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Abstract: - In this manuscript, we propose and analyze the properties of an efficient Nano strained-silicon dual-
halo high-K dielectric stacked multi-material dual-gate TFET device (Nano-DG-TFET). Compact precise
models for this projected Nano TFET are mathematically proposed for the electric field, surface potential, drain
current and threshold voltage. Using gate and channel (G&C) engineering, the models are derived by solving
the 2-D Poisson equation in silicon-graded channel region by applying suitable boundary conditions. The real-
time values of the devices diverge due to various SCEs, second-order effects, and non-idealities present in the
device. Hence, the proposed models incorporate the effects of various device parameters such as channel
potential, electric field, DIBL, threshold voltage roll-off, and drain current. Also, the fringing capacitance
characteristics of the proposed Nano-DG-TFET demonstrate superior performance over Triple Material Double
Gate (TMDG) and Single Material Double Gate (SMDG) TFET structures. The proposed Nano-DG-TFET
incorporates many other efficient device properties like strained silicon (s-Si) channel, halo implantation, high-
K dielectric gate stack, triple material gate terminal, and many more. Therefore, it is evident that the proposed
nanodevice structure provides poor outflow current Iorr (107 '°A/um), and remarkable betterment in ON current
Ion (10 °A/um). The results are demonstrated by extensive 2-D TCAD simulation and confirmed analytically at
various technology nodes to validate the robustness of the model.
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1 Introduction carriers are trapped in the Si/SiO; interface, [5]. For
To augment the device performance and suppress enhancement in output characteristics like low
Short Channel Effects (SCE), we need to upgrade DIBL, higher drive currents, and flatter saturation
the device structure and properties. An efficient levgl, we can use halo implantation in our device.
Nano strained-silicon dual-halo high-K dielectric This also improves the breakdown voltages of

stacked multi-material dual-gate TFET device TFET The prop'osed. Nano-DG-TFET shows a
(Nano-DG-TFET) is proposed with enhanced significant reduction in SCE. We observe the

properties. To improve the device carrier properties decline in threshold Voltag§ (VTH)_Value With falling
we use Strained-Silicon (s-Si) material in designing channel 1.ength (L) and increasing drain Vqltage
the device, [1], [2]. This improves the lattice (VDS_)' This contrary SCE Vrh roll-off effgct is the
crystalline quality and conducting properties of the barricade to the upcoming TFET technologies.
layer. In this manuscript, we also demonstrate the
Along the Si/SiO; interface, the lateral electric influence of using multiple gate materials in .the
field in Nano-DG-TFET generates fixed charges. enhancement of proposed DG TFET electrical
Because of the Hot Carrier effects (HCEs), these pargmeters like surface potential, j[he electric ﬁ@ld
fixed charges lead to the degradation of the current drain current (lp). The work function of the drain-
drive capability of the nanodevice, [3], [4]. side gate m_aterlal (M3) is lowc?r than t.he source-mqe
Furthermore, because of this HCEs, the damaged gate material (M1). Using this mqltl-gate material
interface region extends from drain to source with technology, the Vrn performance is also enhanced
fixed charge density. A number of researchers have by the Nano-DG-TFET = structure, [6], [7].
investigated the fixed charge degradation in DG Therefore, in the source-su}e gate region (tunneh'ng
TFETs, further stating that these localized charge gate), we obtain step-equivalent profile potential.
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The tunneling gate region (auxiliary gate) is
partitioned from Vps beyond saturation because the
auxiliary gate ingests additional Vps, limiting the
SCEs. In the tunneling area, we used germanium as
the source material and intrinsic silicon as the
channel material, making a hetero-junction.
Furthermore, G&C engineering is also used in our
proposed Nano-DG-TFET to lower both SCEs and
HCEs, [8].
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Fig. 1: 2-D sketch of the proposed nanodevice
structure (Nano-DG-TFET)

