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ARTICLE INFO ABSTRACT

Keywords: The importance of specific and label-free detection of proteins via antigen-antibody interactions for the devel-
ImmunoFET opment of point-of-care testing devices has greatly influenced the search for a more accessible, sensitive, low
Labe?-.free cost and robust sensors. The vision of silicon field-effect transistor (FET)-based sensors has been an attractive
ISpeqﬁc . venue for addressing the challenge as it potentially offers a natural path to incorporate sensors with the existing
MMUNosensing . mature Complementary Metal Oxide Semiconductor (CMOS) industry; this provides a stable and reliable tech-
Protein-protein interactions . . . . s s . P :

ISFET nology, low cost for potential disposable devices, the potential for extreme minituarization, low electronic noise

levels, etc. In the current review we focus on silicon-based immunological FET (ImmunoFET) for specific and
label-free sensing of proteins through antigen-antibody interactions that can potentially be incorporated into the
CMOS industry; hence, immunoFETs based on nano devices (nanowire, nanobelts, carbon nanotube, etc.) are not
treated here. The first part of the review provides an overview of immunoFET principles of operation and
challenges involved with the realization of such devices (i.e. e.g. Debye length, surface functionalization, noise,
etc.). In the second part we provide an overview of the state-of-the-art silicon-based immunoFET structures and
novelty, principles of operation and sensing performance reported to date.

PH sensitivity

1. Introduction nature, antigens are usually proteins and peptides and the interaction

between antibodies and proteins is classified as protein-protein inter-

Immunosensors are bio-affinity ligand-based devices, which rely on
the naturally occurring activation of the adaptive immune system. In
this process, biomolecular targets (antigens) initiate the immune re-
sponse to produce antibodies that identify and neutralize the antigens
via the formation of specific and stable antigen-antibody complexes. In

action (PPI). Nonetheless, polysaccharides, DNA and other biomole-
cules may also serve as antigens. Antibodies are Y-shaped glycoproteins
composed of four peptide chains - two heavy chains and two light
chains - which specifically bind to the targeted antigens by identifica-
tion of a 3-D structural pattern (epitope). Antibodies can be either
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Fig. 1. Schematic illustrations of MOSFET, ISFET and immunoFET. Vs denotes the gate voltage and Vps denotes the source-drain voltage. The ISFET is realized by
replacing the MOSFET metal gate with a reference electrode immersed in an electrolyte. The immunoFET is realized by immobilizing antigen-specific antibodies on
the gate oxide of the ISFET for antigen detection. Adapted from Hierlemann and Baltes (2003).

monoclonal or polyclonal depending whether they target a specific
epitope presented by an antigen, or target multiple patterns of the an-
tigen, respectively. While antigen-antibody interactions are mediated
through weak non-covalent bonds such as electrostatic bonds, hydrogen
bonds and hydrophobic interactions, antibodies’ affinity toward their
antigens is one of the strongest known in nature and can get to dis-
sociation constant (K4) values of less than a nanomolar (Boder et al.,
2000; Friguet et al., 1985).

Due to their very high affinity, specificity, structural stability and
their non-covalent binding to their targets, antibodies are broadly uti-
lized in scientific research for plethora of applications, including the
separation and isolation of biomolecules, detection of biomolecules in
samples, quantitative and qualitative analysis, and localization of an-
tigens in complexed systems. Techniques based on antigen-antibody
interactions have been a well-established practice for many decades in
biological research, and the development of immunosensors is con-
sidered a significant milestone in the field of clinical bioanalytics.
Immunosensors are used in a wide spectrum of applications ranging
from healthcare, food processing and safety, environmental control to
security and defense.

Immunosensors are classified into two types: labeled and label-free.
Label-based immunosensors use “tags” or labels with specific properties
to detect the targeted antigen in a mixture of other biomolecules by
measuring the immunochemical reaction. Several types of labels have
been investigated and used in biological research over the years. The
first label to be used were radioisotopes in radioimmunoassays (RIA)
which laid the foundation for further development of other types of
tagged-immunoassays. Frequently used tags are: (1) enzymes in en-
zyme-immunoassays (EIA), (2) bacteriophages in viroimmunoassays,
(3) fluorescent group in fluoroimmunoassays (FIA) and (4) stable free-
radical in spin-immunoassays (Wisdom, 1976). A commonly used label-
based immunosensor is the enzyme-linked immunosorbent assay
(ELISA) that was developed in 1971 (Engvall and Perlmann, 1971). The
ELISA is based on enzyme-labeling of the antibody instead of isotope-
labeling as performed in RIA (Yalow and Berson, 1960). Biological
detection using immunoassays requires to differentiate the bound
fraction (antibody-antigen complex) from the unbound fraction (free
antigen or antibody) depending on the type of immunoassay: hetero-
geneous or homogeneous. ELISA, being a heterogeneous type of enzyme
immunoassay requires the antigen-antibody complexes formed after
incubation to be physically separated from free unbound antibodies
using several washing steps (Engvall, 1980). After the isolation of the
antigen-antibody complex, a tagged secondary antibody is added to
bind the primary antibody. The enzyme tag catalyzes colorimetric re-
actions and enables the quantification of antigen in the sample. ELISA is
one of the most extensively used immunoassay especially for protein
analytes. Ever since its inception, ELISA has evolved and detection limit
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as low as 5pg/mL was recently reported for detection of tumor sup-
pressor protein p53 (Jia et al., 2009). ELISA immunosensors are both
reliable and highly sensitive. However, they suffer from drawbacks such
as the demand for relatively large sample volumes, long incubation
periods, sophisticated laboratory apparatus, highly skilled laboratory
staff, and multiple labeling strategies that would not interfere with the
antigen-antibody interactions. On the other hand, label-free detection
allows the direct monitoring of the physicochemical or electrical
changes induced by the antigen-antibody complex formation. Different
label-free detection techniques have been reported which include mass
spectrometry, micro-cantilevers, quartz crystal microbalance, surface
plasmon resonance, anomalous reflection of gold, etc (Broeck et al.,
2015; Mousavi et al., 2015; Pirincci et al., 2018; Sipova et al., 2010;
Watanabe et al., 2005; Zhou et al., 2016). Label-free assays can show
biologically active molecular interactions and cellular responses, give
comprehensive information on the specificity, affinity and in many
cases, also the binding kinetics and thermodynamics (Chan et al., 2016;
Jinetal., 2017; Li et al., 2015) (Note that the concepts of selectivity and
specificity are used interchangeably in the case of immunosensing.
However, specificity is regarded as an intensification of selectivity, viz.
the ultimate of selectivity. In the current review we mostly adapt the
convention used by the cited works).

Bergveld introduced the ion-sensitive field effect transistors (ISFET)
in 1970 around the same time ELISA was developed and has been since
successfully utilized for pH sensing; the ISFET is based on the coupling
of ionic activities in electrochemical or biological environment with the
field-effect modulation principle (Bergveld, 1970). The ISFET archi-
tecture is similar to that of a conventional MOSFET with the metal gate
electrode replaced with a reference electrode immersed in a solution,
which is in contact with the gate insulator. The ISFET is the progenitor
to the more evolved immunoFET device, which in its most basic form is
an ISFET with the active surface modified with antibodies. The specific
interaction of the surface-bound antibodies and the target proteins is
expected to induce an electrostatic perturbation that affects the im-
munoFET threshold voltage and, consequently, the drain-source current
(Ips). Fig. 1 presents a structural comparison to visualize the realization
of an immunoFET from a conventional MOSFET and ISFET. Schenk was
the first to utilize the ISFET platform for the measurement of proteins
via their intrinsic charges where he demonstrated two cases (Schenck,
1978). Initially, the specific sensing of human serum albumin (HSA)
was demonstrated using surface-immobilized antibodies in NaCl solu-
tion by monitoring Ips. Next, insulin, thyroglobulin and adrenocorti-
cotropin (ACTH) were used as antigens on the same device to form
"immunological integrated circuit', and measurements of multiple an-
tigens were performed. Gotoh et al. demonstrated one of the earliest
immunoFETs in which anti-human serum albumin (anti-HSA) im-
munoglobulin G (IgG) was immobilized on a polyvinylbutyral (PVB)
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membrane placed on an ISFET-sensing channel for label-free detection
of HSA (Gotoh et al., 1989). Sensor signal was linear with HSA con-
centration over a range of 0.01-1.0mgmL~!. Silicon has been the
primary choice of semiconducting material for transistor-based bio-
sensors as the technology has significantly matured over the decades
and hence can support immunoFET technologies with low noise levels,
stable and robust fabrication processes suitable for low-cost (potential
for disposable sensors) and mass production.

Still, although the straightforward rational and seeming simplicity
of the immunoFET, not many successes have been reported in the lit-
erature for specific and label-free sensing of proteins. The goal of the
present review is to report the state-of-the-art of silicon-based
immunoFET for specific and label-free sensing of protein antigens via
interactions with the immobilized antibody. The review starts with the
immunoFET principle of operation and we summarize the main ob-
stacles and challenges associated with the Debye screening length,
passivation, leakage current and noise. The main part of the review
provides an overview of the main silicon-based immunoFET designs
reported to date.

2. ImmunoFET: detection principles, concerns and challenges

The immunoFET is derived from the ISFET by functionalizing the
oxide surface with antibodies to make it sensitive to antigens. In the
following section, we briefly discuss the operation principle of the
ISFET followed by the immunosensing mechanism of the immunoFET.
We also discuss the main challenges and obstacles concerning the
Debye screening length, surface functionalization, passivation, gate
dielectric materials and noise, which are fundamental concerns af-
fecting and determining the specific and label-free detection cap-
abilities and performance of FET-based immunosensors.

