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Abstract
This work examines a transparent gate recessed channel (TGRC) metal–oxide–semiconductor field-effect transistor (MOS-
FET) for biosensing, including a nanogap cavity for detection of biomolecules and a transparent gate to enhance the overall
current efficiency of the RC-MOSFET. For the detection of neutral biomolecules, electrical characteristics such as ION/IOFF,
shift in threshold voltage and change in surface potential have been studied and thereafter, sensitivity of has been evaluated. The
biosensor showed enhanced sensitivity for biomolecules with increase in their dielectric value, due to greater on-current owing
to the change in capacitances. The capacitances were therefore also evaluated. In addition, immobilization of biomolecules
degrades the noise immunity of MOSFET and thereby their overall biosensing performance, while the noise immunity of the
TGRC device was very high even in the presence of biomolecules. Furthermore, modulation of the cavity gap length was also
investigated, revealing that its increase (from 8 to 20 nm) significantly enhanced the sensitivity of the proposed biosensor.
Overall, the results of this analysis reveal that such TGRC-MOSFET biosensors can exhibit high sensitivity (1.45) at very
low drain bias (0.2 V), enabling their use for biosensor applications to diagnose various diseases which require lower noise,
high speed, low power, and high density.
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1 Introduction

With the aid of nanotechnology, various kinds of biosensor
have been developed for use in medical applications and dis-
ease diagnostics,which require highperformance.According
to medical science, prompt detection of any disease, mainly
cancer, favors patient survival. Numerousmethods have been
developed for detection of biomolecules, e.g., the enzyme-
linked immunosorbent assay [1], for Alzheimer’s disease,
ovarian cancer, and coronary artery disease. However, many
of these approaches are complicated and time-consumingdue
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to the requirement for labeling techniques [2]. Field-effect
transistor (FET)-based biosensors have attracted much atten-
tion over recent years owing to their good scalability, high
sensitivity, rapid electrical detection, low power consump-
tion, direct electrical readout, and low-cost mass production
in comparison with other methods such as surface plasmon
resonance devices [3], microcantilevers [4], and arrays of
fluorescence sensors [5]. Low-cost, highly sensitive, reli-
able, user-friendly, and quick diagnostic biosensing devices
are essential for different biological and biomedical applica-
tions [6]. For biosensing applications, sensitivity is the key
factor for a MOSFET. Over time, various structures such as
the nanowire junctionless MOSFET [7] and tunnel FET [8,
9] have been introduced to enhance the sensitivity of FET-
based biosensors. Nanotechnology-based biosensor devices
have also been used [10–12] to overcome the difficulties of
conventional health diagnostic methods.

Moreover, advanced development of semiconductor tech-
nology for medical applications has shrunk device dimen-
sions to the nanoscale regime to provide high packing density
for high-speed integrated circuits. However, in such ultra-
scaled device, the influence of short-channel effects (SCEs)
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Fig. 1 Schematic structure of
the TGRC-MOSFET biosensor

deeply affects device performance [7]. To overcome SCEs,
several device engineering schemes and alternative device
structures have been reported in literature [13–18]. Among
these, the recessed channel (RC) MOSFET is considered to
be themost promising, since it overcomes almost all theSCEs
and is also compatible with recent complementarymetal–ox-
ide–semiconductor (CMOS) technology [19]. Numerous
innovative gate materials have been explored recently to
enhance the current driving capability of CMOS devices
while enhancing their overall performance. In the pro-
posed (TGRC-MOSFET) biosensor device, indium-doped
tin oxide (ITO) has been used as a gate material, due to
its enhanced electrical properties, as demonstrated in pre-
vious work [20–25]. Use of ITO significantly enhances the
on-current, due to its very low resistivity (10−5 � cm) and
high mobility (53.5 cm2 V−1 s−1) [26].