Many researchers have already described
numerous analytical approaches for obtaining Vi
features of SOI and DG-TFETs, [9], [10]. The
analytical model of s-Si on Silicon-Germanium-on-
Insulator TFET, Vmu and roll-off approach is
developed in [10]. Furthermore, the parameters of
effective gate oxide and channel were carefully
chosen to improve Vry and roll-off. Few research
works have developed a 2-D analytical modeling of
ambipolar characteristics for asymmetric TFETs,
how different front-gate and back-gate biases affect
the position of the charge centroid and anticipated
the range and straggle parameter to optimize Vrw
and roll-off characteristics. However, no work has
shown the analytic modeling of Vrn and effective
oxide thickness (tox) of dual-halo high-K dielectric
stacked Triple-Material DG-TFET with SCEs. With
the development of substrate bias, a significant
quantity of body impact coefficient causes large
variation in Vry, adding complexity to the circuit
design. Double halo doping has been used as a sort
of G&C engineering to manage these outcomes. A
compact model is proposed for fully depleted nano-
scale dual-halo high-K dielectric stacked Triple-
Material DG-TFET. The model formulation has
been mathematically proposed for the electric field,

surface potential, Ip and Vwi. The proposed
mathematical models incorporate the device
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properties like fixed charge density at HfO,/SiO,
stacked oxide interface, tox and numerous device
parameters applied to 2-D Poisson equation. Hence,
the projected models are in accord with the obtained
TCAD simulation results.

2 Device Structure and Modeling
Figure 1 shows a 2-D sketch of the proposed
nanodevice structure. The acronyms L, ts, @m, Nan,
and tox denote channel length, silicon channel
thickness, work functions of triple metal gate
materials, halo doping concentration, and silicon tox,
respectively. The Source and Drain are uniformly
halo doped with Ns and Np concentrations
individually. The gate work function parameters for
M1, M2, and M3 are shown in Table 1. M2 work
function is kept higher than others to attain a high
Ion to Iorr ratio.

The gate bias voltage (Vgs) controls the operation
of the proposed Nano-DG-TFET. The ON state of
an n-type DG-TFET is determined by increasing the
positive Vgs, which lowers the energy barrier
between the germanium source and the intrinsic
region. That is, the intrinsic energy bands are
pushed down, and electrons tunnel from the valence
band of the p+ doped germanium source to the
conduction band in the intrinsic silicon body, a
process known as Band-To-Band Tunneling
(BTBT). Drift-Diffusion then transports the
electrons to the n+ doped drain region.

Table 1. TCAD Device Simulation Parameters

Channel Length, (L) 50nm

Source Doping, Ns(p-type) 1x10*° cm™
Drain Doping, Np(n-type) 5x10"% cm™
Halo Doping concentration (Nan) 1.2 x10% cm™
Channel thickness (tsi) 10 nm

Metal M1 Work function (¢m1) 4.2eV

Metal M2 Work function (¢m2) 4.6 eV

Metal M3 Work function (¢wm3) 4.0eV
Effective oxide thickness (tox) 1 nm
Exterior Fringing Field Capacitance,C1; | 0.63 fF
Direct overlap Capacitance,Co» 3.23 fF
Internal Fringing Field Capacitance,Css | 1.06 fF
Channel Width capacitance, Wc 18.07 {F
Body effect Coefficient, y 0.58 V12

The suggested device will have improved
control over the vertical field because of the
gate work function engineering and high-K
dielectric Hafnium Oxide (HfO») used as the
gate dielectric in the stack. This reduces the
infiltration of hot careers through the interface
and increases the TFET performance.
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Fig. 2: Energy Band Diagram of proposed
Nano-DG-TFET

The ON-OFF state career concentration profiles
of the proposed Nano-DG-TFET are shown in
Figure 2. It clearly illustrates that because the S-C
has a narrow bandgap, the tunneling width (1) of the
careers traveling from S-C is small. As a result, the
tunneling rate of the careers moving through S-C is
boosted, improving the device ON current (lon). The
use of HfO,/Si0O, as gate oxide for TFET devices
has been reported to enhance Ion. Although high-K
gate dielectrics provide improved device properties,
they also cause faults in the dielectric/silicon
interface when fabricated on top of the silicon
surface.

