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The vital utilization of biosensors in different domains has led to the design of
much more precise and powerful biosensors, since they have the potential to
attain information in a fast and simple manner compared to conventional
assays. The present review describes the basic concepts, operation, and con-
struction of biosensors and presented an ideology that choice of categorization,
selection of immobilization method and advantages are crucial factors for an
efficient and commercial biosensor. Amongst various biosensors, the field ef-
fect transistor (FET)-based biosensors have shown much more potential and
immense advantages such as high detection ability and sensitivity for both
neutral and charged biomolecules and, hence, have been explored compre-
hensively in the present review. This paper discusses the current challenges
in device design by mainly focusing on the quantitative and qualitative per-
formance parameters such as sensing surface properties, signal-to-noise ratio
and various other factors, since consideration of these factors will eventually
address the crucial concerns related to device design and practical limitations.
The critical measures to translate the commercialization of biosensors in the
market at a high pace have also been discussed. Hence, the discussion on
device challenges illustrates that there is a scope of improvement in the areas
such as short-channel effects, specificity and nanocavity filling factor for
revolutionary advances in FET-based biosensors. Optimal selection of design
rules and biosensing material has the potential to feature the next generation
of biosensors. The present paper reports that following integrated multidis-
ciplinary approaches and switching to nanotechnology in designing of FET-
based biosensors can offer a lot of improvements in the practical key factors
(such as low cost and reliability) and opportunities for the biosensors in the
marketplace.
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INTRODUCTION

After development of the first oxygen enzyme-
electrode biochemical-based sensor (in 1962),1

researchers have brought together the concepts of

different fields to develop more reliable, efficient,
and sophisticated biosensors. Since then, biosensors
have gained much interest in a number of fields
such as environmental monitoring, genetic screen-
ing, sports surveillance, agriculture, marine sector,
food pathogen and adulterant detection, medical
diagnostics, and Internet of things (IoT)-based
applications.2,3 However, the application of biosen-
sors is not limited to these domains, but is also(Received May 9, 2019; accepted October 1, 2019;

published online October 11, 2019)

Journal of ELECTRONIC MATERIALS, Vol. 48, No. 12, 2019

https://doi.org/10.1007/s11664-019-07705-6
� 2019 The Minerals, Metals & Materials Society

7635

http://orcid.org/0000-0002-8031-3036
http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-019-07705-6&amp;domain=pdf


widely employed in the fields of bioelectronics and
biotelemetry.4 The immense potential of biosensors
in sensing a variety of biomolecules in healthcare
and the medical field has led to the evolution of
newer tools and technologies to provide point-of-
care testing (POCT) facilities, especially in remote
areas. These sensing components are capable of
sensing real-time signals such as release or produc-
tion of different biomolecules like glucose or lac-
tate.5 There is no doubt that in the near future,
biosensors will play a crucial role in the neurology
field in measuring the neurotransmitter activities
and receptor functions. The ease of use and low
energy consumption in biosensors, in comparison to
laboratory-based conventional assays,3 i.e., labori-
ous techniques such as liquid chromatography and
mass spectrometry and ion chromatographic meth-
ods, has made it possible to develop biosensors for
different applications. For example, glucose biosen-
sors have replaced the traditional Fehiing’s method
for monitoring saccharification and fermentation.2

Although conventional methods offer high precision
and selectivity,6 their inability for in situ applica-
tions, time-consuming nature (require sample
preparation and sample pre-treatment), demands
of energy and extra circuitry, high cost, and need of
experienced investigators demand an easy solution
such as biosensors for detection. Basically, biosen-
sors are constructed to: (1) detect or recognize
biological molecules, (2) characterize novel molecu-
lar interactions between different biomolecules and
enzymes of interest, and (3) quickly identify a
component within a target analyte and quantify
the abundance as well as scarcity of molecules of
interest. A biosensor has three elements: (1) bio-
recognition element that can be an enzyme, anti-
body, or a tissue, (2) a transducer that converts the
output of bio-elements obtained in the form of
physical quantities (mass, charge) into measurable
electrical signals (current, voltage), and (3) a signal
processing unit for amplifying and further process-
ing of the signal.7 In addition, a data acquisition
system can also be utilized to digitize the sensor
output. The bio-recognition element is in direct
contact with the transducer which makes the
biosensor a self-contained integrated device for
carrying out different quantitative analyses. The
construction of biosensors which includes fabricat-
ing materials, transducing devices, and immobiliza-
tion methods demands multidisciplinary research in
chemistry, biology, and engineering fields. The
usage of different fabricating materials and trans-
ducing devices has categorized the biosensors into
different subclasses as detailed in the following
section.

Categorization of Biosensors

According to various terminologies, biosensors are
referred to as immunosensors, biochips, biocomput-
ers, and glucometers.8 The categorization of