In the work presented herein, a TGRC-MOSFET for
use as a biosensor was simulated, considering the electri-
cal properties of various biomolecules. The main use of
biosensors is to sense biological elements, based on their
sensitivity to and binding specificity of biological species
such as enzymes, proteins, nucleotides, or antibodies. In
the proposed TGRC-MOSFET biosensor, the channel poten-
tial of the device is influenced by the electrical properties
of the biomolecules, enabling their detection. In a conven-
tional MOSFET, current flows in the channel when the gate
voltage exceeds a threshold voltage (VTH). In a biosensor,
this effect is modulated by the dielectric constant due to
immobilization of biomolecules below the gate electrode,
because the threshold voltage depends upon the gate capac-
itance. Absorption of biomolecules therefore affects the
electrical characteristics of the sensor, changing its sensi-
tivity.

2 Device structure, simulationmethodology,
and calibration

The three-dimensional (3D) structure of the considered
biosensor device is shown in Fig. 1. For immobilization
of biomolecules, a small nanocavity is created in the gate
insulator region, since this is the most important region
determining the behavior and characteristics of a CMOS
device. Here, Lgap is the length of the nanogap cavity (8 nm),
tox is the oxide thickness (2 nm), and the gate length LG is
taken to be 20 nm. The source and drain regions are highly
doped with n-type impurity to 5 × 1019 cm−3, while the
substrate is doped with p-type impurity to 1 × 1017 cm−3,
as shown in Fig. 1. The negative junction depth (NJD) is
taken to be 10 nm, while the gate workfunction of ITO
(ΦITO) is 4.7 eV. The gate bias (Vgs) is 0.7 V and the drain
bias (Vds) is 0.2 V throughout the analysis, unless otherwise
stated. Absorption of different biomolecules is modeled
by introduction of an insulator having the same dielectric
constant as a particular biomolecule into the nanogap cavity.
The unfilled cavity (i.e., with no biomolecules present) is
modeled by using an insulator with dielectric constant k �
1, while the dielectric constant of the different considered
biomolecules is as follows: streptavidin (k � 2.1) [27], biotin
(k � 2.63) [28], 3-aminopropyltriethoxysilane (APTES)
(k � 3.57), and protein (k � 8) [29]. Streptavidin–biotin
is used to detect Marek’s disease virus (MDV) using an
enzyme-linked immunosorbent assay (ELISA) method [30],
while APTES facilitates immobilization of biomolecules
onto the surface for detection of dengue virus [31].

ATLAS is a powerful simulation tool that can be used for
extraction of reliability results and figures of merit (FOMs)
[32]. Various simulation models were applied in this work,
including the Lombardi constant voltage and temperature

123



Journal of Computational Electronics (2018) 17:1807–1815 1809

Fig. 2 Calibrated a output and b
transfer characteristics of
experimental and simulation
data for a recessed channel
MOSFET (with 36 nm gate
length)

Fig. 3 Transfer characteristics of the nanogap-embedded TGRC-
MOSFET in the presence of different biomolecules

Fig. 4 Transconductance (gm) of the nanogap-embedded TGRC-
MOSFET in the presence of different biomolecules

(CVT) model to consider all the mobilities, e.g., due to
scattering caused by the parallel and perpendicular fields
applied on the device. For carrier generation–recombination,
we used Shockley–Read–Hall (SRH) recombination. Fer-
mi–Dirac statistics were used in case of very highly doped
material. To include information about the low energy (tem-
perature) of the carriers, we used the energy balance transport

Fig. 5 Switching ratio (Ion/Ioff) of the TGRC-MOSFET at drain voltage
of 0.2 V in the presence of different biomolecules

Fig. 6 Sensitivity of the TGRC-MOSFET at drain voltage of 0.2 V to
different biomolecules

(EBT) model [32]. Calibration of the physical model param-
eters of the simulated device against experimental results
by Appenzeller et al. [33] is shown in Fig. 2. To validate the
simulation results, output and transfer characteristic statistics
were extracted [33] for a 36-nm RC-MOSFET, as shown in
Fig. 2a and b, respectively. The simulation results in Fig. 2a,
b almost match with the experimental data for a sub-40-nm
RC MOSFET, thus validating the simulation model.
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Fig. 7 Threshold voltage shifts for the TGRC-MOSFET in the presence
of different biomolecules