3 Formulation of the Model

Compact precise analytical models of the device
properties for the projected Nano-DG-TFET are
mathematically derived and proposed in this section.
The logical equations for surface potential, electric
field, Ip and VrH, all have been discussed. Applying
G&C engineering, the models have been formulated
using 2-D Poisson equation. Short-channel effects
are also reinforced. As a result, an authentic model
of the proposed Nano-DG-TFET is developed.

3.1 Nano-DG-TFET Surface Potential and
Electric Field Model
In the channel region, the surface potential, using
the 2-D Poisson equation, can be expressed as:
dzwi(xv}’)_}_dz(bi(x'Y) _ qNavgeff .
dx? dy2 €4 '
i=1,2345

(1)

We neglected the influence of mobile charge
carriers on the electrostatics of the channel. In eq
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(1), electrostatic potential difference (@i (X.y)),
electron charge (q), electrical permittivity of silicon
(&si) are used. Nagerr is the average doping
concentration for a uniform doping concentration
profile.

The Poisson equation can be solved using the
parabolic approximation technique, and the result is
as follows:

B(x,y) = Cio(x) + Ci1 (X)y + C(X)y?%;
i=1,2345 2)

Cio(X), Cir(x), and Ciz(x) are arbitrary x functions
that can be resolved using the frontier conditions.
The border conditions are required to solve this
equation. The frontier conditions for frontal and
backward semiconductor oxide interfaces are as
follows:

de;(x,y) _ Estoz[(DSi(x)—Vas+Vfbi] 3
dy |y=0 B Esi tox ( )

dgi(x,y)l _ Esz02[®5i(x)—Vcs+Vfbi] (4)
dy y=tsi — Esi tox

Where tsi denotes channel thickness and Vi
denotes the flat-band potential drops of 1,2,3,4 and
5 regions. It can be represented as:

Egsi 0
Vipi = ¥mi — [XSL’ +Z+IPF -

Cox ’

i=12345 5)

¥r, xsi, Qo and Egsi are the Fermi potential drop,
electron affinity, effective surface charge, and
silicon energy band gap.
Surface potential interface for different regions can
be calculated as follows:
For region 1 - region 2 interface:

01(L4,0) = B2(Ly,0) (6)
dg do

d_xl |x=L1 = d_xz |x=L1 @)
For region 2 - region 3 interface:

Po(Ly + L2,0) = @3(Ly + L, 0) )
dg do

d_xz |x=L1+LZ = d_; |x=L1+L2 )
For region 3 - region 4 interface:

¢3(L1+L2 +L3,0) = @4(L1+L2 +L3,0) (10)
do ao

d_xs |x=L1+L2+L3 = d_; |x=L1+L2+L3 (11)

For region 4 - region 5 interface:
¢4(L1+L2+L3+L4,0)= ®5(L1+L2+L3+
L4,0) (12)
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ddy

dos
ax lx=r,+Lp+Ls+L,

= ix |x:L1+L2+L3+L4 (13)
Surface potential interfaces at the S-C and D-C can
be calculated as:

0,(0,0) = Vy; + Vig (14)

Os(Ly+ Ly + Ly + Ly + Ls,0) = Vy, + Vs + Vip

(15)
The built-in potential (Vi) is represented as:
Vo = Vi In (M2522) (16)

Halo doping concentration around the S-C and D-C
regions is symbolized by Nps and Nan respectively.
Using y = 0 in (2), we get:
Cio(x) = 0;(x,0) = B5;(x) (17)

Using the derivative of (2) in (3) and (4), we get:

