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Abstract

In this work, a 2 — D analytical model of Dielectrically Modulated, Dual Material, Double Gate Junctionless MOSFET
(DMDG-JL-MOSFET) based label free biosensor has been proposed to investigate the effect of high-« gate dielectric
materials (7i O, Hf O», and Al O3) and cavity length variation on the sensitivity of the biosensor. The model has been
validated with data obtained from Sentaurus TCAD simulator. The variation in threshold voltage (V;;,), drain current (1)
and Ipn/IoFF ratio has been used as the sensing metric to estimate the sensitivity of the proposed biosensor. It has been
observed that at a cavity length (L.4y) of 25 nm, Ti O, shows 87%, 68% and 52% higher sensitivity than if SiO> is
taken as gate dielectric in case of neutral, positively charged and negatively charged biomolecules respectively. Further, the
effectiveness of the proposed DMDG-JL-MOSFET based biosensor is confirmed by benchmarking the sensitivity metric
with contemporary architectures of JL-MOSFET based biosensor. We have reported that DMDG-JL-MOSFET exhibits
significant increase in sensitivity when compared to other contemporary JL-MOSFET based biosensors, thus making the

proposed device an attractive solution for biosensing applications.

Keywords DMDG-JL-MOSFET - Biosensor - Sentaurus TCAD - Sensitivity - SMDG-JL-MOSFET

1 Introduction

A Biosensor is an analytical device to detect biological
species like protein, streptavidin, enzyme, blood cell, DNA
etc. From biomedical diagnosis, point-of-care monitoring
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of treatment, disease progression, food control, drug dis-
covery, forensics and biomedical research, to environmental
monitoring, biosensors have been used to detect different
biomolecules species. FET based biosensors have emerged
as a potential candidate because of their high sensitiv-
ity, low cost, mass production, miniaturization and com-
patibility with current CMOS technology. The first FET
based biosensor was investigated by Bergveld et al. in [1].
But it has poor sensitivity for neutral biomolecules and
incompatibility with CMOS technology. To overcome this
Dielectrically Modulated (DM) FET based biosensor was
proposed [2-5]. An experimental demonstration of dielec-
tric modulated nanogap-embedded biosensor has already
been reported [4]. Choi et al. [5] has reported analyti-
cal modeling of biosensor based on DMFET. With the
advancement of CMOS technology, demand of ultrasensi-
tive sensors to detect low concentration of biomolecules has
increased. MOSFET based biosensors have already been
reported for the ultra-sensitive detection of DNA [6], pro-
teins [7], pH levels [8]. As the device dimension decreases
to nanoscale, abrupt doping profiles between source, chan-
nel and drain have given rise to challenges in fabrication of
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short channel MOSFET devices [9]. To mitigate this prob-
lem, Junctionless (JL) MOSFET has been proposed as one
of the potential alternative [10-12]. Junctionless devices
have uniform doping from source to channel to drain and it
can be in the form of p — p — p type or n — n — n type.
It makes JL-MOSFET easy to fabricate and also reduces
SCEs and improve Ioy/Iosy ratio of the device [13, 14].
Moreover, manufacturing of JL-MOSFET is simpler as it
does not require high thermal budget as the doping is
homogeneous. These qualities of JL-MOSFET are advanta-
geous for the fabrication of miniaturized sensor devices and
their heterogeneous integration with other components for
non-invasive clinical diagnostics, portable, and disposable
applications [15]. Buitrago et al. [16] have proposed junc-
tionless transistors with SOI structure for low power sensors
with high sensitivity. Narang et al. [17] has reported a DG-
JL-MOSFET based biosensor using Dielectric Modulated
(DM) technique. Ahangari et al. [18] has reported a junc-
tionless nanowire MOSFET based sensor for low power and
ultra sensitivity. Chakraborty et al. [19] performed sensitiv-
ity analysis of dielectric-modulated gate stack JL-MOSFET
for application as biosensor. Ajay et al. [20] modeled gate
underlap JL MOEFET as biosensor. Singh et al. [21] has
proposed a split gate JL MOSFET based biosensor. Till now
many architectures of DG-JL MOSFET based biosensor
have been proposed [22-24]. Apart from fabrication chal-
lenges of biosensors at nanoscale dimension, to get better
drive current and ultrasensitivity, dual material double gate
(DMDG) MOSFET has been suggested. Dual Material gate
(DMG) MOSFET was first reported by Wei Long and K. K.
Chin [25]. To extract the advantages of dual material gate in
MOSEFEET based biosensors, here, in our work we have cho-
sen a DM-DG-JL-MOSFET for its application in biosensing
for label free detection of biomolecules. We have consid-
ered dry environment for the detection of biomolecules [26].
A dual material gate(DMG)-FET consists of two laterally
contacting materials with different work functions. Because
of this characteristics, the threshold voltage near the source
side can be designed higher than that near the drain side.
This results in a rapid acceleration of charge carriers in the
channel. It has also been reported that the SCEs in DMG-
FET structure are diminished because of the step profile
in the surface potential which screens the drain potential
variations [23, 27]. The gate can be formed by either an
asymmetric etch or asymmetric lift-off process [28]. It is
well known that the use of high-k dielectrics as gate material
deposited on silicon substrate would reduce the perfor-
mance of the device as there is increase in fringing electric
field, which weakens the gate control and worsens the sensi-
tivity of FET based biosensors. To overcome this limitation,
gate stack engineering (high-k+low-k) has been reported
[29, 30], while maintaining good oxide/channel interface
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quality. In [20] Narang et al. has reported single sided cav-
ity JL-MOSFET based biosensor with low-K. Thus, in our
device structure, we have utilized gate oxide stack engineer-
ing, dual material gate and both sided cavity to enhance the
sensitivity of the biosensor. Fig. 1(a) shows the device archi-
tecture of literature [20] and Fig. 1(b) shows our modified
device architecture. Since, the dimensions of the biosensor
need to be scaled down in order to detect small concen-
tration of biomolecules with high sensitivity [31], DM-DG,
gate oxide stacked JL-MOSFET based biosensor has been
proposed here. Principal contributions of this work are as
follows:

