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Abstract Tunneling FET (TFET) has been demonstrated as a favorable candidate to replace con-

ventional MOSFETs in low-power applications. However, there are many challenges that should be

overcome to efficiently operate the TFET. One of the most limiting factors that can restrict the

TFET performance is the gate leakage current. In this paper, the tunneling leakage current through

the gate oxide of double gate TFET has been analyzed. The conduction band energy level for gate-

oxide-silicon was employed to calculate the tunneling transmission coefficient by utilizing a numer-

ical method. To obtain the potential barrier between the gate and the channel surface, a modified

analytical pseudo-2D method has been applied to deduce the corresponding surface potential taking

into account a precise calculation of depletion regions. Furthermore, the inclusion of the image

charge barrier lowering effect is incorporated in calculating the transmission probability through

the oxide. Including such an effect shows a significant influence on determining the gate tunneling

current. The gate leakage current has been calculated for various bias voltages and equivalent oxide

thicknesses. The presented semi-numerical technique shows good agreement within a suitable CPU

time when validated and compared against full numerical TCAD simulation.
� 2023 The Authors. Published by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria

University This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
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1. Introduction

Scaling down the device dimensions aims to accomplish higher
chip density, better speed, and lower power consumption [1].

In addition, the scaling of the voltage supply leads to a quad-
ratic reduction of the dynamic power consumption. To achieve
the same ON-state current, the threshold voltage has to be pro-

portionally scaled while reducing the supply voltage. These
modifications cause an exponential rise of the OFF-state leak-
age current (IOFF) in Metal Oxide Semiconductor FET (MOS-
FET) as its feature size decreased down to the nanometre

dimension. Further, the current switching process in MOSFET
occurs due to the thermionic injection of charge carriers over
an energy barrier; consequently, the subthreshold swing (SS)

is thermally limited to a value of 60 mV/dec [2]. These two con-
straints along with other short channel effects (SCEs) may
restrict the future usability of MOSFET, especially in low-

power applications.
To overcome the MOSFET limitations, alternative new

devices like Tunnel FET (TFET) are being investigated [3,4].

TFET devices use quantum mechanical band-to-band tunnel-
ing (BTBT) mechanism to inject carriers, rather than the ther-
mal injection encountered in the conventional MOSFET. The
subthreshold swing (S) can be expressed by [5],

S ¼ 1

Veff

dVeff

dVGS

þ nþ b

n2
n

dVGS

� �2

ln 10ð Þ ð1Þ

where Veff and n are the bias and the electric field at the tunnel

junction, respectively, and b ¼ 4
ffiffiffiffi
m�p

E
3
2
g

3q�h
where q is the electron

charge, m* is the effective mass, �h is the reduced Planck’s con-
stant and Eg is the energy gap. The terms of Eqn. (1) are not

explicitly limited by the thermal voltage. This could cause
the subthreshold slope to be smaller than 60 mV/dec, at

300 K. Further, the device tunneling mechanism makes the
TFET almost insensitive and nearly independent of changes
in temperature. Therefore, TFETs can keep their excellent

switching characteristics even at high temperatures. Many
research efforts have been performed to improve the perfor-
mance of the TFET device operation. These include, for
instance, proposing gate over source-channel overlap pockets

[6], vertical gate-based elevated tunnel source [7], drain-
engineering quadruple-gate design [8], line-TFET utilizing dual
MOS-capacitor extensions [9], incorporating low band gap in

the source like semiconducting silicide and Germanium
[10,11], increasing the gate-source overlap [12], using hetero
gate dielectric [13], and many other techniques [14,15].

