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1.INTRODUCTION ability to achieve a sub-threshold swing of less than 60
mV/dec, which is a fundamental limitation in Metal-
In recent years, the Tunneling Field-Effect Transistor Oxide-Semiconductor Field-Effect Transistors
(TFET) has garnered significant attention due to its (MOSFETSs). This characteristic positions TFET as a
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promising alternative to MOSFETs in low-power
applications and future electronic devices technology.
Additionally, TFET demonstrates low leakage current
and increased immunity against short-channel effects
(SCEs) (1-4).

To facilitate circuit design utilizing TFETS, the
development of an accurate analytical model for the drain
current is of paramount importance (5). A robust
analytical model should rely on physical phenomena,
enabling the expression of device characteristics through
mathematical equations. Numerous numerical and
analytical models have been proposed for TFETS in the
existing literature (6, 7). While numerical and semi-
analytical models offer reasonably accurate results; their
efficiency in circuit-level simulations is limited.
Conversely, analytical models are compatible with a
wide range of circuit-level simulation tools, making them
more practical for this purpose. Analytical models for
TFETSs generally rely on surface potential computation.
However, some models have previously utilized the
average electric field across the tunneling junction to
calculate the tunneling generation rate. This approach,
unfortunately, has limited the accuracy of the model (8,
9). To address this limitation, it is recommended to
consider the complete electric field profile along the
tunneling junction. By incorporating the full electric field
profile, the model accuracy can be significantly
improved.

Tangent line method is adopted for drain current
calculation to consider total generation profile (10-12).
While these models take into account the electric field
profile across the tunneling junction to enhance the
accuracy of the model, they primarily focus on the
electric field along the channel depletion region and
overlook the depletion region in the source region.

Furthermore, in order to calculate the generation rate,
the electric field at the semiconductor surface is
determined, assuming that the electric field throughout
the depth of the semiconductor layer remains constant
and equal to the surface electric field. However, in
reality, this assumption is rarely valid in actual devices
(13). Artificial intelligence can be useful in optimizing
analytical models and the control of various systems as a
powerful tool at the global level (14).

In this paper, we proposed an accurate two-
dimensional (2D) solution to Poisson equation in the
channel of the TFET.

In addition to the surface potential, we considered the
potential distribution in the semiconductor depth, and
thefore, we were able to calculate the potential more
accurately than reported literature, by utilizing newly
formulated mathematical relationships.

This solution provides an accurate prediction of the
electric field not only at the surface but also throughout
the depth of the semiconductor layer. Finally, we
developed an analytical model for drain current using the
tangent line approximation method, which considers the

source depletion region. Comparing with simulation
results are shown that the proposed model has impressive
accuracy.

This paper is organized as follows: In section 2, the
device structure under consideration is introduced. In
section 3, an analytical surface potential model is
proposed in detail. In section 4, an analytical model for
drain current by applying the tangent line approximation
method is expressed. The results of analytical model and
comparison with simulation results are presented in
section 5.

2. DEVICE STRUCTURE

The schematic diagram of the H-TFET is depicted in
Figure 1. In this device, two depletion regions are formed
at the source-channel junction and the channel-drain
junction. At a certain value of the gate voltage Vg, the
valence band in the source is aligned with the conduction
band in the channel, and electrons can tunnel from the
source valence band into the channel conduction band
through the potential barrier formed by the bandgap.
Device specifications are summarized in Table 1 (15-17).

3. ANALYTICAL MODEL DESCRIPTION

Analytical modeling of TFET typically involves three
steps. The first step is calculating the surface potential of
the transistor. The second step is determining the
tunneling generation rate, and in the third step,
integrating the tunneling rate to calculate drain current.

3. 1. Surface Potential and Electric Field Model
A pseudo-2D method together with the parabolic
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Figure 1. schematic diagram of the proposed double gate
heterojunction tunnel field effect transistor (DG-HTFET)
considering the areas included (source depletion region R1,
channel region R2, drain depletion region R3)
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TABLE 1. Device parameters used in simulations and
analytical model

Physical parameters Value
Gate length (Lg) 50 nm
Source length (Lg) 30 nm
Drain length (Lp) 30 nm
Source doping (p-type) 10%cm?3
Drain doping (n-type) 5x10%cm®
Channel doping 10Ycm?3
Channel thickness (t;) 10 nm
Oxide thickness (t,,) 2,3nm
Permittivity of Si (eg;) 11.68 ¢,
Permittivity of SiGe (gg;6¢) 139 ¢,
Permittivity of GaAsSb (£4q4ssp) 143 ¢,
Permittivity of INGaASs (&6a4s) 139 ¢,
Permittivity of SiO, (g,,) 39¢,
Work function of gate material(@,,) 4548¢eV
Kane’s parameter (Agrpr) 3.5x10% eV¥?/cm.s.V?

