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Abstract
Gate engineering and highly doped source/drain region have been investigated to design a new DNA sensor for use in
biomedical applications based on a double gate (DG) dielectric modulated (DM) junctionless (JL) metal oxide semiconductor
field effect transistor (MOSFET) with triple material (TM) gate. Based on the dielectric modulation effect, DNAmolecules in
the nanogap cavity change due to the charge density of biomolecules, producing a change in the threshold voltage of the device.
Analytical and numerical analysis was carried out to reveal the impact of physical parameters on the sensitivity of the proposed
biosensor. Various characteristics, such as the surface potential, threshold voltage, and drain current were also investigated.
The effectiveness of the proposedTM-DG-DM-JL-MOSFET structurewith highly doped source/drain extensions is confirmed
by comparison of the results with those for a conventional single-materiel (SM) gate DM-JL-MOSFET, revealing a good
improvement in sensitivity andmaking the proposed structure an attractive solution for use in DNA-based sensor applications.

Keywords Biosensor · Dielectric modulation · DNA sensors · DMFET · Nanogap · Sensitivity · Triple-material gate · Gate
engineering

1 Introduction

The use of DNA in the diagnosis of different diseases has
increased rapidly since the completionof theHumanGenome
Project, enabling research to progress towards bioelectron-
ics applications. This combination of biology and electronics
has been promoted by the use of field-effect transistors as
transducers. Indeed, their use in biomedical applications is
growing rapidly due to their good performance, including
rapid detection, miniaturized device size, low cost, and high
sensitivity [1–6]. Research interest has also been attracted to
label-free hybridization technology [7–9], and a significant
number of investigations have been performed on differ-
ent types of FET-based biosensors, including extended-gate
FETs [10, 11], ion-selective FETs [12–15], nanowire FETs
[16–21], and carbon nanotube FETs [22–24]. More recently,
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such work has also focused on the dielectric-modulated FET
(DMFET), which is essentially based on the use of a nanogap
in a traditional MOSFET structure [25–39].

A DMFET is a new MOSFET architecture in which
biomolecules are fixed in a nanogap cavity located between
the gate oxide and the gate [25]. The first application of this
technique was based on the shift of the threshold voltage
as a detection mechanism [7, 25]. When biomolecules fill
the nanogap, they induce a variation in the threshold voltage
because of the deviation of the dielectric constant K from
unity (corresponding to air) to a certain value (K > 1) [7,
25]. Similarly, a variation in current can be produced via the
charge-pumping technique, providing information related to
the specific binding process [31, 33, 35]. Several investiga-
tions have been carried out on dual- and three-material gate
MOSFETs [40–50] with different metal work functions.

The aim of this study is to determine the impact of gate
engineering on such a molecular biosensor. The present
work considers the design of a novel long-channel DG-DM-
JL-MOSFET with a three-material gate and highly-doped
source/drain extensions for use in biomedical applications.
To investigate systematically the impacts of gate engineering
and the highly doping source/drain regions on the sensitivity
of the DG-DM-JL-MOSFET device, an analytical model for
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the surface potential and threshold voltage was developed
then verified using numerical simulations with ATLAS-2D
simulator. The results are then compared with those for a
classical single-material gate structure [37] of similar dimen-
sions, clearly revealing that the proposed design exhibits
excellent sensitivity that makes it a potential candidate for
use in future medical applications.

2 Device structure and operatingmode

Figure 1 depicts the architecture of the DG-TM-DM-JL-
MOSFET with highly doped source/drain extensions. The
channel body is less heavily doped then the source/drain
regions, so the concentration distribution is npp/np/npp.
Besides, the device structure is divided into three regions,
namely I, II, and III. Regions I and III contain cavity regions
created in the gate oxide under gate 1 and gate 3, respectively,
with metals M1 and M3; while region II contains gate oxide
under gate 2 with metal M2. The lengths of M1, M2, andM3
are L1, L2, and L3, respectively. The work function of M3
(φM3 � 4.5) is lower than that of M2 (φM2 � 4.7), which is
lower than that of M1 (φM1 � 5.1). In the proposed device,
M1 is towards the source side, while M3 is towards the drain
side. The SiO2 and TiO2 in the gate oxide aim to improve
the performance of the device and reduce the fringing electric
field by the deposition of a high-kmaterial directly on silicon
[45]. The dimensions of the proposed device are presented
in Table 1.