— 2-D analytical model of DMDG-JL-MOSFET based
label free biosensor has been developed incorporating
several design parameters like high-« gate oxide in gate
oxide stack, cavity length and charge of biomolecules.
The model has been validated with data obtained from
Sentaurus TCAD simulator [38].

— Impact of gate oxide stack with different high-«
dielectric materials on electrical characteristics of the
biosensors has been studied.

— Sensitivity metrics such as variation in threshold
voltage, drain current and /on/IoFF ratio is estimated
for different high-x gate dielectric materials with
neutral as well as charged biomolecules.

— Impact of variation in cavity length is observed on the
sensitivity of the device.

— Finally, the sensitivity of the proposed device is
benchmarked with sensitivity of the contemporary FET
based biosensors reported in contemporary literatures.

The rest of the paper is organized as follows. In
Section 2, the device structure is explained in detail.
Section 3 develops the analytical modeling of the device.
Section 4 describes the methodology adopted for simula-
tion. Section 5 discusses the results in detail. Finally, the
conclusions are drawn in Section 6.

2 Device Structure

The device architecture of a Dielectrically modulated,
DMDG-JL MOSEFET based biosensor is presented in Fig. 1.
For dual material gate, gate region is equally divided into
two parts, Gate 1 and Gate 2. The work functions of Gate
1 and Gate 2 are 5.1 eV and 4.7 eV respectively [18].
Here, L1 and L4 are the lengths of the nano gap cavity,
L, is the length of Gate 1 and L3 is the length of Gate 2.
Here, high-«/low-« dielectric material as gate oxide stack
is used to improve the sensing performance of the device.
Three different high-« gate dielectric materials, i.e. Ti O,
HfO,, and Al,O3 are used for the investigation. Here,
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Fig. 1 (a) Device structure of JL-MOSFET based biosensor with single side cavity [20] (b) Device structure of DMDG-JL-MOSFET based

biosensor (Our work)

thios tSi» tox1, and f,yo are the thicknesses of the nano gap
cavity, silicon channel, high-« dielectric material and low «
dielectric material respectively. The tentative fabrication
process of the proposed device is given in [16, 32]. In
this work the length of cavity is L.,y is 25 nm. The size
of protein biomolecule reported in [33] is deca nanometer
range and the size of biotin and streptavidin is nearly 5
nm [34]. Hence thickness of nanogap taken in this work
is acceptable. Moreover, the experimental demonstration
of trapping of streptavidin within 10 nm cavity has been
shown by Kim et al. [35]. A SiO; layer of thickness 1 nm
is used as low « dielectric material in our work. Si O; layer
is also considered in the nano gap cavity region because
it works as an adhesive layer for the biomolecules to get
immobilized in the nano cavity whenever Silicon substrate
is exposed to the air [35]. Various device parameters used
in this work are presented in Table 1.