Kane’s parameter (Bgrpr) 22.5x10° V/cm.eV®?

potential approximation for solving Poisson equation is
used to obtain a 2D potential profile. The Poisson
equation given below:

9%y (x, %W (x, —qNs

69(52 el 63(12 2 = E_s (l)

In this equation, ¥ (x,y) is the electrostatic potential
in the device, which is measured with respect to substrate
Fermi level, & is the semiconductor permittivity, q is
electron charge, and N is effective doping density. N; is
equal to —N; in p-type source, and is equal to N, and N5
in n-type channel and drain regions, respectively. In
Equation 1 mobile charges are ignored and its effect is
considered in section B.

Pseudo 2-D method is adopted to convert the 2-D
Poisson equation into an effective 1-D equation which is
further used to obtain the potential distribution along the
thickness of the device. Poisson equation is solved in
three regions, i.e., the source depletion region (R1), the
low doped channel (R2) and the drain depletion region
(R3) using proper boundary conditions. Assuming
parabolic solution for the Poisson equation, the 2-D
potential distribution is written as (15, 18).

Y(xy) = ap() + a; (Mx + az (¥)x? @

Coefficients aq(y), a,(y) and a,(y) in Equation 2 are
computed using boundary conditions, i.e., continuity of
the potential and the electric displacement at the
insulator-semiconductor  interfaces. The potential
distribution at the front-oxide-channel interface (x=0),
and back-oxide-semiconductor interface (x =t,) are
denoted as ¥, (y) and ¥, (y), respectively.

¥(0.y) = %) (32)

¥(ts,y) = ¥ () (3b)
The electric field displacement at front and back
surfaces are continuous and are expressed as follows:

Ex(0,y) = 2 [%(y) — ¥5] (30)

Es

Ex(ts.y) = 2 [¥5 = ¥ ()] (3d)

where C,, demonstrates the oxide capacitances at each

region, which is C,, =i°—" in the R2 region. In this

ox

analytical model, the fringing fields effect s
approximated by the conformal mapping techniques in

R1 and R3 regions and is considered as C,, = % x Zox

tox

(19). The gate potential is demonstrated as ¥,
where ¥ = Vg — ¢ + x + E5/2, x is the electron
affinity of silicon, E; is the energy bandgap of silicon,
and ¢,, is work function of the gate metal.

By applying boundary conditions, coefficients a, (y),
a,(y)and a,(y)are calculated as functions of the
surface potential ¥ (y):

ao(y) = ¥:(y) (42)
() = 2= (%) ~ ¥ (4b)
a, () = 2 (¥ — %) (4c)

&sts
By substituting coefficients 4 in Equation 2, the two-
dimensional Poisson equation becomes a second-order
one-dimensional linear differential equation written as
follows:

Y (y) -2

Cox Cox qNs
oy () = 2 S, ®)

£ &

This equation can be written for three regions as:

v () — k2, () = =k ¥, (6)

ki= (27205 Y
where i = 1, 2 and 3 denote R1, R2 and R3 regions and
k; and ¥,; are coefficient values in i-th region. The
parameter ¥,; is equal to the solution of one-
dimensional Poisson equation (long-channel
approximation), and is expressed as Equation 8 for i=2,
3:

_ qNsts
lljd’i =Y; + K (8)

and for i=1 as expression 9.

NStS
Wai =W -3 * ©

k; indicates reverse decay lengths or the characteristic
lengths of the surface potential in each region. According
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to Equation 7, k; is not a function of V. Finally, the
general solution of 2D potential in Equation 6 for the
surface potential is obtained. The surface potential in
region R; (ye [y;,y;—1]) is obtained as follows:

Y, (y) = bieki—vi-0) 4 e i0-vi-d) y . (10)

To obtain the coefficients b; and c¢; in Equation 10,
suitable boundary conditions are considered at the R,/R,
and R,/R; boundaries, which indicate continuity of
potential and electric displacement.

