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Abstract - At the nanoscale, many multigate devices are
being studied in order to reduce their size and improve
their performance. This paper describes the design and
development of a novel device known as the Triple
Material Surrounding Gate Tunnel Field Effect
Transistor (TMSGTFET). The advantages of encircling
gate and tunnel FET are combined to build a novel
structure. The gate material around the device is
replaced with three gate materials with various work
functions to prevent short channel effects. The device's
surface potential, lateral electric field, vertical electric
field, and drain current are all modelled in two
dimensions, with the results explained. By altering the
thickness of the ferroelectric layer and ferroelectric
material, as well as verifying the simulation findings with
MATLAB, we study the impacts of device parameters on
the channel potential and on-state current.

The findings show that raising the ferroelectric layer
thickness enhances the device's characteristics by
reducing the shortest tunnelling length. Furthermore, the
proposed analytical model shows increased ON current.
CAD simulation is used to test the model's improved
device properties, confirming that it is accurate.

field effect

Keywords- Ferroelectric Layer, tunnel
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I INTRODUCTION

Semiconductor electronics are rapidly improving in terms of
performance and complexity. This remarkable advancement
is the consequence of continuous downscaling of MOSFET
technology, which is necessary to meet the requirements for
speed, complexity, circuit density, and power consumption.
Many new unique nanostructures are introduced as a result
of device downscaling, ensuring high functionality, high
device drive, and low power consumption, all of which are
critical factors in the evolution of electronics. Short channel
effects (SCEs) are unwanted effects that occur as the
channel length shorten, reducing device performance. As a

241

result, research into SCEs is critical, as they pose a serious
threat to efforts to downscale MOS technology. When the
continual shrinking of MOSFET feature sizes reaches
fundamental performance limits, new devices that use
tunnelling for their ON-current must be investigated. The
Tunnel FET, which can be used to replace standard
MOSFETs in low-power applications, is onesuch promising
device. In a circuit, a TFET can replace a MOSFET and has
the following advantages: low leakage current in the
femtoampere range and subthreshold swing < 60mV/dec.
Physical models are important to device engineers because
they define the relationship between the device's electrical
characteristics and physical parameters, as is well known.
As a result, it's necessary to create an analytical model for
double gate TFETs so that device properties can be
improved while the structure is optimized. By merging the
pseudo two- dimensional (2D) Poisson's equation with
Maxwell's equation, the model is formed. Although the
model did not take into account the device's 2D effects, an
analytical drain current model for a vertical double-gate
TFET was developed. However, 2D effects must be
considered in nanoscale devices.

Top Gate
| Insulatorlayer
Source Channel ‘ Drain
P N N*

Bottom Gate |

Fig.1. (Color online) Structure of the DG TFETs witha
metal-FE—insulator-semiconductor
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To overcome the flaws of the previous models, an analytical
model for double gate TFETs with ferroelectric layer is
created. The nonlinear Poisson's equation is solved with the
Landau—Kalashnikov (LK) equation to give the channel
potential profile. The surface potential profile can be used to
calculate the lateral and vertical electric fields. Kane's
model can be used to calculate the drain current.

1. DEVICE STRUCTURE AND NUMERICAL
SIMULATION METHOD

Figure 1 shows the cross-sectional schematics of the
proposed double gate TFETs. The channel's length L is 55
nm. The silicon film's thickness is ts, and its value is 15 nm.
The insulator layer is tin and has a thickness of 1.5 nm. tf
represents the thickness of the ferroelectric layer. The
channel is intrinsic (NCH =10 cm?), with the p+ source
region doped at 10°° cm® (NS) and the n+ drain region
doped at 6*10™ cm® (NS) (ND). The x-axis is perpendicular
to the channel's direction, while the y-axis is parallel to it.
The origin of the coordinate axis is at the middle of the
source-channel region boundary.

The simulated findings for NC DG TFETs with a metal-
FE- insulator-semiconductor (MFIS) structure cannot be
obtained directly due to the lack of a corresponding exact
FE polarization model. A metal-FE-metal-insulator—
semiconductor (MFMIS) structure is used to replace the
MFIS structure. Device parameters of double gate TFETS
may be computed using the Silvaco Atlas TCAD device
simulator anda one-dimensional (1D) LK equation.