3 Analytical Modeling Approach

2 — D analytical modeling approach is utilized in this work
to obtain the Surface potential and Drain current of the
device. We have considered the boundary conditions in the
device as,

Region 1: 0 < x < tg;
Region2: 0 <x <t5;, L1 <y<Li+ L,
Region3:0<x <t5; Li+Lr<y<Li+Ly+Lj
Region 4: 0 < x < tg; Li+ L+ L3 <y <
Li+Ly+L3z+ Ly

To find the potential distribution of each region,
Poisson’s equation is solved in each
region separately as,

O0<y=L

8di(x,y)  8di(x,y)  —qNg
8y? Sx? esi

e))

@ (x, y) is the 2— D potential of the regions. Using parabolic
approximation [36], potential distribution in each region can
be defined as,

®;(x, y) = agi (y) + a1; (y)x + a (y)x> )

Where, ai;, ay;, az; are the arbitrary coefficients and
obtained by using the following boundary conditions at the
Si-Si O interface as,

D;(0,y) = Prsi(y) 3
D;(tsi, y) = Ppsi(y) 4
@; (% y) = Beyi () s)
§0;(0,y)  Ci PR .
T = Esi (¢fsz (Y) Vgs + Vfbl) (6)
L (Isi
¢l ( 2° O) =0 (7)
ox

Table 1 Physical Parameters of proposed device strucutre

Device Parameter Value
Channel length (L¢y) 100 nm
Length of Gatel and Gate2 50 nm
Length of cavity (L1 and Ly) 25 nm
Length of high — k gate oxide (Ly and L3) 25 nm
High-k gate oxide thickness (tyx1) 9nm
Channel thickness (ts;) 10 nm
Nano gap thickness (tpio) 9nm
Low-k gate oxide thickness (tyx2) 1 nm
Source and Drain doping concentration (Nsq) 1020 em—3
Channel doping concentration (Ng) 1020 em—3
Silicon work function (Pg;) 46eV
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m — _2 Dpsi (V) = Vs + Vipi 8
s = ] bsi Y gs fbi (®)
X ESi

D s is the front gate surface potential, ®py; is the back
gate surface potential, ®.; is the central potential, Vg is
the Gate to source voltage and Vyy; is the flat band voltage
which can be expressed as,

qNy
Vipt = ®m1 — Psi — # (9a)
10
Vi = Py — Psi (9b)
Vips = Ppyo — Ps; (9c)
N
Vib = @up — b5 — L 9d)
10
Eg
Dg; = xsi + > (%e)
Ebi
Chio = — (9f)
thio
£sio
Csio, = —= (C9)
Tox2

@g; is the work function of silicon channel, xs; is the
electron affinity and Z£ is the band gap of silicon channel.
C; is the gate capacnance per unit area of gate dielectric and
can be written as,

CpioCsi
Ci=C4= _—biot5i0; (10a)
Crio + Csio,
Cy=Cy =50 (10b)
tox
ESio
tox = 15i0, + thighk( 2 ) (IOC)
Ehighk

Where, Ny is the charge density (in m~2) of biomolecules,
Epio 1S the permittivity of the biomolecules present in cavity
and &, o, is the permittivity of the Si O, layer. To obtain the
surface potential in Eq. 2, we have to substitute the values
of the coefficients as,

aopi (y) = Prsi(y) (11a)
C;
aii(y) = 8_y(¢fsi(y) - Vgs + Vfbi) (11b)
azi(y) = il (¢f§l ) — Vgs + Vfbi) (11c)
D;(x,y) —(pfw(y)"_ (¢fvt(y) Vgs+Vfbi)x_
gsl » (@ fsi ) — Vs + Vfbl)x2
(12)
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Since, @c;(y) should be relevant to the punch through
current, we obtained the relation between @c;(y) and
@ i (y) from Eq. 12 by substituting x = tS‘ as,

zSz
451'

1
qusi(xa y) = T Cito { ci ()’) + (Vgs - Vfbi)}
1+ S

13)

Substituting the value of @ fy; (x, y) from Eq. 13 in Eq. 12,
®;(x, y) can be expressed as in Eq. 14.

