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Abstract

This paper presents the analytical approximation of device physics of heterojunction based double gate (DG) Tunnel field effect
transistors (TFETSs) in terms of potential distribution, electron density and electron barrier tunneling. In order to improve the
device performance with respect to ON current (Ioy), DG TFET with gate-drain overlap is developed. An asymmetric gate oxide
is introduced in the gate - drain overlap region and is compared to DG TFET. The device physics and its performance charac-
teristics are studied by using various materials, such as Si, SiGe, InAs and GaSb. The simulated results are validated against the
model values. DG TFETs with gate-drain overlap offers higher tunneling probability compared to DG TFETs. Also GaSb/Si
based DG TFETs with gate-drain overlap shows good performance improvement by offering higher tunneling probability which

in turn offers a higher Ioy of 1.15 mA/um.

Keywords DG TFETs - Asymmetric gate oxide - Gate-drain overlap - Electron density - Band to band tunneling

1 Introduction

With the downscaling of CMOS devices, the high static power
consumption has paved a way for an imminent power crisis.
Small swing switches are an attractive applicant to replace the
current MOSFETs for low power applications [1-5]. TFETSs
being an alternate to CMOS devices have become increasing-
ly important in micro and nano-electronic applications due to
their significantly low OFF current (Iorr) and low subthresh-
old swing (SS) [6—8]. While the TFET devices reported early
suffered from low ON current (Ipy), it has been reported that
the use of the lower band gap materials have improved the
same. The use of various materials such as Silicon, Ge, SiGe
and group III-V materials have made it better suited for analog
applications.

Many literature have been reported on TFET from analyt-
ical perspective. In certain 1D analytical models, the tunneling
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current has been analytically derived [9]. It has also been
reported that, analytical based pseudo 2D approaches were
designed from the aspect of examining the electrostatic poten-
tial and tunneling current of a long channel device [10]. The
effect of shortest tunneling path were studied to analyze the
behavior of device tunneling current [11]. An analytical model
including the effect of the channel mobile charge carriers was
studied to analyze the impact of the interface trapped charges
density, the length of damaged region on the surface potential,
and drain current on the device performance of DG TFET
[12].

A 2-D analytical model of triple-metal hetero-dielectric DG
TFET was reported by combining the concepts of triple mate-
rial gate engineering and hetero-dielectric engineering along
with silicon-on- nothing technology to improve the device per-
formances [13]. An analytical drain current model for the dual-
material-gate heterojunction (DMG-H) TFET was studied to
observe the effects of source depletion, drain depletion,
ambipolar behavior, and mobile charge performance both in
inversion and accumulation states [14]. It has also been report-
ed that by exploiting the thermal injection method (TIM), an
accurate analytical model for the TFET potential profile can be
developed to improve the device accuracy with less computa-
tional cost [15].

This study focuses primarily on improving DG TFET perfor-
mance with device structure modification. An asymmetrical gate
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oxide is developed in the gate - drain overlap region and its
performance is compared to that of DG TFET by exploring
the device parameters (electrostatic potential, electron density
and electron barrier tunneling). The devices taken into consider-
ation are homo (Silicon based TFETSs) and hetero-structures
(SiGe/Si, InAs/Si and GaSb/Si) based TFETs. Device descrip-
tion and parameter space are given in the next section. The
analytical expressions, validation of simulation result and con-
clusion are provided in the subsequent sections.

2 Device Description and Parameter Space
2.1 Device Description

All the simulations are carried out using technology computer
aided design (TCAD) simulator from Synopsys [16]. The
simulated structure of Si and SiGe/Si based DG TFET and
DG TFET with gate-drain overlap are shown in Fig. 1(a-d)
respectively. For SiGe/Si based devices, optimized mole
fraction (x) of 0.4 is used. Figure 2(a-d) shows the device
structure of InAs/Si and GaSb/Si based DG TFET and DG
TFET with gate-drain overlap respectively. This study is
carried out for drain voltage (V4) of 1 V and gate voltage
(V) of 1.8 V. All the devices are calibrated against the
published results [8].

Source +——

Channel

Si

Drain «—— Si

(a) (b)

2.2 Parameter Space

Table 1 lists the dimensions of the device carried out
in this study. Doping dependence mobility, high and
normal field effects on mobility and velocity saturation
are used in the physics section of the simulator.
Besides, the Fermi - Dirac statistics and SRH recombi-
nation, Hurkx tunneling model is also used in the
simulator.