2.1. ISFET: principle of operation

Fig. 2 presents a typical ISFET, which is the combination of an
electrolyte-insulator-semiconductor (EIS) interface with an underlying
FET. The pH sensitivity of the ISFET is shaped by the interaction of the
oxide surface with the electrolyte. Upon introduction of a solution to
the oxide surface, the SiOH surface hydroxyl groups can either donate
or accept protons depending on the local surface pH level and, re-
spectively, leave a negatively or positively charged surface group. The
site binding model describes the equilibrium reactions between the so-
called amphoteric SiOH surface sites and the H* ions in the solution
responsible for the oxide surface charge. In the below we follow the
ISFET pH sensitivity derivation as proposed by Bergveld (2003). The
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Fig. 2. An illustration of an ISFET with the formation of an EDL at the oxide-
electrolyte interface. The (de)protonation of SiOH surface hydroxyl groups
creates amphoteric sites (Si0” or SIOH*2) on the oxide surface. EDL consists of
the Stern layer and the diffuse layer. The Stern layer is made of the inner
Helmholtz layer (IHP) and the outer Helmholtz layer (OHP). The potential
drops exponentially towards zero with distance. Adapted from Pachauri and
Ingebrandt (2016).
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reactions are:

SIOH<>SiO~ + Hj;, €h)

(2)

where Hg™ denote the protons in the bulk solution. These equilibrium
reactions build up a net surface charge density op. In order to sustain
the requirement for charge neutrality at the oxide-electrolyte interface,
the surface charge density o, is balanced by an equal and opposite
charge oy in the electrolyte (o = —0p), leading to the formation of
electric double layer.

The electric double layer formed at the oxide-electrolyte interface is
described by the Gouy-Chapman-Stern model as illustrated in Fig. 2.
The Stern layer (also known as the Helmholtz layer) is the layer closest
to the oxide surface which contains solvent molecules that are adsorbed
on the oxide. The charged oxide surface, due to surface (de)protona-
tion, attracts the solution counter-ions towards the interface and, on the
other hand, depletes the surface of co-ions, and in this manner creates
the diffuse layer or the Gouy-Chapman layer (Bard and Faulkner,
2001). The ability of the double layer to store charge in response to a
small change in the potential d0,/0¥, is defined as the differential
double-layer capacitance, Cqys, and is given by:

SiOH;f < SiOH + H},

O% _ _

%, 3

The ISFET behavior is primarily attributed to the surface potential
¥, developed at the oxide-electrolyte interface. The threshold voltage
(Vy) of the ISFET relates to ¥, in the following manner:

(I)Si st + Qox QB

Ve = Veer — % + Xsol — T - - _+2¢Fy

Cox Cox 4

where Qg is the depletion charge in silicon, ¢r is the Fermi potential,
Vrer is the reference electrode potential relative to vacuum, @g; is the
silicon work function, C,, is the gate dielectric capacitance, Q; is the
surface state density and Q,, is the fixed oxide charge. The interface
potential at the gate dielectric-electrolyte interface is determined by ¥,
and the surface dipole potential of the solution y;,. Thus, any variation
in ¥, causes a corresponding change in the V;, making ISFET sensitive
to the pH levels of the electrolyte.

The redistribution of ions close to the electrolyte-oxide interface is
described by Boltzmann equation:

e lp()

H. = pH, + s
PEs =P ¥ 5 5kt

()

where pH and pH,, are the pH at the surface and at the bulk, respec-
tively. Thus, a change in the bulk pH (ApH,) is compensated by a
change in the surface pH (ApH;) and the surface potential ¥,. The
surface hydroxyl groups should effectively buffer the oxide surface as
determined by the intrinsic buffer capacity §,,, = %, where B is the
difference between the number of negatively charged groups and the
positively charged groups in moles per unit area. This maintains almost
constant ApH; such that ApH,, is fully compensated by ¥y, which is the
Nernst response and is given by

oW, 23kT
3pH, q (6)
_ 1
a= 1+2A3k2TCdiff ’
9 Bint (7)

where a is a dimensionless sensitivity parameter ranging between 0 and
1, depending on i, and Cgi. The maximum pH sensitivity is achieved
for a = 1 which is the so-called Nernst sensitivity of —59.2mV/pH.
Recently, Parizi et al. reported that the ISFET pH sensitivity can be
significantly enhanced beyond the Nernst limit by using pH buffer so-
lutions containing counter ions that exceed a specific size (Parizi et al.,
2017). They proposed a modified Boltzmann model that considers the
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non-trivial ion size:

d% _ kT ( 1 )
dpH, = T q \14+a -5/ (8)
2a3¢psinh (q%)
6= s
1 + 4a’cgsinh? (ZTLF;) ©)

where a is the ion size, cg is the bulk concentration of the counter-ions
and § is a dimensionless sensitivity parameter ranging between 0 and 1.
Thus, a large enough counter-ion size will give higher § value, resulting
in pH sensitivity exceeding the Nernst limit. They presented experi-
mental results using an extended gate ISFET and showed that the sen-
sitivity increased to around ~220 mV/pH for pH 10 and estimated ionic
size of ~10A.

2.2. Immunosensing with ImmunoFET

The charge of a molecule is determined by its atomic composition
and its solvent properties. As mentioned earlier, antibodies can detect
and bind to spatial patterns of biomolecules such as DNA and proteins.
The change in charge of the antigen-antibody complex relies on che-
mical properties of the antigen and antibody in physiological conditions
(Reverberi and Reverberi, 2007). Proteins are biopolymers composed of
amino acids. The amino acid sequence determines the structure and
conformation of a protein in considerations with the environmental
conditions (such as pH levels, temperature, presence of other com-
pounds, etc.). The amino acid sequence also determines the isoelectric
point (pI) of the protein which is the theoretical pH value in which the
molecule carries zero electrical charge.

When an antibody (Ab) having a charge X; undergoes an im-
munological reaction with an antigen (Ag) having charge X,, an anti-
body-antigen complex is formed having total charge X3:

K
Ab% + AgXe[AbAg)Ss. (10)

It is expected that the charge difference from X; to X3 can be
measured by the immunoFET. The change in the charge density at the
gate oxide/solution interface induces an equal charge density change of
opposite sign in the semiconductor/oxide interface, which affects the
threshold voltage of the immunoFET.

Various attempts were reported to provide a theoretical infra-
structure of immunoFET. Wunderlich et al. analytically demonstrated
that the pH sensitivity of immunoFETs can decrease or even suppress
the measured signal for protein adsorption (Wunderlich et al., 2007).
They reported that the electrolyte concentration n, and the charge
sensitivity are related to the pH sensitivity via the sensitivity parameter
a. The sensitivities of ¥, to n, and to analyte charge Ognayy are given by:

¥ _ (0% (1-a),

dno al’lo a0 (11)
d¥, (d%) (&) (1—a)

dUanalyte doy no dUanalyte Sprotons 12)

where the total surface charge density gy is the sum of 0gnaye and the
acid-base charge 0po0ns. Evidently, the above suggests that a high pH
sensitivity reduces other sensitivities. For instance, a positive signal
caused by the adsorption of positive charge induces a rise in the surface
potential. This rise in the surface potential is accompanied by a de-
crease in pH,, which causes more surface groups to dissociate—the
surface becomes more negative and the surface potential is conse-
quently decreased, and therefore the original positive charge adsorp-
tion signal is reduced. But, on the other hand, Shalev et al. experi-
mentally examined the correlation between pH sensing and
immunosensing using a double-gate immunoFET, and demonstrated
direct correlation between pH sensitivity and immunosensing (Shalev
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et al., 2012). They reported that the highest and lowest threshold vol-
tage shift for a label-free and specific detection of 6.5nM IgG were
40 mV and 2.3mV with pH sensitivity of 35mV/decade and 15mV/
decade, respectively.

Moreover, after surface functionalization of the immunoFET with
antibodies, the residual hydroxyl groups on the active area may also
limit the sensor response to the targeted antigens. Stoop et al. identified
the residual pH response as a key factor limiting the sensor response
and investigated the influence of a competing surface reaction on the
specific detection of the targeted species (Stoop et al., 2015). They re-
ported that the measurement of the targeted analyte A; * suffers from
the competing reaction with species A," and results in a nonlinear
coupling between the targeted and the competing reactions via ¥p. The
strength of this coupling is given by the ratio of the number of surface
sites 2 NZ . If one species dominates (N> > > Nj), the sensor will respond
strongly to competing species A, while its response to targeted species
A; is fully suppressed. They demonstrated the influence of pH on the
sensor response to calcium ions using Ca®*-sensitive receptor mole-
cules on gold-coated nanoribbons. Including the Boltzmann distribution
for both protons and Ca®*, they derived ¥, as

NLigand Acg2+
Wo=2e 2ot 1
Ca A2+ + KLigande 0
N aé - K Kbe—Ze\llg/kT
+ e

Cdl a2 24— aH+Kb€eLP0/kT + K K eZeLP()/kT (13)

where Cy is the double layer capacitance per unit area, Nyjgqnq and N
are the total number of surface sites per unit area for ligand and hy-
droxyl groups respectively, ac,2" and ay* are activity of calcium ions
and protons respectively and Kpjgqng, Ko and K, are the dissociation
constants. The first term of Eq. (13) is due to the functionalized groups
and the second term relates to the intrinsic pH sensitivity. They pre-
sented experimental results to show that the pH value determined the
total shift in potential A¥,,q due to acZ " and the region of maximum
response.

Landheer et al. proposed immunoFET theoretical model based on
the Donnan potential (Landheer et al., 2005). They considered the layer
of biological macromolecules as an ion-permeable membrane and
modified the expression for ¥, of an ISFET to include terms involving
the semiconductor surface charge and the Donnan potential ¥pp (po-
tential in the bulk of an ion-permeable membrane where charge neu-
trality prevails) of the ion-permeable membrane:

4606qN( ) (pH, pze — pH) + Cpp¥pp + 0

Y = 5
Zqu( ) /kT + CLDL (14)
Lo_ 1 kT
Cior Csern 29 (2enkTno)V?’ (15)

where ¢, is the permittivity of the membrane, pH,,. is the isoelectric
point of the targeted antigen, C;p; is the linearized double layer capa-
citance, Csr, is the Stern layer capacitance, N; is the number of surface
sites per unit area, and z is the equal valence (a z: z electrolyte). In the
limit of an uncharged surface, ¥, = ¥pp + 0;/Crpr, and therefore ¥,
tracks ¥pp. They showed that the increase in the membrane charge
density dramatically reduces the change in ¥, compared to an un-
charged surface due to presence of amphoteric sites on the oxide sur-
face. Also, for higher ionic concentrations, the variation of ¥, decreases
for both uncharged and charged oxide surface reflecting low Donnan
potentials, low surface potentials and low membrane charge.