biosensors depends upon several approaches such
as the nature of the bio-recognition elements,
transducers, and detection methodologies. These
subclasses of biosensors have been considered as per
the requirements of the present review; however, a
detailed elaboration about different categories of
biosensors can be found in Ref. 6,7 The bio-recog-
nition elements used in biosensors, depending upon
their mechanism, can be the bio-affinity and biocat-
alytic type.9,10 In the affinity type of biosensors, the
receptor/bio-recognition element is weakly bound to
the target biomolecule, leading to a physicochemical
change that is measured by the transducer. The
different bio-recognition elements in bio-affinity
sensors can be antibodies, receptor molecules,
nucleic acids, and molecules viz. aptamers and
biofilms. The antibodies such as antigens can be
low-molecular-weight analytes, proteins, and
microorganisms, such as drugs, hormones, insulin,
and toxins. The biological receptor molecules can be
physiological, pharmacological, and toxicological
analytes such as nicotine and bungarotoxin. Nucleic
acids, such as ethidium, are used for detection of
specific sequences and intercalators. On the other
hand, biocatalytic types of sensors convert the
combination of a biological element and sub-
strate/analyte to an auxiliary substrate and mea-
sures the steady-state concentration of the bio-
formed/lost during the biocatalytic reactions. It
involves elements viz. cells, tissues, enzymes,
organelles, and microbes, such as microorganisms,
and genetically modified microorganisms. The cat-
alytic elements are reusable, highly specific, and
generally speed up the binding and sensing process.
Next, the kind of transducer can also define the type
of the biosensor, such as electrochemical-based
biosensors, optical-based biosensors, and field effect
transistor (FET)-based biosensors. The electrochem-
ical and optical biosensors offer high specificity and
low detection limits which make them suitable can-
didates for real-time processing.11,12 However, the
introduction of simpler and potential platforms such
as FETs has gained more value due to their high
sensitivity and rapid screening and, thus, they are
explored in the present paper.

Detection techniques have also categorized the
biosensors into two categories: (1) label-based and
(2) label-free biosensors. In label-based detection,
the term ‘label’ is a tag given to any foreign molecule
attached chemically or temporarily which enhances
the number of binding sites to detect the desired
analyte.13 The labels are more easily detectable by
electrochemical sensors.14 Although label-based
methods are accurate and have wide detection
limits, their usage leads to difficulties in multiplex-
ing and alterations in intrinsic properties of target
molecules; for example, an incorrect label can lead
to the development of a drug with side effects. In
practice, these methods require high assurance that
the label does not interfere with the target analyte/
probe interaction process and block any important
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active site. On the contrary, label-free detection,
without any need for a labeling analyte or modifi-
cation of the sample, investigates the interactions
and physical or chemical properties of target ana-
lytes by monitoring and relying solely on their
intrinsic physicochemical properties such as affinity
constants, refractive index, viscoelasticity, dielectric
permittivity, charge, and conductivity. Basically,
these molecular linking properties bind the target
analyte to the biosensor and, thus, this binding is
detected by the label-free approach.15,16 Label-free
technology is more advantageous and undergoing
greater progress than label-based technology. Some
of the advantages are: (1) high throughput, (2) high
sensitivity, (3) low consumption of the sample/ana-
lyte with minimal damage, (4) high precision and
simplicity, (5) easy on-chip integrations, (6) enables
use of natural analytes and ligands, and (7) cheaper
method compared to label-based (no reagent/label
cost, no lab safety/waste disposal cost). Hence, the
label-free biosensing method has become a system-
atic and universal approach for assay development
at micro-scale which is highly flexible for remote
diagnostics and field applications. Although the
commercial presence and detection accuracy of
label-free detection make it an ideal choice for
biosensing applications, the label-free methods are
competing to provide better reliability, high signal-
to-noise ratio (SNR), and low instrumentation.

Among the different transducers and label-free
biosensors, FET-based biosensors appear to be a
suitable choice which has the potential to offer a
miniaturized and more commercialized platform in
the field of biosensing. Therefore, the current
research work has invested more efforts in explor-
ing the FET-based biosensors. Before that, the
biosensing process and its different methods
employed in the biosensors are discussed in the
next subsection, since the coupling of the target
biomolecules on the sensor surface is the first step to
initiating the process of sensing biomolecules.

Immobilization Techniques

The process of binding the target biomolecules
with the receptors or directly with the sensing
surface of the device is referred to as immobiliza-
tion. Immobilization is done to obtain analyte
stabilization so that its activity can be retained for
longer periods.17 The immobilization methods
exploit multidisciplinary approaches (i.e., input
from chemistry, biological, and engineering fields)
to couple the biomolecules in a direct or indirect
way.18 The direct method utilizes covalent coupling
in which the target molecule is covalently and
directly fixed to the FET (transducer) surface
through physical or chemical methods. The direct
method can immobilize a wide range of analytes
such as pure proteins (purity level > 50%). How-
ever, the heterogeneous nature of the coupling
decreases the binding to the target molecules and

reduces the reusability of the sensor surface.9 In the
indirect method, a capture method is utilized in a
way that the target molecule is fixed to the carrier
first and then covalently coupled to the surface of
the sensor. This coupling method is more advanta-
geous than the direct method as the target molecule
can be used in an unpurified or crude form, such
that regeneration of the sensor surface is possible,
there is lower heterogeneity during binding, and
target analytes are less likely to be inactivated.19

Hence, the method is widely used. The commonly
used immobilization methods can be physical and
chemical in nature.20 The physical method com-
prises adsorption which is the oldest and simplest
method that involves the binding of biomolecules on
the sensor surface with little or no conformational
change in the center of the active surface,6 as shown
in Fig. 1a. This technique involves non-covalent and
weak binding forces such as van der Waal’s forces,
hydrogen bonding, and electrostatic interactions
between the biosensing analyte and surface.18 It is
a simple and low-cost method, but the stability of
the target molecule is poor, and binding forces are
dependent on pH, temperature, ionic strength,
concentration, and properties of the target molecule.
Due to these reasons, this methodology is not
adopted widely at present. Moreover, the non-
covalent bonding between target analyte and
biosensor in adsorption enables the analytes to flood
out from the surface of the biosensor. This attenu-
ates the responsivity and, eventually, the life span
of the biosensor. In order to overcome these issues,
the techniques with chemical bonds are preferred,
which includes:

(1) Covalent attachment This method involves the
development of covalent bonds between the target
molecule and the sensor surface,21 as shown in
Fig. 1b. Covalent bonds can be formed by classic
amide coupling reactions, or click chemistry. It has
wide preference, high stability, minimum diffusion
resistance, strong binding, minimal analyte leak-
age, and is manageable at low temperature (zero
degrees). However, the operational procedure is
tedious, and the surface is non-regenerable. More-
over, uncontrolled retention of the biomolecule
affects the event recognition domain.

