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The detection of biomolecules by a Field Effect Transistor-based biosensor (BioBEF),is dictated by the sensor’s intrinsic
Signal-to-Noise Ratio (SNR). The detection limit of a traditional BioFET is-fundamentally limited by biomolecule
diffusion, charge screening, linear charge to surface-potential transduction, afd Flicker noiSe. In this letter, we show that
the recently introduced class of transistors called Negative Capacitor Field effect'transistor (NCFET) offers nonlinear
charge transduction and suppression of Flicker noise to dramatically improve,the SNR over classical Boltzmann sensors.
We quantify the SNR improvement (approximately two orders of magnitude higher than a classical Si-NW biosensor) by
interpreting the experimental results associated with the signal and figise characteristics of 2D MoS,-based transistors.
The proposed NC-BioFET will motivate experimentalists to combine twg, well-established technologies to achieve high
SNR (and to improve the detection limit), fundamentally unachjevable by any other sensor technology.

Over the last 50 years, many groups worldwide have ded-
icated their research to develop highly sensitive, fast re-
sponding, and selective transistor-based biosensors. These
sensors, known as BioFETs, allow label-free detection of
biomolecules with the Limit of Detection (LOD) in the naho-
and pico- molar concentration ranges!, potentially enabling
many applications in personalized medicine?, early detegtion
of diseases’, genome sequencing®?, etc. A BioFET relies
on the modulation of surface potential due to the, charged
biomolecules adsorbed on the gate electrode. [ hus, the/fun-
damental sensitivity limit of BioFETs depends on thedif-
fusion of biomolecules®, surface charge screening, and lin-
ear “charge-to-surface potential” relationship’.“«These lim-
itations apply to all FET-based biosensors, e.g, Dual-Gate
FET®; Silicon Nanowire (Si-NW)%7%. coupled Nanoplate-
Nanowire (NW-NP)!0; 2D-semicofiductors BET!1-13. In con-
trast, electro-mechanically actwated “biosensors obviate the
screening effect and enhancg the sensitivity and Signal-to-
Noise Ratio (SNR)'* through theirinhergnt nonlinear “mass-
vs-deflection” response'2**,  Unfeytfinately, the sensitiv-
ity improvement is counterbalanced by the difficulty of in-
tegrating these sensgrs into low-voltage CMOS integrated
circuits'®1°. Morgover, sénsors based on dynamic mechan-
ical response must be driven by complex oscillator circuits,
further exacerbating the integration challenge.

In this lettéraye show that the recently proposed negative-
capacitor field-effecttransistor (NCFET) could enhance sensi-
tivity beyond'the Nernst limit, making this CMOS-compatible
device an “attractive alternative to the nonlinear electro-
mechanical biosensors. The NCFET was originally proposed
torreducesthe sub-threshold slope (and the power dissipation)
of\thewletal-oxide field-effect transistors (MOSFETs)?02!;
howeyef, the‘inherent non-linearity of NCFETs — arising from
the nonlinear negative derivative of polarization vs. field char-
acteristics of a ferroelectric capacitor — can also be exploited
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t0 enhance the sensitivity of biosensors. Most importantly,
NEEETs can improve the SNR compared to traditional MOS-
EETs by stippressing the low frequency flicker noise related to
cartier number fluctuations®2. Finally, since NCFETs are fab-
ricated by a simple process-modification that converts stan-
dard HfO, into a ferroelectric film?324, they should be easily
integrated into the standard CMOS process flow for realizing
nanoscale biosensors.

We thus introduce the concept of the NC-BioFET, combin-
ing the NCFET with the conventional BioFET to obtain im-
proved sensitivity and enhanced SNR. To this end, we de-
velop an analytical model of the NC-BioFET to predict the
performance of this class of sensors. Our results show that
despite the fundamental limits of charged-based BioFETs®!°,
the NC-BioFET could dramatically improve the label-free de-
tection of biomolecules. Our analysis, based on nontrivial in-
tegration of two well established technologies (i.e., NCFET
and BioFET), provides the theoretical foundation necessary
for the experimental demonstration of the NC-BioFET. Al-
though we focus on nanobiosensing, the principle of nega-
tive capacitance based detection is general and can improve,
for example, the SNR of potentiometric transistor-based gas

sensors?.