€5i02|Psi(X)—Vgs+Vep;
CiaCr) = el Vest (18)

€si02 [®5i(x)—Vcs+Vfbi]

€si tox tsi

Cip(x) = — (19)

Substituting (17), (18) and (19) in surface potential
base equation (2), we get

Esi [0} i( )—V +V. i
0,3) = By + el s

€si tox
ESi02[®5i(X)—VGs+Vfbi] 2

€si tox tsi

(20)

The characteristic length (4) of the device is also
considered in modeling surface potential as it helps
in extracting the amount of electric field inflowing
through the drain region. It also assists in modeling
the SCE influence on the proposed nanodevice
characteristics. As a result, we will be able to
develop a robust model.

Using the Poisson equation, a better
characteristic length value appears at the
intermediate channel region.

t§i(1+%)
A= |[——= (21)

2T¢

Hence, the channel potential in the intermediate
region can be expressed as:

Oi(x) = 06, es, 2)

Using (18) — (20), we simplify (22) as:
OciC6) = B () (1+2) = 2 (Vs = Vi) (23)
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The roc represents the gate oxide to channel

. . E . t .
capacitance ratio represented asr,, = —é‘otz St
Siltox

Solving (1) for the intermediate channel, we get:
a?Pci(x) _ Bci) _ dNavgers _ ((VGS—Vfbi)> 24)

dx? A2 Esi A2

Simplifying (24), we can frame it as:

Q)Ci(x) = MieTx + Nl-e_Tx —% (25)

_ Navgers (VGS_Vfbi) 26
ﬁi - s - A2 ( )
and 1= % (27)

Using (3) — (15) along with the frontier
equation, the Mi and Ni can be mathematically
extracted. Appendix 1 lists the expression of Mi and
Ni for i =1,2,3,4,5.

Now the surface potential can be precisely
modeled using (20), (23), (25) along with Appendix
1. It may be formulated as:

MieTx+Nie_Tx-%*'r%c(VGs‘Vsz) x<1+
<1+%>

2 2
Toc Toc Toc Toc
t_SLy - t_SLy2> - t_Sl (VGS - Vﬂ,i)y + t_SL (VGS —
(28)

Vipi)y%i = 1,2,3,45

(Di(x'}’) =

Simplifying (28), the compact model for surface
potential can be expressed as:

MieTx+Ni€_Tx—%+%(VGS_Vfbi)
1+470¢
4

The electric field pattern along the channel
determines the electron transit speed. It's calculated
by differentiating the channel potential. The lateral
and vertical electric fields can be calculated as
follows:

Bsi(x) = (29)

d@;(x,y)
Eyi(x) = —dr ly=o0
= [Mie™ + Nie ™ - £ (30)
Eyi(x) = 0 = (€, ()~ 2yC ()] (D)

3.2 Nano-DG-TFET VtH Model

Vru is the voltage applied to the gate in region-1
where the energy barrier begins to saturate. For area
2, the derivative of (29) is equal to zero. As a result,
Xmin defined as the minimum surface potential is
shown as:

Volume 15, 2024



WSEAS TRANSACTIONS on ELECTRONICS
DOI: 10.37394/232017.2024.15.20

Xmin = 0.5AIn 2 (32)

2
Using (32) in (29), the Xmin can be simplified as:
qNgyge
Bsmin = 2/MaNy = =L+ (Vs = Vi) (33)

The V4 condition is described as follows:
Q)S,min =2¥; (34)

and
Ves = Vry (35)

The VtH condition has been determined using (33—
35):

’ thnth _ 9Navgesr
2 Mz Nz - c "L'2
si

For Ves = Vi, the M2" = M2 and N2 = N; The Vrn
can be derived using (36).

+ (Ve = Vppz) = 2%F (36)

PV +QVZ, +R =0 (37)

The coefficients used in (37) are described as below.

