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Abstract
In this paper, analytical modeling of a Dielectric Modulated Double Gate Field Effect Transistor (DM-DGFET) for biosens-
ing application is presented with extensive data analysis. Firstly, the size of the nanogaps and arrangements of biomolecules 
in those gaps are optimized with respect to the sensitivity of the above sensor. The optimized DM-DGFET is next analyzed 
on the basis of its modeling and simulation. This paper addresses novel issues arising from arrangements of biomolecules, 
especially from practical point of view. Effect of probe placement due to steric hindrance and random nature of biomol-
ecules, are also considered. The capacitances associated with the nanogaps occupied by biomolecules, following various 
arrangements, are modeled. Expressions of the threshold voltage, drain current and its sensitivity in terms of variations are 
also derived using the capacitance model. A comparative study of the proposed and the existing architectures is made. The 
influence of process variation on the sensitivity of the sensor is also studied. The results from the proposed analytical model 
are validated with the simulated data obtained from TCAD device simulator. In conclusion, the proposed DM-DGFET based 
biosensor architecture will emerge as an optimal model, very useful for the study on this field in future.
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1  Introduction

Biosensor research is one of the most developing fields 
in last few decades. Biosensor works on the principle of 
detection of biomolecules and gets significant importance 
for clinical diagnostic, defense, and in several environmen-
tal applications. Apart from the above mentioned fields, 
biosensor is also having a wide range of application areas, 
viz., in the field of optics [1], electrochemical sensors 

[2], nanomechanics [3] etc. However such biosensors suf-
fer from some serious shortcomings, like requirements of 
costly equipment, high manufacturing cost, and low sensitiv-
ity. Semiconductor based biosensor has evolved in order to 
overcome these issues. Field effect transistor (FET) based 
biosensor has several advantages, such as, cost effective-
ness, better sensing mechanism, greater precision along 
with higher sensitivity. Ion Sensitive Field Effect Transis-
tor (ISFET) was invented in around 1970s. Initially, it was 
widely used for the detection of pH level in any type of 
solution [6–8]. The concentration of the ions in the analytes 
controls the performance of the device. From the deviation 
of the threshold voltage the concentration of ion or the pH 
value was detected [9–11]. In spite of its good performance 
for the detection of ionic solution or charged molecules, the 
sensitivity of ISFET degrades for the neutral biomolecules 
[12]. Therefore, researchers felt the need to design biosensor 
that can be equally sensitive for charged as well as neutral 
biomolecules. Dielectric Modulated FET (DMFET) appears 
as the perfect solution for this issue. In DMFET, the change 
in the gate capacitance occurs due to the change in dielectric 
constant of the materials to be tested, and (that) results in 
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(the) deviation in the threshold voltage and drain current of 
(from) the device w.r.t. those with no material i.e. with air 
filled nanogaps [12]. On the basis of such deviations, the 
target material can be characterized. The basic 3D structure 
of DMFET was proposed by Lm et al. in [12]. In this type 
of biosensor devices, formation of a nanogap involves a thin 
film deposition and subsequent wet etching processes. This 
reduces the complications in lithographic process associ-
ated with the planar nanogap FETs [13–17]. As sensitivity 
is the prime concern of biosensors, search for highly sensi-
tive biosensor is still in progress. Various unique structures 
have been proposed to improve the sensitivity. Narang et al. 
[18] proposed a DG-MOSFET based Dielectric modulated 
structure for better response. As this structure comprises of 
two nanogaps for trapping biomolecules, its sensing range 
is expected to be much wider.

As far as the modeling is concerned, significant develop-
ments took place in last few years. Narang et al. presented a 
tunnel FET based bio-sensor considering dielectric-modula-
tion [19]. They also reported a comparative analysis between 
dielectric modulated FET and TFET in the context of bio-
sensors [20]. Choi et al. modeled the nanogap-embedded 
FET for bio-sensor applications [21]. Bhattacharyya et al. 
assessed the performance of a dual-pocket vertical hetero-
structure tunnel FET-based biosensor [22].

In all the above articles, dielectric modulation has been 
considered. But, the various possible filling patterns gener-
ated by the bio-molecules trapped in nanogap are believed 
to influence the sensitivity of the biosensor. Unfortunately, 
this problem is not yet addressed.