The physical model developed in this work focuses on three
fundamental mechanisms: (i) the screening of the electrolyte
solution (representing the ‘sensing’ part of the device); (if) the
nonlinear response of the negative capacitor and; (iif) elec-
trical response of the transistor. This modeling approach in-
tegrates the negative capacitor with the conventional MOS-
FET and with the electrolyte model, thereby simplifying the
design of NC-BioFETs. The model is discussed in detail in
the supplementary material. We illustrate the principle of op-
eration of the NC-BioFET by using a Molybdenum Disul-
fide (MoS,) field-effect transistor. The choice of this partic-
ular class of transistors is motivated by: (i) the experimental
demonstration of NCFETs realized in this technology?>2-?7;
and (i) the investigation of possible biosensing applications
for MoS, FETs'!=13, because of their potential for integration
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‘ s IFrpa—s -aled devices and excellent electrostatic control'222,
fg.. 1

(a) shows the BioFET configuration involving a MoS;

PUb“ﬁL Gih the negative capacitor layer included in the gate

stack of the MOSFET. The MoS, FET may be exposed to
the fluidic environment either indirectly via the gate oxide
layer'>!3, or directly through the channel!!. In this work, we
consider the ferroelectric as the layer exposed to the fluidic
environment. The metal gate is replaced by the electrolyte
and by the reference electrode as in common BioFET config-
urations. The electrolyte is modeled based on the derivation
in ref.?® for a pH sensor. The effect of charged biomolecules,
OpJ0, is included in the charge neutrality equation as follows:

le + qurfuce + QBIO +Omos =0 (D

where Qg is the double-layer charge, Qg face is the surface
charge due to screening effects and Qo5 is the MOSFET
charge. In a first-order approximation Qysos can be neglected
as Quurface almost entirely neutralizes Qg and Qpro?®. This
phenomenon is at the origin of the so-called screening lim-
ited response of FET-based biosensors’. Site-binding model
parameters”® are taken by considering HfO, as the interfa-
cial insulator with the electrolyte. The model takes also into
account the screening due to salt ions in the solution and t
additional potential drop due to the finite size of charges build-
ing up at the interface with the oxide (i.e., the so-called Ste
layer)$30 .

To model the non-linear negative capacitor.

e
(2)

we
the well-known phenomenological Landau-Khalathi LK
equation®%-31: -~
: N
t

Ve /tne = 20Qu0s +4B Q0305 + 6703

-0

ssion. The gate electrostatics of the
ing the approach in ref.3?. This
tive capacitor and the underlying
tfentities connected by a metal inter-

h the metal interlayer is often omitted
ation>*, it is considered here to simplify
wever, its omission is unlikely to affect the
ion$ as explained as follows. First, the low Vpg
commonly for biosensors (to ensure operation in the lin-
ime) alleviates the potential issue of non-uniform chan-
tial when the metal interlayer is not present®. Sec-
ond, the gate leakage - which can lead to depolarization fields
in the presence of the metal interlayer - is presumed negligible
for sufficiently thick gate oxide, as was shown to be case for
recently demonstrated 2D NCFETs?6-32,

The negative capacitor provides a voltage amplification be-
tween the internal MOSFET potential Vy;os and the applied
gate voltage V. This voltage gain is defined as:

_ |Cncl|
dvg |Cne| — Cuos

dv,
Ay = DYmos _

3)

with the symbols of the schematic circuit defined in Fig. 1(b).
The Cyc expression can be obtained from Eq. (2) by differ-
entiating with respect tngos, Cﬁé =tnc(2a+ 1283 Q%,,OS +
303/Qﬁ,,05). Note that the gate-voltage dependence of the “ef-
fective” permittivit he ferrgelectric is accounted for by
the higher-order Landau goefficients § and 7.

ce by the equivalent MOSFET
|Cnc| = Caos®'. In this condition,
the voltage“gain® Ay exhibits a strong peak, see Fig. 1(b).
The pedk-eccurs,only if the negative capacitor layer (#y¢) is
sufficiently thick torcompensate the traditional dielectric, as
seen in‘the Ip —+ Vg characteristics, Fig. 1(c). The dielec-
tfic and fe ectric thicknesses must be tailored carefully
t contro‘lgthe degree of hysteresis present in the Ip — Vig

20,26

haracteristics and the corresponding gain in the NC-
B Eﬁensitivity. An approximate closed-form expression
for

¢ at the critical point can be written as follows°:

kgT kgT 1 1
s Vo =VrBo+ “2 <—B >+
q

q (Qatyc+1/Cox) gNop
kT  qNy
q C()x

Vre.cr =W+ Vocp

4)

where VFpo is the flat-band voltage, ¢ is the elementary charge,
kp is the Boltzmann constant, T is the temperature, Nop is
the 2D semiconductor density of states and Y, is the poten-
tial drop given by the electrolytic solution?® (the derivation is
given in the supplementary material).