2.3 Band Diagram of DG TFETs

Figure 3(a-d) depicts the band diagram of Si, SiGe/Si, InAs/Si
and GaSb/Si based DG TFETs during ON state. A lower
bandgap material can increase the tunneling probability in
TFET which in turn improves Iy of the device. When a
smaller bandgap in the entire TFET region is used, both oy
and Iopp increases simultaneously. The material property at
the source tunneling junction determines Iy value of the
device.

Various methods were used to establish a heterojunction in
the device through the use of the smaller band gap material in
the tunnel region and higher band gap material in the other
regions of the device. It is evident from Fig. 3 that a reduced
tunneling width of DG TFETs with gate-drain overlap offers
higher tunneling probability which in turn results in higher
Ion. Also GaSb/Si based DG TFETs provides higher Ioy

(©) (d)

Fig. 1 Device structure of (a) Si based DG TFET (b) Si based DG TFET with gate-drain overlap (¢) SiGe/Si based DG TFET (d) SiGe/Si based DG

TFET with gate-drain overlap
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Fig. 2 Device structure of (a) InAs/Si based DG TFET (b) InAs/Si based DG TFET with gate-drain overlap (¢) GaSb/Si based DG TFET (d) GaSb/Si

based DG TFET with gate-drain overlap

compared with other devices due to higher tunneling rate of
electrons at the source channel junction. Though InAs has a
lower band gap, the material property of GaSb like electron
affinity plays an important role in obtaining the higher
tunneling rate of electrons at the source channel junction
which in turn enhances the tunneling propability of the de-
vice [17].

Table 2 shows the Ioy value extracted for all the devices
with Iorr matching which can be done by proper gate work
function tuning. It can be seen from Table 2 that, all DG
TFETs with gate-drain overlap devices offers higher Ioy
compared to DG TFETs without overlap. In addition,
GaSb/Si based devices offers more Ioy compared to other
materials and this is because of its material property, elec-
tron affinity [17].

Table 1 Parameter space for DG TFETSs
Parameters Si and SiGe/Si InAs/Si and GaSb/Si
based DG TFETs based DG TFETs
Gate length (L) 50 nm 50 nm
Gate oxide thickness (t.y) 3 nm 3 nm
Channel thickness (t.,) 10 nm 10 nm
Channel doping concentration lel7 cm™ lel6 cm™
(Nch)
Drain doping concentration ~ 5el8 cm > lel9 cm™
(No)
Source doping concentration 120 cm ° 2el9 cm ™
(Ny)

3 Analytical Expressions

In this section, the analytical expressions to obtain the electri-
cal parameters, electrostatic potential, electron density and
electron barrier tunneling are discussed as in the literature.

3.1 Potential Distribution

Potential distribution in the channel is obtained by solving the
2D Poisson equation,

PU(x,y)  FU(xy) qN
— )4 B;Z = Eh,(OSXSId) (1)

where W (x,y) is the potential distribution, q is the charge and
€, is the permittivity of semiconductor. The channel region
can be split into two regions such as tunneling and transport
regions. Figure 4 shows the electrostatic potential of a
heterojunction DG TFET where 14 represents the length of
the tunneling region and W, represents the channel potential
[18].

The parabolic approximation and vertical boundary condi-
tions to solve 1D second order differential equation of Eq. (1)
are as follows:

U(x,y) = a(x) +ai(x)y + a(x)y’

U(x,0) = U(x,thn) = ¥(x) 2)
&sEy(x,0) = Cox (Vg V=¥ (x))
&sEy (X, ten) = ~Cox (Ve Vp—¥(x))

From the above boundary conditions, 1D second order dif-
ferential equation can be given as,
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Fig. 3 Band diagram of Si, SiGe/Si, InAs/Si and GaSb/Si based DG TFETs during ON state

d*(x,y) _2Cy W(x) = qNen  2Cox
dx?

V.~V
ten€s & ten€s ( ¢ ﬂ?)

(3)

where W(x) is the electrostatic potential, Vg, is the flat band
voltage which mainly depends on the material properties such
as electron affinity, bandgap and intrinsic carrier concentra-
tion. C,, is the effective oxide capacitance and can be given as
€ox/toxs Where €., 1s oxide permittivity.

The general solution of the electrostatic potential can be
obtained as below,

-1 -1
U(x) = Aexp (X)\d> +Bexp <— X}\d>

where A is the characteristic length and it can be expressed as,

ten€s

A =
V 2Cox
A, B and l4 are the coefficients that can be obtained from

below three boundary conditions. The electrostatic potential
equals built in potential (Vy;) at the source/channel interface.