2.3. Debye screening length

The electrostatic potential of an analyte in an electrolyte is screened
by the presence of other charges in the electrolyte. The Debye length
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Fig. 3. a) A schematic model of the HEMT-based EDL-FET. b) A schematic representation of the top gate electrode immobilized with antibodies. Binding of antigens
to the electrode-bound antibodies entails gate voltage drop and redistribution of the local charge density at the gate electrode leading to subsequent changes in the
charge density on the active area of the FET. ¢) Distribution of ions under positive gate bias. Typical area of gate electrode opening is 100 pm X 120 um, distanced at
265 pum from the active channel. Copied from Chu et al. (2017). Copyright © 2017, Springer Nature.

(Ap) quantifies this screening length and is defined as:

= ‘ kT
p= |5 o>
\/e2 Y Naciz?

(16)

where e is the proton charge, ¢ is the permittivity of the solvent, N, is
the Avogadro’s number, z; and c; are the valence and concentration of
ion species i, respectively, and the sum extends over all ion species in
solution (J. Israelachvili, 1991). Therefore, theoretically, any binding
event that occurs at a distance from the electrolyte/oxide interface that
is greater than Ap will not be detected by the immunoFET. In order to
circumvent the obstacle of the Debye length, the sensing measurements
are carried out in diluted buffer solutions. This, however, can poten-
tially affect protein conformation and result in subsequent loss of pro-
tein activity and binding affinity, as the structure of proteins is highly
dependent on environmental conditions supplied by their solvent (as in
secondary structures that are based on hydrogen bonds and tertiary and
quaternary structures that rely on electrostatic and hydrophobic inter-
actions) (Chu et al., 2017).

Stern et al. demonstrated specific and label-free protein detection
using nanowire-FET sensors and reported that the difference between
the pH of the solution (pH,,;) and pI of the analyte, |pHyo — pI| should be
maximized to optimize sensitivity (Stern et al., 2007a). Moreover, they
proposed that the salt concentration of the buffer used for biological
detection should be selected such that A, is sufficiently long to allow
sensing and short enough to screen unbound macromolecules (Stern
et al., 2007b). Recently, Shoorideh et al. numerically studied Debye
screening in nanowire-FET biosensors. They demonstrated that due to
the direction of the curvature in concave and convex surfaces, a patch
of the surface of the concave electrode has a larger Debye volume
(volume of electrolyte within one Debye length of a surface) than an
equally sized patch on the convex electrode, even though the Debye
lengths are the same. Thus, they concluded that Debye screening is
stronger near convex surfaces compared to that near concave or flat
surfaces due to a small surface area to Debye volume ratio (Shoorideh
and Chui, 2014). In the case of nanowire sensors, this contradicts the
prediction that downscaling of dimensions will improve sensitivity as
shrinking the nanowire diameter will increase convexity resulting in
increased Debye screening and reduced sensitivity.

To overcome the challenge of Debye screening, Palazzo et al. pro-
posed immunosensing governed by the capacitive effect that is in-
dependent of the Debye length (Palazzo et al., 2015). The transfer
characteristics are measured in the saturation regime where Ipg® is

given by (Horowitz, 1998):

sat __ ,L{WC

I = —(Vgs — V)2,
DS 2L(GS T)

a7
where W and L are the channel width and length respectively, p is the
mobility and C is the total gate capacitance. Decoupling the capacitance
and threshold voltage contributions, the immunoFET response can be
written as

Al _ Ac
L G

2AVp

Vo — Vio 18)

C is modeled as a series network of the fixed gate oxide capacitance
(Cfix), the Donnan capacitance (Cpon  ionic strength of the solution i)
and the double layer capacitance (Cgcpr  Vis) and a capacitance Cp, in
parallel to fully account for the stacked proteins and is written as:

-1
1 1 1
C=|—+ + + Cpar-
Cix  Coeepr Cpon 19)
AC/C, can be written as:
kT
AC _[ G N | Cogl| | Gpar
Co | Cp Jis i Co
S S (20)

where g is the proportionality constant linking Cpoy to i;. The capacitive
immunoFET sensing mechanism is ascribed to the formation of Donnan
equilibria within the protein layer, in series to the gate capacitance.
Another method for immunosensing beyond the Debye length was
proposed by Chu et al. using ion-gated electric double layer FET (EDL-
FET) (Chu et al., 2017). They demonstrated direct detection of HIV-1
RT, CEA, NT-proBNP and CRP in 1 X PBS (with 1% BSA) or human
serum using antibody or aptamer immobilized AlGaN/GaN high elec-
tron mobility transistors (HEMT) as shown in Fig. 3a. The antibodies
are immobilized on the gate electrode unlike in the conventional im-
munoFET as illustrated in Fig. 3b and the gate electrode is separated
from the active channel of the FET as shown in Fig. 3a. The transfer
characteristics are measured in the linear regime with Ipg given as:

_ uwcox(v
L

1
Ips Gs — Vr — EVDS)VDS

21
where C,, is the gate dielectric capacitance. The change in Ips due to the
protein binding is governed by the gate electrode opening and the gate
voltage drop across the solution and the oxide. As shown in Fig. 3c,
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larger gate electrode opening allows more ions to be attracted towards
the gate opening. Consequently, this leads to more ions accumulating
on the active area, thereby increasing the carrier concentration in the
channel and the current gain as well. Moreover, when Vs is applied to
the gate electrode, the gate voltage drops through the solution (AV;)
and across the dielectric of the HEMT (AV,,). The change in the solution
capacitance C; due to the target protein binding causes a change in the
effective gate voltage as:

Vos = AV, + AV, 22)
AVp= —S v
c e @23)

The gate voltage drop induced by the antibody-antigen reaction
causes local charge redistribution at the gate electrode leading to sub-
sequent changes in the charge density on the active channel as illu-
strated in Fig. 3b.

2.4. Surface functionalization

FET based immunosensing via adsorption of target biomolecules is
translated to change in Ipg of the FET by the modification of the FET
gate dielectric surface with a biomolecular layer as receptor. The im-
mobilization of various biorecognition materials on the FET gate sur-
face for biomarker analysis has been developed through surface mod-
ification technology. However, their viability for applications in
immunosensing is defined by their ‘specificity’ which quantifies the
ability of the sensor to detect extraordinarily low concentrations of a
single target species in a complex biological environment.
Conventionally, the specificity is introduced into the system with ade-
quate chemical surface modification of the immunoFET active sensing
area. Fig. 4(a) shows an immunosensor with antibodies immobilized on
the surface. As demonstrated by Nair et al., when a solution containing
antibodies is introduced onto the active area for surface functionaliza-
tion, random attachment of the antibodies causes fragmentation of the
active area for subsequent adsorption and forms voids as shown in
Fig. 4(b). These voids allow non-specific binding [denoted as (B) in
Fig. 4(c)] and physisorption of the parasitic molecules on the un-
passivated regions [represented as (C) in Fig. 4(c)] which dramatically
reduce the selectivity of the sensor. They presented a selectivity theory
for label-free biosensors in which they used fundamental considerations
of surface exclusion and diffusion limited transport to optimize the
incubation time for effective surface functionalization. They also pro-
posed a void distribution function to identify the dominant component
of parasitic adsorption (Nair and Alam, 2010). They reported that a
minimum bulk receptor concentration of 1 pM is required for a typical
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incubation time of 1h to guarantee maximum surface coverage.

The layer with biorecognition materials is bridged to the FET gate
dielectric via linker molecules which can be considered as a dipole on
the surface. A promising approach is the utilization of polar monolayers
to increase the electrostatic selectivity as it introduces a net electrical
dipole perpendicular to the surface/interface. These polar monolayers
modify the work function and electron affinity at a surface, and change
the band offset and band bending at the interface (Bashouti et al., 2009;
Khamaisi et al., 2010). This functionalization effect is a general one and
can be obtained with non-molecular treatments as well. Nevertheless,
the use of molecules, especially organic ones, allows a systematic tuning
of the desired dipole moment by an appropriate choice of their func-
tional groups or the intermolecular interactions between self-assembled
molecules. As several functional groups can be attached to the same
basic unit, optimal dipole design can be achieved together with optimal
design of other pertinent chemical and (opto)-electrical properties, e.g.,
binding group(s), frontier orbital energy levels, etc. Due to the long
range of the electrostatic phenomena, properties of polar monolayers
are determined not only by the type of molecules and/or bonding
configuration to the substrate, but also by size, (dis-)order, and ad-
sorption patterns within the monolayer (Natan et al., 2007).

The dipole associated with a polar monolayer is usually modeled
within the semi-classical Helmholtz picture, which effectively treats the
monolayer as a dielectric “parallel plate-capacitor”. However, sig-
nificant difficulties in data interpretation within this simple picture
have also been encountered (Kronik and Shapira, 1999). One example
is the demonstrated modulation of current in the channel of a FET upon
adsorption of a polar monolayer, where the molecular dipole sub-
stitutes or augments the transistor’s gate. As there is no electric field
outside a dipole layer in the parallel plate capacitor model, it is difficult
to understand why this device works experimentally. Another example
is the change observed in the current-voltage behavior of Schottky
diodes possessing a polar monolayer at the metal/semiconductor in-
terface which are inconsistent with the Helmholtz dipole at the inter-
face (Haick et al., 2006; Natan et al., 2007).