Although exhibiting better ION/IOFF switching and a lower
IOFF mainly governed by the p-i-n reverse diode, the gate leak-
age current caused by the very thin gate oxides remains an
important issue that limits the performance of the device and

increases power consumption [16]. The tunneling of the charge
carriers across the gate oxide caused by the high electric field
resulting from scaling was thoroughly studied in the last dec-

ades for MOSFETs [17,18]. However, its influence on TFET
performance has not been well investigated in the literature.
The ON-state current in TFETs is directly affected by the

BTBT path of the electrons through the barrier width.
Decreasing the gate oxide thickness causes a narrower tunnel-
ing width between the source and the channel interface owing

to the strong control of the gate voltage, which in turn
improves the tunneling probability and ameliorates ION [19].
However, when reducing the gate oxide thickness, the gate
leakage current cannot be neglected. Therefore, tunneling

through the gate is a critical parameter that must be included
in TFET analysis. Few studies, for instance, high k-dielectrics
[20], gate stacks [21], and recently, non-uniform gate oxide

thickness [22] have been published to investigate the gate leak-
age in TFETs and possible ways to alleviate its influence on the
device performance. Thus, more efforts are needed to explore

the influence of gate leakage current in order to be able to
implement such an effect into circuit simulators to predict
TFET circuits performance and their reliability. In this work,
we report on a semi-numerical approach to model TFETs,

including gate leakage current, as a first try to achieve a phys-
ically based model which can be extended to be implemented
for circuit applications.

Notably, the leakage can occur between the gate and the
channel but also between the source or drain overlap region
and the gate. This paper deals with a structure geometry that

does not involve overlapping. From the potential barrier
aspect, tunneling is divided into either direct tunneling or
Fowler-Nordheim tunneling. To be able to derive the tunnel-

ing current, two main quantities are essential: the supply func-
tion and the transmission probability. The transmission
probability should be attained by solving Schrodinger’s equa-
tion. But due to the complexity of obtaining an analytical solu-

tion for some potential functions, several approximation
methods were developed. WKB [23] and Gundlach methods
[24] are the most commonly used techniques. However, one

of the restrictions of both methods is that they are only applied
to linear potential barriers. Further, the reduction in size for
double gate devices imposes the inclusion of the image force

effect, as mentioned in [25], altering the potential in a non-
linear shape. Its influence on the current magnitude is clearly
demonstrated. Therefore, numerical methods akin to the

transfer-matrix approach are successfully used to obtain an
exact solution for gate current for a single dielectric gate oxide
of different thicknesses. In our analysis, we utilize an analytical
solution for the surface potential to get the barrier along the

oxide semiconductor interface. Then, we employ Transmission
Line Method (TLM) numerical technique [26] to compute the
gate tunneling current.

The remainder of the paper is planned as follows. The DG-
TFET structure along with its key parameters is introduced in
Section 2. An analytical solution is presented in Section 3.1 to

deduce the surface potential for the device and consequently to
obtain the oxide barrier potential which is a trapezoidal-like
shape. To calculate the transmission probability, the TLM
numerical technique is introduced. The approach used for

the current calculation is explained in Section 3.2. Finally,
the potential influenced by the image force as well as the trans-
mission probability and deducted currents are compared with

the results of the 2-D device simulator ATLAS from Silvaco in
Section 4. The paper is summarized, and conclusions are pro-
vided in the last section.

2. Device structure and main simulation parameters

A lateral Double Gate n-type TFET structure is illustrated in
Fig. 1(a). The drain current results from the carriers tunneling
from the source valence band to the lightly doped channel



(a)

(c)(b)

Fig. 1 (a) Main DG-TFET structure showing different basic regions (b) energy band diagram for ON and OFF TFET state conditions

(c) schematic energy band diagram through of Al-SiO2-nSi.

Table 1 Device Structure

Parameters.