(5)

T(0) = Vi (6)
The electric field equals zero at x =13,
d¥(x)
i (7)

The electrostatic potential equals the channel potential at

N h =
+ (Ve Vi)~ 22N 4) *=l
S
U(lg) = Pep (8)
Table 2 Comparison of DG
TFETs with and without gate- Parameters DG TFETs with gate-drain overlap DG TFETs without gate-drain overlap
drain overlap
Si SiGe/ InAs/ GaSb/ Si SiGe/ InAs/ GaSb/
Si Si Si Si Si Si
Ton (MA/pm) 57 116 80 1150 15 15 45 900
TIorr (FA/pm) 14.5 14.5 0.5 0.5 14.5 14.5 0.5 0.5
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The channel potential can be obtained from the solution of N )
1D Poisson’s equation involving the inversion charge, U(x) = <\Ij bV + Vi + 8 9Neh )\2) cosh (X)\d>
&s
2 N
Cw(y) q 7 ) + Ve Vi 22 (0<x<ly) (14)
dy2 gs(nie(‘l’(}’)—Vd)/Vl) s

where n; is the intrinsic carrier concentration, V. is the thermal

voltage,
feh Lcosp (10)
2[3 25 kT

where 3 can be obtained from the below expression,

2kT

Ueh = WU(y)ly—y, = Va~ —1

q(Ve—Vn—Vq) il 2 [2EKT
2kT ten || @?ni
= Inf—In(cospP) + {3 tanp (11)
chCox

The coefficients A, B and 14 can be obtained from
Egs. (6)-(8),

chh

\I’Ch_(vg—Vfb) + A2
A=B= 3 & (12)
N
Vo Vg + Vi + A2
lg = A cosh™ : (13)
N,
WV, + Vo + N
S

After substituting A, B and l4 in Eq. (4), the electrostatic
potential can be given as,

3.2 Electron Density Profile

Fermi-Dirac statistics and 2D density of states are used to
obtain the density of electrons for weak and strong inversions.

q¥(x) + kT ln(NA—E —Eo(T(x )))
kT

gmgkT
n==--——In|l+ex
mh? P

(15)

where g is the degeneration factor, my is the density of states
effective mass, Ny is the effective density of states in the
valence band, 7 is the planks constant, ¥(x) is the electrostatic
potential and E, is the band gap of the material.

The density of electrons for weak inversion obtained using
Fermi-Dirac statistics can be expressed as follows [19].

q ()+kT1n<NA) —Eg—Eow (P(x))
kT

kT
ny = gmakT In |1+ exp
h?

(16)

where E,, is the first subband energy level expression.

@ Springer



1484

Silicon (2022) 14:1479-1488

The electron density in the strong inversion (ng) can be
given as:

n, = Cox,eff (Vg_vth) (17)
q

where, Coy ofr (V) can be given as below,

EOX
Cox,eff (Vg) = 3 3 (18)
fo + o =
o & b(ns; \Ijst)

Parameter b and W, the potential at the onset of inversion
can be expressed as:

b=(n, ¥(x))

()]

3

where m = 0.98 my is the longitudinal effective mass. Xax 1S
the maximum position of x.

Epo (20 ¢
Wy = 2, 4 P 2T0)

(20)
where, 2U¢ is the classical value of potential at the onset of
inversion.

3.3 Tunneling Phenomenon

Band to band tunneling is a phenomenon in which a particle
can escape a potential barrier even when it has insufficient
energy to overcome the barrier. If the electric field in the
semiconductor is significantly large, there is a finite probabil-
ity that the electrons can tunnel or excite directly from the
valence band to the conduction band [20]. Figure 5 shows
the triangular potential barrier approximation in TFET.

An expression of the tunneling probability in TFETs deter-
mined by using the WKB approximation can be given by

Te=exp [—2{?; Ik(x)|dx (21)

where —x; and X, are the coordinates at which the triangular
barrier is drawn, k(x) is the electron’s wave vector in the tri-
angular barrier and it can be expressed as,

2m

5 (PEE) (22)

k(x) =
where m” is the effective carrier mass (material dependent),
PE is the potential energy and E is the energy of the incoming
electron. The energy of the electron at the widest part of the
triangle is zero (E = 0) and as per equation of triangle, PE can

@ Springer

be substituted by (%—q&x) , where & is the electric field at the

tunnel junction. Then k(x) can be rewritten as,

2 (E;’—qax) (23)

k(x) = W

Substituting Eq. (23) in Eq. (21),
X 2m" (E
Tezexp [2 ° hﬂz (fq&x)] dx (24)

After integration, T, is obtained as,

; ks
4+/2m* (E :
T exp [3&(;_(1&)] (25)

X,

From Fig. 5, at x =X,, (%—q&x) =0 and at x=

e (%*qax) — E,. substituting this in Eq. (21) yields T, as

below,

T ~e 4\/2m*E;/2 (26)
~exp| ——=—
t p 3qhE,

From Eq. (26) it can be observed that a particle with lower
mass, with lower bandgap and higher electric fields will yield
higher tunneling probability which in turn offers higher Ioy.