The potential and field at a point 7 due to a point dipole 17 at the
origin is respectively given by (For simplicity, we assume that the di-
pole is pointing in the z direction):

pcosé

5
r2

2pcos@ psiné

B
r3

V(¥)= E(T) = Eo(7) =

SR 4)
where V is the potential, E, and E, are the electric field components in
the direction of ¥ and perpendicular to that direction, respectively, and
0 is the polar angle (David and Jackson, 1999). When an array of di-
poles is assembled, the potential and electric field simply add up
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Fig. 5. Distribution of the electric field magnitude, on a logarithmic scale, in
the xz plane due to: a) A single dipole with p = 4 Debye and d = 24; b) A
square array of such dipoles with inter-dipole separation ofa =b = 6 A. Dipole
positions are indicated on the figure as arrows.

according to the superposition principle. However, since molecules are
polarizable, their net dipole moment may change in response to ex-
ternal electric fields, such as those due to dipoles of other molecules. An
illustration of this effect is given in Fig. 5, where the magnitude of the
electrostatic field due to an isolated dipole and a planar dipolar array
are compared. Surprisingly, the decrease in electric field is more pro-
nounced for the dipolar layer than it is for the isolated dipole. Im-
portantly, there exists a significant range of z values where the single
dipole field is significant, but the monolayer field is negligible. This
range of z values is inherently of the order of lateral dipole distances
(compared the molecule length), as the vertical decay length, L.y, is
proportional to the maximal lateral intermolecular distance.

After modifying the surface with a linker molecule, we may in-
crease/decrease the sensitivity upon the adsorption of charged/non-
charged target molecules. This is frequently encountered in the study of
immunoFET based immunosensing. This is rationalized by the fact that
the biomolecule (i.e. e.g. antibodies etc.) is considered a quadrupole
(with or without net of charge) and therefore, the total potential is
proportional to 1/r°. So, the sensing can be based on a combination of
the following effects: (i) change in Vj;, (in case of flatband), which is due
to the change in the vacuum level; (ii) the molecules (i.e. linker +
antibody) behave as a molecular gate; and (iii) charge transfer between
the surface and the molecules or even inside the molecules parallel to
the channel (Chang et al., 2010). The first two effects can be tuned by
internal interactions such as the density and the specific molecular
orientation. For example to the first two effects, without specific or-
ientation, H. Y. Lam demonstrated surface functionalization of a thin
film with 3-aminopropyltriethoxysilane (APTES), followed by glutar-
aldehyde (GA) as a bi-functional linker to immobilize the ¢Tnl mono-
clonal antibody (MAb-cTnl) as bio-receptor for capturing cTnl bio-
marker as illustrated in Fig. 6 (Fathil et al., 2017).

FET biosensors have been proved to be sensitive to the intrinsic
electric charge of biomolecules. Cheng et al. showed that they can
differentiate between two different tumors by immobilizing different
antibodies on the FET gate and detected a specific tumor marker (Cheng
et al., 2015). Few other studies also demonstrate immobilization of
probes or receptors on aminosilane SAM-modified SizN4/SiO, gate in-
sulator; on a thiol SAM-modified gold electrode for extended gate; and
on aminosilane SAM-modified SiO, gate insulator (Cheng et al., 2014;
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7

Fig. 6. Electrical detection of cTnl biomarker by ZnO-FET biosensor with
substrate-gate coupling. (a) The 3D representation of the biosensor. (b) The
surface functionalization of ZnO-NPs thin film with 3-aminopropyltriethox-
ysilane and glutaraldehyde; followed by surface immobilization process with
cTnl monoclonal antibody for capturing c¢Tnl biomarker. (c) The fabricated
biosensor, comparable in size with Malaysia’s 5 cent. Copied from Fathil et al.
(2017). Copyright © 2016, Elsevier.

Goda and Miyahara, 2013; Hideshima et al., 2012; Hideshima et al.,
2013a, 2013b; Niwa et al.,, 2005; Sakata et al., 2005; Sakata and
Miyahara, 2005).

For the specific orientation, surface functionalization has been used
to increase the sensitivity and LOD of immunoFETs. For example, at-
tomolar detection of influenza A Virus Hemagglutinin Human H1 and
Avian H5 was possible by using glycan-blotted FET biosensor
(Hideshima et al., 2013a, 2013b). The small ligand glycans im-
mobilized on the FET device, which make effective use of the charge-
detectable region for FET-based detection in terms of Debye length,
gave an advantage in the highly sensitive detection of the proteins —
compared to the non-ordered SAM. Two kinds of trisaccharides re-
ceptors terminating in sialic acid-a2,6- galactose (6’-sialyllactose) and
in sialic acid-a2,3-galactose (3’-sialyllactose) were conjugated directly
with the SiO, surface of FET devices by a glycoblotting method. The
FETs with densely immobilized glycans, which possess the high capture
ability by achieving the glycoside cluster effect, clearly distinguish HA
molecules between their subtypes H1 (human) and H5 (avian) at at-
tomolar level, while the conventional method based on HA antibodies
achieves only picomolar level detection. Fig. 7a shows a schematic
representation of the glycan-modified FET-based biosensor and Fig. 7b
shows the glycoblotting method.

2.5. Passivation, gate dielectric and noise

ImmunoFET technology seems as a natural extension to the well-
established silicon-based MOSFET industry. However, one important
distinction between an immunoFET and a conventional MOSFET is the
working environment; while MOSFET operates in ambient conditions,
immunoFET is expected to perform in a solution environment.
Therefore, the passivation of the immunoFET metal lines is of a con-
siderable importance and challenge. SiO, and Si3N4 have been widely
used for device passivation in silicon-based immunoFETs as they pro-
vide satisfactory protection against moisture and ambient solution
(Choi et al., 2012; Kim et al., 2012a; Shalev et al., 2013). The hydro-
phobicity or hydrophilicity of the passivation materials is an important
property and can significantly affect the sensor’s performance. Kim
et al. reported to achieve enhanced sensitivity simply by changing the
surface property of the passivation layers which covers the inter-
connecting metal lines except the active area (Kim et al., 2013). Two
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Fig. 7. Glycan-immobilized field effect transistor (FET) biosensor. (A) Optical image of an FET chip and schematic illustration of glycan-immobilized FET for highly
sensitive and specific detection of influenza virus hemagglutinin (HA). (B) One step functionalization of the SiO2 surface of FET devices with aminooxy terminated
trialkoxysilane reagent followed by glycoblotting with unmodified glycans. Copied from Hideshima et al. (2013b). Copyright © 2013, American Chemical Society.

types of passivation layers, SisN, for the hydrophilicity and CYTOP™
(Asahi glass company, Japan) for the hydrophobicity, were used for a
controlled comparison. The hydrophobic passivation surface increased
the binding probability of biomolecules by confining the biomolecules
inside the designed hydrophilic sensing region and the sensitivity is
reported to improve more than 100-fold for CYTOP-SizN, passivation
compared to that with SizN4 passivation only.

Moreover, the gate oxide of the immunoFET serves three purposes:
a) protect the channel from degradation by the solution, b) generate ¥,
following the Nernst equation, and c) generate the field-effect property
for signal amplification (Abe et al., 1979). For the past few decades, the
use of SiO, in CMOS technology has been encouraged due to its robust
nature and the industry accumulated knowledge of oxide process con-
trol. However, SiO, gate dielectrics suffer from issues such as band
offset, interfacial structure, boron penetration and reliability (Wilk
et al., 2001). Due to its high water resistance, SizN,4 has often been used
with SiO, for long-term stability and to minimize gate leakage current
(Ma, 1998). Al,03, a high dielectric material, has also been extensively
used as stacked gate oxide due to its excellent chemical stability in
physiological environments and high immunity to hysteresis (Bae et al.,
2013; Bousse et al., 1990; Jang and Cho, 2013; Peled et al., 2014; Yong
et al., 2012; Zhou et al., 2014). Ta,0s has been reported to possess high
surface buffer capacity which helps to achieve better sensitivity
(Bobrov et al., 1991; Kwon et al., 1996; Lue et al., 2011). Other high-k
materials like HfO,, TiO5, Y503 have also been studied (Chou and Liao,
2004; Pan and Liao, 2007; Zafar et al., 2011). Rare-earth oxides have
also been rigorously investigated as potential replacement of SiO5 (Pan
and Lin, 2010; Pan and Huang, 2011; Pan et al., 2009). However, the
biggest problem of rare-earth oxides is moisture absorption due to
oxygen vacancies which effects their sensing performance (Zhao et al.,
2006). To overcome this issue, elements like Ti or Y are added to the
rare-earth oxide films (Pan and Lin, 2010; Pan et al., 2010; Wu et al.,
2010). Pan et al. investigated the effect of yttrium content on the
structural properties and sensing characteristics of YbY,O, sensing
membranes for electrolyte-insulator-semiconductor (EIS) sensors for
label-free detection of rheumatoid factor (Pan et al., 2015).

As devices are scaled down to the nanometer regime, the channel
current becomes more prone to fluctuations due to fluctuations of the
inversion charge near the Si-SiO, interface. This arises from the var-
iations of the interfacial oxide charge after dynamic trapping-detrap-
ping of free carriers into slow oxide traps (which can affect carrier
density, carrier mobility or both) (Ghibaudo and Boutchacha, 2002).
Thus, low-frequency noise of the device becomes a very serious

limitation for any DC measurement (Tsai and Ma, 1994). In im-
munoFETs, the noise from the electrochemical interface and the bio-
logical environment contribute additional complexity to the noise
performance of the device. The EIS system consists of two electro-
chemical interfaces namely electrode-electrolyte interface and the
electrolyte insulator interface. Noise at the electrode-electrolyte inter-
face arises from the charge transfer across the bulk electrolyte (Deen
et al., 2006). Hassibi et al. presented a comprehensive study of the noise
processes in electrode-electrolyte systems and proposed a model com-
posed of noise components due to the resistance at the interface and
redox generated noise (Hassibi et al., 2004). They showed that when
charge transfer occurs at the electrode-electrolyte interface, frequency
dependent shot noise becomes apparent in addition to the thermal noise
originating from all the dissipative components. The shot noise fre-
quency spectrum is governed by the charge and mass transfer processes
at the proximity of the interface such that if the mass transfer is
dominated by electric field effects, the noise spectra possesses a 1/f°
dependency while in diffusion-dominant electrode, the excess noise due
to ionic redistribution obeys inverse frequency power law (i.e. 1/f
noise).