Parameter Value

Source doping (/cm3) 1 � 1020

Channel doping (/cm3) 1 � 1015

Drain doping (/cm3) 5 � 1018

Source Length (nm) 50

Channel Length (nm) 50

Drain Length (nm) 50

Body Thickness (nm) 10

Gate EOT (nm) 1

�rox 3.9
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conduction band as illustrated in Fig. 1(b) for both ON and
OFF states. These carriers are then carried to the drain region

by the drift–diffusion process. The gate leakage current, which
is the subject of our analysis, is caused by the electron tunnel-
ing through the gate dielectric, specifically silicon dioxide

(SiO2), or any other dielectric material, as represented in
Fig. 1(c). The x-axis is specified along the length of the device
while the y-axis, pointing positively downward, represents the
thickness of the silicon body. To be able to analytically model

our device to get the surface potential, three regions were
defined: R1 is the source depletion region; R2 corresponds to
the lightly doped channel region; and finally, R3 is the drain

depletion region as demonstrated in Fig. 1(a). Table 1 lists
the main device parameters, including doping and geometrical
dimensions. In addition, the work function (um) of the gate

metal electrode is taken as 4.3 eV. It should be pointed out
here that the main factor that describes the oxide effect is
the equivalent oxide thickness (EOT) which is defined as the

thickness of SiO2 (whose dielectric constant j is 3.9) which
would be required to accomplish similar capacitance density
as any other high-j oxide material used. For instance, an
EOT of 1 nm can be obtained when an HfO2 (whose
j = 16) layer, has a physical thickness of about 4 nm. So,

the following analysis can be applied to any high-j oxide mate-
rials that have the same EOT.
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3. Formulation of analytical and numerical techniques

3.1. Surface potential modelling

The potential barrier across the oxide was deduced by calculat-
ing the surface potential across the channel. Among the meth-

ods [27–30] existing to acquire the surface potential
analytically in a TFET, the most used one is the pseudo 2D
approach. Pseudo 2D method was originally developed for

MOSFET [31]. Generally, analytical solutions involve simplifi-
cations on a mathematical model. In this regard, the pseudo
2D method aims to simplify the 2D Poisson’s equation into
a second-order 1D Poisson equation whose solution gives the

surface potential. In [32], a pseudo-2D solution of Poisson’s
equation that includes the junction depletion regions inside
the source and the drain in addition to the channel region

was adapted for TFET devices. The approach provided in
[30,32] is used in our analysis with a minor modification to
get more accurate physically based calculations of depletion

regions which, in turn, provides a precise representation of
the surface potential.

The 2D Poisson’s Equation, for a potential wðx; yÞ is
expressed as,

@2wðx; yÞ
@x2

þ @2wðx; yÞ
@y2

¼ qNj

esi
ð2Þ

where Nj is the doping that corresponds to the region being

analyzed and the subscript j corresponds to the region number
(1 for R1, 2 for R2 and 3 for R3). The continuity of the poten-

tial and the electric field at the vertical boundaries can be for-
mulated as,

w x; 0ð Þ ¼ ws xð Þ
w x; tsið Þ ¼ wb xð Þ ð3Þ

Ex x; 0ð Þ ¼ � g
tsi

VGeff � ws xð Þ� �
Ex x; tsið Þ ¼ � g

tsi
ðws xð Þ � VGeffÞ ð4Þ

In these equations, ws xð Þ is the front-side (at y = 0) surface
potential (which is the same as rear-side (at y = tsi) surface

potential). The effective gate potential, VGeffj for each region,

is given by,
Fig. 2 (a) Energy band diagram for an arbitrary potential barrier sho

in an impedance ZL) analogy.
VGeffj ¼ VG � VFBj ð5Þ
where VG is the gate bias w.r.t to the grounded source and VFBj

is the flat band potential which could be expressed as follows,

VFBj ¼ /m � v� Eg

2
þ Vbij ð6Þ

Where the gate work function is denoted by /m, while the elec-
tron affinity is symbolized by v and Eg is the energy band gap.