The aim of this study is to describe the influence of DNA
molecules on the characteristics of these biosensors.

Since DNA is negatively charged, due to the phosphate
groups present in its backbone [51], it will inject a negative
charge density (N f) at the SiO2–air interface of the device.

Fig. 1 Structure of TM-DG-DM-JL-MOSFET with highly doped
source/drain extensions

Table 1 Dimensions of DG-TM-DM-JL-MOSFET with highly doped
source/drain extensions

Physical parameter Value

Channel length, L (nm) 100

Length of nanogap, L1, L3 (nm) 25

Length of gate oxide TiO2, L2 (nm) 50

Oxide thickness, tox1(nm) 9

Silicon thickness, tSi(nm) 10

Nanogap thickness, tbio(nm) 9

Nanogap thickness, tSiO2 (nm) 1

Doping concentration of S/D extensions, Ndext (cm−3)
Channel doping concentration Nd (cm−3)

1020

1017

The operating mode of this biosensor is based on the pres-
ence or absence of DNA molecules in the cavity regions.
When not present in the nanogap cavity, the DNAmolecules
are replaced by air; this fact implies the absence of the charge
density N f on the one hand, and a dielectric constant of 1
on the other hand. When DNA molecules are injected into
the nanogap region, the charge density (N f) appears and the
dielectric constant changes from 1 to K. Therefore, changes
occur in the gate capacitance and the flat band of the device,
with a corresponding variation in the threshold voltage (vth).
The sensing site of this device is the cavity region created in
the gate oxide [7].

3 Surface potential and threshold voltage
models

3.1 Surface potential model

The distribution of the surface potential was obtained by
solving the two-dimensional (2D) Poisson equations with a
parabolic approximation [52] in the silicon channel, divided
into three regions:

Region I: 0 ≤ Y≤ tSi; 0 < X < L1.
Region II: 0 ≤ Y ≤ tSi; L1 < X < L1 + L2.
Region III: 0 ≤ Y ≤ tSi; L1 + L2 < X < L.

dϕi (x, y)

dx2
+
dϕi (x, y)

dy2
� −q

Nd

εSi
, (1)

where i refers to the considered region (I, II or III), q is
the electron charge, Nd is the doping concentration of the
channel, and εSi is the dielectric permittivity of silicon.

ϕi (x, y) � A0i (x) + A1i (x)y + A2i (x)y
2, (2)

where A0i(x), A1i(x), and A2i(x) are determined by using the
boundary conditions and continuity of the electric flux.
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At Si–SiO2 interfaces, the following hold:

ϕi (x, 0) � ϕSi(x), (3-a)

ϕi

(
x,

tSi
2

)
� ϕci (x), (3-b)

∂ϕi (x, 0)

∂y
� Ci

εSi

(
ϕSi(x) − Vgs + Vfbi

)
, (3-c)

∂ϕi (x, tSi)

∂y
� −Ci

εSi

(
ϕSi(x) − Vgs + Vfbi

)
, (3-d)

∂ϕi
(
x, tSi

2

)
∂y

� 0, (3-e)

where ϕSi(x) is the surface potential, ϕci (x) is the central
potential, Vgs is the gate-to-source voltage, and Vfbi denotes
the flat-band voltage, given by

Vfb1 � φM1 − φSi − qNf

Cbio
, (4-a)

Vfb2 � φM2 − φSi, (4-b)

Vfb3 � φM3 − φSi − qNf

Cbio
, (4-c)

φSi � χSi +
Eg

2
, (5)

Cbio � εbio

tbio
, (6-a)

C1 � C3 � Cbio·CSiO2

Cbio + CSiO2

, (6-b)

CSiO2 � εSiO2

tSiO2

, (6-c)

C2 � Cox � εox

tox
, (6-d)

with tox � tox1 + tox2
εox1
εox2

.
Cbio is the capacitance of the cavity region, and Ci

is the gate capacitance per unit area of the gate dielec-
tric of the TM-JL-DG-MOSFET. N f and εbio are, respec-
tively, the charge density and the permittivity of the DNA
molecules.