1
LT 2sinh kL

¥

(Va1 —e7abi) =@ je ki + (11)

1 L L:
G = 2sinh k;L; (+wdi(1 - eksz) + qji_lelel - q]i) (12)

In Equations11and 12 L; = y; —y;_, fori=1,2,3and
the terms ¥; and ¥;_; express potential values at the
boundary of each region. According to these equations
Y. (y) = ¥; , using the following boundary conditions,
the coefficients b; and c; are obtained (8):

Yo=by+c1+ ¥, (13a)
llll = blelel + Cle_lel + ')Ud,l = bz + Cy + Wdyz (13b)
IPZ = bzeksz + Cze_ksz + lpd’z = b3 + C3 + lludyg (13C)

Wy = bzefsls + cze7*sls 1 @ 5 (13d)

The surface potential values at the source end and at the
drain end are ¥, and ¥, respectively.

Ny
Yo =—1; ln: (14)

l}’3 = VD + V¢ ln% (15)

where V, demonstrates the drain voltage, v, is the
thermal voltage v, = kT/q and the n; represent the
intrinsic carrier concentration.

3. 2. The Effect of Channel Mobile Charges and the
Drain Voltage In this section, the mobile charges
are considered to obtain an accurate analytical model for
the potential. To consider the effect of channel mobile
charges, the new mid-surface potential and the new
inverse decay length are obtained as follows:

1
lpd,Znew =3 (Wd,z +¥ - V (l}'d,z - 1}11)2 + 52) (16)

where ¥, , is the mid-surface potential that does not
include the effect of mobile charges. ¥, is given below
where a and g are the fitting parameters. § and N;,.,,, are
considered as: § = 0.04 and Ny,q,, = 10* cm™3 (16).

Ye=Vp+o +a(lpd,2 -Vp— <P) +.8(lpd,2 -

17
vy — q0)2 (17)

Q=1 ln%t_zm" (18)
The effect of mobile charges on the reverse decay length
in the channel (k) is modeled as follows:

Cox INiny
ko = \/2 esitsi Esitsi(Po—¥a.2) (19)
Ny = 2C,ox (W, — ¥g 2) represents the inversion charge

in the channel and o is a fitting parameter, 1 <o < 2.

To accurately model the potential in short channel
devices, it is important to consider the impact of high
drain voltages. These voltages lead to the formation of an
inversion layer in the channel, which affects the potential
distribution. Therefore, to enhance the accuracy of the
model, the new gate potential ¥ .+, is used instead of
Y. (7), where «a =0.6 and 6, =0.1 are fitting
parameters.

Yeerf = W6 —abiIn[1 + exp (M)] +

¢
_ 20
a6, nf1 + exp (2225)] )
t

Figure 2, shows the front surface potential along the
lateral distance in y-axis at different gate voltages.
Obviously, as the gate voltage increases, the potential in
the channel region increases. With increasing the gate
voltage, the mobile charges accumulate at the channel
surface below the gate and gradually an inversion layer
is formed; consequently, the channel potential connects
to the drain Fermi level, and becomes almost independent
of the gate voltage. In addition, by increasing inversion
charges, drain depletion region would gradually become
smaller; thus, the source depletion region would increase.

3. 3. Modified Surface Potential In the parabolic
approximation method used in literature to solve the 2-D
Poisson equation, surface potential is usually obtained
and tunneling current is computed based on surface
potential (15, 16, 18). Although these analytical models
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Figure 2. The front surface potential distribution obtained
from simulation (line) and analytical model (symbol) at gate
voltages from V; = 0V to I, = 1.4V in steps of 0.2 V
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can predict the surface potential accurately, the model
cannot predict the potential profile in the channel depth.

The validation of the surface potential distribution
behavior of the model against the TCAD simulation
results on the surface and at the different depths of the
channel for 1, =0,0.4,0.8,1.2V and V; =1V are
depicted in Figure 3.

The potential distribution is shown inside the channel
at different depths inclusive the surface of the channel, 3
nm below the surface, 5 nm below the surface in the
center of the channel without considering the modified
surface potential.

Figure 3a, shows the surface potential, Figure 3b,
shows the potential distribution at 3 nm below the surface
in (y =3nm) and Figure 3c, depicts the potential
distribution, 5 nm beneath the surface (center of the
channel, y =5nm). Note that the semiconductor
thickness is 10 nm.

The analytical model well captures the effect of the
mobile charges and effect of the drain voltage. Accuracy
of the simulation results and analytical model can be
simply seen in Figure 3a, while the model results are not
consistent with the TCAD simulation data at the depth of
3 nmand 5 nm in Figures 3b and 3c.