(2) Cross-linking/affinity The linking of target
molecules with the sensor surface is done by using
compounds/reagents with two or multiple functional
groups, such as glutaraldehyde, which can bind two
different molecules under different conditions.22 As
shown in Fig. 2a, the links formed between target
analyte and biosensing surface lead to the formation
of three-dimensional cross-linked aggregates. This
is advantageous as the analyte loss is minimized,
but the toxic chemicals lead to harsh treatment of
the analyte, and cross-linking can cause significant
alterations in the active/binding site.

Although the chemical methods have a long life
span, they are complex, time-consuming, and haz-
ardous. To counter this, the entrapment/
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encapsulation method combines all the advantages
of physical and chemical methods and eliminates
their drawbacks. In the entrapment immobilization
method, the target molecules are not directly cou-
pled to the sensor surface, but restricted or caged by
covalent or non-covalent coupling within the layers
of a polymer matrix or a membrane in such a way
that the matrix allows substrate penetration while
retaining the desired molecules.23,24 For example, in
a galactose biosensor, the galactose oxidase is
entrapped into a polyvinyl formal membrane. A
more detailed description of these techniques can be
easily found in many of the review studies.17,25 The
method is shown diagrammatically in Fig. 2b. It is a
cheap method with minimal loss of analyte activity
and maintains biomolecule integrity upon immobi-
lization. However, it has a higher response time and
a diffusion barrier (i.e., substrate cannot be diffused
deep into the polymer matrix). This method needs
advances which can avoid enzyme leakage into the
surrounding regions, and mass transfer resistance
and improvement in the structure of polymer
matrix to allow deep penetration of substrate.

The life span, performance, sensitivity, selectiv-
ity, efficiency, structure, and commercial certainty
of a biosensor depend upon the right choice of
immobilization technique. Selection of the most
appropriate and strategic type of immobilization
method depends upon: (1) compatibility between the
bioreceptor and immobilization method, (2) the
nature of the target biomolecule, (3) transducer
type, (4) application, (5) cost, (6) reproducibility and
difficulty of the process, and (7) other trade-off
parameter considerations such as maximum sensi-
tivity or maximum stability. In some cases, even the
combination of different immobilization methods
has also been implied for enhancing selectivity,
activity, sensitivity, and stability of the sensor. For
example, an analyte can be pre-immobilized by
physical adsorption or covalence before final immo-
bilization by entrapment in a polymer (e.g., a gel).

One thing which needs to be ensured is that the
selected method should not interfere with target
molecule’s activity or block any of its active site.
Thus, the choice needs to be done wisely such that
the chosen method avoids loss of molecular activity
and does not change the nature of the target
molecule at the binding site.

In the following sections, the present paper has
overviewed the FET biosensors and highlighted the
progress of FET-based biosensors. The quantitative
and qualitative parameters affecting the perfor-
mance and design of biosensors have been dis-
cussed. Furthermore, the current challenges listed
in the existing design methodologies have opened
numerous platforms for optimizing the design rules
of FET-based biosensors. It has reflected the areas
that need to be worked upon in order to endow a
FET-based biosensor with much more standardiza-
tion and commercialization.

FET-BASED BIOSENSORS

FET-based biosensors are suitable candidates for
a variety of transducers in the label-free category.
They have received much more recognition in recent
years due to their vital advantages such as good
scalability, ultrasensitivity, rapid real-time detec-
tion, inherent amplification, lower power require-
ments, direct electrical readout, and mass
production at inexpensive rates in comparison to
surface plasmon resonance, microcantilever sen-
sors, fluorescence devices, and other methods.2,26

Moreover, the availability of mature manufacturing
techniques such as the complementary metal-oxide
semiconductor (CMOS) process further provides the
advantage of miniaturizing, parallel sensing and
allowing integration with other circuits and systems
which is important for practical development of
biosensing devices. It is widely preferable in case
the target biomolecules carry electrostatic charges

Fig. 1. (a) Adsorption and (b) covalent attachment of a target analyte on the biosensing surface.

Fig. 2. (a) Cross-linking between the target analytes on the biosensing surface, (b) entrapment of biomolecules within the polymer matrix.
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or bioactivities which changes the electrostatic
potential of the device.