MODELLLING APPROACHES 2D-POISSON's EQUATION
1 B
{ |
NUMERICAL
SOLUTION ANALYTICA
L f
SOL JTION SURFACE POTENTIAL,
e he  ELECTRIC FIELD, DRAIN
SUBTHRESHOLD ANALYSIS
SOLUTION TO ;
POISSON'S vt
EQUATION SCALING FACTOR
= SIMULATION AND
COMPARISON
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1. ANALYTICAL MODEL

Calculation of potential distribution

Because doping concentrations are relatively high in these
regions, the voltage drop across the source and drain regions
can be neglected.

The 2D Poisson equation is used to solve the channel
potentialp(x, y)

:')3¢(.\’._\') g ('iz‘,:(.\'.,\') 5 e(x,)=V
(')\'2

Vi

|

a D
dx=

where q represents the electronic charge, esi represents the
silicon permittivity, ni represents the intrinsic carrier
density, Vrepresents the electron quasi-Fermi potential, and
is the thermal voltage.

¢(x,y) is decomposed into a 1D and 2D component along
thechannel depth direction (y) and expressed as

e, y) =¢go(y)+¢; (x,y). (2)

Using the LK equation, the charge—voltage characteristic of

the ferroelectric material is expressed as
V" = (1()Q + 17()Q3 + C()QS- (3)

The FE layer's charge per unit area is Q, while the voltage

across the FE layer is Vf. The a0 and b0 coefficients are tied

tothe Landau parameters u, v, and w of the ferroelectric

material, as well as the thickness of the material.

Ferroelectric layer.

2tfu, 4tfv, 6tfw, a0 = 2tfu, b0 = 4tfv, c0 = 6tfw, u, v.

The higher-order terms in Egs. (3) and (4) are not included

inour analytical model.

The equation about ¢O0 (y) is expressed as

e _ g

4)
(9_\‘2 Esi

njexp

-V
Vi '

¢0 (y) is solved using the following boundary conditions

ey =
1’-"——" =0, (5)
v l=p
. ’ £ deoly) dep(y)
Ves= VEB —¢0(lo) = — ——— +apEs —
: Cox oy V=1 dy y=I
(6)

where t0 = tsi/2. The boundary condition in Eq. (6) is
derived from Kirchhoff's voltage law (KVL) along the gate-
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to-channel direction when the higher-order terms in Eq. (3)
are ignored. To put it another way, the total applied gate
voltage Vgs is equal to the sum of the drop across the
ferroelectric layer.

& el
e ——

AR .&:pamﬁnt:fa:thj;a[

g N

=it baxd voltage Vi and surface potantial o)

VFB = (Wm =X —Eg/Z)/(]+ V[lI’l(NCH/Hi). where Wm is
the gate metal's work function and y and Eg are the Si

channel's electron affinity and band gap, respectively. Using
Egs. (4) and (5) together, 0 (y) is expressed as

BZ
wo(y)=V+ Wln ‘secz(By/ro)y, (7)
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Except near the source junction, V remains constant (the
value is equal to VDS) throughout the channel length
direction (x). By combining Egs. (7) and (6), the equation
regarding B can be written as

2e.:V, B?
ZEsi 7t pran(B) + ViIn —:sccz(B)l
o 26

|

— +ag

(&)
= Vgs_VFB_V- (8)

The flat-band voltage is VFB, and the insulator layer
capacitance is Cox.
The 2D potential component 1 (x, y) of the Laplace
equationcan be determined using the separation of variables
approach.
@1 (x,y) = (aexp (Ax/tg) + bexp(—Ax/ty))cos(Ay/ty), (9)
where a and b are coefficients and A is the eigen value.
Egs. (10)- (13) are used to solve @1 (x,y) in Eq. (9) using
theboundary conditions.

@1y o= Vs—¢0 (). (10)

@1 (""-")Ix:l. =Vp=¢oy), (11)

dey(x.y)
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F
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The source and drain potentials —Viln

(Ns/ni)VD

are VS =
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= V(s + Viln (ND/ nj) respectively,
Combining Eq. (9) with Eg. (12), A is expressed as

Coxto

Atan(l)) = ————m—.
Egi (1 + (Iocox)

(13)

Using Fourier series solution, the parameters
a and b obtained by Eq. (9) with Eq. (10) and (11) are
expressed as

- [V = Vgexp(=AL/tg)]sin ()= Vy [1 = exp(=AL/1g)]
[A+0.5sin(20)]sinh (A1L/19) y

a

(14)

P [Vp = Vsexp(AL/1g)]sin(d) + Vy [1 =exp(dL/1)]
[A+0.5sin(20)]sinh (L] 1) X

(15)

The lateral and Vertical electric Fields for the DG TFETsare
expressed has

Ey =-dgy (x,y)/0x

=—[ad/tgexp(Ax/tg) - bA/tgexp(=Ax/tg) | cos (Ay/ty).