In this work, some practical surface profiles of organic 
fluids appeared in biomolecule-filled nanogaps in DG 

MOSFET will be considered for analytical modeling, for 
the first time. The silanization process of surface functionali-
zation will be considered in this work, in which the hybrid-
ization of bio-molecules with SiO2 takes place [22]. The 
structure of the nanogap and its surrounding material will be 
optimized in order to improve the sensitivity. A detail ana-
lytical model of surface potential, threshold voltage, drain 
current and sensitivity will be presented considering various 
surface profiles of biomolecules filling the nanogaps created 
in both sides of the gates. Considering such four patterns 
(increasing/decreasing inward pattern, concave and convex 
pattern), the threshold voltage and ON-current sensitivity 
will be determined. The deviations in threshold voltage and 
ON-current sensitivity will also be studied. In addition, the 
effects of process variations on bio-sensing parameters will 
be analyzed in detail. The analytical modeling of the pro-
posed device structure will be validated with the simulated 
results obtained from Silvaco TCAD.

2 � Device Description

The device structure is based on traditional n-channel 
DGMOSFET with a dielectric modulated nanogap embed-
ded gate insulator as shown in Fig. 1. SiO2 layer underneath 
the gate has divided into hydroxyl (-OH) bond and acted as 
a biomolecule receptor. For a better operation and sensitiv-
ity, a thin layer of 1 nm SiO2 on the top of the nanogap is 
also kept untouched during the etching process. Tox , TG and 
tsi denote the thickness of the oxide layer, gate and Si-film 
respectively.

Fig. 1   Cross sectional structure 
of a dielectric modulated double 
gate MOSFET (DM DGFET) 
with fully filled nanogap
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3 � Optimization

3.1 � Material Optimization

In past few decades, researchers realised nanogaps by partly 
etching out various materials used in the dielectric layer. 
Amongst several materials, Silicon Di-oxide (SiO2 ), Haf-
nium Di-oxide (HfO2 ), and Poly-Si are used most frequently. 
In this literature, a comparative analysis of these three mate-
rials, considering the biomolecules of distinct permittivities, 
has been performed based on the threshold voltage and cur-
rent sensitivity. Most popular biomolecular materials used 
nowadays are APTES ( k = 3.57 ), biotin ( k = 2.63 ), Keratin 
( k = 5− 10 ), amino acids ( k = 11− 25 ), in which the per-
mittivity ( k ) varies in the range of 2− 25 . Here, the materi-
als of three different permittivity values ( k = 2, 11, 22 ) are 
examined in detail. Figures 2 and 3 depict that the device 
with SiO2 as the nanogap surrounding material yields the 
best performance judged on the basis of both type of sensi-
tivities. The sensitivity increases 2 to 4 times with k = 11, 22 
respectively for the change in surrounding materials of nano-
gap, i.e., SiO2 as a replacement of Poly− Si . The value of 
�Vth in case of SiO2 increases with the increment of per-
mittivity of the biomolecules due to the increase in associ-
ated field lines. On the other hand, Poly-Si being a good 
conductor, does not cause any significant change in Vth due 
to the change of biomolecules ; it has thus similar �Vth for 
all k(= 2, 11, 22) . Therefore, the simulation results firmly 
establish the fact that the device with SiO2 as nanogap lining 
material is the best performer among the three materials for 
bio sensing applications. Therefore, the device with SiO2 is 
chosen for further optimization.

3.2 � Structural Optimization

Optimization of nanogap structure, based on its height and 
width, is performed in this literature for the first time. The 
maximum length of the nanogap in each side is chosen 
as one third of the gate length ( L = 75 nm ). in order to 
maintain proper functionality. Thus a minimum of 25 nm 
I-shaped layer is maintained. The width of the nanogap 
in each side is considered as 25 nm, 22.5 nm and 20 
nm. Along with that, the height of the nanogap is also 
optimized with four trial values −25 nm, 30 nm, 35 
nm and 40 nm. Larger the nanogap height, greater the 
gate-metal separation from the channel yields poorer gate 
control. The ON-current and the ON-current sensitivity 
( �ION ) are found to increase with the increase in permit-
tivity of biomolecules.