A0i (x) � ϕSi(x), (7-a)

A1i (x) � Ci

εSi

(
ϕSi(x) + Vfbi − Vgs

)
, (7-b)

A2i (x) � − Ci

tSiεSi

(
ϕSi(x) + Vfbi − Vgs

)
. (7-c)

Substituting the expressions for
A0i (x), A1i (x), and A2i (x) into (2), Eq. (1) leads to a
one-dimensional second-order differential equation:

∂2ϕSi(x)

∂x2
− αiϕSi(x) � βi , (8)

where

αi � 8Ci

4tSiεSi + Ci t2Si
, (8-a)

βi � −qNd

εSi
+ αi

(
Vfbi − Vgs

)
. (8-b)

Hence Eq. (8) has a general solution of the form

ϕs1(x) � D1e
−√

α1x + E1e
−√

α1(L1−x) − σ1, (9-a)

ϕs2(x) � D2e
−√

α2(x−L1) + E2e
−√

α2(L1+L2−x) − σ2, (9-b)

ϕs3(x) � D3e
−√

α3(x−L1−L2) + E3e
−√

α3(L−x) − σ3. (9-c)

The coefficients Di, Ei, and σi are detailed in “Ap-
pendix A.”

3.2 Threshold voltagemodel

The threshold voltage is the value of Vgs at which ϕs1,min

� 2
F, where 
F � Vt ln
Nd
ni

is the variance between the
intrinsic and extrinsic Fermi levels [44].

In the case of the TM-DG structure and due to the coex-
istence of metal gates M1, M2, and M3 (with different work
functions), the minimum of the surface potential ϕs(i),min
is solely determined by the metal gate with highest work
function. The position xmin of the minimum surface poten-
tial ϕs(i),min can be determined by solving dϕs1

dx � 0. Thus,
we obtain

xmin � 1
2
√

α1
ln

(
D1

E1.e
−L1

√
α1

)
. Hence,ϕs(i),min is deter-

mined as

ϕs1,min � 2
√
D1E1e−L1

√
α1 − δ1.

The final expression for the threshold voltage is therefore

Vth,i � −Gi +
√
Gi − 4HK

2H
, (10)

where

Gi � m1n2 + m2n1 − 2pi , (10-a)

H � 1 + n1n2, (10-b)

K � m1m2 + ρ2. (10-c)

The coefficients mi, ni, and pi are detailed in “Ap-
pendix B.”

Thismathematicalmodel for our devicewas verified using
ATLAS 2-D simulator, where all simulations were realized
at room temperature (300 K) [52]. The physical effects used
to approximate the numerical model in the analytical model
are summarized in Table 2.

123



1800 Journal of Computational Electronics (2018) 17:1797–1806

Table 2 Models and methods used for the TCAD simulations of the
TM-JL-DG-MOSFET with highly doped source/drain extensions

Physical effect TCAD simulation

Generation/recombination Shockley–Read–Hall (SRH)

Carrier transport Drift–diffusion

Transverse field Lombardi constant voltage and
temperature (CVT)

Carrier mobility Concentration-based mobility
(CONMOB) along with
field-dependent mobility
(FLD-MOB)
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Fig. 2 Shape of surface potential of TM-DG-DM-JL-MOSFET with
highly doped source/drain extensions for different values of charge den-
sity (drain voltage Vds � 1 V, Vgs � 0 V)

Note that quantum–mechanical effects (QMEs) were
neglected during the simulations and modeling, as they start
to dominate for devices having tSi below 5 nm [40].

4 Results and discussion

To validate the proposed structure, many simulations were
carried out, investigating the impacts of the charge density
of DNA molecules and the device dimensions on the surface
potential, threshold voltage, sensitivity, and Ion/Ioff ratio.

Figure 2 shows the shape of the surface potential as a func-
tion of position along the channel. These simulations were
performed using three gate materials with different work
functions and different amounts of DNAmolecules. The fig-
ure clearly shows that the surface potential decreases under
the nanogap cavity (the region where the DNAmolecules are
injected), whereas there is no deformation in the rest of the
channel region where the cavity is not formed.

The relation between the surface potential and the charged
biomolecules can be explained based on the changes in the

flat-band voltage (
V fb) in the cavity region, which depend
on the charged biomolecules (N f) as follows: 
Vfb � qNf

Cgap
.

