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202106975 by U
niversity O

f C
hicago Library, W

iley O
nline Library on [06/11/2022]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



© 2021 Wiley-VCH GmbH2106975  (9 of 14)

www.advmat.dewww.advancedsciencenews.com

handheld device is being commercialized by a start-up company 
through Small Business Innovation Research (SBIR) projects. 
In addition, scale-up manufacturing of the graphene-based 
FET sensor chip is being explored with support from the NSF 
Scalable Nanomanufacturing (SNM) program. In addition to 
the static detection by the developed handheld device for end-
users, the water industry partners are also highly interested in 
integrating the developed sensor chips into the existing water 
infrastructure (e.g., water filters) with sufficient flexibility and 
adaptability for continuous monitoring of water quality. This  
goal brings about the issues of sensor stability and biofilm  
formation that will limit the lifetime of sensor and its function. 
It is also necessary to expand the detection spectrum of sensors 
to cover emerging water contaminants (e.g., pharmaceuticals, 
personal care products, endocrine-disrupting compounds, and 
microplastics).

4.2. Case Study II: Potential Water Sensor Testbeds for 
Intelligent Water Systems

Current methods for assessing the impact of pollution on 
water quality and its derivative impact on the environment 
and economy, as well as methods for quantifying issues of 
transparency, regulation, and measurement protocols, remain 
unsatisfactory due to a lack of adequate data. To address these 
problems, the availability of a wide variety of sensors offers 
the ability to develop effective cyberphysical sensor networks. 
In addition, it requires improvements in technologies related 
to the Internet of Things and network infrastructure. While 
drinking water can be contaminated by aging water pipes 
containing lead and copper, river waters worldwide are often 
polluted from industrial effluents, mine-tailings, municipal 
wastewater discharges, public recreation, and agricultural 
runoff. Significant examples of these pollutants include heavy 
metals (e.g., mercury, chromium, lead, copper, zinc, arsenic), 
industrial solvents or surfactants (e.g., per- and polyfluoroalkyl 
substances (PFAS)), Escherichia coli bacteria, pharmaceuticals or 
personal care products, nutrients (e.g., nitrates and orthophos-
phates), and herbicides or pesticides.

2D-nanomaterial-based FET sensors are especially sensitive 
for detecting these various water contaminants with a low limit 
of detection (LOD) down to the × 10−9 m range as summarized 
in Table 1. Currently, the most commonly used 2D nanomate-
rials are graphene and its derivatives such as reduced graphene 
oxide (RGO), MoS2 from the TMD family, and BP. These 2D 
nanomaterials act as the channel material for the sensing signal 
transduction, while specific probes are used for signal genera-
tion. Practically, various contaminants can be concurrently 
detected by a single channel material when conjugated with a 
specific probe for each individual contaminant. For example, 
graphene FET sensors have been demonstrated to detect heavy-
metal ions,[65] bacteria,[66] and organic pollutants[67] in water. 
To detect mercury ions, the specific probes include DNA,[65b,68] 
organic molecules/compounds,[47a,65c,69] and proteins.[70] 
Selection of channel material and specific probes for targeted 
water pollutants are based on their sensing performance, cost, 
and stability. While the stability can be improved by protec-
tion of the sensor structure through passivation or packaging, 

the development of low-cost sensors that can measure water  
contaminants accurately in the field setting will represent a 
major development in water sensing.[7,71]

Technically, low-cost monitoring of water contaminants 
is promising when accompanied by scaled-up fabrication of 
FET/TFET sensor devices, but there are some hurdles regarding 
performance metrics that need to be overcome in real-world 
settings. The simultaneous detection of multiple types of con-
taminants with a high accuracy is the foremost performance 
metric that requires both classification of contaminant species 
and their quantification. Miniaturized FET/TFET sensor chips 
allow for their assembly in an array structure[80] integrated into 
a single substrate with multichannel data acquisition. Each 
sensor chip selectively detects one type of contaminant by 
conjugating the specific molecular probe. Continuous moni-
toring is another major challenge as the sensor array should be 
able to measure the real-time fluctuation of contaminant con-
centrations, which is dictated by the sensor recovery or regen-
eration capability (i.e., desorption of contaminants). One option 
to accelerate the recovery of FET/TFET sensors is to apply a 
repelling gate voltage[81] to weaken the electrostatic attraction 
between the probe and the analyte for fast desorption. In addi-
tion, biofilm formation on the sensor surface will degrade its 
performance and thus stability/lifetime as the microorganisms 
accumulate and prevent the contaminants from binding with 
probes. Interestingly, it has been shown that an electric field 
can inhibit the bacterial growth and thus can be used for treat-
ment of bacterial biofilms,[82] suggesting that future FET/TFET 
sensors can potentially be protected against biofouling through 
an applied drain or gate electric field.