The present study particularly aimed at the detection of 
DNA structure ( k ∼ 11 ) [23]. Table 1 and Fig. 4 present the 
current and threshold voltage sensitivity of the biosensor 
with different combinations of width and height of nanogap 
structure fully occupied by the biomolecules. It is observed 
that with the increase in nanogap height, higher voltage is 
needed to switch ON the device and the threshold voltage 
sensitivity also increases ( �Vth ). Around 15% decrement 
in �ION is observed for the increase in the height of the 
nanogap from 25 nm to 40 nm. It is due to the narrowness 
of the gate dielectric and increment of the distance between 
channels and gate-metal, which in turn reduces the gate con-
trol over the channel. For the similar change in nanogap 
height, �Vth increases upto 2 times (width = 20nm ) and 
2.5 times (width = 25nm ). Hence, it will be a healthy trade-
off, in which the device with 3 times higher �Vth is chosen, 
ignoring the negligible reduction in �ION . Thus, nanogap 

Fig. 2   Threshold voltage sensitivity analysis for different nanogap 
surrounding materials

Fig. 3   ON current sensitivity analysis for different nanogap surround-
ing materials
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of 25 nm width in both sides and 40 nm height has been 
considered for further analysis.

3.3 � Modeling of Surface Potential

The 2D potential profile ( �(x, y) ) of the channel underneath 
the gate is determined from the Poisson’s Equation, given by,

where, q, Na and �si represent charge of an electron, dop-
ing concentration of the channel and permittivity of Si-film 
respectively. The solution of Eq. 1 is a parabolic function of 
y, [24] and is expressed as follows,

The expressions of P1(x) , P2(x) and P3(x) are derived using 
the boundary conditions, as follows, i) Putting y = 0 in Eq. 2 
yields surface potential of the top surface i.e.,

ii) Electric field at the top channel is expressed as,

(1)
�2�(x, y)

�x2
+

�2�(x, y)

�y2
=

qNa

�si

(2)�(x, y) = P1(x) + P2(x)y + P3(x)y
2

(3)�(x, 0) = P1(x) = �1(x)

iii) In the bottom channel, the electric field is calculated as,

Due to the symmetrical nature of the device with respect 
to both the gates, top and bottom channels are having same 
potential while operating in shorted gate mode, i.e.,

Hence, from Eqs. 4, 5 and 6, P3(x) can be expressed as,

Therefore, the generalized expression of potential function 
becomes,

Putting y = 0 in Eq. 8 yields,

Replacing the expressions of second order partial fractions 
from Eqs. 9a, 9b in Eq. 1 yields,

where, � =
√

�sitsi

Cox

 . The solution of Eq. 10 is,

(4)
��(x, y)

�y

|||||y=0
=

Cox(�1(x) − (VGS − �fb))

�si
= P2(x)

(5)
��(x, y)

�y

||||y=tsi
=
Cox((VGS − �fb) − �1(x))

�si

=P2(x) + 2tsiP3(x)

(6)�(x, 0) = �(x, tsi) = �1(x)

(7)P3(x) = −
P2(x)

tsi

(8)
�(x, y) =�1(x) +

Cox

�si
{�1(x) − (VGS − �fb)}y

−
Cox

�sitsi
{�1(x) − (VGS − �fb)}y

2

(9a)
�2�(x, y)

�x2

|||||y=0
=

d2�1(x)

dx2

(9b)
�2�(x, y)

�y2

||||y=0 = −
2Cox

�sitsi
{�1(x) − (VGS − �fb)}

(10)
d2�1(x)

dx2
−

�1(x)

�2
=

qNa

�si
−

(VGS − �fb)

�2

Fig. 4   3D projection of �Vth with nanogap width and height

Table 1   Variation of ΔV
th

 and 
ΔI

ON
 with nanogap width and 

height

Width (nm) Height (nm)

25 30 35 40

ΔV
th

ΔI
ON

ΔV
th

ΔI
ON

ΔV
th

ΔI
ON

ΔV
th

ΔI
ON

20 17 42.7 21 40.1 27 37.7 34 35.6
22.5 2 45 10 42.2 23 38.5 34 38
25 11 51.2 18 48.5 27 46.1 37 43.7
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where,

3.4 � Capacitance Associated with Various Filling 
Patterns in Nano‑Gaps

In DM-DGFET, various bio-fluids are characterized through 
variations in capacitance associated with the nano-gaps filled 
with those fluids. In real situation, nano-gaps are hardly com-
pletely filled rather bio-fluids containing long biomolecules 
may follow different surface profiles within the nanogaps,and 
therefore offer different capacitances. Here, we will consider 
four basic filling patterns that ma be generated by the fluids 
confined in nanogaps. These are schematically presented in 
Fig. 5.