Cits;
4si

1
Di(x,y) = m { ci(y) + (Vgs — Vfbi)}

degi

C; C; C;
X (1 + -+ ;x2)—ﬁ(Vgs—Vfbi)x

EsiX  ESilsi Si
+ Ves — Vipi)x® 14
Cailsi ( gs fbl)x (14)
82@ci(y)  Pci(y) — Vos + Vipi  —qNa
2 2 = (15)
3y n; &si
Where,
degitsi + Citgi
- CoUor T S 16
Ni 8C; (16)
The general solution of Eq. 15 can be written as,
Dci(y) = Aje’ + Bie +o; (17
qNa
0i = =1} —= = (Vgs — Vyii) (18)

ESi
Here, A; and B; are the coefficients obtained by using the
boundary conditions at the source and drain and given as,

Dci(0) = Vy; (19)

DPci(Ly+ Lo+ L3 + Lg) = Vi + Vg (20)
N,

Vpi = V,In -2 @21

i
Ly

Vi — no_— (Y —
B, :( bi — 01)e L( 1 —o0o1) 22)
2Sinhn_11

Ay = (Vi — o1 — By) (23)

Ly
W —ox)em — (¥ —07)

By = (24)
251nh( )e m
Ly
(W1 —o02) — Bre ™
Az = . (25)
emn
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L3y
v, — 3 — (Yp —
Bs = (Y2 —o3)e ELI{LZ 03) 26)
2 sinh <ﬁ>e 3
3
“Li-Ly
(¥, —03) — Bze ™
As = @7
e mn
ﬂ
(W3 —og)e™ — (Vi + Vas — 04)
By = GO (28)
2 sinh (ﬂ)e 4
3
—Li=Ly—L3
(W3 —04) — Bge 3
Ay = Li+Lo+L3 29
e 4

Here, V},; is the built-in potential, ¥, ¥, and ¥3 are the
intermediate potentials, which are found by ensuring the
continuity of potential and electric field at the interface
of each region. Surface potential for each region can be
obtained from Eq. 2 as,

D1(x, y) = ao1(y) + a1 (»)(x) + az1 (y)x* (30a)
Dr(x, y) = ap(y) + an(y)(x) + axn (y)x* (30b)
®3(x, y) = ap3(y) + ai3(y)(x) + a3 (y)x? (30¢)
Py(x, y) = apa(y) + a14(y) (x) + aza(y)x* (30d)

Where, @ (x,y) =®1(x,y) for 0<y <L,
D(x,y)=Pa(x,y) for Ly <y=<Li+L
D(x,y)=P3(x,y) for Li+Ly<y=<Li+Lx+L3
D(x,y) =Pua(x,y) for Li+Lr+L3<y=<1L+
Ly+ L3+ Ly

Drain current in the sub threshold region is obtained by
using the Eq. 30a-30d and can be written as,

—4Vgs
uWkT(l—e kT )

Lisup = 4 L 1
Zi:l 0 o qP; (x,y) dy
JoSinie kT dx

€29

Here, n; is the intrinsic carrier concentration and u is the
carrier mobility.The carrier mobility taken in this work
is 100-200 Cm?2/V * sec [20]. The linear drain current can
be obtained by using the modelling approach explained in
[37]. The drain current in region 1 is the drain current of the
DMDG-JL MOSFET with channel length L and drain to
source voltage Vp; and can be written as,

wWCy V2
latineart = =~ ((ng—vm)vm ;1 (32)

The drain current in region 2 is the drain current of the
DMDG-JL-MOSFET with channel length L, and drain to
source voltage, (Vp2-Vp1) and can be represented as,

2
4 ”) (33)

uWCs (V3 —
—_— ((Vgx_vfh)(VPZ_VPl)_%

Latinear2 = L
2

The drain current in region 3 is the drain current of the
DMDG-JL-MOSFET with channel length L3 and drain to
source voltage, (Vp3-Vpy) and can be shown as,

uwcs
Latinears = ———

(Vb3 = Vi)
((vgx—v,h)(vpa—vm—%) (34)
The drain current in region 4 is the drain current of the
DM-DG-JL MOSFET with channel length L4 and drain to
source voltage, (V45 — Vp3) and can be shown as,

2 2
(de 5 VP3)) (35)

uWCy

Litineara = I
4

((Vgs —Vin)(Vas—Vp3)—

To find the values of Vpi, Vpy and Vp3, all the four
current equations in Eqs. 32-35 are equated to each other
and three quadratic equations are formed as,