P=1+4(ky + k) — k7 — kg (38)

Q = _(ZVTHL + 4k1 + k6 + 2k5k7 + k5k8) (39)

R = V'IZ'HL - (4k3 + k4 + k5k6 + k§k7) (40)
In Appendix 2, the formulas for Vi and Ki —
Kg are simplified.
The analytical solution for V4 can be expressed
as: Vi = (‘Q‘“— sz“”’R) (41)

2P

The difference between the Vry short channel -
long channel TFET is numerically characterized as
the Vrn roll-off.

It can be formulated as follows:

Vroll—off =Vrg = Vrur (42)

The long channel V4 is Vhi, and it is assumed

to be independent of L. In Appendix 2, has been
used to express it.

The rate of transition from VrH to Vps has also

been defined as the DIBL. It can be formulated as:

pIBL = Yrmriz (43)

Vps1—Vps2
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Fig. 3: Doping Concentration along the channel
from Source to Drain region

3.3 Nano-DG-TFET Ip Model

The components of the lateral and vertical electric
fields are used to compute the tunneling generation
rate analytically. [10], was used to determine the
tunneling generation rate.

3/,
|E|? —Bg E
Gpre = Akane \/T—gexp %‘ (44)

We can represent the electric field intensity (E)
as:|E| = /E};i +E};i=12345 (45)
using average electric field (E), energy bandgap
(Eg). The two parameters for tunneling: Axane =
4x10™ V-2 ST ecm?, Bgane= 1.9x107 V/cm are
dependent on career effective mass in different
energy bands.
Ips = q [ Gprpdv (46)
Figure 3 shows the doping Concentration along
the channel from source to drain region. It is
presented as:
NAh; 0<x< Ll
NA; Ll <XS (L—Ls)
NAh; (L—L5)<XSL

N(x) = (47)

The average effective doping concentration can be
stated as:
2L;(Nan—N4a)

A (48)

Navgeff =Ny +
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Fig. 4: Representation of the Fringing Capacitance
Components Cy1, Cz2 and Ca3

The fringing potential has been investigated due
to the internal fringing capacitance in order to
improve channel potential efficiency. Figure 4
depicts the Fringing Capacitance Components Cyy,
Cx» and Cas. Cy1 is the external fringing field
capacitance between the S-C and the D-C electrode
on all sides of the frontal and backward gates. The
face-to-face overlap capacitance between the S-C
junction and the D-C junction is represented by Coo.
The internal fringing capacitance between the S-C
junction and the D-C junction is represented by Cas.
In Ref., the bias expressions based on Ci1, C2, and
Css are modelled. 0s and Cj are the gate electrode
slanting angle in radians, and maximum internal
fringing capacitance value respectively. The
following referred capacitances has been modeled as
below:

Cir = W, 552 In (1 + 2 (49)
_ €sioz [teffox (1—cosbs | 1—coss

CZZ - VVC tox [ 2 ( sinfg + sinég )] (50)

Ci = W, 552 n (1 + 2522%5) 51)
In (49)-(51), we use the following:  gate

electrode thickness (tgae), channel width (Wc), and
source/drain junction depth (Xi), and 6 = 0.5TT (&sio2/
&si).

Due to internal fringing capacitance, at S-C and
D-C the net total charge generated on each gate side
is calculated as:

Vps—Vpseff

Qrp = Cifm (52)
1+e

= _CifVFD

30Vt
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Vry—Vyp+2¥p+y /ZWF—VGS

= —C: =
QFS if _(VGS_Vfb>
30V

1+e

\/2 iNavge
_leVFS and y = —qESC geff

2 iNavge

and y = —quscgff (53)

where Vi , Y&, ni, y, V7 are the flat-band
voltage , Fermi potential, the intrinsic carrier
concentration, Body effect Coefficient, and thermal
voltage respectively.