In order to estimate the capacitance associated with the 
nanogaps, we first concentrate on the smallest column con-
taining minimum numbers of bio-molecules, as depicted in 
Fig. 6(a). The part of the bio-molecules occupies nanogap 
contribute capacitance CBM , whereas the rest of the nanogaps 
contributes capacitance CVA . Thus, the equivalent capacitance 
of the smallest column ( C1 = CVA||CBM ) can be expressed as,

Similarly, capacitance associated with other columns 
are calculated for various patterns of bio-molecules in 

(11)�1(x) = A1 exp
(
x

�

)
+ A2 exp

(
−
x

�

)
− A3

A3 =
q�2Na

�si
− (VGS − �fb); for 0 ≤ x ≤ L

(12)
CBM =

5k�0�1

Tox
; CVA =

5kv�0�1

4Tox

C1 =
CBMCVA

CBM + CVA

=
5kkv�0�1

Tox(4k + kv)

the nano-gap. Few of them are analyzed in the following 
sub-sections.

3.4.1 � Patterns Increasing and Decreasing Inward Patterns

Increasing and decreasing inward patterns are shown in 
Fig. 5(a). These patterns comprise of two symmetrical sec-
tions of dielectric modulated nano-gaps. Each section con-
sists of five columns in which the height of the bio-molecule 
filled portion of the individual column increases with a step 
size of Tox∕5 . Ci , �i ( i = 1 to 5 ) denote the capacitance and 
area associated with the ith column respectively. The smallest 

Fig. 5   Patterns of bio-molecule 
filling the nano-gaps - (a) 
Increasing and decreasing 
inward (b) Concave and convex

Fig. 6   a Smallest single column containing bio-molecule b General 
structure of nano-gap
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value of i corresponds to the column that consists of mini-
mum number of bio-molecules. Therefore, the capacitances 
are calculated as follows,

Two sections of dielectric modulated nano-gaps are sepa-
rated by a column and enclosed by two thin layers (top and 
bottom) of dielectric. The capacitance associated with the 
column is mathematically expressed as, Ccol = �ox1�col∕Tox ; 
where, �ox1 , �col are the permittivity of the dielectric and area 
of the column respectively. Therefore, the total capacitance 
( Cz ) per unit area associated with two nano-gaps and column 
is expressed as,

�t is the total area associated with the nano-gaps and column. 
Capacitances per unit area associated with the top and bot-
tom layers that enclose the nao-gaps, are denoted by Cx and 
Cy , respectively (as shown in Fig. 6); and expressed math-
ematically as, Cx = �ox1∕Toxpad1 , Cy = �ox1∕Toxpad2 ; where, 
Toxpad1 and Toxpad2 are the thicknesses of the two layers. 
Therefore, the total oxide capacitance per unit area ( Cox ) is 
expressed as,

3.4.2 � Concave and Convex Patterns

In concave and convex pattern of dielectric modulated nano-
gap (as shown in Fig. 5(b)), each side consists of five columns 
assumed to be partly or fully filled with bio-molecules. The 
smallest height of bio-molecules filled column is assumed to 
be Tox∕3 and the rest portion of height 2Tox∕3 is vacant (filled 
by air). The height of bio-molecules increases/decreases by 
a step height of Tox∕3 . Assuming, the capacitance and area 

(13)

C2 =
5kkv�0�2

Tox(3k + 2kv)

C3 =
5kkv�0�3

Tox(2k + 3kv)

C4 =
5kkv�0�4

Tox(k + 4kv)

C5 =
k�0�5

Tox

(14)
Cz =

2

�
5∑
i=1

Ci

�
+ Ccol

�t

�t =2

�
5�
i=1

�i

�
+ �col

(15)Cox = (Cx||Cy||Cz) =
CxCy + CyCz + CzCx

CxCyCz

associated with the ith column are Ci , �i ( i = 1 to 3 ) respec-
tively. The value of i increases with the height of the trapped 
bio-molecules. Thus, the total capacitance per unit area associ-
ated with concave pattern is expressed as,

For convex pattern, total capacitance per unit area is calcu-
lated as,

where C1 , C2 , C3 can be determined from Eq. 16. Putting 
the expressions of Cz from Eqs. 16 and 17 in Eq. 15 Cox for 
different patterns can be obtained.