Rajan et al. investigated the temperature-dependent 1/f noise me-
chanism in nanowire biochemical FETs from weak to strong inversion
in a temperature range 100-300 K (Rajan et al., 2010). The primary
effect due to the decrease in temperature is the reduction in the number
of interface traps, which are thermally accessible. Thus at low tem-
peratures, the correlated mobility fluctuations are suppressed and the
1/f noise is dominated by carrier number fluctuations, resulting in a
Lorentzian spectrum. Deen et al. presented a complete circuit diagram
of a bioFET with noise sources as shown in Fig. 8 (Deen et al., 2006).
The noise sources V;? and V,? model the charge transfer resistance
noise and the bulk electrolyte resistance noise, respectively. The noise
source I;? represents the noise due to the Faradaic process that can
occur in the electrode-electrolyte interface. The noise source I,? re-
presents the combined effect of the thermal noise and the flicker noise
of the FET’s channel. The noise source V;® represents an anticipated
noise source due to the random motion of the immobilized DNA probes
within the electrolyte. This motion can couple to the semiconductor
channel and cause random fluctuations in the carriers. They considered
the noise due to the electrolyte bulk resistance to be white noise, with
the spectral density Syg, described as:

Sve, = 4KTRy,

(25)

where R, is the electrolyte bulk resistance. Thus, when the electrolyte



LM. Bhattacharyya, et al.

Biosensors and Bioelectronics 132 (2019) 143-161

Q)
NS

(’vll?, CUI
Il ]
¢ | )
Electrode
- 2 e
R 7 v} = 4KIR
v: = 4kTR, w2 ?
K. Ve Electrolyte
V2 =20 R bulk
) &4 f” C B
Semiconductor H1 DI
bulk C | |
/s ox Ccl
1+ - Vin*
- +
- 11—
Ca ZWI
e Drain
o (4kTu,C W . .
T2 o~ eoff
b I { [VA Vig W +Woo +7+ ‘/’,o]}

7. (Y) 3k,

@ Source

tSyma\8m aﬂqrcqup)z

Fig. 8. Complete equivalent circuit model for the bioFET showing the various noise contributions. Copied from Deen et al. (2006). Rights managed by AIP publishing.

concentration increases, the electrolyte resistance decreases and ac-
cording to Eq. (25), the noise from the electrolyte also decreases.
Therefore, from the point of view of noise, it would be desirable to have
a high electrolyte concentration to minimize the bulk resistance.
However, for high enough electrolyte concentrations, the low-fre-
quency noise of the FET dominates over the electrolyte noise, so the
electrolyte concentration should be lowered to have high sensitivity
(Deen et al., 2006).

Rajan et al. reported that signal-to-noise ratio (SNR) is an intrinsic
device property and is maximized at the region of maximum trans-
conductance (g,) (Rajan et al., 2011). SNR can be used as a perfor-
mance metric for designing better sensors since it involves both g, as
well as the drain current noise power density (SI) such that

2
I
SI = g,iSVg = (1+7HCOX f) g,iSVFB,

m

(26)

where y is Coulombic scattering coefficient, Sy, is the power spectral
density of the gate voltage noise and Sygp is the flatband-voltage noise
spectral density due to fluctuations in the interface/oxide charge which
is given by

AKTG*Ny,

wLCE’
where A is the tunneling parameter for electrons in silicon oxide
(~107'° m), N, is the oxide trap density and f is the frequency at
which the power of the noise density is measured. Thus, the SNR of an
immunoFET is given by (Rajan et al., 2014)

Sy =
VFB @7

| WLCLf
JSI N\ AkTgN,,

8m _

SNR =
(28)

Wu et al. experimentally studied the noise characteristics of ultra-
thin dual gate transistors and its effect on the intrinsic limit of detection

of these transistors. Unlike single gate transistors, the response of
DGFETs is amplified by an asymmetric factor governed by the capaci-
tive coupling of the top and bottom oxides such that their response
exceeds Nernst limit which is elaborately discussed in the later section.
However, this capacitive signal amplification cannot be translated to
proportional increase in the intrinsic LOD because the noise amplitude
increases commensurate with the asymmetry factor, thus neutralizing
the effect of capacitive amplification (Wu et al., 2017).

The effect of surface functionalization on device noise and perfor-
mance have also been studied (Delker et al., 2013; Kim et al., 2012b).
Rajan et al. investigated the effect of APTES functionalization on the
noise properties of bioFETs and reported a 3-fold increase in SNR which
indicate almost an order of magnitude decrease in the trap density
(Rajan et al., 2014). Also, the SNR is directly proportional to area
which means increasing the device area results in higher SNR. This
contradicts the common argument that smaller devices have better
sensitivity. Therefore, device size should be carefully determined based
on the experimental requirements to optimize the SNR.

3. ImmunoFET for label-free detection: device architectures

Specificity, dynamic range and sensitivity coupled with device ro-
bustness and stability determine the performance vector for a sensing
technology to become a viable option for applications in immunosen-
sing. Although, in principle, immunoFETs are capable of real-time,
specific and sensitive PPI detection, still there are several fundamental
obstacles and challenges in the realization of commercial immunoFETs
that are related to, for example, the operationality of a silicon device in
liquid environment (e.g. device encapsulation and surface passivation
of the active gate oxide area), Debye screening and the stability of the
reference electrode. Structural modifications were proposed to cir-
cumvent these obstacles which led to the development of new and
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innovative device configurations. These configurations differ not only
_ in their structure but also in the sensing mechanism and operational
g principles. Recently, Lowe et al. extensively reviewed bioFETs specifi-
“ cally used for streptavidin detection by surface-bound biotin, which are
commonly used biological systems to emulate immunosensing (Lowe
et al., 2017). This section discusses in detail the important silicon based
immunoFETs in which label-free sensing was demonstrated excluding
structures such as nanowires, nanobelts and nanoribbons as they have
been already extensively review elsewhere (Chen et al., 2011b; Mu
et al., 2015). Table 1 presents a summarized list of publications on si-
licon-based immunoFETs used for the detection of various analytes
along with their sensitivities, dynamic range and limit of detection.
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In its most basic form, the immunoFET structure consists of an
ISFET in which the gate dielectric is functionalized with ligands to
detect the targeted analyte as shown in Fig. lc. In the following, we
briefly review several recent studies on silicon-based immunoFETs in
terms of the strategies for surface chemical functionalization and gate
dielectric material selection. Osaka’s group demonstrated antibody-
modified FET treated with bovine serum albumin (BSA) blocking for
label-free immunosensing of tumor marker protein, a-fetoprotein in
blood serum with a detection limit of 10 ng/mL. The SiO, surface was
functionalized with 3-aminopropyl silane (APS) followed by GA. BSA
blocking was used to minimize non-specific adsorption of other blood
proteins (Hideshima et al., 2012). In a different work, they established
antigen-binding fragment (Fab) immobilized immunoFET for the label-
free detection of AFP for a concentration range of 100 pg/mL to 1 pg/
mL in 0.01 X PBS. Fab receptors are the recognition and binding do-
mains of antibodies. To examine the effect of the receptor’s size, the
responses of the Fab-immobilized and antibody-immobilized FETs in
the presence of AFP were compared. The Fab immobilized FET showed
a AVy of 111 mV for 1 ug/mL of AFP, while the antibody-immobilized
FET had a AVr of 51 mV. The use of small Fab receptors allowed im-
munosensing within the Debye length and they reported enhanced
sensitivity by lowering the LOD from 10 ng/mL to 100 pg/mL (Cheng
et al., 2014). Recently, they demonstrated label-free immunosensing of
PPI between lung tumor markers cytokeratin fragment 21-1 (CYFRA21-
1) and neuron-specific enolase (NSE) in both phosphate buffer solution
(PBS) and human serum using multi-analyte SiO, gate dielectric p-type
silicon immunoFET (Cheng et al., 2015). The SiO, gate oxide surface
was modified with APTES SAM and the cross-linker GA. The non-spe-
cific adsorption of other proteins in human serum was minimized by
using a blocking reagent BSA. Fig. 9a shows the change in V7 of the
BSA-blocked immunoFET after the addition of a mixture of CYFRA21-1
and NSE in human serum. The limit of detection achieved for
CYFRA21-1 and NSE in human serum was 1 ng/mL and 100 ng/mL,
respectively. This difference between the sensitivity of the analytes was
reported to be due to steric hindrance.

Saengdee et al. demonstrated label-free immunosensing of protein
antigen 85 complex B (Ag85B) for tuberculosis diagnosis using silicon
immunoFET (Saengdee et al., 2016). The SisN,4 sensing layer on the
SiO, gate dielectric of an n-channel ISFET was modified with APTES
followed by GA, yielding an aldehyde-terminated surface. They
achieved a linear response for concentration between 0.12 and 1 pg/mL
without significant interference from other recombinant proteins.
Fig. 9b shows the high specificity of the Ag85B immunosensor for na-
tive Ag85B protein of M. tuberculosis with gate potential change re-
sponse of 26.0 * 2.6 mV. Fathil et al. proposed zinc oxide nano-
particles (ZnO-NPs) thin film based FET for the label-free sensing of
cardiac troponin I (cTnl) (Fathil et al., 2017). They used ZnO-NPs thin
film as the channel on p-type silicon-on-insulator (SOI) wafer to create
p-n-p junction between the source, channel and drain. The surface of
the thin film is functionalized with APTES followed by GA. Although
the conducting channel is not sustained in silicon, still we acknowledge

LOD
1ng/mL
10 ng/mL
100 pg/mL
0.12 pg/mL
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6.5nM
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Dynamic range

Response time

Real time
10 min
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Real time
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Real time
Real time
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0.01 x PBS
0.01 x PBS
0.01 x PBS
1 x PBS
0.01 x PBS
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0.01 x PBS
0.01 x PBS
1 x PBS
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Linker
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APS
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APTES
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APTES
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APTMS

Gate dielectric

Si0,
SiO,
SizNy
SnO,
SiO,
SnO,
Si0,
ZnO-NPs
SiO,
SnO,
SiO,
SizNy

Cytokeratin fragment 21-1 (CYFRA 21-1)
Neuron-specific enolase (NSE)

Influenza A Virus HemagglutininHuman (H1 HA)
Annexin A3 (ANXA3)

a-feto protein (AFP)
Hepatitis B surface antigens (HBsAg)

Antigen 85 complex B (Ag85B)
Prostate specific antigen (PSA)
Cardiac troponin I (c¢Tnl)
Avian Influenza (AI)

Cortisol
Immunoglobulin G (IgG)

Cardiac troponin (cTnI)

Analyte

Recent reports on silicon-based immunoFETs applied to clinical diagnosis.