4 Validation of Results

The simulated plots of the three electrical parameters, electron
density, electron barrier tunneling and electrostatic potential
could be validated with their corresponding analytical expres-
sions as discussed in the previous section. The various param-
eters are extracted and fitted into the appropriate expressions
using MATLAB version 9.6. All the input parameters of the
device (material parameter, geometrical parameter, doping,
etc) are given into the MATLAB and the values of the output
electrical parameters are obtained along with the correspond-
ing plot.

4.1 Electrostatic Potential Distribution

The predicted electrostatic potential profile simulated from
TCAD along with the model values extracted from
MATLAB for all the devices are shown in Fig. 6. It can be
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Fig.5 Triangular potential barrier
approximation in TFETSs

found from the plot that the model value shows good agree-
ment with the TCAD simulated values. From the plot it can be
observed that the electrostatic potential at the source end is
high for the device with gate-drain overlap as compared to the
device without overlap and this can be attributed due to the

4 Potential energy (PE)
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injection of carriers at a higher velocity from the source side. It
can also be seen from the plot that electrostatic potential is
high for DG TFETs with gate-drain overlap in comparison
with the DG TFETs without overlap. Due to this, high tunnel-
ing current is obtained for DG TFETs with gate-drain overlap.
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Fig. 6 Electrostatic Potential of (a) Si based DG TFETs (b) SiGe/Si based DG TFETs (¢) InAs/Si based DG TFETs and (d) GaSb/Si based DG TFETs
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4.2 Electron Density Profile

Figure 7(a-d) shows the electron density profile simulated
from TCAD along with the model values extracted for all
the devices. It can also be observed from the plot that
GaSb/Si-based DG TFETs offers enhanced electron den-
sity compared with other devices. This can be attributed
due to the volume inversion taking place in the channel.
The volume inversion in the channel improves the Ioy.
Also, the electron density at the source end has improved
for the devices with gate-drain overlap comparing to de-
vices without overlap and thereby resulting in higher Ioy
[21].

4.3 Electron Barrier Tunneling

Figure 8 shows the TCAD simulated electron barrier tunnel-
ing distribution along with the extracted model values for all
the devices. From the plot, the rate at which the electrons are
generated at the source side due to tunneling can be obtained.
From Fig. 8 it can also be seen that DG TFET with gate-drain

overlap has more electron tunneling probability compared to
that of DG TFET. It is also evident from the plot that GaSb/Si
based DG TFET devices offers higher tunneling rate com-
pared to other materials. Since GaSb/Si based DG TFETs
offers higher tunneling rate of electrons, increased Iy is ob-
tained for the same compared to other devices.

5 Conclusion

In this study, the plots of electron density along with the elec-
tron barrier tunneling and electrostatic potential distribution of
homo and hetero DG TFETs were extracted. The simulated
values were validated by fitting them with their corresponding
analytical expressions. It could be observed that a simulated
value shows good agreement with the modeled values for all
the devices taken into consideration. The injection of carriers
at a higher velocity from the source side have enhanced the
electrostatic potential for DG TFETs with gate-drain overlap
in comparison with the DG TFETs without overlap. Also, the
high density of the electrons at the source end and higher
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Fig. 7 Electron Density of (a) Si based DG TFETSs (b) SiGe/Si based DG TFETs (¢) InAs/Si based DG TFETs and (d) GaSb/Si based DG TFETs
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Fig. 8 Electron Barrier Tunneling of (a) Si based DG TFETs (b) SiGe/Si based DG TFETs (¢) InAs/Si based DG TFETs and (d) GaSb/Si based DG

TFETs

tunneling probability rate have improved the device perfor-
mance for DG TFETs with gate-drain overlap in comparison
to DG TFETs without overlap, leading to increased lon. From
the material aspect, GaSb/Si based DG TFETSs with gate-drain
overlap provides enhanced device performance compared to
DG TFETs without overlap due to its material property, elec-
tron affinity. Hence heterjunction based DG TFET seems to
be a promising candidate for future RF/ analog or mixed sig-
nal circuit applications.
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