VA, R+ VpiRy+R3 =0 (36a)
V3,81 + VpaSa+ 83 =0 (36b)
V3301 + V302 + 03 =0 (36¢)
Where,
—-1/C; Cy
Ri=—(—2+=2 37
T (Ll + Lz) G
C] C2
Ry = _(Vgs — Vi) + _(Vgs - Vp1) (38)
L L,
GV
Ry = L—% = 7, Vs = Vin) V2 (39)
—1/Cy, C3
S =—(=4+= 40
T2 (Lz + La) “0
C, C;
S = _(Vgs = Vin) + _(Vgs — Vin) 41
Lo Lj
C Cs V2
Sy = LfTPz‘f(Vf‘“ v,h>vm+L—3%——(vgv—vm)vps 42)
—1/C3 C4
= (=24 43
01 5 <L3 + L4> (43)
Cs Cy
02 =—Ves = Vip) + —(Vgs — Vi) (44)
Lj Ly
Csy V2 c,V: C
05 = L—Z%—L—% wh>vpz+L4 - —L—j(vgs—mvds 45)

Solution of quadratic equations in Egs. 36a-36c result in
the values of Vpy, Vpy and Vp3 which are then substituted
back in Egs. 32-35 to obtain the expression of current in the
proposed device.

@ Springer



4478

Silicon (2022) 14:4473-4484

4 Simulation Methodology

The analytical model proposed in Section III needs to be
verified with either accurate simulation data or experimental
data. In our work, we have validated our modeling approach
with the simulations carried out using Sentaurus TCAD
simulator [38]. The presence of the neutral biomolecules
in the nano gap cavity is simulated by introducing material
having dielectric constant (¢« > 1) corresponding to the
biomolecules (e.g. Dielectric constants are, streptavidin=2.1
[39], protein = 2.50, biotin = 2.63 [40], and APTES = 3.57
[41-43]). It is assumed that the cavities are completely filled
with biomolecules. For considering the effect of charged
biomolecules, negative or positive fixed interface charge of
charge density, (N = & 4x 10'¢ m~2) (for e.g. DNA [43])
at the Si O, - Air interface of the device is considered. The
interface charge density has been neglected in this paper [17,
21]. Models used in TCAD simulations for simulating the
electrostatics of the device are Drift-diffusion Model(DD)
for carrier transport, for carrier charateristics FERMI
DIRAC model, field-dependent mobility (FLDMOB),for
carrier-generation and recombination Shockley-Read-Hall
(SRH) model, constant mobility model, Lombardi constant
voltage and temperature (CVT) model Boltzmann transport
model.Quantum effects impacting the device is ignored in
the model development and simulation [44].

Region 1 and Region 4 are the nano cavity regions
as shown in Fig. 1. In absence of biomolecules, the
cavity is filled with air (x=1). When the nano cavity is
filled with biomolecules, the dielectric constant of the
Region 1 and Region 4 changes, which leads to change
in gate capacitance. The work function difference of the

Fig.2 Surface potential along 07

dual material gates and dielectric constants of high-x gate
dielectric materials also modulate the gate capacitance. This
phenomena leads to the shift in threshold voltage (V;j)
which is one of the metric to estimate the sensitivity of
the biosensors. When charged biomolecules like DNA and
glucose are present in the nano cavity, the flatband voltage
(Vyp) of the device changes. Consequently, sensing metrics
of the device, such as threshold voltage, drain current (/)
and Ipon/IoFF ratio change accordingly with dielectric
constant(x) and charge of biomolecules.

5 Results and Discussion

For the proposed device structure, the sensitivity metrics are
estimated by plotting and analyzing surface potential, drain
current and threshold voltage.

5.1 Impact of High-x Gate Dielectric Materials
and Neutral Biomolecules on Surface Potential,
Drain current and Sensitivity

Figure 2 shows the surface potential along the channel
length of the device, when the cavity is filled with
biomolecules for different high-« dielectric materials
(TiO>, Hf Oy, and Aly0O3). The plot validates the
analytical model developed of our proposed device as a very
close matching is observed between our analytical model
and TCAD data. DM-DG-JL-MOSFET biosensor shows
step function profile in the surface potential which occurs
due to the work function difference of Gate 1 and Gate
2. This step function profile is responsible for an increase

L] | I
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high-« dielectric materials and
at dielectric constants of
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in carrier velocity and thus an increase in carrier transport
efficiency. The minimum surface potential occurs under
higher work function gate i.e. at source side [45]. The work
functions of Gate 1 and Gate 2 are 5.1 ¢V and 4.7 eV
respectively [18]. This gate material architecture effectively
screens the area under Gate 1 from any variation in drain
potential, which helps in reducing the DIBL effect.