In the parabolic approximation method, in fact, the
potential is resolved along the path where the current
dominates (along the oxide-semiconductor junction);
hence, the accuracy of this method is just well along this
path while close to the center of the channel, the accuracy
decreases.

To achieve 2D potential distribution correctly,
Equation 2 is used to convert the 2-D Poisson equation
into a second-order one-dimensional linear differential
equation in terms of the surface potential. Unlike the

models in literature (15, 16, 18) which use % and
"2‘;'—3(,"2”’) at x=0 (surface) an equation for arbitrary X is

derived which gives the potential distribution from the
surface down to the channel depth. Equation 5 turns into
the following equation to include x dependency.

—2 5 (B0 ) + ) [1+Tx - fx? | = -

—qNs
Es

where n = Ccﬂ and for simplicity, A" is defined as 4’ =
1+ Lx — 3 x?; therefore,

” 129 qNs 1 127y
b ) -2 b0 =-"T0—5z% (22)
By defining k7., = %:—Z and mid-potential ¥y; e =
S
tsz qNg 2n H H H H
P (S— t2 BVG), the differential equation for all regions
S S

can be written in a closed form analytical expression for
the surface potential as follows:

lp;i(y) - kiz,newqjsi(Y) = _kiz,newqjdi,new (23)

2¢
Ko = ox 24
Lnew EsitoxtsitEoxtsiX—EoxXx? ( )
2 - - v
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Figure 3. The potential distribution parabolic method is
compared with the simulation results. In (a) model shows
excellent matching with simulation data in surface potential,
here the effect of the mobile charges and effect of the drain
voltage is included. (b) displays the potential distribution
profile along the channel for 3 nm below the device surface
forVys = 1V and ;s = 0V to 1.2 V in steps of 0.4 V and,
(c) shows potential distribution in the center of the channel
(y = 5nm) . Inthe DG-TFET, by moving towards the center
of the channel and away from the surface of the
semiconductor, the match between the model and the
semiconductor becomes less and the analytical model cannot
predict the potential profile well

0



1336 F. Peyravi and S. E. Hosseini / IJE TRANSACTIONS A: Basics Vol. 37 No. 07, (July 2024) 1331-1342

Equation 6 using new reverse decay length (k; ) in
Equation 24 has been modified to represent the potential
distribution at any depth of the device.

The electric field is computed by differentiating
electrostatic potential with respect to x and y coordinates
in each region.

¥ (x.y) —
Ey = _# = b;k;e*i-vi-1) — (25)
kicie_ki(y_Yi—l)

0¥ (x,
Ey = =250 = 4, () + 2a,(y)x (26)

The electric field along the surface of the 2-D TFET
in the x and y directions have been shows in Figure 4. As
can be seen, the lateral electric field in the y direction is
larger than the vertical electric field in the x direction at
the source-channel interface. Hence, for simplicity in
calculating the tunneling generation rate, the vertical
field can be ignored. The length of the depletion regions
on the source and drain sides is indicated by L, and Ls,
respectively, and are calculated as follows:

2e5(Y1+ve lnﬂ)
_ n 27)
L1 qN,

¥  Simulation: Lines
' Model: Symbols
o

Lateral Electric Field (MV/em)

] 20 40 60 S0 100
(a) Position along the channel(nm)

Simulation: Lines

Vertical Electric Field (MV/cm)

02
Model: Symbols
04 . A i ] "
0 20 40 60 80 100
(b) Position along the channel(nm)

Figure 4. (a)The lateral electric field, (b)the vertical electric
field was obtained from the simulator (line) and the
analytical model (symbol) at different gate voltages. The
dielectric constant Si0, is €,, = 3.9, and the drain voltage
isVp =1V

2e5(Vp+ve ln% -%,)
L3 - L

(28)
qN3

L, is the channel length. Using the continuity of potential
at the boundary of regions R;/R, and R,/R5, the
depletion lengths can be calculated (16, 19).