The Cox, Vbpseir , Ves and Vep are oxide
capacitance, the effective drain-to-source voltage,
and fringing potentials at S-C and D-C ends
respectively.

4 Results and Discussions

The TCAD simulation outcomes produced are
analyzed along with the theoretical results of the V+
and Ip in this section. The drift-diffusion model
predicts V-l characteristics, while the high-field
saturation model considers velocity saturation, the
SRH  recombination model accounts for
recombination effects, the mobility model predicts
mobility effects and the Slotboom model accounts
for energy bandgap narrowing effects. Table 1 lists
the TCAD device simulation parameters.

25 T T T T T

Proposed Model : DH-GS-TM-DG TFEY

O Symbol TCAD Smulatian Vi =1.5V
| -

L = 500m

Surface Potential (V)

0 10 20 30 40 50
Channel Length, L (nm)

Fig. 5: Variation in surface potential w.r.t channel
length (L) of proposed Nano-DG-TFET for Vgs =
0.1V, 0.5V, Vps =04V, 1.5V

The channel thickness, ts has been assumed to be
10 nm in this investigation. For tsi greater than 5 nm,
Quantum Mechanical Effects (QMEs) become
unnoticeable. As a result, the suggested model
avoids QME. Figure 5 shows the change in surface
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potential along the channel length (L). It is self-
evident that as Vgs rises, the channel potential rises
as well. As a result, the S-C potential barrier
diminishes, increasing the Ip as more carriers enter
the channel from the source. Furthermore, because
the S-C potential barrier is reduced as the strain in
the channel grows, the Ip increases.
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Fig. 6 (a) and (b): Lateral Electrical Field
distribution (Ex) and Vertical Electric Field
distribution (Ey) in the proposed Nano-DG-TFET
channel for Vgs = 0.1V and Vpg = 0.5V

Figures 6 (a) and (b) show the differences in
lateral and vertical electric fields (Ex and Ey) on the
channel near the silicon body and the oxide interface
surrounding the S-C region to D-C region
respectively. Because of the voltage difference
between the D-C and S-C region, the lateral electric
field is created. The pinnacle electric decrement is
rather minimal in the D-C region.

With Vgs = 0.1V, Vps = 0.5V, for lateral position
along the channel, the alteration in the electric field
for proposed Nano-DG-TFET, SMDG-TFET, and
TMDG-TFET is shown in Figure 7.
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Fig. 7: With Vgs = 0.1V, Vps = 0.5V, for lateral
position along the channel, the alteration in the
electric field for proposed Nano-DG-TFET, SMDG-
TFET, TMDG-TFET

Because of the position movement of the
minimum channel potential towards the drain side,
the increase in the gate length ratio of control/screen
improves drain control over the channel. However,
as the gate length ratio of control/screen increases,
the S-C built-in potential increases (larger Vin),
reducing leakage current. Taking the spatial
derivative of the channel potential yielded the
electric field. The electric field vertex at the drain
side of the proposed Nano-DG-TFET structure is
(0.220 V/cm), which is 19.47 times reduced w.r.t
(3.265 V/em) SMDG-TFET structure and 9.52 times
reduced w.r.t TMDG-TFET structure (1.98 V/cm).
As a result, the G&C engineering in our proposed
device reduces the SCE and HCE.

Threshold Voltage, Va (V)

0.28¢

0.26 1 1 L 1 1 1 1 1
5 10 15 20 25 30 35 40 45 50

Channel Length, L {nm}

Fig. 8: Variation in Vrn with respect to L for distinct
substrate doping concentrations. (Nan=1.2x10"%c¢m,
Na=1x10'cm™ and 1x10'8¢m™ with Vs = 0.1V and
Vs = 0.5V)