Another parameter that was investigated to assess the
impact of biomolecules on the device was the threshold
voltage, which is an important sensing parameter in such
biosensors. Figure 3 depicts the impact of DNA molecules
and the nanogap length on the threshold voltage of the
TM-DG-DM-JL-MOSFET with highly doped S/D exten-
sions, comparing the results obtained from the developed
model with those of the numerical technology computer-
aided design (TCAD) simulation.

Figure 3a depicts the variation of the threshold volt-
age of the TM-DG-DM-JL-MOSFET with highly doped
source/drain extensions. These simulations were carried out
for different charge densities and several nanogap lengths. It
can be seen that the threshold voltage decreases as the charge
density of the DNA molecules increases.

Figure 3b plots the variation of the threshold voltage of the
considered device as a function of the middle gate length for
different values of the charge density. Note that the threshold
voltage increases as the middle gate length is decreased.

To investigate the effect of the charge of the biomolecules,
the variation of the threshold voltage is also plotted in Fig. 3c.
This figure shows corresponding plots for various silicon
thicknesses and charge density values.Note that the threshold
voltage increases as the silicon thickness is decreased.

Figure 3d depicts the variation in the threshold voltage
of the TM-DG-DM-JL-MOSFET with highly doped S/D
regions as a function of the nanogap thickness. These sim-
ulations were carried out for two different charge densities
(tbio). It can be clearly seen that there is a small variation in
the threshold voltage as the thickness of the hollow regions
is increased.

Sensitivity is an important parameter for selection of
biosensors, calculated as the shift of the threshold voltage
between the presence and absence of DNA molecules in the
hollow regions as


Vth � Vth(DNA) − Vth(AIR)


VTH � VTH(withDNAbiomolecules)

− VTH(withoutDNAbiomolecules). (7)

Figure 4a, b depicts the sensitivity when DNA molecules
are immobilized in the cavity regions of the TM-DG-DM-
JL-MOSFET with highly doped extensions.

Figure 4a reveals that the sensitivity increases as the sili-
con thickness is decreased (for tSi � 10 nm, 
V th � 0.56 V
and for tSi � 20 nm,
V th � 0.33 V). Conversely, in Fig. 4b,
the sensitivity decreases when the length of the cavity region
is decreased too; i.e., with N f � -3 × 1012 cm-2, then Lgap
� 25 nm gives 
V th � 480 mV while Lgap � 20 nm gives

Vth � 340 mV.
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Fig. 3 a Variation of the threshold voltage of the TM-DG-DM-JL-
MOSFETwith highly doped source/drain extensions for different values
of the charge density and several lengths of the nanogap (εbio �
15, tSi � 10 nm). b Variation of the threshold voltage of the TM-
DG-DM-JL-MOSFET with highly doped source/drain extensions for
different values of the charge density and several lengths of the middle

gate. c Variation of the threshold voltage of the TM-DG-DM-JL-
MOSFETwith highly doped source/drain extensions for different values
of the charge density for several thicknesses of silicon.dVariation of the
threshold voltage of the TM-DG-DM-JL-MOSFET with highly doped
source/drain extensions for different values of the nanogap thickness
tbio and several charge densities (εbio � 13, tSi � 10 nm)

Figure 4c plots the variation of the sensitivity of the
TM-DG-DM-JL-MOSFET with highly doped source/drain
extensions for several middle gate lengths and different val-
ues of the charge density. The middle gate length was varied
from 30 to 60 nm. The results clearly show that the sensi-
tivity with a longer middle gate was low compared with that
obtained for short middle gate length; nevertheless, the func-
tionality of the considered biosensor remains acceptable.

Figure 4d depicts the variation of the sensitivity of the
device under study for several nanogap cavity thicknesses
and different values of the charge density. Note from this
curve that a slight variation occurs in terms of sensitivity as
the nanogap cavity thickness is increased.

Figures 5 and 6 show simulation results for the trans-
fer characteristic and Ion/Ioff ratio for different values of
the charge density for the TM-DG-DM-JL-MOSFET with
highly doped extensions. These simulations were performed
using the TCAD simulator.

Figure 5 plots the drain current as a function of the gate
voltage for different charge density values. The results clearly
show that, as the charge density of the DNA molecules
increases, the on/off currents decrease.