4. ANALUTICAL MODEL FOR THE DRAIN CURRENT

The predominant current mechanism in TFETSs is band-
to-band tunneling (BTBT) current from the valance band
of the source to the conduction band of the channel. In
order to obtain the drain current, the amount of BTBT
tunneling generation in Equation 30 must be integrated
over the effective tunneling volume. The drain current is
expressed as:

I =q [} [} J," Goepe dx dy dz (29)

The band-to-band generation rate (Ggrgr) is taken from
the Kane’s model (20).

|EIP

£
Ggrer = A\/E_gexp —-B-Z- (30)

IE|

In Equation 30, A and B are Kane’s model parameters
and are dependent on the material, the semiconductor
energy gap and the effective mass of the carriers (10, 15,
16, 18). |E| represents electric field amplitude |E| =
VEZ +EZ. In a heterojunction, E;.¢r is used as the
effective bandgap, and is usually determined from the
bandgaps of the bulk and electron affinities materials.
Eg,eff = Egz —AE, and AEy = (—x)+ (Egz -
Egy ).

AEy, is the off-set between the valance bands of the
two materials (18). BTBT generation rate is dependent
on the electric field at each point. Integrating Ggrgr in
Equation 29 is the main challenge in TFET analytical
modeling. Equation 29 cannot be computed analytically;
therefore, several methods have been proposed in the
literature for approximating this integral, in which
accuracy is a challenge. The integral solution method in
these papers (21, 22) is based on the exponential
dependence of the Ggrgron the electric field and
considering the average electric field (E,,,) in the
minimum tunneling length (ly,,,,.). In this paper, to
calculate this integral, the tangent line approximation
method is used (9-11).

4. 1. Tunneling Generation Rate in the Channel
In the tangent line approximation (TLA) method, Ggrgr
curve is considered along the channel length, and the
tangent lines on the curve are drawn to intersect the
horizontal axis and form triangles. The sum of these
triangular areas gives the beneath area of the Ggrpr
curve, which is the integral of the tunneling value.
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At the source-channel interface, Ggrpr has the highest
value, and along the channel it reduces steeply to a
negligible amount. In Figure 5, [, , [, and l; are tangent
lines and the area under these lines can be expressed as
G4, G, and G4, respectively. To simplify the method, at
the source-channel junction y is assumed y = 0.

_ Gpepe(0)
b= G @D
1 1 !
G, = ;Ll Gpepe(0) = El% Gpepe (0) (32)

The slope of the tangent line [, at y = 0 is denoted as
Gpepe(0). Ly is the length between y = 0 and the y-
intercept of ;. Then, at y = L, the tangent line [, is
determined with the slope of G, (y) to the point where
it intersects the previous line [;. The length between y-
intercepts of [, and [, is called L.

_ Gpepe(L)
27 Ghepe(La) (33)
1 ’
G, = 2 L%d Gpeve (L1) (34)
Liyg = Ghepe(0) Ly (35)

Gl’;tbt(o)‘Gl’nbt(h)

The L,, expresses the distance between the intersection
of line [, on the y-axis and the intercept of [, and [, lines.
This process is repeated and tangent line /5 is drawn from
its y-intercept (L, + L,) to the point it intersects the
tangent line [,.

_ Gpepe(Li+Ly)
Ly = Ghepe(L1+L2) (36)
1
G3 =3 L34 Gpepe(Ly + L) (37)
Lag Gpepe(L1) L (38)

Gpepe (L) =Gpepe(L1+L2)

1 2 3
position along the channel y (nm)

Figure 5. The band to band generation rate as a function of
y along the channel length at Vg = 1.5V and Vg = 1V .
The tangent lines 1;,1,,l5 on the Gy, curve and creating the
triangular areas with the area G;,G,,G5 , respectivily;. which
can be regarded as the total area of the shaded regions

The G4 represents the common area under the tangent
lines [, and [,. Furthermore, G,, is the common areas
between tangent lines [, and [5 as shown in Figure 6. The
general expression are given in literature (9).

Gra = 5 (Laa = L2)? Gy (0) (39)

1 ’
Gaq = 2 (La — L3)2 Gpepe (L1) (40)

Finally, a closed-form equation for total Ggrgr i
obtained using TLA method that gives [ Ggrprdv =
G:orai- Final analytical expression is given in Equation
41.