3 Results and discussion

It can be observed from the transfer characteristics of the
biosensor (Fig. 3) that, when neutral biomolecules are immo-
bilized (k > 1) in the cavity, the on-current is significantly
enhanced compared with in their absence (k � 1), owing
to the increase in the dielectric constant and thus transcon-
ductance (Fig. 4). Different biomolecules can be detected
based on the measured current [5]. Due to the increase in the

on-current, the switching ratio (Ion/Ioff) also increases with
the dielectric value, as shown in Fig. 5. Thus, the change in
the drain current or the enhancement in Ion and the switch-
ing ratio for a particular biomolecule could be used as key
parameters for their detection/sensing. Furthermore, sensitiv-
ity is one of the critical parameters for the proposed biosensor
device. In this work, the sensitivity (S) is defined as

S � Ion(k > 1)

Ion(k � 1)
. (1)

Figure 6 presents the sensitivity for the different
biomolecules, clearly showing a higher value for protein
biomolecules (k � 8) compared with streptavidin, biotin, and
APTES (2.1, 2.63, and 3.57, respectively); note that the use
of a uniform dielectric value implies that the cavity is com-
pletely filled by the specific biomolecule.

The threshold voltage was used as a sensing parameter for
detection, being directly related to the dielectric constant; in
this work, the threshold voltage is defined as the gate volt-
age at which the drain current is equal to 10−7 A/µm. The
threshold voltage increases as the dielectric constant of the
biomolecule is increased, as shown for the TGRC-MOSFET
in Fig. 7. Threshold voltage shifts (�VTH) of 3.5mV, 5.3mV,
8.2 mV, and 17.2 mV are observed when the dielectric con-
stant changes from the unfilled cavity to a cavity filled with

Fig. 8 a Surface potential along
the channel from the source to
drain and b corresponding
contour plots of the
TGRC-MOSFET in the
presence of different
biomolecules with k � 1, 2.1,
2.63, 3.57, and 8
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Fig. 9 Effect on a conductionband andbvalence band along the channel
of the TGRC-MOSFET in the presence of different biomolecules

biomolecules having k � 2.1, 2.63, 3.57, and 8 (Fig. 7). The
threshold voltage shift (�VTH) can also be used to define the
sensitivity of the biosensor as �VTH � VTH(after absorp-
tion of the molecule) − VTH(air-filled cavity) [34, 35]. The

threshold voltage shift is directly proportional to the permit-
tivity of the absorbed neutral biomolecule, i.e.,

�VTH ∝ kbio. (2)

Thus, it can be said that, the higher the absolute value of
�VTH, the better the sensitivity of the biosensor, as �VTH

also represents the sensitivity of the device and the threshold
voltage shifts toward higher gate voltage in the presence of
biomolecules in the nanogap cavity [7].

In addition, the electrical performance of the TGRC-
MOSFET biosensor was also examined in terms of the
surface potential (Fig. 8a). Under the cavity region, defor-
mation of the potential occurs (especially at the drain end).
When biomolecules are immobilized in the cavity, a change
in potential is observeddue to the change in the dielectric con-
stant due to the biomolecules. This shift in potential can also
be used to detect the presence of biomolecules in the cavity
region. The contour plots of the surface potential in Fig. 8b
clearly reveal the change in potential when biomolecules are
immobilized in the nanocavity.