In order to probe the instability region, measurements
should be taken by sweeping the front-gate voltage, Vrg, (i.e.,
the potential applied to the floating electrode) for different
biomolecule concentrations. With increasing #yc, the drain
current switches abruptly from the off- to the on- state as a
consequence of improved capacitance matching. For the pa-
rameters considered in this work, a 75nm thick negative ca-
pacitance layer is needed for significant potential amplifica-
tion and enhanced sensitivity. As an aside, we realize that the
thickness-dependent polarization of HZO depends on the de-
position technique®’-*8. Therefore, in general the design of
NC-BioFET should focus on seeking the matching condition
|Cne| = Cyos, regardless of the particular ferroelectric thick-
ness required to achieve it.

The instability at the critical point leads to the increase in
sensitivity, as shown in Fig. 2(a). Sensitivity is defined as
the ratio between the current before and after the capture of
biomolecules, i.e.: S = Ipefore /1, frer- Here, we consider neg-
atively charged biomolecules (e.g., DNA) that increase the
threshold voltage and shift the I-V characteristics to the right.
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FIG. 1. (a) Cross-section schematic representation of the NC-BioFET under study. Note t
layer. (b) Voltage gain Ay vs. Vi shows a peak when the matching condition is satisfied, 1.
circuit schematic, see also Eq. (3) in the main text). The inset shows the increase in
different #yc showing the abrupt transition at the critical point when the #y¢ is thi
Vps0.1 V. The device with #y¢c = Onm is equivalent to a conventional BioFET and.serve
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FIG. 2. (a) Sensitivity vs. biomolecule conge atim with
different fyc. The sensitivity suddenly increase fN current

transition from inversion to sub-threshold region for
case. This transition is shown clearly in(b
magnification of the plot, indicating th:
sensitivity follows an exponential

The shift in the drain- urrelhbxt(; increasing concentration
of captured biomolegtiles (Np;o) triggers the abrupt transition
from inversion to eshold operation, thereby producing
current, see Fig. 2(b). The plots

atthe critical point condition, highlighting
the fact that thesstee ns.i'gi;vity increase is obtained when the
are magched (i.e. ty¢ = 75nm). Note that one
sweeping Vg to achieve the improved gain
10FET. As expected, the response of the
distinguishable from a conventional BioFET
e inStability is absent (i.e., for low Npjp), see the
inSet ig. 2(a). This can be understood by the fact that the
ifg is'still the limiting factor for the response to the cap-

We now discuss the reduction in noise of the NC-BioFETs.
To evaluate the overall noise of the system, we consider the
noise sources separately and obtain the output power spectral
density by summing up the single contributions (assuming sta-

t the'electrolytic solution lies on the ferroelectric
|Cncle Cros (symbols are explained in the
increasing fyc. (¢) Ip — Vpg characteristics for
enough. All the I-V curves on the paper are taken at
{'a reference for NC-BioFET.

—

istical 1 en}ence between the individual processes). To
{oid confusion with the symbol for sensitivity S, we refer
to noige power spectral density with PSD. The elec-

lytigisolution contributes with thermal noise due its finite
conductivity?®. The negative capacitor contributes to the over-
all PSD with thermal noise associated with dissipative process
due'to the damped ferroelectric switching®®, and can be quan-

both thermal and flicker (1/f) noise*?. The thermal noise of
the MOSFET is caused by the carriers flowing in a resistive-
like channel, whereas Flicker noise arises due to the fluctua-
tion of the number and mobility of carriers in the channel due
to the occurring of trapping/detrapping events at the interface
with the gate oxide. The general model for the flicker noise
in MOSFETs*! must be modified to obtain an expression that
takes into account the negative capacitance effect, i.e.:

1014 shﬁﬁed from the last term in Eq. (2). The transistor contributes

2
q lkBTN
PSDyy /=1~

2
ID 2
1 Cox— 5
fWLng + Oclefy oxg ) Em )

m

where f is the frequency, A is the tunneling length, N; is the
oxide traps density, Ceq (C,,' = Cyt+C,1) is the equivalent
oxide capacitance, g, is the transconductance, L. is the car-
riers’ effective mobility, and o is the Coulomb scattering co-
efficient.

Fig. 3(a) shows that Eq. (5) qualitatively anticipates
the counter-intuitive thickness-dependent suppression of the
noise spectra observed in the experiments??, demonstrating
the beneficial effect of the ferroelectric layer in terms of noise
reduction. The noise contributions due to the electrolyte, fer-
roelectric and MOSFET channel are found to be negligible
compared to the Flicker noise of the transistor, hence they
are not a limiting factor for the SNR. More details regard-
ing the interpretation of the Flicker Noise reduction and the
noise sources are found in the supplementary material.