Basic Operation

A FET-based biosensor has three electrodes:
source, drain, and gate such that the region between
the drain and source acts as a biological recognition
element that interacts with the target analyte/
biomolecules and senses their presence, concentra-
tion, and electrical activity. The biosensor then
directly transforms the biological information into a
measurable signal.27 Afterward, depending on the
application, the obtained signal can be displayed,
amplified, stored, and processed or sent to the cloud
for further operations.28 The operation of an FET-
based biosensor can be summarized as29,30: (1) A
change in the concentration of the analyte leads to
change in the charge near the sensor interface
(given as dq); (2) This shift in the charge induces a
change in effective gate voltage (given by dVEG; (3)
This difference in effective gate voltage leads to
changes in the drain current (given by dID), which
can also be evaluated from the I–V characteristics.
Mathematically, the sensitivity of the sensor can be
represented in the form of an equation given as:

ð1Þ

Here, dc represents an infinitesimal change in the
analyte concentration, dq represents an infinitesi-
mal change in the charge density at sensor’s
surface, dID represents the change in drain current
value on recognition of target analyte, and ID is the
drain current in a steady state (when the sensor
surface is exposed to a reference/blank sample). It
has been reported that detection using electrical
FETs is based on charge interaction and the per-
mittivity shift effect.

Background and Progress

In the 1970s, an ion-sensitive FET (ISFET) was
developed as the first electrical FET sensor based on
the charge interaction effect (i.e., detecting charged
molecules) for pH measurement (H+ ion concentra-
tion).31 The ISFET utilizes a metal oxide semicon-
ductor (MOS) with one physical difference in the
metal gate electrode which is replaced by a series
combination of a dielectric layer, electrolyte, and
reference electrode. Basically, it consists of a silicon
substrate (say p-type) with two n-doped regions (i.e.
source and drain) which are separated by a short
channel that is covered by the gate dielectric layer
which acts as a sensing membrane, as shown in
Fig. 3. The metal gate replaced by a dielectric layer
can be a single layer of SiO2 or double layer of SiO2-
Si3N4, or SiO2-Ta2O5.

19,32 In the first reported

ISFET sensor, SiO2 was used as the gate insulator/
dielectric layer.33 In comparison to a single layer,
the double layer provides more stability, current
performance, sensitivity, and selectivity. The func-
tioning of ISFET-based sensors is based on the
concept of modulation of the drain current due to
the supply of positive bias potential at the ISFET’s
gate terminal which is generated upon sensing the
specific ion concentration. The change in amount of
drain current can be converted to the concentration
of the specific ions. It is clear that an ISFET
integrates the sensing surface and an amplifier in
one device to provide an output with high current
and low impedance value. In literature, more than
hundreds of publications, on different platforms viz.
international biomedical research, biotechnology
letters, sensors, biosensors, and bioelectronics, have
explored the ISFET-based bioelectronic sensors.

In 1978, Cheung introduced the immunoFET
concept (a label-free, direct electrical immuno-sens-
ing ISFET) in which the gate electrode is modified
by stabilizing charged molecules viz. antibodies/
antigens on it for direct modulation of the ISFET’s
drain current.34 For example, Caras and Janata
utilized an ISFET for detection of penicillin.35 It has
many advantages like faster response time, good
amplification properties, cost-effectiveness, robust-
ness, multifunctional nature, and can be easily
integrated with electronic devices such as a metal
oxide semiconductor FET (MOSFET).36 However,
these devices suffer from some issues such as low
sensitivity (due to formation of an ionic double layer
on exposure of the channel to a solution), poor
differentiation between weakly charged and neutral
biomolecules, and transistor breakdown while sens-
ing chemicals that prohibit their wide commercial-
ization. In contrast, dielectric-modulated (DMFET)
devices32,37 are capable of detecting both charged as
well as neutral biomolecules in even a small volume
of sample with high detection sensitivity and fast
screening. Its working principle is related to the
high responsiveness to the dielectric constant of the

Fig. 3. Basic schema of an ISFET biosensor with a chemical-
sensitive membrane deposited on the gate insulator.
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biomolecule as well as the charge effect, i.e., charge
carried by biomolecules at the Si-SiO2 interface,
such that upon introducing negatively charged
biomolecules (say DNA) into the cavity, the charge
effect dominates over the dielectric constant effect.
On the contrary, the dielectric constant affects the
device parameters, such as sensitivity, in case of
neutral biomolecules (for example, biotin-strepta-
vidin binding).

In a DMFET, the concept of utilizing the nanogap
as the biosensing material has attracted much
attention with its fast, less time-consuming, low
cost, and real-time detection nature. The gap, in
order of nanometers, formed between the two
electrodes (i.e., gate and gate oxide) by deposition
of a stack of metal and dielectric layers is referred to
as the nanogap in biosensors. On the basis of gap
formation, the biosensing devices can be categorized
as planar and vertical nanogap devices. The devices
with a planar nanogap (both the electrodes are
horizontally separated by 50–100 nm), formed using
techniques such as lithography, are not capable of
providing high throughput and, therefore, are less
preferred. On the contrary, the devices with a
vertical nanogap, formed using thin-film deposition
or wet-etching techniques, has vertically situated
electrodes. The vertical nanogap devices are widely
preferred due to their low cost, high sensitivity,
more uniform electric field, and controlled thick-
ness.38 The DMFET device, as shown in Fig. 4a and
b, has a vertical nanogap positioned at the gate
dielectric edge for sensing the target biomolecules.
This vertical cavity is basically formed between the
gate and gate oxide (say SiO2), at both sides (i.e.,
source and drain junction) to fill in the target
analytes. The selection of cavity length is a crucial
factor as it affects the device parameters (drain
current sensitivity, responsivity, electric field, and
trans-conductance). The nanocavities provide effi-
cient immobilization and are extremely sensitive,
since the nanomolecules such as DNA, proteins, or
amino acids occupy a reasonable percent of volume
in the nanocavity.39 The biomolecules confined in
the nanogap can modulate the electrical properties
at the device junction, such as impedance,

resistance, capacitance, and charge field effect.
The nanogap concept has introduced numerous
signal transduction technologies in FET-based
biosensors. Moreover, nanogap-based devices are
advantageous in comparison to electrochemical
deposition-based devices which requires more com-
plex fabrication processes.