The Ion/Ioff ratio is another useful parameter for assess-
ment of the sensitivity of biosensors. Figure 6 shows
the impact of the DNA molecule density on the Ion/Ioff
ratio of the TM-DG-DM-JL-MOSFET with highly doped
source/drain extensions for different gate oxide materials,
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Fig. 4 a Variation of the sensitivity of the TM-DG-DM-JL-MOSFET
with highly doped source/drain extensions for different values of the
charge density and several thicknesses of silicon (Kbio � 13, tbio �
9 nm). b Variation of the sensitivity of the TM-DG-DM-JL-MOSFET
with highly doped source/drain extensions for different values of the
charge density and various lengths of the nanogap cavity (Kbio �
15, tbio � 9 nm). c Variation of the sensitivity of the TM-DG-DM-

JL-MOSFET with highly doped source/drain extensions for several
lengths of middle gate and different values of the charge density
(Kbio � 15, tbio � 9 nm). d Variation of the sensitivity of the TM-
DG-DM-JL-MOSFET with highly doped source/drain extensions for
several thicknesses of the nanogap cavity and different values of the
charge density (Kbio � 13)

namely Al2O3 and SiO2 + TiO2. When DNA molecules are
immobilized in the cavity region, use of SiO2 and TiO2 as
gate oxide materials allows an increase in the Ion/Ioff ratio
compared with the use of Al2O3.

5 Comparison of TM-DG-DM-JL-MOSFET
with SM-DM-JL-MOSFET

This section compares the sensitivity of the developed
devicewith that of anSM-DG-DM-JL-MOSFET [37] of sim-
ilar dimensions.

The sensitivity of both devices is presented in Table 3.
These results clearly show that the TM-DG-DM-JL-
MOSFET with highly doped extensions provides high sensi-
tivity with presence of DNAmolecules in the nanogap cavity
compared with the SM-DG-DM-JL-MOSFET.

6 Conclusions

Analytical and numerical modeling studies were carried out
to analyze the sensitivity of a DG-DM-JL-MOSFET-based
biosensor depending on its physical and electrical param-
eters. To assess the impact of DNA molecules (essential
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biomolecules in Nature), gate engineering and highly doped
source/drain extensions of the DG-DM-JL-MOSFET were
considered. It is noteworthy that this structure is the most
useful to achieve the typical biosensing characteristic.

The investigated parameters included the surface poten-
tial, threshold voltage, sensitivity, transfer characteristic,
and Ion/Ioff ratio as functions of the biomolecule charge
density and dimensional parameters of the biosensor. The
results demonstrate the superiority of the TM-DG-DM-
JL-MOSFET over the SM-DM-JL-MOSFET based on a
comparison of the sensitivity of each device. The TM-
DG-DM-JL-MOSFETwith highly doped extensions permits
detection of DNA molecules with sensitivity almost 50 %
higher compared with the SM-DG-DM-JL-MOSFET struc-
ture.

The results presented herein prove the effectiveness of
the proposed design over the conventional SM-DM-JL-
MOSFET. The insight offered by this investigationmakes the
TM-DG-DM-JL-MOSFET with highly doped extensions a
potential candidate for use in biosensing applications.

Appendix A

σi � −βi

αi
,

D1 � (Vbi − σ1) − (V1 − σ1)e−L1
√

α1

1 − e−2L1
√

α1
,

E1 � (V1 − σ1) − (Vbi − σ1)e−L1
√

α1

1 − e−2L1
√

α1
,

D2 � (V1 − σ2) − (V2 − σ2)e−L2
√

α2

1 − e−2L2
√

α2
,

E2 � (V2 − σ2) − (V1 − σ2)e−L2
√

α2

1 − e−2L2
√

α2
,

D3 � (V2 − σ3) − (Vbi + Vds − σ3)e−L3
√

α3

1 − e−2L3
√

α3
,

where Vbi is the built-in potential, V1 and V2 are intermedi-
ate potentials, obtained by maintaining the continuity of the
potential at the interface between region I, II, and III. Thus,
we obtain

Table 3 Comparison of the
TM-JL-DG-MOSFET with
highly doped source/drain
extensions versus the
SM-DM-JL-MOSFET

Parameter Sensitivity of
SM-DM-JL-MOSFET (V)

Sensitivity of
TM-DG-DM-JL-MOSFET (V)

N f � −4 × 1012 cm−2

tSi � 10 nm, Lgap � 25 nm, tbio �
9 nm, L � 100 nm

−0.25 [37] 0.55

N f � −2 × 1012 cm−2 tbio �
14 nm, Lgap � 25 nm

−0.08 [37] 0.35
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A1V1 + B1V2 � F1,

