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Abstract

Electronic devices are finding increasing application as biosensors for the real-time,
label-free detection of biomolecules. The ion-sensitive field-effect transistor (ISFET)
was the precursor to the application of the FET based biosensors. Subsequent
developments have resulted in the application of planar, nanowire and nanotube-based
field effect transistors (FETS) as biosensors. FET based biosensors have been developed
for the detection of biomolecules like DNA, various other proteins as well as pathogens
like bacteria and viruses. The FET based biosensors can achieve very low detection
limits for the analyte concentration and offer the advantage of fast detection and
compatibility with existing CMOS processes. These features of the FET based
biosensors enable the possibility of rapid commercialization for “lab-on-a-chip”
systems - constituting of a sensor array to detect a wide range of biomolecules, and the

readout circuitry and signal processor.

One of the main factor determining a biosensor’s performance is its sensitivity.
The FET based biosensor, when biased in the subthreshold regime will have a sharp
turn-ON due to the immobilization of biomolecules, resulting in a high sensitivity of
detection. The ideal FET based biosensor should have a subthreshold swing (SS) = 0
mV/decade to achieve the maximum possible sensitivity. However, the conventional
MOSFET (metal oxide semiconductor FET) has a theoretical lower limit of SS = 60

mV/decade at 300 K. There is a significant focus on the development of steep

vii



subthreshold slope transistors with SS < 60 mV/decade to enable substantial reduction
in the OFF-state current for the future generations of logic circuits. The low value of
SS for the steep subthreshold slope transistors offers the possibility of application of
these devices as label-free biosensors thereby achieving very high sensitivity of

detection.

In this thesis, the application of steep subthreshold transistors like the impact
ionization MOS (I-MQOS) is extensively studied for application as a label-free
biosensor. Using 2D TCAD simulations, the I-MOS is explored as a dielectric-
modulated as well as charge-modulated biosensor using different gate electrode
configurations. The TCAD simulations include detailed modeling of the dry and wet
measurement environments for dielectric-modulated and charge-modulated biosensor
study, respectively. The I-MOS based dielectric-modulated biosensor is demonstrated
to be an extremely sensitive biosensor for charge-neutral or low charge biomolecules,
with a Vr shift of around 90% (~14 V) for biomolecules with dielectric constant K =
12. For the proposed charge-modulated I-MOS biosensors, the gate structure is
modified to introduce an underlap region for immobilization by biomolecules. The
charges on the biomolecules modulate the channel carrier concentration resulting in
changes in the electrical characteristics of the device. Two different underlap
configurations viz. embedded underlap gate and drain-side gate underlap are studied
and current sensitivities of the order of ~107 are reported. In addition, the bipolar I-
MOS concept is used to propose a low-power underlap gate biosensor with current
sensitivity two orders of magnitude greater than the FET based underlap sensor, and
power consumption two orders of magnitude lower than the conventional I-MOS based

underlap biosensor. Hence, the bipolar I-MOS underlap biosensor combines the
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advantages of low-power consumption of conventional FET based biosensors and the
high sensitivity of 1-MOS based biosensors. The bipolar I-MOS concept is further
extended to a Schottky bipolar I-MOS with Schottky contacts replacing the source and
drain regions. The Schottky bipolar I-MOS based underlap gate biosensor shows an
operating voltage as low as 0.5 V, enabling the use of the I-MOS concept with latest

generation of logic circuits.

Finally, the thin capacitively-coupled thyristor (TCCT) is proposed to be used
as a label-free dielectric-modulated and charge-modulated biosensor. A very high
sensitivity of the order of 10! to 10*2 is demonstrated for the TCCT based biosensors.
The sensitivity of the TCCT based biosensors is around two to four magnitudes higher
than the sensitivities seen with other steep subthreshold slope transistors. The high
sensitivity is observed for a large range of gate voltage (~800 mV) making the TCCT
based biosensor’s sensitivity relatively immune to power supply noise or variation

making the device very attractive for application as a label-free biosensor.
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