The total drain current PSD (normalized to the square of
the DC current) is shown in Fig. 3(b), with a clear decreasing
trend with increasing fyc. The reason for the PSD reduction
with increasing #yc¢ is related to the reduction of the Flicker
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FIG. 3. (a) Comparison of model from Eq. (5) with experimental
data?? by using Cey = Coy || Cyc, showing the decreasing trend with
increasing tyc. (b) Total normalized drain current PSD showing clear
reduction with increasing ¢ due to the Flicker noise (i.e., the dom-
inant noise source) reduction.

noise, as discussed previously. The increased equivalent ox-
ide capacitance at the denominator in Eq. (5) explains the re-
duction in the noise, and it is in agreement with experimen-
tal observations [see Fig. 3(a)]. The noise reduction provided
by the negative capacitor is particularly important for biosen-

The Flicker noise reduction, along with the sensitivi
crease, leads to the improved SNR defined as following

SNR = Al S (6

where Alp is the difference between the{Cusgent hefore and
after the capture of biomolecules, and 6Ip,, F';{tﬁ’&nqise sig-
nal superimposed to the DC value, calculated the total

noise PSD as 8Ip, = +/ [ PSDy,df.

that the SNR can

be more conveniently expressed unit vjltage (consider-
ing that Alp ~ g,,AVrg and nofmalizing by/AVr) to have a
quantitative expression for the,i , independent of
the input signal. '/
Fig. 4(a) shows that the iacrease™in fyc improves the in-
trinsic SNR for all regil sMe:\tion. For ty¢ = 75nm,
the NC-BioFET reaches a maximum SNR of ~ 2 x 10°V~!
that is almost twoforders 0f magnitude higher than that of a
Silicon Nanowigeé BioEET™[see Fig. 4(b)]. Although this re-
markably high sensitivity (and thus SNR) is achieved with a
relatively thick ferroelectric (i.e. 75nm), typical long channel
biosensors ¢an easiléacc mmodate such a thick film!>28. It
to reduce the ferroelectric thickness in NC-

tain the same benefits in terms of SNR

K002: atoms for HfO, one can use a ferroelectric with
nm and still obtaining similar SNR peak compared to
the case,with HZO. This result shows that the NC-BioFETs
can be scaled to realize nano-biosensors with enhanced SNR.

We mention the fact that the performance improvement of
the NC-BioFET is affected by the interface traps and quantum
gate capacitance. In general, the effect of interface traps and

4 w -t ey
. = 200 criTicAL 1
w3 % POINT
- o 150}
o o
- 21} =
x 2 x tne®
2 K 100 | —3-0nm
% 1 = ~{»~20 nm
2 9 5oF ~O-40nm
D75 nm
0 & N
107 10 10° 4107 10" 10° 10® 107
Iy (A7pm) / Iy (AJpm)
(@) (b)

with increasing ty¢ for (a) small neg-
(b) high #y¢ (that triggers the abrupt

)

o uanu@ capacitance is to increase the sub-threshold slope
d to lower the total gate capacitance, respectively. Thus, the
itivity of the NC-BioFET can reduce because of the de-

rlying MOS, which lowers the voltage gain as defined in

sors given the difficulty in providing low noise amplifiers o, se
sm.alléeometnes due to the high value of the intrinsic ﬂl‘{\i{i ted capacitance matching between the ferroelectric and
noise

".'U\‘}gq. (3). Hence, to avoid performance degradation of the NC-

10FET, design strategies (such as employing a thicker ferro-
electric) would be required to compensate for the reduction in
capacitance matching.

To summarize, we have proposed the concept of NC-
BioFETs as a class of biosensors that exploits the negative
capacitance (phase transition) effect to improve the Signal-to-
Noise Ratio (SNR). As the baseline device, we considered
the 2D semiconductor FET given its applicability for next-
generation ultra-scaled biosensors. We found that, upon the
triggering of the non-linear effects associated with the neg-
ative capacitance, the sensitivity of NC-BioFETsS is signifi-
cantly improved compared to a traditional nanobiosensor. At
the same time, Flicker noise of the transistor is reduced as a
result of the increase in the equivalent gate oxide capacitance,
thereby improving the SNR. Finally, by properly choosing
the dopant atoms for the ferroelectric HfO;, it is possible to
reduce the ferroelectric thickness while still obtaining the in-
stability required to improve SNR, thereby enabling the scala-
bility of NC-BioFETs with current CMOS processes.

SUPPLEMENTARY MATERIAL

See supplementary material for: (i) the calibration curves
of the 2D FET characteristics with experimental data; (i) de-
tails regarding the modeling approach and derivations; and
(iii) simulation results with the HSiO ferroelectric oxide.
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