Gptve channet = G1 + Gy + Gz + -+ G, —

41
Grg — Gag — — Gy-1q (41)

4. 2. Tunneling Generation Rate in the Source
Depletion To calculate the drain current accurately,
the tunneling rate in the source depletion region should
be calculated in addition to tunneling rate in the channel
region. Figure 7 illustrates the tunneling rate in the source
depletion region calculated by using the TLA method,
which increases the accuracy of the model at high gate
voltages.

thbt source deplation = Gl,sdep + Gz,sdep +-t
(42)

Gn,sdep - Gld,sdep - GZd,sdep -t Gn—ld,sdep
Considering both thbt channel and thbt source deplation
the total Gz Can be expressed as follows:

Gerer total = Gbtbt channel + (43)

thbt source deplation
Thus, the drain current per unit width is calculated as
follows:

Ip = q ts; GpraT total ffermi (44)

4\

1 2 3
position along the channel y (nm)

Figure 6. The tangent line approximation method for
solving the integral of the tunneling value. The common area
of the tangent lines [; and [, on the Gy, curve and forming
a triangular area with the area G, 4. Also G, is the common
area under the tangent lines [, and [3 on the Gy, curve

o 1




1338 F. Peyravi and S. E. Hosseini / IJE TRANSACTIONS A: Basics Vol. 37 No. 07, (July 2024) 1331-1342

x 10
2.5
Fiq
:n——-——v: 2
5 len
Fyq! 7 ” o
; : Se
: : £
' )
! ilen -
: B
/' i 0.5
£ it
4 > i
>4 ~h

0 01 02 03 04 05 06 07 08 0.‘?
position along the source depletion y(nm)

Figure 7. The tunneling generation rate as a function of y
along the source depletion region at Vg = 1.5V and Vpg =
1V . The tangent lines len,len,,len; on the Gy curve and
creating the triangular areas with the area
G1 saepsG2.sdaep>G3 saep Tespectively. Common areas of the
tangent lines len; and len,, len, and len; on the Gp:pe
curve in the source depletion region forming a triangular
area with the area G, g sqep aNd G4 sqep respectively

where frerm; Is @ correction factor to insure Ipg = 0 at
Vps = 0 and n is an experimental coefficient (9, 19).
2
ffermi =1- ~ Vps (45)

(1+e"_Vf)
5. MODEL VERIFICATION AND RESULTS
To verify the proposed model, in Figure 1, the

investigated H-TFET is simulated with the ATLAS
device simulator and is compared with the proposed

tunneling in the source depletion region along with the
channel region, the accuracy of drain current increases as
are mentioned in Table 2. The accuracy can be improved
by increasing the number of tangent lines. Accuracy of
TLA method is reported in Table 2 for number of
repetition steps. The accuracy 97.2% can be achieved by
using eight tangent lines.

In this section, comparisons are made for a number of
different biases, dielectric constants for oxide devices
and different materials and mole fractions of material.
For TFET and heterojunction TFET based on different
material devices, parameters like bandgap, charge
carriers tunneling masses, constants of Kane’s model are
adjusted.

In Table 3, parameters like charge carriers tunneling
masses, intrinsic carrier concentration, permittivity and
constants of Kane’s model for TFET and H-TFETS based
on different material devices are adjusted.

Here, a number of results from the proposed
analytical model for the n-type DG-TFET structure as
well as the double gate H-TFET structure are reviewed
and evaluated. For this purpose, a different set of the
results of proposed model are compared with simulation
results with the calibrated numerical simulator.

In Figure 8, the transfer characteristic (I, — V) for
a double-gate TFET with the specifications mentioned in
Table 1 is drawn for the drain voltage Vs = 1V and
Vps = 0.1 V. Inthis figure, the transition characteristic is
drawn for both logarithmically and linearly. As can be
seen from Figure 8, in a wide range of biases, the
obtained results from our analytical model are consistent
with the TCAD simulation results.

TABLE 2. Accuracy of TLA method

analytical model. The device parameters used for Number of Accuracy Accuracy considering
simulation and analytical model are mentioned in Tables repetition considering channel & source
1and 3 steps channel depletion
The BTBT generation rate in the source channel 1 53.95% 60.95%
junction at the beglnn_mg of the channel is more _than the 2 83.04% 85.48%
amount of tunneling in the source depletion region, and
. . . . 0, 0,
in the calculations, the amount of tunneling in the channel 8 92.52% 93.41%
region is dominant. With considering the amount of 4 95.66% 96.02%
TABLE 3. BTBT model parameters
Material Si SiGe GaAsysShgs Ings3Gag47As
me.tunnel (Kg) 0.322m, 0.328 m, 0.053 m, 0.0332 m,
mh.tunnel (Kg) 0.549 m, 0.549 m, 0.421 m, 0.471m,
Intrinsic carrier concentration (ni) 1.45x10% 2.86x10% 1.37x10% 7.62x101
Permittivity (g,.) 39¢, 139 ¢, 143 ¢, 139 ¢,
Material TFET Agrpr (VY¥%cm.s.V?) Bgrar (Vicm.eVe?)
si 3.5x10% 22.5x10°
SiGe/Si 4.1x10% 2.45x107
GaAsSb/InGaAs 1.3x10% 6.3x10°
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Figure 8. Comparison of the results obtained from (Lines)
simulations and (symbols) our model for the transfer
characteristic DG-TFET based on Si for different drain
voltages as Logarithmically and linearly