A2V1 + B2V2 � F2,

where

A1 � e2L1
√

α1 + 1

e2L1
√

α1 − 1
+

e2L2
√

α2 + 1

e2L2
√

α2 − 1
,

B1 � −2

eL2
√

α2 − e−L2
√

α2
,

F1 � Vbi

(
2

eL1
√

α1 − e−L1
√

α1

)

+ δ1

(
2

eL1
√

α1 − e−L1
√

α1
− e2L1

√
α1 + 1

e2L1
√

α1 − 1

)

+ δ2

(
2

eL2
√

α2 − e−L2
√

α2
− e2L2

√
α2 + 1

e2L2
√

α2 − 1

)
,

A2 � −2

eL2
√

α2 − e−L2
√

α2
,

B2 � e2L2
√

α2 + 1

e2L2
√

α2 − 1
+

e2L3
√

α3 + 1

e2L3
√

α3 − 1
,

F2 � (Vbi + Vds)

(
2

eL3
√

α3 − e−L3
√

α3

)

+ δ2

(
2

eL2
√

α2 − e−L2
√

α2
− e2L2

√
α2 + 1

e2L2
√

α2 − 1

)

+ δ3

(
2

eL3
√

α3 − e−L3
√

α3
− e2L3

√
α3 + 1

e2L3
√

α3 − 1

)
.

Using Crammer’s rule, it is possible to obtain the values
of the intermediate potential V1 and V2 at the interfaces of
regions I, II, and III as follows:

V1 �

∣∣∣∣ F1 B1

F2 B2

∣∣∣∣∣∣∣∣ A1 B1

A2 B2

∣∣∣∣
� F1B2 − F2B1

A1B2 − A2B1
,

V2 �

∣∣∣∣ A1 F1
A2 F2

∣∣∣∣∣∣∣∣ A1 B1

A2 B2

∣∣∣∣
� A1F2 − F1A2

A1B2 − A2B1
.

Appendix B

m1 � 2 × e−L1
√

α1

(
(Vbi + ri )e−L1

√
α1 − (Vs1 + ri )

1 − e−2L1
√

α1

)
,

m2 � 2 × (Vbi + ri ) − (Vs1 + ri )e−L1
√

α1

1 − e−2L1
√

α1
,

n1 � 2 × e−L1
√

α1

(
1 − Vs2 − e−L1

√
α1

1 − e−2L1
√

α1

)
,

n2 � 2 × e−L1
√

α1 − Vs2e−L1
√

α1 − 1

1 − e−2L1
√

α1
,

Vs1 � C11B2 − C21B1

A1B2 − A2B1
Vs2 � C12B2 − C22B1

A1B2 − A2B1
,

pi � qNf

Ci
+ Vfbi + 2

(
Vtln

Nd

ni

)
,

C11 �
(

2

eL2
√

α2 − e−L2
√

α2
− e2L2

√
α2 + 1

e2L2
√

α2 − 1

)
r2

+

(
2

eL1
√

α1 − e−L1
√

α1
− e2L1

√
α1 + 1

e2L1
√

α1 − 1

)
r1

+ Vbi

(
2

eL1
√

α1 − e−L1
√

α1

)
,

C21 � e2L2
√

α2 + 1

e2L2
√

α2 − 1
− 2

eL2
√

α2 − e−L2
√

α2
+

e2L1
√

α1 + 1

e2L1
√

α1 − 1

− 2

eL1
√

α1 − e−L1
√

α1
,

C12 �
(

2

eL2
√

α2 − e−L2
√

α2
− e2L2

√
α2 + 1

e2L2
√

α2 − 1

)
r2

+

(
2

eL3
√

α3 − e−L3
√

α3
− e2L3

√
α3 + 1

e2L3
√

α3 − 1

)
r3

+ (Vbi + Vds)

(
2

eL3
√

α3 − e−L3
√

α3

)
,
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C22 � e2L2
√

α2 + 1

e2L2
√

α2 − 1
− 2

eL2
√

α2 − e−L2
√

α2
+

e2L3
√

α3 + 1

e2L3
√

α3 − 1

− 2

eL3
√

α3 − e−L3
√

α3
,

ri � −qN d

εSi
+ Vfbi , i � 1, 2, 3.
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