Figure 9a, b shows the energy band profile [36] in
terms of the conduction- and valence-band energies. When
biomolecules are immobilized in the nanogap cavity, these
values clearly change. The shift in the energy band is more
prominent for the biomolecule with dielectric constant of
3.57 but less prominent for protein, streptavidin, and biotin,
in comparison with the case of no biomolecules [37], as
reflected inFig. 9a, b.Thus, theTGRCdevice can alsobeused
as a low-power sensing device due to this effective change
in the energy band profiles at low drain bias (0.2 V) for
different biomolecules. Moreover, it is also observed from
Fig. 10a that, in the presence of various biomolecules (k �

Fig. 10 a Electron temperature along the channel from the source to drain and b corresponding contour plots for the TGRC-MOSFET in the presence
of different biomolecules
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Fig. 11 Electron current density along the channel from the source to
drain of the TGRC-MOSFET in the presence of different biomolecules

2.1 to k � 8), the electron temperature decreases (~510 K)
due to the high-k dielectric (biomolecules) in the nanocav-
ity gap, due to which leakage currents such as hot-electron
injected gate current and impact-ionization substrate current
are almost eliminated, thereby enhancing the Ion (shown
in Fig. 2) and sensitivity of the device. The contour plots

in Fig. 10b clearly show how the temperature varies when
biomolecules are introduced into the nanogap cavity. This
change in temperature with the dielectric constant can also
be used to detect/sense which biomolecules are present.

Furthermore, the electron current density [38] in the pres-
ence and absence of different biomolecules in the nanocavity
gap was also investigated (Fig. 11). For the proposed biosen-
sor, it is evident that the electron current density is very
low when the nanocavity gap is unfilled (for air, k � 1) but
increases when the nanocavity gap is filled with different
biomolecules, in increasing order of dielectric constant. For
higher current density, Ion will also be high, due to which the
switching ratio is increased. Thus, the device will be more
sensitivewhen the nanocavity gap is filledwith biomolecules,
and this effect will increase with their dielectric constant (as
shown in Fig. 6). It is also observed fromFig. 11 that the elec-
tron current density is higher just below the nanocavity gap.

3.1 Effect on parasitic capacitances

The presence of biomolecules can easily be observed via the
change in stray capacitances, as the stray (parasitic) capaci-

Fig. 12 Effect of different biomolecules on the parasitic capacitances a Cgs, b Cgd, and c Cgg of the TGRC-MOSFET
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tances of a field-effect transistor are altered when changing
the dielectric constant of the gate oxide. Figure 12a shows
that the gate-to-source capacitance (Cgs) and gate-to-drain
capacitance (Cgd) are altered (increased) when changing
(increasing) the dielectric constant to k � 2.1, 2.63, 3.57,
and 8, in comparison with the unfilled nanogap. When Vgs

increases, the accumulation of charge carriers near the gate
increases [39], and as a result, the gate-to-source capaci-
tance and gate-to-drain capacitance also increase. Similarly,
the gate capacitance (Cgg) is altered in the presence of
biomolecules with different dielectric constants, and when
Vgs increases, the accumulation of charges at the gate
increases, and thus so does the gate capacitance [39], as
shown in Fig. 12c. When molecules with higher dielectric
constant are immobilized, these changes in the capacitances
becomemore prominent, as is evident fromFig. 12a–c. These
parasitic capacitances must be as low as possible in semi-
conductor devices for use in high-performance applications.
According to these results, all the parasitic capacitances
(Cgs, Cgd, and Cgg) evaluated in the presence of different
biomolecules were very low (on femtofarad scale).

3.2 Noise assessment

In the presence of any external agent (e.g., biomolecules) in
the channel region of a CMOS device, the electrical behav-
ior in terms of the I–V characteristics is altered. Such shifts
in the I–V characteristics and other electrical behaviors can
be used as key parameters for detection of biomolecules, as
clearly shown above. However, the presence of such agents
can also sometimes lead to noise, which degrades biosensor
performance. Therefore, to examine the noise immunity of
the proposed biosensor, noise FOMs such as the minimum
noise figure, noise conductance, etc. were also evaluated
w.r.t. frequency [14]. As is clear from Figs. 13, 14, and 15,
when biomolecules are immobilized in the cavity, all the
noise parameters improved significantly at high frequency.
This observation can mainly be attributed to the transpar-
ent conducting material (ITO) used in the TGRC-MOSFET
architecture, because the random motion of free electrons
is decreased in such materials. In a transparent conducting
material, the temperature (Fig. 10) does not increase signifi-
cantly when the concentration of charge carriers is increased,
thereby improving the noise immunity of the TGRC biosen-
sor in the presence of biomolecules. Furthermore, Fig. 15
shows another noise parameter, called the optimum source
impedance (ZOPT �ROPT + jXOPT),with respect to frequency
for the different biomolecules, being nearly zero at higher
frequencies when the nanocavity gap is empty but increasing
with the dielectric constant of the biomolecule. This indi-
cates that the device exhibits very low noise in the presence
of biomolecules and is thus suitable for use in biosensing
applications.