3.5 � Expressions of Coefficients

Expressions of constants such as, A1 , A2 can be derived from 
the continuity equations and built-in potential developed at the 
interface of two different regions. Built-in potentials developed 
at the source-channel and drain-channel interfaces are denoted 
by P4 and P5 respectively. The expressions of P4 and P5 are 
given by,

The continuity equations of potential at the source/drain - 
channel interface are expressed as,

From Eqs. 11, 19a and 19b, the expressions of A1 and A2 
are derived as,

(16)

Cz =
2(C1 + 2C2 + 2C3) + Ccol

�t

�t =2(�1 + 2�2 + 2�3) + �col

C1 =
3kkv�0�1

Tox(2k + kv)

C2 =
3kkv�0�2

Tox(k + 2kv)

C3 =
k�0�3

Tox

(17)
Cz =

2(2C1 + 2C2 + C3) + Ccol

�t

�t =2(2�1 + 2�2 + �3) + �col

(18)

P4 =
kT

q
ln

(
NaNs

n2
i

)

P5 =
kT

q
ln

(
NaNs

n2
i

)
+ VD

(19a)�1(x)|x=0 = P4

(19b)�1(x)|x=L = P5

(20a)A1 = P4 + A3 + A2
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3.6 � Threshold Voltage ( Vth)

Threshold voltage is defined as the minimum gate-to-source 
voltage to make the surface potential equal to the twice of 
the Fermi potential ( �f ,si ) of the channel. It is expressed 
mathematically as [25],

where, xmin is the location of the minimum surface potential 
from the source-channel interface [26], obtained from the 
following equation,

Further calculation yields,

From Eqs. 21 and 23 it is derived as,

Various related co-efficients are expressed as,

The expressions of Pi for ( i = 6 to 10) are specified in 
Appendix. Putting the expressions of A1 , A2 and A3 from 
Eq. 25 into Eq. 24 yields a quadratic equation of VGS as,

solution of which yields the expression of threshold voltage,

The expressions of P11 , P12 and P13 are shown in Appendix.

3.7 � Sensitivity ( Sbio)

Sensitivity(S) has been defined as the change in the thresh-
old voltage with biomolecules trapped in nanogap cavities 
with respect to the empty cavity [18], given as,

(20b)A2 =

(
P4 exp

(
L

�

)
− P5

)
+ A3

(
exp

(
L

�

)
− 1

)

exp
(

L

�

)
− exp

(
−

L

�

)

(21)�1(x = xmin)|VGS=Vth
= 2�f ,si

(22)
d�1(x)

dx

||||xmin

= 0

(23)exp
(xmin

�

)
=

√
A1

A2

(24)2�f ,si = 2
√
A1A2 − A3

(25)

A2 =P6 − VGSP7

A1 =P8 − VGSP9

A3 =P10 − VGS

(26)P11V
2
GS

+ P12VGS + P13 = 0

(27)VGS =
−P12 ±

√
P2
12
− 4P11P13

2P11

It is found that the Sbio increases with the increase in the 
height of the cavity as its permit larger number of molecules 
to get into it. The literature [18] concludes that larger mol-
ecules offer better sensitivity. Streptavidin and other larger 
molecule of size around 6-7 nm is the best molecule to fit 
in this device. It is also reported that the device with com-
pletely full cavity offers better sensitivity. However, in the 
full cavity structure as the gate is floating, it should have 
fabrication issues. It requires body support during fabrica-
tion, that in turn nullify the effect of down-scaling.

3.8 � Drain Current ( IDS)

Drain current model of the DG MOSFET based structure 
can be represented for its various operating regions, i.e., 
subthreshold, linear and saturation. Liang et al. in [27] had 
presented the subthreshold current model which can be used 
to obtain the IDS,sub . In linear and saturation regions of opera-
tion, the drain current model proposed in [28] is used in the 
present study as follows,

where, �a and �c represent the effect of velocity overshoot 
[29] and channel length modulation factor [30] respectively. 
The saturation voltage ( VDsat ) is calculated from the formula, 
VDsat =

VGS−Vth

1+
VGS−Vth

LEC

 with EC =
2vsat

�
 , where, vsat denotes the satu-

ration velocity of electron [28]. Values of � , � are given in 
[31, 32].

4 � Model Validation

In this section, the proposed model is compared with the 
simulated data. The transfer characteristics of cocave con-
vex and increasing decreasing patterns considering both 
the model and simulated data are shown in Fig. 7. Perfect 

(28)Sbio = (VT(empty) − VT(bio))∕VT(empty)

(29)

IDS,sub =
kTW�nni(1 − e(−VDS)∕VT )

∫ L

0

dx

∫
tSi
0

e�1 (x)∕VT dy

IDS,lin =
�
(VGS − Vth)

�VDS −
1

2
V2
DS

�

⎡⎢⎢⎢⎣

2�CoxW�
L − �c −

VDS

EC

� + �a
2CoxW

(L − �c)
2

⎤⎥⎥⎥⎦
IDS,sat =

�
�(VGS − Vth)

�VDsat −
1

2
V2
Dsat

�

⎡⎢⎢⎢⎣

2�CoxW�
L − �c −

VDS

EC

� + �a
2CoxW

(L − �c)
2

⎤⎥⎥⎥⎦
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matching between the two is observed, which validates the 
proposed model.