** Data not specified in the literature.

Table 1
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Fig. 9. a) The change in Vr for detection of multiple target proteins (a mixture of CYFRA 21-1 and NSE) at low concentrations in human serum using a BSA-blocked
multianalyte FET biosensor. The error bars show the standard deviation (n = 5). Copied from Cheng et al. (2015). Copyright © 2015, Elsevier. b) The gate potential
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results obtained for three independent experiments (n = 3). Reprinted with permission from Saengdee et al. (2016). Copyright © 2016, Royal Society of Chemistry.
¢),d) Schematic representation of an organic FET and electrolyte-gated organic FET structure respectively. A bioreceptor layer (pink) is immobilized on the organic
semiconductor layer (green) which is deposited on Si(grey)/SiO»(brown) substrate. Vgs is the applied gate voltage. Adapted from Kergoat et al. (2012). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

their contribution as they used the SOI substrate to manipulate the
sensing performance; they demonstrated substrate-gate coupling in the
FET by applying voltage biasing from the substrate of the SOI to im-
prove the sensitivity by controlling conductivity of the channel. They
measured a linear response of the relative change in drain current over
logarithmic cTnl analyte concentration ranging from 1 ng/mL to 10 pg/
mL with limit of detection of 3.24 pg/mL.

Recently, organic field effect transistors (OFETs) have received
immense research interest and have emerged as a potential sensor
platform for its numerous advantages such as high sensitivity, low cost,
easy fabrication and mechanical flexibility, which has encouraged their
utilization in a large number of applications. The OFET structure re-
sembles the basic immunoFET structure where the silicon channel is
replaced with an organic semiconductor and the gate is biased through
the substrate as shown in Fig. 9c. Another configuration derived from
the OFET is the electrolyte-gated OFET (EGOFET) in which the gate bias
is applied to the electrolyte instead of the substrate as illustrated in
Fig. 9d. Their structures and sensing mechanism have been extensively
reviewed elsewhere so here we include only a few latest works which
proposed label free immunodetection (Kergoat et al., 2012; Lee et al.,
2017; Mei et al., 2013; Torsi et al., 2013). Katz and group demonstrated
label free detection of glial fibrillary acidic protein using pentacene
based OFET with polyethylene glycol containing bioreceptor layer for
an analyte concentration range of 0.5-100 ng/mL and achieved LOD of
1ng/mL (Song et al., 2017). In the following year, the same group
experimentally studied the influence of the bioreceptor layer on the
sensitivity of pentacene based OFET for label free detection of myelin

basic protein. They achieved highest sensitivity of (11.9 = 3.8)% for
polystyrene-co-methacrylic acid (PS-MA) as a receptor layer since large
amounts of antibodies was successfully immobilized on the device
surface (Song et al., 2018). Jang et al. demonstrated acetylchloline
(ACh™) using 5,5-bis-(7-dodecyl-9H-fl uoren-2-yl)-2,2-bithiophene
based OFET functionalized with perallyloxyCB[6] ((allyloxy),,CB[6],
AOCB[6]) and achieved LOD of 1 x 10™*2M ACh™* (Jang et al., 2015).
Woustoni et al. demonstarted label free detection of human prion protein
using thiamine immobilized silicon FET for a concentration range of
40 nM to 40 pM. They also reported improved sensitivity by dual-ligand
binding achieved by the addition of metal ions (Cu*?, Mn*2 Zn*?)
which amplifies the FET response due to the effect of the association of
the protein with the metal ions (Wustoni et al., 2014). Torsi and group
demonstrated label free detection of C-reactive protein (CRP) using
poly-3-hexylthiophen (P3HT) based EGOFET immunosensor in high
ionic concentrations and showed capacitive sensing makes the FET re-
sponse insensitive to Debye screening (Palazzo et al., 2015). In the
following year, they demonstrated label free CRP detection using si-
milar immunosensor for wide dynamic range from 4 pM to 2 uM with
LOD of 2pM (220 ng/mL) (Magliulo et al., 2016). Recently, the same
group demonstrated label free detection of procalcitonin (PCT) for a
concentration range of 0.8 pM to 4.7 nM with LOD of 2.2 pM using the
same EGOFET immunosensor (Seshadri et al., 2018).

3.2. Floating gate ImmunoFET

Fig. 10a presents a schematic of a floating gate field effect transistor
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Fig. 10. a) Schematic representation of the floating gate immunoFET structure. The control gate, which is capacitively coupled with the floating gate, controls the
conductivity of the semiconductor channel. The sensing mechanism of FGFET is potentiometric in which any variation in the bound charge Q on the active area
causes a shift in the threshold voltage of the transistor. Adapted from Zhang et al., 2015. b) Macromodel description of the FGFET. The model input nodes: N1 is the
CG potential (Vg node), N2 is the REF potential (Vggr node), N3 is drain voltage (Vp node), N4 is the source voltage (Vs node), N5 is the body terminal of the
transistor and N100 is defined as the pH input. The Gouy-Chapman-Stern model defines the capacitors of the double layer and the surface potential of the oxide ¥,
and the potential at the Stern layer ¥p;. Copied from Kaisti et al. (2017). Copyright © 2016, Elsevier. ¢) pH monitoring with polyaniline-functionalized ion-sensitive
FGFET with inset showing the change in threshold voltage V; with pH, AV;/pH = 108 mV/pH for pH 7-10. Copied from Zhang et al. (2018). Copyright © 2017,

Elsevier.

(FGFET). Shen et al. introduced the chemoreceptive neuron MOS
(CvMOS) based on FGFET for chemical and molecular sensing (Shen
et al., 2003). The main attraction of this device was the elimination of
the reference electrode. Instead, a control gate is utilized to control the
channel conductivity. This provided a solution to the problem of in-
tegrating a reference electrode into a CMOS fabrication process which
would increase the complexity of device fabrication and hence affect
the realization of low-cost, disposable devices.

Barbaro et al. introduced a charge-modulated FET based on floating
gate structure for DNA hybridization detection and presented a model
to explain its working principle (Barbaro et al., 2006). In FGFET, a
polysilicon floating gate (FG) layer is inserted between the control gate
(CG) and the source/drain electrode pair such that the FG is capaci-
tively coupled to CG on one end and is connected to the sensing area on
the other as shown in Fig. 10a. The potential between the FG and the
silicon body, Vpg can be expressed as:

Qro — Qi(Qy)
Cer + Cpp

Vi Ve +

_ F
Cer + Cpp (29)

where C¢r is the capacitance between the CG and the FG, Crp is the
capacitance between the FG and the silicon, Qg is the total charge
trapped in the FG, Qs is the bound active surface charge and Q; is the
charge induced on the FG surface by Q;. So Ips of the transistor in-
directly depends on both the CG voltage and Q, via Vg as:
2
Ips = ﬂcox%((VFG - V) Vps — % . (30)
Any variation in the net charge on the active area due to biological
binding will induce a corresponding change in Vr of the transistor
which serves as an indicator of the biological detection. The relation-
ship between the effective threshold voltage (Vr,.4) of the transistor and
Qs can be expressed as:

Qro — Qi(Qy)

fOrCCF > Cgp.
Cecr + Crp

VT,eff = VT - (31)

However, the absence of the reference electrode may result in un-
stable electric measurement since the electrolyte is in a floating po-
tential (Guan et al., 2013). Jayant et al. reported that the use of re-
ference electrode along with the control gate can manipulate the
biomolecule immobilization to enhance sensitivity by altering the

electric field at the sensing oxide (Jayant et al., 2013). This electric-
field modulation of the dielectric surface is termed as electrofluidic
gating. Kaisti et al. proposed that the interplay between the CG and the
reference electrode in an ion-sensitive FGFET can be used for electro-
fluidic gating i.e. control the charging of the sensor surface and ion
screening layer via the field effect (Kaisti et al., 2017, 2015). Using the
macro model illustrated in Fig. 10b, they described the device operation
in which the change in Vyg of FGFET resulting from the inputs is given
as

AVig = S AV, + 55y,
TOT TOT (32)
Y = Vo + Veer + Vomr, (33)

where Cg; is the sensing gate capacitance per unit area, Cror = Csg
+ Ccg + Coyx, V% describes the constant interfacial potentials asso-
ciated to the electrochemical cell and V,y is the chemically relevant
term. Chen et al. proposed folded FGFET topology in which the floating
gate is placed above the control gate, covering the entire device such
that the top device area can be utilized as the sensing area which is
directly above the FET (Chen et al., 2011a). This allows sensing and
detection at the same location on the chip. They tested the device for
different poly amino acids and demonstrated reliable detection of
charge fluctuations on the sensing area of the device. Since the sensing
mechanism of the FGFET is potentiometric, the Debye length remains a
challenging obstacle. To circumvent this problem, Zhang et al. pro-
posed polyaniline functionalized ion sensitive FGFET and utilized the
ion and redox sensitive nature of polyaniline for detection of pH and
horseradish peroxidase (HRP) catalyzed enzymatic reactions on the
sensing area. Fig. 10c shows the transfer characteristics recorded for pH
4-10 by adding 20 pL of each buffer to the PDMS well with an Ag/AgCl
electrode inserted in the buffer. As the redox reactions occur very close
to the polyaniline transducer layer, the EDL problem can be sig-
nificantly reduced (Zhang et al., 2018). Although immunosensing based
on silicon-FGFET is yet to be reported, we included this structure in our
review as the cited works in DNA hybridization detection indicate its
potential applications in immunosensing.

3.3. Extended gate ImmunoFET

The extended gate field-effect transistor (EGFET) was introduced in
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Fig. 11. a) An illustration of the extended-gate imnmunoFET. The sensing structure containing the sensing membrane is dipped into the solution with analytes. The
gate of the transistor is connected to the sensing structure via an extended metal line. Vs denotes the source-drain voltage and Vggr is the reference voltage. Adapted
from Guliga et al. (2014). b) Schematic representation of an antibody embedded polymer (Anti-em PSMA) sensing structure used for cortisol detection. The graph
shows the percentage change in responsive voltage AVgr/Vpqs of anti-em PSMA for varying cortisol and 17-a-HPG concentration. AVy increases by 0.3% with
increasing cortisol over eight samples of anti-em PSMA. Copied from Jang et al. (2018). Copyright © 2018, American Chemical Society.