In the TFET based on the hetero dielectric and the
hetero structure, different materials from groups I11-V
with group IV are used to increase the performance of H-
TFET (23-25). In the analytical models, the effect of
using materials with hetero structure is considered in
addition to the tunneling phenomenon to the appropriate
placement of the valance and conduction bands in the
TFET, and an effective bandgap Ej . is defined for the
model (10, 18).

In the heterojunction (n-type) TFET, the use of low
bandgap materials at the source side along with a lower
tunneling mass causes more overlap between the energy
bands at the channel-source junction and smaller the
tunneling distance. As a result, the on-state current
increases (26).

The comparison between switching performance of
homojunction TFET and double gate H-TFET using
Siy,Geg gin the source and Si in the channel and drain
regions is shown in Figure 9.

5 Symboles: Model
E 107 [ Lines: Simulation
X
Ry
<
N’
N
=
bt
; 10-10 L
3]
= i i H-
= Slo.zceo.s/ Si H-TFET
g Qi
a Si/Si TFET
10°1% : : '
0 0.5 1 1.5

Gate Voltage (V)
Figure 9. Transfer characteristics of homojunction TFET
and H-TFETSs predicted by the TCAD simulators (line) and
analytical models (symbol)

As expected, for the same gate voltage range, H-
TFET structure provide more I,y current than
homojunction TFET structure, and our proposed
analytical model can follow the simulation curve well.

In Figure 10, the transfer characteristics of three
double gate H-TFETS based on different molar ratio of
Si(1-x)Gey are shown. As the results of simulation and
analytical model are shown, Si,,Ge, g has more current
than the other two structures. The reason is the smaller
energy gap in the source region and the more energy band
bending at the tunneling region of Si, ,Ge,g compared
to SiysGegy s and Si, ,Ge, 5 structures.

Mostefai (27) studied on energy gap (Eg) as a
function of  different composition x and y in
GayIn,_4As,Sb,_,, at T =300 K and intrinsic carrier
concentration (ni) as a function of temperature and
effective density of states N, and N,, in the conduction
band and valence band, respectively. So far several
articles worked on GaAs;_,Shy, and In,_,Ga,As (10,
28, 29). The effective energy bandgap (Eg.rr) for
heterojunction TFET is an important design parameter.
Although there is no definite value for E, .. in the
GaAsy sShy s/Ing s3Gag 47As.  Various  ranges  of
effective bandgap can be seen in the literature (30, 31).
With comparing measured I, —V;g curve for the
GaAsysShys/Ings3Gag 47As H-TFET, Egerfr =
0.42eV is more suitable (31).

For best matching between the results of the TCAD
simulator and the results of the analytical model. Figure
11 shows transfer characteristics I, — Vg for different
Egerr inVps = 1V and dielectric constant Al, 05 (g5 =
8.5). Parameters mentioned in Table 2 are accounted for
GaAsSb/InGaAs and its results are compared with
simulation results.

In Figure 12, the effect of drain-source voltages on
transfer characteristic of a DG-HTFET GaAs, 5Sh 5/

x 10

~ -4 3
E 10 Simulation: Lines
\3. Model: Symbols E
5 E
= _ {2 s
£ 107 =
= =
= )
3 £
o DG-HTFET =
£ 10712 SiGe/Si 11 ©
E L=50nm E
e tox: 3nm 2
& Vpe= 1V a
=}

10-16 0

0 0.5 1 1.5
Gate Voltage (V)

Figure 10. I, — Vg curve obtained for Si¢; _yGe, /Si/Si H-
TFET for molar ratios X= 0.3, 0.5, 0.8, where the
simulations are shown as lines and the analytical model is
shown as symbols
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Figure 11. The transfer characteristics of GaAsgsSbhy 5/
Ing 53Gag 47As for several effective energy bandgap
(Eg,erf)- our model predicted by TCAD simulations (lines)
and by the analytical model (symbols)
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Figure 12. Comparison of the results obtained from
simulations (Lines ) and our model (symbols) for the transfer
characteristic DG-HTFET based on GaAsysSbys/
Ings3Gag47As for various drain voltage (Vps = 1V) and
(Vps = 0.1V) as Logarithmically and linearly

Ing s3Gag 47As for Vpg = 1V and Vpg = 0.1V is shown.