The built-in potential, Vbij is given by,

Vbij ¼

VTln
N1

ni

� �
for j ¼ 1

VTln
N2

ni

� �
for j ¼ 2

�VTln
N3

ni

� �
for j ¼ 3

8>>>><
>>>>:

ð7Þ

The parameter g in Equation (4) is defined as, g ¼ Coxj=CSi

where Cox is the oxide gate capacitance while Csi is the Si-film
capacitance. These capacitance components could be given by,

Csi ¼ �si
tsi

ð8Þ

Coxj ¼
fj
p

�ox
tox

for j ¼ 1 and 3
�ox
tox

for j ¼ 2

(
ð9Þ

Unlike the conformal mapping technique [33] which is
employed for regions R1 and R3, to consider the impact of
the fringing field, we added a variable fj which is taken as a fit-
ting parameter to get the best fit for the depletion region versus

TCAD simulation. It was found that this constant varies from
2 to 3 at the source region while its range is 0.1 to 0.3 at the
drain region. It may be pointed out here that in the conformal

mapping technique, the fj value is taken to be fixed at 2 for
both the source and the drain regions.

Now, after adopting the appropriate boundary conditions,

one can find [34,35],

wsj xð Þ ¼ Aje
x=kj þ Bje

�x=kj þ wdj ð10Þ
where, k is the characteristic length and the potential wd are
given by,

kj ¼ tsiffiffiffiffiffi
2gj

p

wdj ¼ VGeffj� kj
2 qNj

�j

ð11Þ
wing the discritization criteria and (b) transmission line (terminated



Fig. 3 A flowchart representing the steps carried out to perform

the simulation of gate current through the oxide of a TFET

structure.

(a)

Fig. 4 Analytical model results vs TCAD simulation (a) surface poten

width at M = 1 for VDS = 1 V and VGS = 1, 0.7 and 0.3 V.
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Applying horizontal boundary conditions (continuity of
surface potential and its derivative), the coefficients Aj and Bj

can be deduced for the three regions. The depletion pn junction

equations used in [32] are not used here. Instead, the equations
are solved iteratively in order to get the depletion regions con-
firming zero field at the depletion edges as in [30].

3.2. Transmission probability and current calculation

To be able to calculate the transmission probability, the gate-

oxide–semiconductor under study is segmented into M slices,
each of those are divided into L points with uniform spacing
a. The schematic band diagram of each slice can be illustrated

as in Fig. 2(a). A space-discretizing method that is applied to
the insulator, is the TLM which is considered a powerful
and widely used technique [36,37]. There are also other numer-
ical analysis techniques like transfer matrix method [38] and

quantum transport model based on non-equilibrium Green’s
function (NEGF) [39,40]. In our analysis, the TLM is
employed thanks to its easier implementation, higher conver-

gence, and lower simulation time than the other candidates.
The TLM is used to evaluate the quantum mechanical wave

impedance which enables for the transmission probability to

be computed. In this technique, the barrier of an arbitrary
potential is analogous to the junction between two distinct
lossy transmission lines. In addition, the wavefunctions and
their derivatives are comparable to the transmission line volt-

age and current, respectively. Fig. 2(b) illustrates the analogy
of the lossy transmission line where each segment of the poten-
tial barrier is described by a portion of a transmission line

whose characteristic impedance is Zo that can be calculated
based on the complex propagation constant c and the effective
mass m*. The propagation constant depends on the difference

between a given energy E and the potential (U) related to the
barrier at the specified segment. The range of energies is taken
to cover all values up to the barrier height. So, if the Fermi
(b)

tial wS (V) vs. device length and (b) conduction band vs. gate oxide



Fig. 6 Transmission coefficient at VDS = 0.5 V and VGS = 0.8 V

for M = 1 and M = 50. The conduction band is illustrated in the

inset of the figure.
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level at the left side of the barrier (see Fig. 2(a)) is EF, then the
energy range is EF < E < EF + uB, where uB is the barrier
height as indicated in Fig. 2(a).