The absorption of biomolecules leads to modifica-
tion of the electrostatic coupling between the gate
and channel. After the absorption, the enhanced
cavity length increases the threshold voltage in
comparison to the air-filled cavity (DVTH = VTH

(biomolecule-filled) � VTH (air-filled)). Thus, the
changes in the threshold voltage of the biosensing
device can detect the presence as well as the
orientation of the biomolecules in the cavity. The
specific binding without any label as well as pres-
ence of the biomolecules in the nanogap (either fully
or partially filled) can be detected by tracing the
changes in the threshold voltage.39,40 For example,
the shifting of threshold voltage towards a positive
side marks the presence of the negative charges in
the cavity. This shift in threshold voltage (DVTH),
providing the DMFET device sensitivity, is a func-
tion of two effects: (1) charge of target analyte (not
in the case of a neutral analyte) and (2) modulation
effect of the gate dielectric. The target analyte can
be a negatively charged biological species such as
bacteria and DNA or positively charged molecules
such as glucose oxidase (GOx) or charge-neutral
entities such as viruses and proteins. The DVTH can
be expressed in the form of an equation given as:

DVTH ¼ QTA

1
CTA

þ 1
COX

þ 1
CA

ð2Þ

where QTA is the charge of the target analyte, CTA is
the capacitance of the target analyte (�A�TA/lTA), COX

is the capacitance of oxide (�A�OX/lOX), CA is the
capacitance of air (�A/lA), � is the dielectric constant,
and l is the thickness of the target analyte, oxide,
and air. The n-channel DMFET can identify neutral
biomolecules or biomolecules bearing positive
charges, whereas a DMFET with p-type channel
can detect negatively charged biomolecules. The

Fig. 4. Structure of DMFET biosensor reflecting (a) nanogap etching, and the (b) nanogap-filling phenomenon.
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shift in VTH is not collaborative due to both effects in
the n-type channel, whereas it is in the same
direction for a p-type channel. This makes a p-
channel DMFET highly sensitive and, thus, more
preferable than an n-channel DMFET.

Current Scenario

The advancements in the field of FET-based
biosensors are undergoing revolutionary changes
and leading to a wide range of FET-based biosensors
to overcome the problems of electrochemical and
optical biosensors. Although electrochemical sen-
sors offer miniaturization, low cost, and portability,
the requirement of a reference probe in the circuit
poses problems.41,42 Optical biosensors offer label-
free detection, but the apparatus complexity and
expensive fabrication process have led to the devel-
opment of more simple options such as quartz
crystal microbalance, or FET-based biosensors.
With the growth in technology the improvement
within the field of FET-based biosensors has led to
development of extended-gate FETs (EG-FETs),
DMFETs, nano-wire FETs, tunneling FETs
(TFETs), organic FETs (OFETs), and organic elec-
trochemical transistors (OECTs). For example, the
issue in MOSFET-based biosensors is that their
response time cannot be improved further, since the
subthreshold slope (SS) is very high (60 mv/decade).
The TFET-based biosensors, based on the band-to-
band tunneling mechanism, has resolved this issue
as their SS value is low (i.e. 37 mV/decade) and can
be easily reduced further.43 The EG-FET with usage
of aptamers has enhanced the detection sensitivity
without any need for optical assistance and shown
suitability in the clinical diagnostics field.44 The
DMFETs have better performance compared to
other FET-based biosensors. Some of the improved
figures of merit are: (1) high sensitivity and speci-
ficity, (2) high SNR, low-cost fabrication, and fast
screening, (3) more compatibility with conventional
CMOSs and adaptability to read out circuits for on-
chip integration, and (4) more design flexibility.
Among DMFETs and dielectric-modulated tunnel-
ing FETs (DMTFETs), the DMTFETs have better
sensitivity and lower SS and, thus, are widely
employed in biosensing applications.

In addition to the novel inventions, the different
combinations of sensor structure and sensing mate-
rials have resulted in a myriad of FET-based
biosensors. The structural design variations in
FET biosensors have enhanced the sensor perfor-
mance as well as device parameters and extended
the application field. For example, a charged-
plasma base gate underlap dielectric modulated
junctionless TFET (DM-JLTFET) has the potential
to provide superior sensitivity and low cost for
developing biomedical sensors.45 The different prop-
erties of the materials such as high charge mobility
or mechanical strength have also added diversity
into the field of FET biosensors. The graphene FET-