To rigorously test the graphene-based FET water sensing 
technology, a potential testbed of an intelligent, safe, and 
robust drinking-water system (Figure 4b) can be envisioned by 
coupling real-time sensors with smart filters, wireless commu-
nication, AI/ML, big data analytics, and geographic information 
systems. An intelligent drinking-water system could provide 
early warning to users when incidental water contamination  
elevates the water-contaminant concentration above the US Envi-
ronmental Protection Agency (EPA) maximum contaminant 
level (MCL). If connected with real-time actuators, the system 
can automatically take measures to manage the situation and 
notify users who may be affected. As a result, smart drinking 
water systems could potentially ensure safety of public drinking 
water. Such a smart water system can also provide users with 
real-time water-quality information and allow water utilities to 
better monitor and control the water distribution system.

Another potential testbed for the graphene-based FET water 
sensor is the geospatial mapping of river-water quality with 
high spatio-temporal resolution, as demonstrated in a piloted 
project[83] that employs a commercial mobile sensing plat-
form[84] equipped with GPS systems for geolocation, in which 
a variety of water parameters (e.g., pH, electrical conductivity, 
turbidity, temperature, concentrations of nitrate, dissolved 
oxygen, tryptophan, colored dissolved organic matter (CDOM), 
and chlorophyll) can be measured. These measurements are 
then converted into geospatial heatmaps (using geolocation) 
and displayed against a Google Maps rendition of the region. 
Geospatial imaging of water parameters offers unique abili-
ties to pinpoint pollution sources and their impact on water 

Adv. Mater. 2022, 34, 2106975
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management.[2a] The sensors are regularly calibrated, and the 
measurements offer significant advantages over the conven-
tional technique of point sampling, followed by laboratory 
measurements (typically followed in most of the world).

5. Conclusions and Future Outlook

2D nanomaterials are advantageous in FET/TFET sensor appli-
cations owing to their unique properties for superior sensing 
performance. Optimizing the sensing performance can be 
accomplished with a fundamental understanding of the semi-
conducting 2D nanomaterial channel for a given device struc-
ture. The rich selection of 2D nanomaterials offers a clear 
advantage for such optimization. Iterations between experi-
ments and theoretical modelings such as density functional 
theory and statistical thermodynamics calculations have proven 
quite effective.[39] Computational AI/ML tools could enable 
high-throughput screening of existing 2D nanomaterials and 

the design of novel nanomaterials toward the best sensitivity. 
Once optimal 2D nanomaterials are predicted through 
computation, they can be synthesized and characterized to pro-
vide direct feedback for the material design phase to further 
improve sensing properties. Multiple technical hurdles also 
need to be overcome prior to large-scale deployment and com-
mercialization of these sensors. Both fundamental research 
and translational research including scaled-up manufacturing 
are warranted. Fundamental research can advance our under-
standing of the sensing mechanism and process that enables 
the design and optimization of these sensors with desired per-
formance, such as sensitivity, selectivity, and stability. Transla-
tion from a scientific concept to a commercial product poses 
further challenges for FET/TFET sensors in terms of device-to-
device variation in large-scale fabrication, yield, and cost. Real-
time water-quality monitoring represents a unique opportunity 
to demonstrate the power of the FET/TFET sensing platform 
and to illustrate the technology translation process by over-
coming various technical challenges.

Adv. Mater. 2022, 34, 2106975

Table 1.  Sensor structures and performances for detecting various water contaminants.

Water contaminant Channel material Specific probe LOD Ref.