1983 by van der Spiegel et al. as an improvement to the conventional
ISFET in terms of passivation and packaging (van der spiegel et al.,
1983). As shown in Fig. 11a, it consists of two parts, one is the sensing
structure consisting of the sensing membrane that comes in contact
with the solution and the other is the MOSFET structure. The gate of the
MOSFET can be metallic such as gold or polysilicon which is directly
connected to the sensing structure via metal. The removal of the FET
structure from the biochemical liquid environment via an extended gate
supported long term stability of the device as well as allowed flexibility
in the design of the sensing area. Also, a wide variety of bioreceptors
can be conveniently immobilized on the extended electrode to max-
imize amplification and provide ease of fabrication without affecting
the semiconducting device. Moreover, the transistor can be tested and
characterized separately without contacting the solution and the light
and temperature effects can also be avoided (Chen et al., 2003). Thus,
EGFETs have been intensively employed to design low-cost, disposable
biosensors for clinical applications.

Guan et al. discussed a label-free potentiometric non-enzymatic
sensor using off-chip EGFET with a ferrocenyl-alkanethiol modified
gold electrode for determining the uric acid concentration in human
serum and urine. The sensor detects the change in the interfacial po-
tential which is determined by the redox state of the ferrocene com-
pound on the gold electrode. They achieved a limit of detection of
500 nM and the sensor showed excellent long term reliability over a
period of at least six months (Guan et al., 2014). Lin et al. investigated
the use of aptamers for specific detection of platelet-derived growth
factor (PDGF) and subsequently triggered the rolling circle amplifica-
tion (RCA) of DNAs on EGFET to enhance sensitivity (Lin et al., 2016).
The RCA primer immobilized on the sensing surface amplifies the
protein signal into the elongation of DNAs, allowing the EGFET to
achieve a detection limit of 8.8 pM in serum. Recently, Jang et al.
proposed antibody embedded polymer on the sensing area as illustrated
in Fig. 11b to overcome the problem of Debye screening. The sensing
membrane was made by linking poly(styrene-co-methacrylic acid)
(PSMA) with anticortisol before coating the modified polymer on the
remote gate (Jang et al., 2018). As shown in Fig. 11b, they demon-
strated sensitivity from 10 fg/mL to 10ng/mL for cortisol using the
antibody embedded receptor in the polymer and a limit of detection
(LOD) of 1 pg/mL in 1 x PBS where Debye length Ap is 0.2nm. They
also showed a LOD of 1 ng/mL in lightly buffered artificial sweat. Chen
et al. proposed a portable urea biosensor based on EGFET using SnO,/
ITO glass as the sensing electrode (Chen et al, 2003). They
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demonstrated urea detection based on pH variation with a dynamic
range of 0.31-120 mg/dl in 5 mM PBS and reported a response time of
1-2min. Chi et al. proposed EGFET based on SnO, pH sensitive mem-
brane on electrode connected to a commercial MOSFET device
CD4007UB or LF356N and showed linear pH response of about
56-58 mV/pH in a concentration range of pH 2-12. They reported that
EGFET reduced the effects from ambient light and showed that the
reference voltage shifted only about 3mV when exposed to 2000 1x
light illumination (Chi et al., 2000). Kao et al. presented a multi-analyte
biosensor on CF, plasma treated Nb,Os sensing membrane with EGFET
for urea and glucose sensing based on pH variation (Kao et al., 2014).
They reported that CF, plasma treatment reduced dangling bonds and
passivated defects by forming strong bonds and showed that for urea
and glucose, the sensitivity increased from 2.61 mV/mM and 5.62 mV/
mM respectively for as-deposited membrane to 7.71 mV/mM and
10.59 mV/mM respectively for CF, plasma treated sensing membrane.
Lin et al. presented an EGFET assembled with a microfluidic chip and
achieved sensitivity of 37.45 mV/mM for measuring hydrogen ions at
pH 6-8 with a linearity of 0.9939, 7mV/mM for measuring glucose
with a linearity of 0.9962, and 8.01 mV/mM for measuring urea with a
linearity of 0.9809. Additionally, for Apolipoprotein A1 (APOA1) de-
tection, they used magnetic beads combined with DNA fragments as
labeling to detect protein concentration without modifying the sensor
surface with antibody in advance and reported minimum detection
limit of approximately 12.5ng/mL (Lin et al., 2015). Various other
groups also demonstrated labeled immunosensing using EGFETSs
(Kamabhori et al., 2007; Seong et al., 2018).

3.4. Double gate ImmunoFET

Double gate field-effect transistor (DGFET) is based on SOI tech-
nology. Fig. 12a presents the DGFET structure which consists of the
active SOI layer sandwiched between a top gate (and the corresponding
thin front gate dielectric) and a bottom gate (with a corresponding
comparatively thicker back gate dielectric). The dependence of the top
gate threshold voltage on the bottom gate voltage has been elaborately
discussed by Lim and Fossum, in which they demonstrated that for
sufficiently thin SOI (ts; < kWpex for 1 < k < 2), complete depletion
of the channel occurs (referred to as fully-depleted (FD) SOI) which
results in the coupling of the two gates such that the threshold voltage
of one gate becomes dependent on the surface potential of the other
gate (Colinge, 1988; Lim and Fossum, 1983). The SOI thickness
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Fig. 12. a) A schematic diagram of the double gate immunoFET sensor (DGFET). The DGFET structure consists of a bottom gate and a top gate with the semi-
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Lee et al. (2015). Copyright © 2015, RSC pub. b) Hepatitis B surface antigen (HBsAg) sensitivity depending on different ionic strength of PBS in tailored DG ISFET
and comparison with HBs sensitivities in other sensors. Reprinted with permission from Lee et al. (2015). Copyright © 2015, RSC pub. ¢) Transfer curves of 4.3 nm
ultra-thin SOI based DG ISFET for various pH buffer solutions. The inset shows the response voltage curve with high linearity 99.72% and sensitivity 425.89 mV/pH.

Copied from Jang and Cho (2014). Copyright © 2014, Springer Nature.

determines the nature of the coupling between the bottom and top
gates. This dependence is shown as (Jang and Cho, 2014)

b
3 tox t

AVh = ,
tsi + 3t¢§x th

th 34)
where t,,?, t,,’ and tg; are the thicknesses of the bottom gate oxide, top
gate oxide and the SOI, respectively. Thick body introduces non-ideal
factors such as unstable capacitive coupling ratio and leakage compo-
nents that degrade the DGFET performance. Dual gate operation has
been studied with the aim to develop highly sensitive biosensors cap-
able of exceeding the Nernst limit. Jang et al. reported enhanced pH
sensitivity of 425.89 mV/pH with linearity of 99.72% for 4.3 nm ultra-
thin SOI DGFET as illustrated in Fig. 12¢ (Jang and Cho, 2014).

In a conventional ISFET, the shift in the top-gate threshold voltage
(V79 caused by the shift in ¥, is given as

AV} = —AW,, 35)

whereas in FD SOI dual-gate structure and depleted top interface, the
effect of the top gate on the bottom gate threshold voltage (V;°) can be
shown as (Jang and Cho, 2012):

Ctop Ctop

AVE = AV = — Ay,

(36)

bottom bottom

where Cy,p and Cpoom are the top and bottom gate dielectric capaci-
tances per unit area, respectively. Therefore, in comparison with con-
ventional ISFETs, the threshold voltage shifts due to changes in the top
interface potential is enhanced by capacitive coupling factor of Cy,p/
Chotom- Cho’s group reported a significantly enhanced pH sensitivity of
379.2mV/pH for FD SOI based DGFET (Jang and Cho, 2012). In a
different work, they reported improved sensing performance of poly-
crystalline silicon-based DGFET with pH sensitivity of 325.8 mV/pH
using SiO,/HfO,/Al,05 (OHA) sensing layer which also significantly
reinforced the chemical stability and sensing margin of the device (Jang

et al., 2012). Shalev et al. reported label free and specific detection of
6.5nM immunoglobulin G (IgG) with 40 mV shift in the threshold
voltage with pH sensitivity of 35 mV/decade (Shalev et al., 2012). Lee
et al. reported the detection of Hepatitis B surface antigen using im-
muno-DGFET and achieved detection limit of 22.5 fg/mL in non-diluted
1 x PBS medium with high sensitivity of 690 mV as shown in Fig. 12b
(Lee et al., 2015). Recently, Wu et al. experimentally studied the effect
of capacitive amplification on the sensor detection limit using sub-
10 nm ultrathin silicon FETs. They reported that the noise amplitude in
DGFET increases in proportion to the ratio of the asymmetric top and
bottom oxides and thus neutralizes the capacitive signal amplification
such that the intrinsic LOD of single and double gate FETs become
comparable (Wu et al., 2017). Moreover, in FD SOI based FET, in-
stability factors like hysteresis and drift effects have been reported to
slightly increase in dual gate operation as compared to that of single
gate mode of operation (Jang and Cho, 2012).