Figure 8 depicts the variation in V4 with respect
to L for distinct substrate doping concentrations,
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(Na=1.2x10"8e¢m, Na=1x10"cm™ and 1x10'8cm™
with Ves = 0.1V and Vps = 0.5V). The S-C built-in
potential is evidently enhanced by lowering the tox
and silicon thickness, allowing the gate to exert
greater influence over the channel than the drain,
lowering the SCEs.
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Fig. 9: V4 roll-off vs. L, comparison plot for the
proposed Nano-DG-TFET, SMDG-TFET, TMDG-
TFET with Vgs = 0.1V, Vps = 0.05V

Figure 9 shows the Viy roll-off for the
considered TFET devices for comparison. For L
below 10 nm, the roll-off for the Nano-DG-TFET
structure is lower than SMDG-TFET and TMDG-
TFET structures. Hence this SCE is lowest for the
proposed Nano-DG-TFET. Figure 10 shows the Vy
roll-off divergence for two drain biases for the
proposed device. The graph shows that a larger
drain bias causes a greater SCE and a higher Vrn
roll-off value.

02 T T I 1 1 1 1 I

Threshold Voltage Rolloff, V.. (V)
o
N
T

1
15 20 25 30 35 40 45 50
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Fig. 10: V1 roll-off vs. L of the proposed Nano-DG-
TFET for Vps =0.05Vand 1.2V
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For various thicknesses of gate stacked dielectric
materials, Figure 11 depicts the variation of Vry
with tox. The site of the minimum channel potential
is shown to vary with fixed charges and halo length.
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o
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2 3 4 5 6
teﬁox(nm)

Fig. 11: Model variation off Vry VS. tox of proposed
Nano-DG-TFET

The DIBL effect of the proposed Nano-DG-
TFET is smaller than the other compared TFET
device structures, as shown in Figure 12. The plot
reveals that the DIBL grows slightly as the tox
increases. At 50 nm technology node, when the tox
is augmented by the phase of 0.5 nm, the DIBL
increases by around 50 mV/V. The simulation
outcomes and the proposed model accord nicely.
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a
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Fig. 12: Comparison plot of DIBL vs. L for the
proposed Nano-DG-TFET, SMDG-TFET, TMDG-
TFET, (Ves = 0.1V, Vps = 0.5V)

Figure 13(a) shows the Voltage Transfer
Characteristics (VTC) of the proposed Nano-DG-
TFET with a fixed thickness of 3 nm. The rise in Ip
is caused by the increase in high-K HfO, thickness,
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as shown in the graph. The variations of the Vps vs.
Ip for different Vgs are shown in Figure 13 (b). We
can observe that the upsurge in Ip with Vgs is due to
the decrease in the S-C barrier distance.
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Fig. 13: (a) VTC of the proposed Nano-DG-TFET
for different dielectrics at Vps = 1V. (b) Output
characteristics of the proposed device for different
gate bias values

Figure 14 shows the calibration of the proposed
Nano-DG-TFET, VTC comparison of Experimental
results vs. TCAD simulation.

The ambipolar characteristic of the proposed
Nano-DG-TFET is analyzed along with the other
compared TFET device structures in Figure 15. The
plot represents the device characteristics, and how
effective the device is at restraining ambipolarity. In
comparison to SM and TM equivalent structures, the
device considered displays increased Ion and
minimal ambipolar conduction by choosing the
correct materials for S-C gate sides and D-C gate
sides. The accuracy of our Ip model is confirmed by
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the excellent match of our formulated model with

TCAD outcomes.
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Fig. 14: VTC comparison of Experimental results
vs. TCAD simulation
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Fig. 15: Ambipolar characteristics comparison for
the proposed Nano-DG-TFET, SMDG-TFET,
TMDG-TFET, (Vos = 0.5V)