(16)
Ey==dg (x.y)[dy—dgy(y)/dy
2.1/1()[(““[3(,‘.\'/{”) 4’[’1!/’“0\[1(—.L\'/lo)lSln(‘[) /1())
- 2BVytan(By/ty) /1o (17)

Calculation of drain current

The tunnelling current of the proposed device is computed
analytically using Kane's model for the BTBT generation
rateof carriers, which may be written as

- B
Ips :(]tSLtW'ChAEz'Sexp(—E). (18)

Wch is the proposed device's channel width, while A and B
arethe tunnelling parameters, which are A=4.5*10* cm™* v
2 51 and B = 2*10” V/cm, respectively. Furthermore, E =
Eg/ (qLt) is the average electric field, and Lt is the shortest
tunnelling length. The surface potential will reach Eg/q at
the point Lt.

As a result, by plugging this value into Eqg. (2), we can get
theexpression for Lt, which is written as

[ y
o ill\alz;‘q-;._.t,;.l‘l“un‘(l-\’H\‘}-f,;“qwn(l..ﬂﬁuvsl ~dab
I= —‘1n (19
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Fig. 3. Surface potential vs Distance along the channel in nm
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Fig.4. Vertical Electric Field vs Distance along the Channel
innm on comparing the analytical model and Tcad software

Fig 5. Vertical Electric Field vs Distance along thechannel
at different VVgs Values
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Fig 7. Drain Voltage vs Drain Current

V. RESULTS AND DISCUSSION

In this research, the TCAD device simulator Silvaco Atlas is
used to test the non-local band-to-band tunnelling model
(btbt), Lombardi mobility model (cvt), Shockley-Read-Hall
recombination models (srh), and gap narrowing model
(bgn). In addition, the effects of high dielectric constants,
polarization, and hysteresis in ferroelectric materials were
simulated using a Miller ferroelectric model. PZT residual
polarization, saturation polarization of 0.6 C/cm2, and
critical electrical field of 0.2 MV/cm are employed in the
simulation. Remainder polarization, saturation polarization,
and critical electrical polarization are all various thicknesses
(such as 20, 15, and 10 nm of Si:HfO2). However, if
establishing a link between ferroelectric material thickness
and polarization and coercive field is challenging, it seems
reasonable to explore the impact of ferroelectric material
thickness on device performance under fixed polarization
and coercive field conditions.

To put it another way, the effects of ferroelectric material
thickness on polarization and the coercive field will not be
considered.
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For various Vgs, Figure 3 displays the surface potential of a
DG TFET built of SBT material. The calculated and
simulated outcomes are in perfect agreement. However, due
to the analytical model's assumption of low voltage drop
between the source and drain regions, certain errors can be
seen at the source-channel and drain-channel junctions.
Figure 4 and 5 illustrates the vertical electric field for both
simulation and analytical model.

Figure 6 depicts the lateral electric field for both the
simulation and analytical model at Vgs = 1.5 V and Vds =
15

V. The double gate TFET produces a 27 percent
improvement in the lateral electric field at the tunnel
junction when compared to the traditional double gate
TFET. The tunnellingenergy barrier width can be reduced as
a result of the larger electric field at the tunnel junction,
resulting in a higher on- current.

The OnOff current () ratio is an important metric to consider
when building digital circuits. loff is defined as the drain
current for Vgs =0V and Vds = 0.1.0 V in this study.

The voltage rises as the tf rises. Furthermore, the TFET with
SBT material presented has the highest value. Choose one
ofthe three materials for each tf, as shown in Fig.7.

V. CONCLUSIONS

To explore device performances such as surface potential,
electric field, shortest tunnelling length, on-state current,
and on—off current ratio, an analytical model for the double
gate TFET is built, taking into consideration the impacts of
the channel mobile charge carriers. The potential model is
also used in gate-all-around (GAA) TFETs, silicon-on-
insulator (SOI) TFETs, and other device topologies.
Furthermore, the on-state current of a double gate TFET
grows in magnitude asthe thickness of the ferroelectric layer
increases due to the shorter shortest tunnelling length. The
effects of different ferroelectric material variants on on-state
current and on—off current ratio have also been captured and
explained; the resultsdemonstrate that the SBT device has
the highest on-state current and on-off current ratio. The
study's  findings urge  further  exploration and
experimentation.
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