In Fig. 2(a) the surface potential is shown for
biomolecules with dielectric constant (x=3) for different
high-« gate dielectric materials. For T'i O, the step function
height is 0.606 V with minimum surface potential of -0.340
V and maximum value reaches to 0.266 V and for SiO,,
the step function height is 0.536 V with minimum surface
potential of -0.216 V and maximum value as 0.216 V. In
Fig. 2(b) the surface potential is shown for biomolecule with

0.20 T T T T ]
0.18 4 I Tio+ Si.Oz K=5 -
[ Hf0,+ Si0, | N,,, =0 (Neutral)
0.16 4 |l A1,0,+ SiO, 1
I sio
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£ 012 4
<N
£ 0.10 4
2
Rt
‘Z 0.08
=
D
“ 0.06
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15 20 25 30 35
Cavity Length, L , (nm)

Fig. 4 Sensitivity versus cavity length for different high-« gate
dielectric materials

4 5 6 7 8 9 10
Dielectric Constant (K)

1 23 456 7 8910
Dielectric C((g;stant, (K)

(@)

dielectric constant (x=7) for different high-« gate dielectric
materials. For Ti O, the step function height is 0.638 V
with minimum surface potential of -0.368 V and maximum
value as 0.279 V and for Si O», the step function height is
minimum with 0.56 V and minimum surface potential as
-0.250 V and maximum value as 0.310 V. As the dielec-
tric constant of high-« dielectric materials increase, the step
function height increases because of the strong coupling
between gate and the channel, which helps to reduce SCEs
in nanoscale devices. From the figure it can also be implied
that with the increase in dielectric constant (k=3,5,7) of neu-
tral biomolecules, surface potential decreases resulting in
increase in threshold voltage. This phenomena is observed
because higher dielectric constant of biomolecules results
in higher effective gate capacitance subsequently increas-
ing the coupling between gate and channel thus decreasing
the surface potential as also observed in [19]. Threshold
voltage is an important sensing metric of FET based biosen-
sors to detect the sensitivity, when the biomolecules are
immobilized in the cavity. Figure 3(a) shows the impact
of neutral biomolecules like (streptavidin, protein, biotin,
APTES, DNA) on the threshold voltage of DM-DG-JL-
MOSFET. When the nano gap cavity is filled with air (x
=1), the total gate capacitance decreases, whereas, when
biomolecules (¢ > 1) are accumulated in the cavity the gate
capacitance increases. This variation of gate capacitance
leads to higher effective coupling between gate and chan-
nel which results in decrease of central channel potential
[19]. This shows the requirement of higher gate voltage to
deplete the channel completely, thereby causing an increase
in threshold voltage in comparison to air filled cavity. More-
over, with the use of high-« dielectric materials as gate
oxide, the total gate capacitance increases, subsequently
resulting in overall increase in threshold voltage. Here, for
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Fig.5 Variation of drain current <
with gate voltage V, for 10
different high-« dielectric

constant of biomolecules
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TiO; as gate oxide, V; at k =1 is 0.61 V and for « =10,
is 0.84 V. Similarly, for Si O;, V;, at k =1 is 0.50 V and
for k =10 is 0.59 V. Here, as the dielectric constant of the
neutral biomolecules increases, threshold voltage increases
correspondingly [19]. The mathematical formulation which
has been considered to estimate the sensitivity of the device,
when, neutral biomolecules are immobilized in the cavity
is expressed as, Syip = Vi (k > 1) - Vi (k = 1). In
Fig. 3(b), sensitivity increases with the increase in dielec-
tric constant of biomolecules as well as with the high-« gate
dielectric materials. For T'i O, sensitivity is more and it
varies from 0.027 V to 0.224 V when the dielectric constant
of biomolecules varies from (1 to 10). Whereas, for Si O3,
the sensitivity is lesser and it varies from 0.0086 V to 0.076
V for dielectric constant of biomolecules varying from (1 to
10).

10™ o TiO,+ SiO, K=5
[ HfO,* SiO,
. N, ., = 0 (Neutral)
Il A1,0,+ SiO, bio
102 4 |l sio,
2
E 102 -
<3
[
91011 4
z
210 ]
107 4
108 -

1 2 3 5 7 10
Dielectric Constant, (K)

Fig. 6 Sensitivity metric, Ion/IoFrF ratio with different dielectric
constants of neutral biomolecules
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5.2 Impact of Nano gap cavity length on Sensitivity
for Neutral Biomolecules