Fig. 13 Noise conductance in the GHz frequency range for the TGRC-
MOSFET in the presence of different biomolecules

Fig. 14 Minimum noise figure in the GHz frequency range for the
TGRC-MOSFET in the presence of different biomolecules

3.3 Effect of the nanogap cavity length

Moreover, the length of the cavity (Lgap) [36]was also varied,
with the aim of determining its effect on the sensitivity and
thereby the performance of the biosensor. Figure 16 shows
that, with increase in the cavity gap length, the on/off ratio
was evidently reduced due to an increase in the off-current

Fig. 15 Optimum source impedance in the GHz frequency range for the
TGRC-MOSFET in the presence of different biomolecules
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Fig. 16 Effect of varying the cavity gap length in the TGRC-MOSFET
on the switching ratio for different biomolecules

Fig. 17 Effect of varying the cavity gap length in the TGRC-MOSFET
on the sensitivity for different biomolecules

resulting from higher capacitance. Moreover, the sensitivity
of the TGRC biosensor with different cavity gap lengths was
also evaluated, revealing that it increased significantly with
increase in Lgap (Fig. 17). From this figure, it is observed
that the sensitivity increased with k for given Lgap. Thus,
for Lgap � 20 nm, the nanogap-embedded TGRC biosensor
showed better sensitivity for protein (k � 8) in comparison
with the other biomolecules. Figure 18 shows the change in
the threshold voltage with Lgap (from 8 to 20 nm) for the dif-
ferent biomolecules; this noticeable change in the threshold
voltage with the dielectric constant can be used as one of the
sensing parameters for detection of biomolecules. Thus, the
TGRC-MOSFET with cavity gap length of 20 nm showed
optimum performance and hence could be employed as a
low-power, high-sensitivity biosensor for diagnosis of vari-
ous associated diseases.

4 Conclusions

The applicability of a nanogap-embedded ITO-gated
recessed channel MOSFET as a biosensor was investigated.

Fig. 18 Effect of varying the cavity gap length in the TGRC-MOSFET
on the threshold voltage for different biomolecules

For detection of various biomolecules, the electrical behavior
was studied in terms of the threshold voltage shift, sensitiv-
ity, switching ratio, surface potential, capacitance, and noise
FOMs. The results obtained clearly show that, due to the ITO
gate in the nanogap cavity, the electrical performance of the
TGRCbiosensorwas significantly enhanced, showing higher
sensitivity for biomolecules with high dielectric value. It was
found that the sensitivity was higher for detection of protein
(k ≈ 8) in comparison with the other biomolecules, with
higher noise immunity. Such TGRC-MOSFET biosensors
are therefore proved to be favorable devices for use in sensing
applications, due to their high sensitivity and low-power elec-
trical detection of different biomolecules. Furthermore, the
effects of the cavity gap length on the switching ratio, VTH,
and sensitivity of the proposed biosensor were also exam-
ined, revealing that the sensitivity increased with increase
in the cavity length while the overall biosensor performance
was slightly degraded. Therefore, the cavity gap length must
be optimized for better performance, which will enable use
of such sub-20-nm TGRC-MOSFETs as low-noise, high-
speed, high-sensitivity biosensors for detection of various
associated diseases.
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