based biosensors, extensively covered in Ref. 46,
offer high throughput and wide detection range
along with other exceptional properties such as high
carrier mobility and optical transparency. Similarly,
the nanowire FETs also offer a broad limit of
detection with high sensitivity. Among the organic
conducting materials, the OFET and OECT biosen-
sors have provided the possibility of integration
with flexible electronics and wearable devices and,
thus, are called electronic sensors.41,42 For example,
a sweat sensor which measures ion concentration in
human sweat for healthcare monitoring applica-
tions is designed using an OECT.47 Although the
response time is slow in OECT devices, their
operation stability at low voltages (< 1 V), wide
detection limits (up to femtogram), and compatibil-
ity with aqueous environments such as sweat or
tears has enhanced their application in bioelectron-
ics and biosensors. The sensitivity is highly
improved in an OECT, since it can amplify the
small input changes. The application of OECTs is
not limited to biological sensing, such as cell
monitoring, but has extended to the neural record-
ing platform which is beneficial for brain–machine
interfaces.48 The capability of delivering a label-free
response by using a simple electronic read-out set-
up and employing printed circuit technologies gives
an edge to OFETS over OECTs and optical biosen-
sors.49 The features such as electronic nature of
output signal, high sensitivity level, high integra-
tion flexibility, low-cost fabrication, and disposable
strip-type sensing systems make OFETs suit-
able and the biggest strength for POCT applica-
tions. Altogether, due to immense advantages of
FET-based biosensors, they have become competi-
tive candidates for POCT applications compared to
bulky optical-based in vitro diagnosis (IVD) instru-
ments. This suggests that the current efforts are
more directed and active towards incorporating
nanotechnology by exploiting different nano-mate-
rials and nano-structures for miniature and highly
efficient FET biosensors. The optimal selection of
structural design and material has the potential to
feature the next generation of semiconductor
devices and create opportunities for the biosensing
devices on wearable devices.

Research in the domain of FET-based biosensors
with a focus on integrating multidisciplinary
approaches (for example, combining knowledge of
science with technology and engineering fields) has
opened a gateway for a wide range of novel sensor
architectures. The multidisciplinary efforts, unlike
conventional specialties, lead to much more innova-
tive development of biosensors. The integration of
knowledge from multiple interdisciplinary plat-
forms have the potential to accelerate the growth
of biosensors which can revolutionize various fields
such as biomedical, military, and industry. How-
ever, the practical implementation of biosensors
lack in generalized ideology of the structure, sys-
tematic assessment, and proper evaluation due to
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variations in the FET structures in terms of dimen-
sions, shape, and size of nanogap, target analyte
properties, sensing component, and testing environ-
ment. These unsolved hurdles are the barriers to
technical maturation and commercial acceptance of
the biosensors. Moreover, a common ‘‘design rule’’
for FET-based sensors has not been established yet.
Once the performance parameters of the device as
explained in the following section are optimized, one
can design highly efficient and reliable biosensors.

Challenges in Device Design for High
Performance and Future Scope

FET-based biosensors have shown quantitative
analysis of biomolecules, high sensitivity, and fast
response. Nevertheless, great challenges remain to
construct FET-biosensors for laypersons with fea-
tures such as miniature size, low cost, portability,
simple operation, commercial availability, regener-
ability, and reliability in addition to optimized
sensitivity and stability. The major areas which
demand improvement and development are:

Quantitative and qualitative performance metrics
First, the validation of both qualitative and quan-
titative figures of merit is an essential step to prove
the capability of biosensors in processing the data.
In order to benchmark the device structure, ensure
high performances, and, eventually, the sensitivity
(effective change either in threshold voltage or
drain current, on adsorption/sensing of the target
biomolecules50) of the device, it is mandatory to
work more on the parameters as discussed below:

(1) Short-channel effects (SCEs) SCEs deeply
affect the performance of sensing devices, i.e.,
sensitivity,51,52 and are more severe in thicker oxide
layers. SCEs decrease the threshold voltage and
drain current characteristics of FET biosensors due
to its principal phenomenon of thermionic emission
which results in low sensitivity of the device. In
order to overcome SCEs:

� Many device engineering approaches have been
employed such as gate dielectric engineering or
asymmetric channel doping.

� Various alternative structures have been pro-
posed such as embedding a channel deep into the
substrate, or developing a silicon-on-insulator
(SOI) FET.

(2) Immobilization technique The immobilization
technique needs to be chosen such that the selected
method should generate a robust and reliable sensor
surface that has low absorption, high binding
efficiency, and high specificity/selectivity of target
analytes. The properties of the sensor surface decide
the method of immobilization that can be employed
for better operational stability. The selected method
should enhance the uniformity, density, stability,
reusability, and distribution of the sensing surface.

The usage of polymers and nanomaterials has the
potential to achieve immobilization of analytes,
allowing high sensitivity and high detection limit
of the sensing device. Thus, selection of the right
immobilization technique can help in commercializ-
ing cheap and efficient FET biosensors.

(3) Specificity The specificity, or selectivity, is a
characteristic that is equally important as sensitiv-
ity to characterize the biosensor structure. The
absorption of the biomolecules on the sensor surface
(i.e., channel) changes the device characteristics.
Moreover, it has been reported that the unmasked
channel leads to absorption of the target biomole-
cules, thus leading to interference of the non-
required biomolecules, i.e., non-specificity. In order
to achieve high specificity, the channel should either
be functionalized directly with specific receptors/
linkers or masked with any polymer/dielectric layer
with the same dielectric constant as that of the
target biomolecule to enable functionalization. The
high value of surface specificity broadens the range
of biological molecules and pathways for investiga-
tion. Thus, it provides a bigger and better platform
for understanding the biological interactions.

(4) Signal-to-noise ratio (SNR) SNR refers to the
ratio of the actual signals transduced from target
biomolecules to the noise signals from non-target
biomolecules. Basically, SNR reflects the fidelity
and depends upon the impedance matching between
different subsystems of FET-based biosensors.7 If
the noise signal is generated from the testing
environment, then it is called signal-to-background
ratio (SBR = DID/ID, where DID is the change in
drain current before and after adding the target
biomolecules, and ID is the drain current before
adding bio-targets).