In short channel devices, the applied drain-source
voltage affects the distance of tunneling path. As can be
seen in Figure 12, it modulates the I,y reasonably while
the subthreshold swing remains almost unchanged.

Theresults obtained from our analytical model are
consistent with the TCAD simulator and shows that the
model predicts accurately.

To reduce power density and better switching
performance, TFETs are considered in low power
applications (32-34). Figure 13, shows the log I, — V¢
curves of a GaAsysSbhy s/Ing s3Gagy 4,As DG-HTFET
for different dielectric constants.

The channel length and other device parameters are
the same. Thin oxides with high permittivity lead to a
greater oxide capacitance, and provides higher charge
being formed in the channel at the same gate voltage,
which results in a higher control of the gate on the
electrostatics of the channel. This makes higher I, and
lower bias voltages. As expected from Figure 13, HfO,
provides more current at the same rang of gate voltages
and our analytical model are consistent with the TCAD
results.

Table 4, shows comparative analysis of the proposed
H-TFET structural parameters with existing literature.
Transfer characteristics of DG-HTFET for two different
heterojunctions, SiGe/Si and GaAsSb/InGaAs, are
shown in Figure 14, by considering TCAD simulations
(Lines) and analytical model (symbols). The parameters

0.014
g€ w? §0.012 ~
> g
: 6 10.01 2
s 10 ~
%) ¢ =
E DG-HTFET ° 0.008 §
5 10.9 GaAs, Sb /In  _.Ga, _As 0.006 ;
-E VD= 0.5V o &)
g fox= 2nm 70.004 =
8 102 s
20 {0.002 A
=
10715 e 0

0.5 1
Gate Voltage (V)
Figure 13. I, — V;s curves obtained of the DG-HTFET
GaAsy 5sShys/Ing 53Gag 47As from simulation (lines) and
our model (symbols) for different dielectric constant
material, HfO2 (gox = 22), Al203 (g9x = 8.5) and SiO2
(eox = 3.9)

=)

TABLE 4. The comparative H-TFET with existing literature

Source Channel Eot (nm) Oxide lon (A/um) lorr (A/um) SS (mV/dec)
(9) GaAsSh InGaAs 2 Sio, 10 1083 45
(30) SiGe Si 2 HfO, 108 1018 60
(30) InGaAs InP 2 SiO, 10°® 10 80
(1) InGaAs InP 2 SiO, 10°% 101 80
(26) Si Si 2 SiO, 10* 1018 55
This paper SiGe Si 3 Si0, 10 10 50
This paper GaAsSh InGaAs 2 Si0, 102 106 30
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Figure 14. Transfer characteristics of the H-TFET
Sig ,Geyg/Si and GaAsy sShys/Ing s3Gag 47As predicted
by the TCAD simulators (line) and analytical models
(symbol)

in Table 2 are considered for both numerical simulation
and analytical model. The GaAsy sShy s/Ing s3Gag 474s
has higher current than the Si;,Geyg. According to
Figure 14, matching the results of proposed model and
the numerical simulations confirm the validity of the
model.

6. CONCLUSIONS

In this paper, a universal physics-based analytical model
for DG H-TFETs is proposed which accurately predicts
the potential and the drain current. The fringing fields and
effects of mobile charges on the reverse decay length in
the channel are considered. The effect of high drain
voltages on the potential, using new gate potential ¥ .¢f,
is introduced, as well. The model consists of a complete
2D expression for the potential profile to predict the
potential distribution in the channel depth in addition to
the surface of the device. The mid-potential ¥y .., and
new reverse decay length k; ,,.,, are modified to represent
the potential distribution at any depth of the device. For
drain current modeling, the effect of the extended
depletion region in the source side is considered in TLA
method, and Ggrpr is calculated in the channel and the
source depletion region, which improves the accuracy of
the model at high gate voltages by 97.2%. The proposed
model is compared with TCAD results for different
material and device parameters, which confirms the
accuracy of the proposed analytical model.
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