5 � Results and Discussions

The results obtained from the modeling and simulations 
(using SILVACO TCAD) of the DM DGFET with Fully 
Filled Nanogap considering the effects of different bio-
molecular patterns have been thoroughly analyzed. The 
threshold voltage and the ON-current sensitivity have been 
calculated for four different patterns of bio-molecules con-
fined in the nano-gaps. The deviation of the above param-
eters from the fully filled structure has also been calculated. 
In the mirror image pattern, the top and bottom nanogaps 
are assumed to be exactly same.

In Fig. 8, the transfer characteristics of four different pat-
terns have been depicted. It is clearly observed from the fig-
ure that the concave pattern exhibits the highest ON-current 
leading to a deviation margin of 13%. It also produces the 
lowest OFF-current. The other three patterns generate 6–9 
times larger OFF-current than the concave counterpart.

Although, the fully filled structure of DG-MOSFET 
based bio-sensor has been analyzed in various literatures, 
partially (half and quarterly) filled nano-gap may describe 
the real situation better, which needs special attention. In 
partially filled nano-gap structure, mirror-like pattern of top 
and bottom nanogaps has been studied in various reports. 
However, this pattern is totally dependent on the orientation 
of biosensor arising from its placing. It may vary depending 
on placement of the sensor in the bio-molecular solution. For 
this reason, along with conventional mirror pattern in the 
bottom nanogap, the same pattern both in the top and bot-
tom nanogaps has also been tested. The mirror type pattern 
architecture is termed as Dielectric modulated DGMOSFET 
with Mirror Structure (DM DGMOSFET-MS), whereas the 
same type architecture is termed as Dielectric modulated 
DGMOSFET with Same Structure (DM DGMOSFET-SS); 
these are depicted in Fig. 9(a), (b), respectively. Both of 
these nano-gap architectures are analyzed in detail and the 
values of various parameters are given in Tables 2 and 3, 
as follows.

In Fig. 10, the transfer characteristic of the DM-DGMOS-
FET-SS is presented. It also exhibits a similar trend as that 
of the DM-DGMOSFET-MS. The concave pattern yields 
the lowest OFF-current and highest ON-current in both the 
device architectures.

Figure  11 depicts the comparative analysis of DM-
DGMOSFET-MS and DM-DGMOSFET-SS in terms of 
�Vth for different patterns. It is quite clear from the fig-
ure that DM-DGMOSFET-SS yields far better results than 
the DM-DGMOSFET-MS in most of the cases. As far as 

Fig. 7   Model validation for a Cocave and convex pattern, b Inward 
increasing and decreasing pattern, with V

DS
= 1 V

Fig. 8   Transfer characteristic study for different patterns

9424 Silicon (2022) 14:9417–9430



1 3

the decreasing pattern is concerned, DM-DGMOSFET-SS 
outerforms yielding 30 times higher �Vth . In addition, the 
concave and convex pattern shows 400% and 100% higher 
value for DM-DGMOSFET-SS, respectively.

ON-Current Sensitivity ( �ION ) for the same type of 
devices with similar patterns is depicted in Fig. 12. It is 
found that both the architecture offer almost the same sensi-
tivity. However, in between four patterns, the concave pat-
tern for both DM-DGMOSFET-MS and DM-DGMOSFET-
SS shows almost 26–35% higher sensitivity compared to 
other three patterns.

Researches had mostly considered the ideal situation 
where the nano-gap is fully filled. However, in reality due to 
the steric hindrance, probe placement and other fabrication 
disorders, the nanogap may not be completely filled. The 
deviation of the threshold voltage ( �Vth ) in reference to the 
device with a full-filled cavity is termed as “error”, which is 

Fig. 9   Pattern depicting DM DGMOSFET a) MS b) SS structure

Fig. 10   Transfer characteristic of different patterns with the same 
type of architecture

Fig. 11   Threshold voltage sensitivity ( �Vth ) for different patterns

Fig. 12   ON-current sensitivity ( �ION ) comparison for different pat-
terns
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essential in the domain of bio-sensor application. The bio-
molecular pattern having the least error is supposed to be the 
most perfect i.e., closest to the ideal case. Depending upon 
the highest sensitivity and lowest error values, a trade-off 
should be done, which can be used in future.