(5) Nanocavity filling area (NFA) The sensitivity
and performance of the FET-based biosensor
depends upon the nanogap capacity and its filling
criterion.50 Despite the shape and size of target
biomolecules, the device analysis is generally car-
ried out with an assumption that the nanocavity is
fully filled by the biomolecules or air. Even after this
assumption, many vacant spaces remain in the
cavity region of the devices, thereby affecting sen-
sitivity. The NFA can provide the nanocavity area
actually filled by the biomolecules and computed by
using the following equation:

NFA ¼ PFA

FFA
� 100 ð3Þ

where NFA represents nanocavity filling area, PFA is
partially filled area, and FFA is fully filled area. As
shown in Fig. 5, there can be different ways in
which a fully filled or partially filled nanocavity can
be characterized, i.e., uniform and non-uniform
way.

With a fully filled cavity, the device is more
sensitive to charge density as well as dielectric
constant, since sensitivity is positively correlated
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with these two effects. If a partially filled nanocav-
ity is considered, factors such as orientation/position
(horizontal or vertical) of the biomolecules and
variation in surface coverage affect the sensing
performance and response of the device. On com-
paring the surface potential, it is found that surface
potential is more effective in case the cavity is filled
horizontally in comparison to when the cavity is
filled vertically. However, the surface potential is
higher in a fully filled cavity in comparison to
partially filled cavity. Similarly, the change in other
electrical parameters such as drain current and
subthreshold slope shows low sensitivity in the case
of a partially filled cavity. From a construction point
of view, the usage of a doping process while forming
nanogaps can also enhance and improve the sensi-
tivity and other performance metrics.

(6) Regeneration Most of the sensors are for one-
time use only, which limits the reproducibility as
well as the reliability of the sensors. The biosensors
with poor regeneration ability are even less
demanded in real-time applications. For example,
in the medical field, a biosensor that does not need
to be replaced after every use is highly desirable. In
order to enhance the sensitivity of the biosensor,
regeneration is a mandatory step. The process of
regeneration refers to the restoration of the sensing
surface to its original state (before the analysis of
target analyte). The regeneration of the sensor
surface depends upon the immobilization technique
employed: in the case of direct immobilization, the
bound analyte will be removed, and in the case of
capture method-based immobilization, the target as
well as bound analyte will be removed during the
regeneration process. Washing procedures and
regenerating buffers can also be employed in the
regeneration process. The requirement and selec-
tion of appropriate buffers depends upon various
conditions such as52: (1) strength of the interaction;
(2) type of interaction between the bio-recognition
element and the target biomolecule (such as cova-
lent coupling, or hydrogen bonding, or electrostatic

forces); (3) type of target biomolecule such as
antibodies or small molecules; (4) sensitivity of
biomolecules to the environmental conditions, for
instance, the sensitivity of antibodies to changes in
pH leads to dissociation of the bounded biomolecule;
(4) compatibility of the bio-recognition element and
target molecule, for example, interchanging these
two elements can lead to improved reusability.
Previous studies have utilized a gentle protein
elution buffer and NaOH solution to strip away
the bound as well as background biomolecules from
the biosensor surface.53,54 However, if the dissocia-
tion rate of the target analyte is very fast, then the
sensing surface can be restored by normal washing
without any need for buffers. In order to make the
regeneration process more efficient, or nearly ideal,
a number of conditions need to be met. The condi-
tions are: (a) the response of same analyte needs to
be captured over multiple regeneration cycles, (b)
the device stability, compatibility, and regeneration
are tested by comparing the output current value
with initial baseline current value.

(7) Dynamic properties of target biomolecule The
target biomolecules can range from picometer to
nanometer, and the biosensors are highly sensitive
and responsive to detect even a single molecular
interaction. More efforts are made in confining the
target species of nanosize for enhancing the sensi-
tivity, selectivity, and performance metrics of
biosensors. The extensive properties of nanomate-
rials such as high specific surface area, increased
aspect ratio, and high stability (chemical and ther-
mal) can lead to the development of novel FET
biosensors. For example, miRNA, a single-strand
RNA with 20–25 nucleotides, has the potential to
find the diagnostic and prognostic biomarkers of
neurological disorders, and diseases such as dia-
betes and cancer. Also, contaminated target ana-
lytes, the presence of other charges near the target
analyte, and non-targeted analytes on the sensor
surface affect the sensitivity. The integration of
different types of materials with heterogeneous

Fig. 5. Typical structure of a DM-FET biosensor reflecting different ways of non-uniform and uniform filling of the nanocavity.

Recent Advances and Progress in Development of the Field Effect Transistor Biosensor: A
Review

7643



structures can bring out new possibilities in devel-
oping biosensors with simultaneously high flexibil-
ity, portability, and sensitivity.

The charge of the target biomolecules also plays
an important role in determining the sensitivity and
responsivity. The absorption of negatively charged
biomolecules enhances the sensitivity, whereas the
absorption of positive charges diminishes the sensi-
tivity. In case of positive charges (with low-k
values), the depletion layer width narrows down in
the channel, and the gate electrode reduces its
control over the channel. In order to enhance the
gate controllability and responsivity, the positive
charges with high dielectric values need to be
considered for biosensing. Moreover, the high
dielectric values also reduce the side effects of
positive charges.