Heavy-metal ions Hg Graphene Au nanocluster 0.25 × 10−9 m [65a]

Aptamer 10 × 10−12 m [65b]

Ionophore 0.5 × 10−9 m [65c]

RGO Thioglycolic acid 25 × 10−9 m [47a]

Polyfuran 10 × 10−12 m [69a]

Metallothionein type II 
protein

1 × 10−9 m [70]

N-[(1-pyrenyl-sulfonamido)-
heptyl]-gluconamide

0.1× 10−9 m [69b]

Single-stranded DNA 0.5 × 10−9 m [68a]

Nucleic acid 25 × 10−9 m [68b]

MoS2 None 30 × 10−12 m [41]

BP None 0.1 × 10−15 m [40]

Pb Graphene DNAzyme 0.02 × 10−9 m [65d]

G-rich DNA 0.8 × 10−9 m [72]

RGO Reduced glutathione 10 × 10−9 m [46]

BP Reduced glutathione 5 × 10−9 m [73]

Ionophore 4.8 × 10−9 m [74]

Cysteine 4.8 × 10−9 m [75]

As Graphene DNA 5 × 10−9 m [65e]

MoS2 Ionophore 0.8 × 10−9 m [76]

BP Dithiothreitol 1 × 10−9 m [45]

Cu Graphene Thiacalix[4]arene 1 × 10−6 m [65f ]

Nutrients N RGO Benzyltriethylammonium 
chloride

18 × 10−9 m [77]

P RGO Ferritin 26 × 10−9 m [78]

Bacteria E. coli Graphene Anti-E. coli antibodies 10 cfu mL−1 [66]

RGO 103 cfu mL−1 [79]

Pesticide Chlorpyrifos Graphene Antichlorpyrifos antibodies 1.8 × 10−15 m [67]
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Political, economic, and social justice related challenges 
both plague and pose opportunities for water-quality sensors. 
Public drinking-water systems are highly regulated, and the 
regulations have been developed based upon balancing public 
health and economic burdens to monitor and treat water. 
While small drinking-water utilities have a disproportionate 
number of annual drinking-water violations in the USA,[85] 
pollutants such as arsenic may only need to be measured 
once every few years. The analytical methods for all drinking-
water monitoring are highly controlled by federal-, state-, and 
even county-level authorities, and adoption of new analytical 
methods are rare, slow and represent a challenge for new tech-
nologies. In contrast, no regulations exist on the >40  million 
people in the USA who rely upon private wells for drinking 
water—except perhaps one required water-quality analysis 
at the time of home sales in some states. It is perhaps these 
unregulated applications at homes with private wells, schools, 
hospitals, and other locations where integration of sensor tech-
nology into POU devices that treat water at the tap may present 
the greatest opportunity for novel sensors. The POU market is 
>$20 billion per year and growing, and many companies seek 
to integrate networked sensors into treatment devices. Such a 
for-profit consumable device market provides a market where 
high-frequency testing is viewed beneficially. POU devices 
range in cost from a few hundred dollars to $1500, and there is 
some economical margin to integrate sensors. Sensors in POU 
devices must be durable and not require chemicals or frequent 
calibration.

The public has high concern about microbial and chemical 
agents in drinking water and is open to using new technolo-
gies that are validated by third parties, improve the quality 
of the water, and do not increase the cost of POU devices.[86] 
Whether in developed or developing countries,[87] there 
has been a rise in citizen science to fill occurrence gaps in 
water quality and provide rich openly-shared datasets.[88] 
Often spurred by pollution-related events (e.g., hydraulic 
fracturing), collecting and analyzing large numbers of samples 
can improve the public understanding of water-quality 
challenges.[87b] While colorimetric-based sensors or filter 
test strips are often used in these applications, the develop-
ment and deployment of low cost and robust sensors could 
advance the capabilities of citizen science efforts to focus 
on microbial and chemical agents of greatest concern to the 
public. Many non-governmental organizations (NGOs) in the 
water, sanitation, and hygiene (WASH) sector that do utilize 
new technologies typically look toward three main criteria:  
1) local capacity—does the technology fit the problem on a  
cultural and environmental scale and does the community have 
the ability to perform necessary maintenance,[89] 2) is there a 
legitimate proof of concept that demonstrates a working tech-
nology, and 3) is the technology sustainable (i.e., brings no 
unintended consequences). Care needs to be taken as a new 
technology is integrated into the mainstream public, as it has 
the potential to inadvertently alter the trust society has in polit-
ical and regulatory structures. In addition, it can be difficult 
to draw direct connections between exposure to water-quality 
constituents and broader public health.[90] Therefore, public 
involvement in decision making related to the adoption of new 
technologies is paramount.[91]
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