In order to determine the optimum length of the nano cavity
of the device for sensing applications, sensitivity is plotted
against the cavity length, L., in Fig. 4. Sensitivity for a
higher cavity dimension is higher. This is because of the fact
that large number of bio-molecules can be immobilized in
the nano cavity region with higher dimension. Subsequently,
an increase in the number of detection molecules increases
the turn-on or reactive point of biosensor. From Fig. 4 it
is evident that as the nano gap length increases sensitivity
increases. However, after a certain nano gap cavity length,
sensitivity tends to saturate, it indicates that L.,, need
not be as large as possible [27]. Here, at nano gap length
of L.qy= 25 nm, sensitivity is highest and after that it
saturates irrespective of the high-« gate dielectric material.
The nano gap length is chosen as 25 nm here because
of feasibility of fabrication and mechanical stability of
the proposed device. The Sensitivity in case of TiO»
is highest among all the high-« gate dielectric materials
chosen in this work and is 0.13 V. It indicates that the
use of high-x dielectric in gate oxide stack improves the
sensitivity of the device when compared to low-x gate
dielectric like Si O;. Transfer characteristics for different
dielectric constant of biomolecules is depicted in Fig. 5.
The plot verifies the analytical drain current of our proposed
device as a very close matching is observed between our
analytical model and TCAD data. The plot shows variations
when biomolecules are immobilized in the cavity of the
device. For the neutral biomolecules, the Off current of
the device decreases with increase in the dielectric constant
of biomolecules as well as with the high-« gate dielectric
materials. It can be observed from the figure that 7i O,
leads to the lowest Off current, when compared to other
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Fig.7 Variation of drain current 104 r
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high-«k gate dielectric materials. Higher threshold voltage
in the stand-by mode gives lower Ipfys which leads to
lower power consumption. This variation in current is due
to the change in Vy,;, of the cavity regions as well as of the
channel region due to high-« gate dielectric which results in
increase in V. Moreover, the use of higher-« gate dielectric
materials result in lower equivalent oxide thickness (EOT)
and elevate the gate capacitance thus lowering the leakage
current. Ion/IlpofF ratio is also considered as another
sensing metric for FET based biosensors. As it is reflected
from Fig. 6, with increase in the dielectric constant of high-
k gate dielectric materials for a given dielectric constant
of biomolecules in the cavity region, the Ipn/IoFF ratio
increases.

5.3 Impact of High-x Gate Dielectric Materials
and Charged Biomolecules on Surface Potential,
Drain current and Sensitivity

The response of the proposed biosensor to the immobi-
lization of charged biomolecules is taken into considera-
tion in this section. The nano gap cavities are assumed
to be entirely filled. In Fig. 7, when positively charged
biomolecules are immobilized in the nano gap cavity
and with high-« gate dielectric materials, the Off current
and On current increases for the given dielectric con-
stant of biomolecules as compared to negatively charged
biomolecules. The plot verifies the analytical drain current
obtained in our proposed device as a very close match-
ing is observed between our analytical model and TCAD
data. It is observed that for higher-«k gate dielectric mate-
rials, drain current shifts to the right resulting in increased
Vin. Whereas, due to the presence of negatively charged
biomolecules in cavity region, the On and Off current

Gate Voltage, V o V)

decreases. This phenomena is the result of change in thresh-
old voltage which is due to the change in flat band voltage,
AVyp in the cavity region. AVyy, in turn depends on the
dielectric constant of the biomolecules and on the charge of
biomolecules (N ) and expressed as,
Vip1=Vyp2 - gN¢/Cpio Where, AV =g N §/Cpio
Vipa=Vyp3 - gN¢/Cpio Where, AVp=g N ¢/Cpio
Impact of positively and negatively charged
biomolecules on threshold voltage is depicted in Fig. 8.
For the variation of negatively charged biomolecules from
-2 x 1071 Cm=2 to —6 x 10716 C m~2, threshold
voltage for the device increases. For positively charged
biomolecules, there is not much variation in threshold
voltage. Sensitivity of charged biomolecules for different
high-«x gate dielectric materials and for different charged

1.20 T T T T T
1.15 - Ker —v— Ti0,+Si0, | -
1.10 4 HfO,+SiO, | |
E 1.05 4 —4&— Al,0,1Si0,| -
=1.00 4 —=—Si0, -

0.55 T T T
-6.0x10"¢ -4.0x10"¢ -2.0x10"® 0.0

Charge of Biomolecules, N ; (C/m?)