Figure  13 illustrates the �Vth,Error of DM-DGMOS-
FET-MS and DM-DGMOSFET-SS devices for four dif-
ferent patterns. From the figure, it is quite clear that the 
DM-DGMOSFET-SS follows the same trend as that of the 
DM-DGMOSFET-MS, but the magnitude of error is almost 
60–65% lower for the former device, which is highly appre-
ciable. Among the four patterns, decreasing and concave 
patterns yield lower �Vth,Error values in both the cases. The 
concave pattern showcases the minimum value for DM-
DGMOSFET-MS, whereas the decreasing pattern exhibits 
the minimum value for DM-DGMOSFET-SS. However, 
their difference is almost negligible. The concave pattern 
shows a maximum of 33% and 60% lower �Vth,Error in case 
of DM-DGMOSFET-MS and DM-DGMOSFET-SS, respec-
tively. However, the decreasing pattern shows a negligible 
4 mV lower error than the concave pattern when used in 
DM-DGMOSFET-SS configuration.

In Fig. 14, �ION,Error has been plotted for different pat-
terns. It is evident from the figure that the concave pattern 
yields the lowest error value, around 30–40% lower from 
its other counterparts for both DM-DGMOSFET-MS and 
DM-DGMOSFET-SS. The two values of �ION,Error for the 
concave pattern are more-or-less equal. The typical values 
of threshold voltage, ON-current and its sensitivity for both 
DM-DGMOSFET-MS and DM-DGMOSFET-SS consider-
ing all four patterns are given in Tables 2 and 3 respectively.

It has been found from the study that DM-DGMOSFET-
SS depicts better performance than DM-DGMOSFET-MS in 

every aspect, and the concave pattern emerges as the prefer-
able one in most of the cases. Therefore, DM-DGMOSFET-
SS with concave pattern has been chosen for further studies.

5.1 � Effect of Process Variation on Biosensing 
Parameters

So far, the study has been carried out assuming the sym-
metrical device structure. It is evident that the DM-
DGMOSFET-SS with concave biomolecular pattern and 
optimised nanogap offers the best performance in terms of 
sensitivity and error analysis. In contemporary researches, 
mainly in H. Im et al. [12], it is stated that the nanogap 
used in the biosensing process, is an outcome of sensible 
wet etching procedure. Although the fabrication process 
are performed with extreme precision, the influence of 
process variation can not be made totally absent. In this 
section, a structure which may appear due to the variation 
in the wet etching process has been studied. Four types of 
structural variations due to the variation in etching process 
are considered below. 

(a)	 Nanogaps wider in drain side under both top and bot-
tom gates,

(b)	 Nanogaps wider in source side under both top and bot-
tom gates,

(c)	 Nanogaps wider in drain side under only one gate,
(d)	 Nanogaps wider in source side under only one gate.

The structures are schematically presented in Fig. 15. 
All these structures are considered to be Asymmetric as 
they deviate from the ideal symmetric structure. In case 

Fig. 13   Comparison of error in threshold voltage sensitivity 
( �Vth,Error ) calculated with respect to fully filled structure

Fig. 14   Comparison of error in ON current sensitivity ( �ION,Error ) 
calculated with respect to Fully filled structure
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of (a) and (b), asymmetries in the nanogaps is consid-
ered under identical gates. Such structures are therefore, 
termed here as Aligned ones. Other two cases, i.e. (c) and 
(d) lack such symmetry and are designated as Misaligned 
structures.

Firstly, the sensitivity parameters of the above struc-
tures are investigated with the optimized nanogaps, each 
filled with biomolecules following the concave pattern as 
described earlier. As both the gates are shorted, variation in 
gate bias will equally influence the nanogaps under top and 
bottom gates.

In Fig. 16, the threshold voltage sensitivity ( �Vth ) of the 
four devices is exhibited. The figure suggests that the device 
in Fig. 15(a) and (c), i.e. the devices with wider nanogap in 
drain side offer ∼ 100% and ∼ 40% higher �Vth for aligned 
structure and misaligned structures respectively than its 
source side counterpart. Therefore, more the vertical SiO2 
layers (shaded Blue in Fig. 15) shift towards source end, 
stronger gate control and in turn, a higher sensitivity for a 
biosensor are achieved.