Khamaisi et al. demonstrated an enhancement-mode FD SOI FET
based biosensor for the detection of surface immobilized-biotin and
streptavidin (gate oxide was functionalized with (3-aminopropyl) tri-
methoxysilane (APTMS)) (Khamaisi et al., 2010). They reported that
the pH sensitivity of the sensor decreased after the formation of APTMS
and biotin layer but slightly increased after the binding of streptavidin
due to the large amount of amine and carboxylic side chains on the
protein. They also studied the effects of the charge and dipole of these
organic layers by monitoring the threshold voltage of the bottom gate of
the device. Moreover, they reported a reduction in the channel gain
following the formation of each of the organic layers due to their di-
electric nature which changes the effective capacitance of the system.
Jeun et al. demonstrated the detection of annexin A3 (ANXA3), a bio-
marker for prostate cancer using dual-gate FET based ion-responsive
urine sensor (IRUS) with a disposable sensing gate and proposed a self-
normalized detection method by measuring reference signals from each
patient’s urine sample (Jeun et al., 2017). They achieved a good line-
arity of 96.15% for a dynamic range of 0.1 fg/mL to 10 pg/mL, a high
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Fig. 13. a) A schematic representation of the DMFET showing the silicon body (blue), the gate oxide (green) and the chromium (orange) and gold (yellow)
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Nature. b) A schematic representation of a junctionless double-gate DMFET. L; and Lgg, are the gate length and nanogap length respectively. Adapted from Parihar
and Kranti (2015). ¢) Change in threshold voltage (AVy) after immobilization of SBP-Ala, binding of anti-Al, and recovery by detaching SBP-Ala and anti-Al. Copied
from Gu et al. (2009). Copyright © 2009, John Wiley and Sons.(For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article).
sensitivity of 33.3 mV/dec and LOD smaller than 1 fg/mL.

3.5. Dielectric modulated ImmunoFET

Dielectric modulated field-effect transistor (DMFET) based on SOI
with a 15nm nanogap in the gate oxide (Fig. 13a) was first experi-
mentally demonstrated for PPI biosensing by Choi’s group (Im et al.,
2007). They observed a significant Vr shift of ~0.8V due to the change
in the effective dielectric constant of the gate oxide following the label-
free and specific binding of streptavidin to the immobilized-biotin in
the nanogap. Label-free detection of avian influenza antigen (Ala) using
silicon binding proteins (SBP) for a fixed concentration of 25 pug/mL
was also demonstrated for a 20 nm nanogap (Fig. 13c) (Gu et al., 2009).
The DMFET was later developed into a nanogap-embedded separated
DGFET in a 6 X 6 array configuration for point-of-care testing and
demonstrated label-free detection of Al using SBP-Ala and anti-Al im-
mobilization (Im et al., 2011). In another work, they investigated the
surface potential distribution of the DMFET and derived an analytical
model of the V7 shift of the transistor from the potential model (Choi
et al., 2010). The proposed model also provided useful guidelines for
optimization of the nanogap dimensions to maximize sensitivity (AVy).
The concept of capacitive sensing by dielectric modulation enabled the
label-free detection of neutral biomolecules with high sensitivity.

The threshold voltage Vr of a DMFET is given as (Kim et al., 2008)

VT — VFB + 2¢B + QB Qox

Cpomrer  Cpmrer (37)
# = ; + 1 + 1 — Tinote Tox + Toir
Covrer - Cmole Cox Cair - Kmole®0  kox€o £ (38)

where Vi is the flatband voltage, ¢p is the surface band bending,
Cpurer is the total capacitance of the gate dielectric materials in the
DMFET, Cp,0 and Cg; indicate the capacitances of the biomolecule and
air respectively, Tyote Tairr and T,, denote the thickness of the biomo-
lecule, air and silicon dioxide respectively and ko and ko, are the
matching dielectric constants of the biomolecule and silicon dioxide
respectively. Kranti’s group numerically investigated the performance
of cavity based dielectric modulated double-gate junctionless transistor
(JL-DG-DMFET) as illustrated in Fig. 13b. They reported that the
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occurrence of impact ionization in JL-DG-DMFET improves the detec-
tion sensitivity of the sensor which can be utilized for biosensing ap-
plications (Parihar and Kranti, 2015). They demonstrated significant Vr
shift even for partially filled cavity (20% fill-in factor) by using asym-
metric biasing mode. Recently, they experimentally investigated the
operation of DMFET biosensor architecture based on tunneling (TFET)
and accumulation mode FET (AMFET) for label-free detection of iris
protein (Dwivedi and Kranti, 2018). They reported that both TFET and
AMEFET suffer from antigen location dependent sensitivity degradation.
TFET exhibits high sensitivity when antigens are close to the tunneling
junction but their performance and applicability are severely limited
when antigens move away from the tunneling junction. AMFET exhibits
higher sensitivity when antigen layer is located close to the center of
the cavity and its sensitivity degrades as antigen layer shifts towards the
extreme ends of the cavity. However, they reported better performance
of AMFET compared to that of TFET for biosensing applications.
Rahman et al. presented an analytical model to investigate the effect of
antigen position and the cavity fill-in factor on the JL-DG-DMFET
sensitivity for label-free detection (for various antigens like proteins,
enzymes, cells and DNA etc.). They reported that maximum sensitivity
is achieved for completely filled cavity, and for partially filled cavity
the sensitivity is enhanced by moving the antigens toward the center of
the channel and away from the drain (Rahman et al., 2017).

Various groups also demonstrated label-free DNA detection using
DMFET and presented different structures and operation modes as
briefly reviewed in the following. Kim et al. experimentally studied the
effect of charge on the DMFET operation by introducing neutralized as
well as negatively charged DNA in the nanogap. They reported that n-
channel DMFET can preferably detect neutral or positively charged
biomolecules whereas p-channel DMFET showed better sensitivity for
negatively charged biomolecules (Kim et al., 2008). Narang et al. pro-
posed a dielectric modulated double-gate tunnel FET (DG-TFET) based
on p-i-n and p-n-p-n structures for label-free DNA detection and nu-
merically analyzed its application for the detection of charged, neutral
and hybridized biomolecules (Narang et al., 2012). They reported that
the p-n-p-n structure based TFET biosensor exhibited higher sensitivity
compared to that of a MOSFET in terms of on-current (I,,), off-current
(IgY and Vr along with added advantages of low leakage current and
steep subthreshold swing. Kalra et al. numerically investigated the
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Fig. 14. a) Schematic illustration of the EFN biosensor with antibody/analyte complexes bonded to the gate dielectric. b) Ips response to injection of 10 pg/mL cTnl
at t = 0s. Non-specificity is also demonstrated because no change in current is apparent following injection of 10 pg/mL of cTnl to a device modified solely with
APTMS (at t = 05s). Copied from Shalev et al. (2013). Copyright © 2013, Springer Nature.

performance of DMFET for DNA detection and reported that the or-
ientation of the DNA in the nanogap governs the sensitivity and dom-
inance of charge or dielectric constant effect in nanogap embedded FET
devices. They demonstrated that vertical DNA orientation in p-channel
DMEFET leads to higher sensitivity compared to n-channel DMFET bio-
sensors (Kalra et al., 2016).

3.6. Electrostatically formed nanowire

ImmunoFET based on the electrostatically formed nanowires (EFN)
was first proposed by Shalev et al. for label-free, specific and real-time
detection of femtomolar protein concentrations (Shalev et al., 2013).
The EFN biosensor consists of an accumulation-type planar transistor
surrounded by four gates: a back gate, a front gate and two lateral gates
as shown in Fig. 14a. The nanoscale-conducting channel is not physi-
cally fabricated but is induced and controlled by the depletion regions
formed by the four surrounding gates. The electrostatic control of the
nanowire-like conducting channel allows EFN biosensor fabrication
using standard integrated circuit processes and eliminates the need for
sophisticated fabrication tools and techniques.

The EFN is conceptually different from the conventional silicon
nanowire (SiNW). The confinement of current in SiNW is composi-
tional, i.e. it is due to the material (for example, air or SiO,) with dif-
ferent properties surrounding the wire. On the other hand, the con-
finement is fully electrostatic in the EFN device; that is, it is due to the
external applied bias. Thus, EFN allows the flexibility to determine the
size and shape of the channel as well as its lateral and z-locations post-
fabrication unlike the SiNWs in which these parameters remain pre-
determined and fixed. Furthermore, the EFN is inherently immune to
performance degradation observed in bottom-up growth methods (i.e.
e.g. due to diffusion of metal catalysts into the conducting channel
(Koren et al., 2011b, 2011a)) as EFN is realized using conventional
standard top-down silicon fabrication techniques. Additionally, the
signal-to-noise ratio of EFNs can be improved by removing the con-
ducting channel sufficiently away from the Si/SiO, interface which is a
dominant source of low-frequency noise as discussed earlier.

Shalev et al. reported that the sensitivity of the EFN is governed by
the electrostatic downscaling of the sensor active area to dimensions
comparable to that of the target analytes. They demonstrated real-time,
specific and label-free detection of cardiac troponin (cTnI) and prostate
specific antigen (PSA) concentrations as low as 10 pg/mL (~340 fM)
and 100 fg/mL (~3fM) respectively in 0.01 x phosphate-buffered
saline buffer solution at pH 7. The shift in V' is given by

* 2
t Qanalyte Qanaly[e * tanalyte
AVE = — =— ,

Canalyte Eanalyte

(39

where Qanalyte’ Q*analytw Canalyta Eanalyte and tcmalyte are the overall char ge,
the charge density per unit volume (i.e. the analyte charge density di-
rectly above the conducting nanowire), the capacitance, the permit-
tivity and the thickness of the analyte layer, respectively. Fig. 14b
shows the drain current response following the binding of cTnl due to
the shift in the threshold voltage. A 15% decrease in Ips is clearly ob-
served following the c¢Tnl binding at t = Os.

4. Conclusions

In the past few years, highly sensitive, label-free and specific de-
tection of various antigen-antibody interactions have been demon-
strated using silicon-based immunoFETs. Silicon-based immunoFETs
allow for label-free and real-time detection, ultra-high sensitivity and
superb LOD, excellent selectivity, the possibility for multiplexing,
support low sample volumes and CMOS compatibility. Despite the ap-
parent simplicity of the immunoFET, the commercialization of such
technologies is yet to be demonstrated. The main hurdle for the reali-
zation of a product-based immunoFET is the solid/solution interface
which is a multi-parameter system that introduces substantial com-
plexity to the device. We believe the key to the next advancement in
immunoFET technology is to further develop an appropriate manage-
ment strategy of the solid/solution interface.

In this review, the operating principles, challenges concerning
Debye screening, surface functionalization, device encapsulation, noise
and performance limitations of silicon based immunoFETs have been
summarized. Recent demonstrations of immunosensing using different
immunoFET structures to overcome the design issues and achieve better
performance have been highlighted. However, significant progress in
the development of these biosensors at a commercial level is yet to be
witnessed.
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