The approach to obtain the transmission probability using
TLM is summarized as follows. Regarding the potential bar-
rier displayed in Fig. 2(a), the values of c and Zo are first com-

puted, for a certain energy E, employing constant values for
m* and V in each segment. The load ZL (=Zo,N+1) is repre-
sented by the characteristic impedance seen at segment

(N + 1). Next, when moving to sector (N–1), the input impe-
dance (ZN–1) is evaluated by using the well-known transmis-
sion line input impedance equation taking the value of ZL

with Zo = Zo,N and length a. Similarly, the input impedance

ZN–2 is determined regarding ZN–1 as the load impedance. This
repetitive procedure continues until we reach segment (1).
Finally, the reflection coefficient for the given barrier is

assessed using Zo,1 as the characteristic impedance and Z1 as
the load impedance. A summary of the equations is given in
Appendix A.

The gate oxide current density equation that models the
direct tunneling process is commonly known as Tsu-Esaki
equation [41] which is based on two main independent func-

tions, the supply function N Eð Þ and the transmission coeffi-
cient T E;moxð Þ. The current density is given as:
(a)

(b) (c) (d)

Fig. 5 (a) Current density surface plot at VDS = 1 V and energy band diagram for VDS = 1 V at (b) VGS = 1 V at 0.004 mm (c)

VGS = 1 V at 0.045 mm (d) VGS = 0 V at 0.045 mm.
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J ¼ 4pmSiq

h3

Z Emax

Emin

N Eð ÞT E;moxð ÞdE ð12Þ

The supply function, assuming the Fermi-Dirac energy dis-

tribution, is given as:

N Eð Þ ¼ kBTln
1þ exp

Efr�E

kBT

� �
1þ exp

Efl�E

kBT

� �
0
@

1
A ð13Þ

where Efr and Efl are the quasi-Fermi level on both sides of the

barrier.
As mentioned in [42], the electron DOS effective mass mSi is

deduced by a sum over the 6 valleys in the conduction band of

silicon that yields to mSi ¼ 2mt þ 4
ffiffiffiffiffiffiffiffiffiffi
mtml

p
. The transverse

effective mass, mt, and the longitudinal mass, ml, are set to
0.19 mo and 0.92 mo. The second electron mass mox used in

the transmission coefficient is the dielectric electron mass. To
obtain a reasonable resolution for the current density curve,
51 slices have been taken across the channel. The obtained

conduction band in Section 3.1 is then used to get the transmis-
sion coefficient for the numerical method introduced. The
(a)

(c

Fig. 7 Current density vs. distance along channel for: (a) VDS = 1

VDS = 0.5 V and VGS = 0.8 V.
effective mass of silicon dioxide,mox, is set to 0.77 mo in accor-
dance with the TCAD calibrated value [43].

A flowchart of the semi-numerical approach, utilized in this

work, is displayed in Fig. 3. After inputting the device parame-
ters and the physicalmodels, we performadesign of experiments
(DOEs) step to get required data from TCAD to be compared

with the results obtained from the semi-numerical model of
the surface potential. This step is carriedout to confirm the valid-
ity of the presented model. Next, if the accuracy is accepted, the

potential barrier across themetal/oxide/semiconductor is found.
Then, by applying TLM, the tunneling probability is computed
followed by calculating the gate current density using Equations
(12) and (13). A validation step, by comparing the results of our

technique vs those obtained from TCAD simulations, is per-
formed in order to validate the proposed methodology.
4. Results & discussion

To validate our presented model results, TCAD simulations
were accomplished in which the following models are applied.
(b)

)

V and VGS = 1 V, (b) VDS = 1 V and VGS = 0.7 V and (c)
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The self-consistent versionof the Schenckoxide tunnelingmodel
is used. In this model, the effective mass is a significant factor
that affects the tunneling current magnitude. Therefore, both

electron and hole effectivemass of SiO2 are set to 0.77mo accord-
ing to [43]. To model the drain tunneling current, the non-local
band to band tunneling model is adopted where the effective

masses of both electron and holes are essential fitting parame-
ters. To match with the results given in [44], the effective masses
of both electron and holes are set to 0.1mo and 0.17mo, respec-

tively [45]. Field-dependence mobility is enabled to model any
type of velocity saturation effect in silicon. Regarding carrier
statistics, Fermi-Dirac statistics have been invoked.