Figure  17 depicts the variation in �ION for all the 
above structures. However, the variations in this bio-
sensing parameter are less than 10%, and thus not much 
significant. It may be concluded that �ION is quite insen-
sitive to process variation related to formation of the 
nanogap cavities. Results related to Figs. 16 and 17 are 
presented in Table 4.

6 � Conclusion

In this paper, an extensive study has been carried out on 
Dielectric Modulated DGFET to view its suitability as a 
biosensing device by modifying the structure based on the 
orientation of the biomolecules within the nanogaps. A 
novel approach has been made by optimizing the device 
with respect to the nanogap forming material along with 
the height and width of it. SiO2 emerges as the best one 
for creating the nanogaps by obtaining 200–400% ΔVth 
than its nearest contender. The largest nanogap height (40 
nm) and width (25 nm) taken for optimization, have been 
selected based on the sensitivity. The effect of different pro-
files arising from distribution of biomolecules in nanogap 
cavities has also been studied in this paper. A mirror type 
profile (DM-DGFET-MS) and the same type profile (DM-
DGFET-SS) have been studied. Results show that for both 
DM-DGFET-MS and DM-DGFET-SS, concave surface 
profile of biomolecular solution in the nanogap is having 
respectively 26% and 35% better sensitivity than the other 
cases studied here. Its preformation deviation ( ΔVth,Error , 
ΔION,Error ) from ideal sensor with fully-filled nanogaps 
has been also calculated and concave profile yields 33% 
lower error value than its nearest counterpart for both DM-
DGFET-MS and DM-DGFET-SS configurations. Therefore, 
the study suggests that this type of FET based biosensor can 
be a good option for the solution, which follows a concave 

Table 2   Sensitivity and error 
analysis for mirror pattern

Pattern Mirror pattern (DGMOSFET-MS)

Device of interest Air-filled Sensitivity Fully filled Error

V
th

I
ON

V
th

I
ON

ΔV
th

ΔI
ON

V
th

I
ON

ΔV
th

ΔI
ON

(mV) (�A) (mV) (�A) (mV) (�A) (mV) (�A) (mV) (�A)

Increasing 277.7 56.4 289.11 33.5 11.41 22.9 326.4 77.25 48.7 20.85
Decreasing 290.39 56.3 1.27 22.8 36.02 20.95
Convex 279.9 56.7 9.21 23.2 46.5 20.55
Concave 294.4 62.9 5.31 29.4 31.9 14.35

Table 3   Sensitivity and error 
analysis for DGMOSFET-SS

Pattern Similar pattern (DGMOSFET-SS)

Device of interest Air-filled Sensitivity Fully filled Error

V
th

I
ON

V
th

I
ON

ΔV
th

ΔI
ON

V
th

I
ON

ΔV
th

ΔI
ON

(mV) (�A) (mV) (�A) (mV) (�A) (mV) (�A) (mV) (�A)

Increasing 296.13 53.8 289.12 33.5 7.01 20.3 326.4 77.25 30.27 23.45
Decreasing 320 56.8 30.88 23.3 6.4 20.45
Convex 305.4 55.1 16.28 21.6 21 22.15
Concave 314.4 62.7 25.27 29.2 12 14.55
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Fig. 15   Asymmetric structures: (a) Wider drain- nanogap under both top and bottom gate, (b) Wider source-nanogap under both top and bottom 
gate, (c) Wider drain-nanogap under only one gate, (d) Wider source- nanogap under only one gate

Fig. 16   Threshold voltage sensitivity ( �Vth ) for four asymmetric 
devices Fig. 17   ON current sensitivity ( �ION ) for four different asymmetric 

architectures
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profile in a confined region due to its liquid property like vis-
cosity and surface tension. Influence of changing the degree 
of asymmetry on the biosensor performance and finding 
the solutions that can offer concave profiles has also been 
studied. The devices with wider drain side nanogap offers 
∼ 100% and ∼ 40% higher ΔVth for aligned structure and 
misaligned structures respectively than its source side coun-
terpart. Therefore, more the vertical SiO2 layers shift towards 
source end, stronger gate control and in turn, a higher sen-
sitivity for a biosensor. In case of presently found SARS 
COV-2 virus (Coronavirus) detection, the nanogap 
structure and the dielectric constant should be modified and 
optimized according to the size of the Coronavirus (60–140 
nm) for better sensitivity and efficient detection with the 
same structure.
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