T T
2.0x10"¢ 4.0x10"® 6.0x10'®

Fig. 8 Threshold Voltage, V;, for different high-« gate dielectric
materials and for charged biomolecules
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Fig.9 Sensitivity versus
charged biomolecules for
different high-« gate dielectric
materials

Fig. 10 Sensitivity versus cavity
length for different high-« gate
dielectric materials and for
charged biomolecules
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Table2 Benchmarking the sensitivity of the proposed biosensor with various JL-MOSFET based biosensors available in contemporary literatures

Device Parameter Split gate [22] JL-GSSRG [19] Gate underlap [21] SM-DG [17] DM-DG(our work)
Channel length (Lp) 225 nm 50 nm 50nm 100nm 100 nm
Length of Cavity (Legy) 175 nm 25 nm 50 nm 25 nm 25 nm
Thickness of cavity (tcqv) 9 nm 10 nm 19nm 9 nm 9 nm

gate oxide Hf O, HfO,+ SiO, SiOs Al O3 TiOy + SiO,
Channel thickness (ts;) 10 nm 20 nm 20 nm 10 nm 10 nm
Sensitivity (Sy:;n for neutal 022V 0.175V 02V 0.08 Vv 0227V
biomolecules)

Sensitivity (Sy, for charged 035V - 0.165V 027V 036V
biomolecules)

Sensitivity Ioy/losf ratio - 10° 10° 1010 1013
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biomolecules is shown in Fig. 9. The mathematical formu-
lation which has been considered to estimate the sensitivity
of the device when the charged biomolecules are immobi-
lized in the cavity can be expressed as, Sy,= V;,(Neutral
Biomolecules)- V;;(Charged Biomolecules)

When biomolecules with charge density, —6 x 10710
Cm~2 interacts with the device, the sensitivity metric shows
a change of 0.350 V for T'i O, in comparison to the neutral
biomolecules with dielectric constant, k=5.For positively
charged biomolecules having charge of 6 x 10710 Cm~2,
change in sensitivity is -0.068 V for Ti O, in comparison
to the neutral biomolecules with dielectric constant, x=5.

5.4 Impact of Nano Gap Cavity Length on Sensitivity
for Charged Biomolecules

Figure 10 shows the sensitivity of charged biomolecules
w.r.t. to cavity length. The sensitivity is more for higher
cavity length. Here, Ti O results in more sensitivity than
the other high-« dielectric materials at L.q, = 25 nm and
after that it saturates, for negatively as well as positively
charged biomolecules.

5.5 Comparison of Sensitivity Metric
with Alternative Contemporary Junctionless
MOSFET Based Biosensors

Table 2 shows the benchmarking of sensitivity of the pro-
posed biosensor with contemporary FET based biosensors,
i.e. Split gate JL MOSFET [22], JL-gate stack surrounding
gate MOSFET [19], gate underlap [21] and single mate-
rial based double gate JL-MOSFET [17] based biosensors.
It is observed that the proposed device architecture shows
better sensitivity when compared to JL-GSSRG MOSFET
[19] and SMDG-MOSFET [17] based biosensor and a
marginally higher sensitivity when compared to split gate
[22] and gate underlap [21] MOSFET based biosensor.
This shows that Dual material gate architecture with gate
stack engineering chosen in our proposed device improves
the performance of the proposed device and enhances the
sensitivity.

6 Conclusion

An analytical model of a Dielectrically modulated, dual
material, double gate, gate stack engineered junctionless
MOSFET is proposed in this work. Various high-« gate
dielectric materials are deposited over a thin low-x gate
dielectric like Silicon oxide to engineer the gate stack for
achieving enhanced sensitivity of the proposed biosensor.
Further, Dual gate materials are utilized (i.e. optimum

value of work function difference of 0.4 ¢V chosen [18])
in a double gate junctionless MOSFET to reduce SCEs
and thus extract higher sensitivity in the proposed device.
The impact of nano gap cavity length variation on the
sensing performance of the device is also studied for
both neutral and charged biomolecules and an optimized
cavity length of 25 nm is found out resulting in maximum
sensitivity irrespective of the dielectric material and charge
of biomolecules. It has been observed that at a cavity
length (L.qy) of 25 nm, TiOy as gate dielectric shows
87%, 68% and 52% higher sensitivity than if Si O, is taken
as gate dielectric in case of neutral, positively charged
and negatively charged biomolecules respectively. Here,
we have observed that high-« gate dielectric material
improved the sensitivity metrics and Ipn/IofrF ratio
of the proposed device. The benchmarking of DM-DG-
JL-MOSFET with various JL-MOSFET based biosensors
available in literatures is performed to demonstrate the
efficacy of our proposed structure. DM-DG-JL-MOSFET
with gate stack engineering shows significant enhancement
in sensitivity when compared to contemproary architectures
of JL-MOSFET based biosensors. The results obtained
here prove the effectiveness of the proposed device. The
proposed device is fully compatible with CMOS technology
and can be extremely efficient and practically feasible for
biosensing applications.
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