(8) Biological sensing surface The biosensor mate-
rials play an important role in deciding the sensor
miniaturization, power consumption, and perfor-
mance metrics. The surface needs to exhibit high
specificity, stability (under normal storage condi-
tions), and low variations between the analysis and
evaluation. Depending upon the element/material
incorporated in the biological sensing surface, a
wide range of target materials can be recognized.
For example, carbon nanotubes (CNTs) can sense
proteins, enzymes, antibodies, viruses, short pep-
tides, and nucleic acids.55 The sensing surface can
improve the performance of the biosensor by
enhancing some features such as the use of CNTs
to improve the enzyme adsorption and immobiliza-
tion. The approaches for scaling and preparation of
the nano-materials as elements in signal transduc-
tion are progressing, but their reproducibility and
economic acceptability are still in initial stages.

There needs to be a consensus on these perfor-
mance parameters for comparing the proposed
devices with other available biosensors in order to
benchmark the device design. In the future, along
with these figures of merit, the consideration of
structure aspect is very critical, as a properly
designed biosensor would not affect the device
sensitivity. For example, the sensitivity can be
enhanced by: (1) opting for TFET-based biosensor
structures with subthreshold swing steeper than
60 mV/dec, or (2) efficient surface immobilization, or
(3) varying geometrical parameters such as reduc-
tion in the diameter of nanonowire which improves
the gm/Id ratio, which in turn will raise sensitivity.

Commercial viability The next biggest challenge
is the cost factor, since the adoption and wide
acceptance of FET biosensors for most applications
in every domain (especially in pharmaceuticals)
depends upon the cost of the device. The challenging
gap between the innovative research ideas at the
academic level and commercialization is due to the
cost factor. The label-free methodology offers a
tremendous advantage of reduced cost over label-
based detections. The cost parameters depend upon:

(1) transducer, (2) packaging, (3) testing, (4) man-
ufacturing, (5) additional reagents, (6) temperature
control requirement, and (7) industrial processing
techniques. Thus, the primary concern for commer-
cialization needs to be the traditional bottom line
that is developing low-cost biosensors, while
improving some of the performance metrics. Possi-
ble ways to reduce the cost of the biosensors can be:

(1) Miniaturization of the device The use of
nanostructured materials and design ap-
proaches can miniaturize the biosensors
and reduce the cost due to fewer require-
ments of much energy, materials, and efforts.
For example, the use of silicon nanowire,
graphene, and other two-dimensional mate-
rials in FET biosensors56,57 has not only
reduced cost but also provided attractive
features such as miniaturization, light-
weight, and multiplexed detection.

(2) Usage of organic materials Implementation
of organic materials in forming a transducer
by replacing the channel dielectric layer with
polymer can yield low cost due to reduced
fabrication costs, power consumption, sim-
plicity, and high flexibility. Organic thin-film
FETs58 have provided an alternative and a
possible solution for cost-effective biosensors.

(3) Regeneration and mass production Regener-
ation and mass production of standardized
sensors by utilizing inexpensive methodolo-
gies and materials also offers a hand in
making biosensors cost-effective. Henceforth,
a multidisciplinary team comprising che-
mists, engineers, biologist, and technicians
is needed to address the sensor development
from the very beginning in order to design
and manufacture a biosensor which is cheap,
portable, and capable of being used by semi-
skilled operators.

Apart from the cost factor, the practical issue
such as poor reliability (i.e., quality assurance
during fabrication at large scale and homogeneity)
also hinders the commercialization of FET biosen-
sors and needs to be resolved. Characteristics of Si-
SiO2 interface directly contribute to the reliability of
a biosensor. For example, damages such as hot
carrier-induced damage or stress-induced damage
at the Si-SiO2 interface can degrade the reliability
of a biosensor. Some of the issues occurring within
the oxide such as traps, fixed charge, or defect
generation also lead to poor reliability and poor
optimization of the device. The parameters dis-
cussed above can enhance the performance and
reliability of the biosensor. In addition, structural
changes such as extended-gate FETs can improve
the reliability by providing a metal sensing layer on
the sensor surface.
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The recommended changes, if implemented, can
provide better opportunities for development of a
new generation of the FET-based biosensor tech-
nologies. These biosensing modalities will become
mature and beget scientific and commercial success.
Moreover, improving the biosensors would benefit
the industries as well as consumers.

CONCLUSION

The striking advantages and diverse usage of
biosensors in dynamic real-time applications in
comparison to conventional assays highlight the
potential of biosensors in the practical domain.
Selection of the detection methodology, and choice
among different immobilization methodologies,
which depends upon the type and traits of the
sensor surface, can lead to the development of
efficient and commercial biosensors. One of the
candidates in the label-free approach employing
efficient immobilization by using a nanocavity is the
FET-based biosensor. The progress achieved in
FET-based biosensors to date is a result of inte-
grated multidisciplinary approaches beyond the
conventional efforts. However, the overall progress
in FET biosensors is modest due to factors such as
SCEs, regeneration, NFA, and specificity. These
factors, in addition to cost and reliability, need to
be improved to enhance the sensing performance as
well as to benchmark the design of FET-based
biosensors. The assistance of nanotechnology (such
as graphene) and organic materials in FET biosen-
sors can reduce the cost factor, and facilitate
production of commercial miniaturized devices.
Thus, the present paper has made an attempt to
provide the challenges as well as recommendations
that can assist the upcoming researchers who want
to reconnoiter in the field of biosensors. In the near
future, point-of-care diagnostics can create a revo-
lution in the healthcare domain if the solutions
related to commercial cost and reliability factor of
FET biosensors gets adopted practically and widely.
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