5 Conclusion

Analytically, we derived and analyzed the properties
of an efficient Nano strained-silicon dual-halo high-
K dielectric stacked multi-material dual-gate TFET
device (Nano-DG-TFET). Compact precise models
for this proposed  Nano-DG-TFET  are
mathematically formulated for the electric field,
surface potential, drain current and Threshold
Voltage. Using G&C engineering, the models are
formulated by solving the 2-D Poisson equation in
the s-Si graded channel region applying suitable
boundary conditions. The tox is used in the
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formulation of the Vry model. The impacts of
numerous device settings on DIBL and Ip have been
thoroughly investigated. Up surging the strain and
positive surface charge density, an increase in the
electric field current and roll-off have been seen,
and vice versa. Furthermore, combining the dual-
halo technology with G&C engineering in TMDG-
TFETs increases the Ip and ambipolar properties. By
matching TCAD outcomes, the suggested model has
been validated. The suggested device model and
simulated findings demonstrate that the leakage
current is reduced by itself to the range of 10
A/um to 10*A/um. Hence, the lon is improved
(10°A/um). The formulated mathematical model
and simulation data are in good agreement. The
effective surface charge and fringing capacitance are
taken into account for accurate simulation. It has
been established that the proposed Nano-DG-TFET
is the confirmed upcoming device of ultra-low
power VLSI and high-frequency applications.
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APPENDIX

Appendix 1

Appendix-1 lists the expanded expression of Mi and Ni for i =1,2,3,4,5.

_ 1 - ﬁ B
M, = 2sinh(eL) Vep + Vi +Vps + (Vbl + Vis + ) T4 ( — 2) cosh{t(L, + L3 + L, + L)} +

(—BZTZ&) cosh{t(Ls + L, + L5)} + (%) cosh{t(Ls + Ls)} + (ﬁ4r—2/?s) cosh{z(Ls)}
MZ — 1\/11 (ﬁ1 52) —TLq

My =M, — (ﬁzr}z) ~tly _ (/322;53) o~ T(Ly+Ly)

M, =M, — (ﬂ; fz) —tLy _ (Bzz;zﬁz) o~ T(L1+Ly) _ (ﬂZ;f4) o—T(L1+Ly+L3)

Ms =M, — (ﬁ; 252) —TLy _ (322253) e—‘r(L1+L2) _ (ﬂ;;fzt) e—r(L1+L2+L3) _ (%) e—T(L1+L2+L3++L4)
N, = VI;z - M, +_+Vp5

N = (ﬁszZ)

Ny = ( ) Ly _ ( 22;2 ) T(Ly+Ly)

o

Ng =N, — (Blzrfz) ethl — (ﬁ2212ﬁ3) T(Ly+Ly) _ (532;234) eT(Li+La+Ls) _ (%) eT(L1+Lo+Ls++Ly)

Appendix 2
Appendix-2 lists the expanded expression of VryL and Ki-Ke.

qN
Viny = —E‘Z‘z;ﬁ + Vepa +2%¥p

_(e™-1)  Ve(eT™-1) o Vep(eT™=1) vep!
1= 2sinh(tL) sinh(tL) 6 2{sinh(tL)}? 2sinh(tL)
_ (1))
Kz = {Zsinh(tL)}
Kz =ViVe — Vez

2
_ 2nVvip VED VeViD
K4 - sinh(tL) +4 [{2 sinh(tL) t+ sinh(tL)
K5 = Vfbl + 2l‘pp + y\/ 2l‘pp
_ 2vipe™™  avee™™k  2vieTh
® 7 {sinh(tL)}> sinh(tL) sinh(tL)
e~ TL 2
K7 = {sinh(tL)}
K _ Ze—rL(e—‘rL_l) Ze—‘:L
8 {sinh(tL)}? sinh(tL)
— 4Navgess Vi —
Vi = Vbi + % + Vfbi’l = 1,2,3,4,5

Vo = Simnery WVos +Vs —Vae™ + (Vy = Vy)cosh{z(Ly + Ly + L + L)}

+ (V, — V3)cosh{t(Ls + Ly + Lg)} + (V3 — Vy)cosh{t(Ly + L)} + (V, — V5)cosh(TL5)]
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