To obtain a self-consistent evaluation of the leakage current

in this work, the analytically obtained surface potential is ini-
tially plotted in Fig. 4(a) and compared vs TCAD simulations
for VGS equal and less than VDS. Since surface potential corre-

spondingly matches for different values of VGS, the conduction
band in the channel is deduced from the relation

Ec ¼ �ws þ kTln N2

ni

� �
. Consequently, the trapezoidal potential

barrier through the oxide was easily constructed as displayed
in Fig. 4(b).

To clarify the fluctuations of the gate leakage current den-

sity across the channel, a 3D-surface representation is shown
in Fig. 5(a) for VDS = 1 V and a gate voltage ranging from
0 to 1 V. For an applied gate voltage of 1 V, a positive current

density appears at a distance of 0.004 mm away from the
source-channel interface, as the result of the potential differ-
ence formed between the gate and the source as represented

by the energy band diagram in Fig. 5(b). On the other extrem-
ity of the channel, there is no potential difference between the
gate and drain clarified by the flattening of the conduction
band in Fig. 5(c), resulting in a reduction of the leakage cur-

rent. When the gate terminal is grounded, electrons are swept
at the end of the channel toward the drain resulting in a neg-
ative current density flow justified by the negative band bend-

ing slope illustrated in Fig. 5(d).
(a)

Fig. 8 Energy band diagram for VDS = 0.5 V, VGS = 0.8 V at a g

0.075 mm (mid-channel distance).
Now, the TLM has been tested for a case study in which the
applied voltages are VDS = 0.5 V and VGS = 0.8 V. The anal-
ysis starts by the calculation of the transmission coefficient

T E;moxð Þ, subsequently represented in Fig. 6 at the beginning
of the channel (M = 1) and at the end of the channel
(M = 50). The dependence of the transmission coefficient,

for M = 50, on lower incident electron energy than for
M = 1 is caused by the difference in both potential barrier
heights as displayed in the inset of Fig. 6.

Next, the obtained T E;moxð Þ is substituted in Equation (12)
to calculate the corresponding current density which is then
compared with the one extracted from the simulator as shown
in Fig. 7. At VDS = 1 V and VGS = 1 V, Fig. 7(a) shows a peak

current at the beginning of the channel, due to the potential
difference VGS = 1 V, that gradually decreases, as previously
explained in Fig. 5. As VGS decreases, as in Fig. 7(b), the cur-

rent at the beginning of the channel diminishes but a peak cur-
rent at the end of the channel begins to appear. In Fig. 7(c),
although the potential difference between the gate-source ter-

minals is greater than the gate-drain terminals, a small current
begins to appear at the beginning of the channel that largely
increases as we move along the channel. The reason behind

this is that the shape and magnitude of the current density
across the channel are not only governed by the potential bar-
rier bending due to the applied voltage over gate and drain
electrodes, but also by the availability of carriers at the dielec-

tric interface. This is clearly depicted in Fig. 8(a) by the energy
band diagram at the left side of the channel that shows the sep-
aration between the Fermi level and the conduction band edge

due to the proximity to the p-doped source, while at mid-point
in the channel, shown in Fig. 8(b), the Fermi level and conduc-
tion band edge overlaps leading to a higher current. It is noted

from the results that the TLM method exactly matches the
simulator results.

It is worth mentioning that the TCAD simulator according

to [46] uses a pseudo barrier method derived in [47] that
enables the calculation of the transmission coefficient when
(b)

ate distance of (a) 0.05 mm (edge of source-channel interface) (b)
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taking into consideration the image effect on a trapezoidal bar-
rier. The influence of the image potential by both electrodes for
a metal–insulator-semiconductor structure is derived in [48] as:

Eim yoxð Þ ¼ q2

16p�ox

�
X1
n¼0

k1k2ð Þn k1
ndþ yox

þ k2
nþ 1ð Þd� yox

þ 2k1k2
nþ 1ð Þd

	 


ð14Þ

with k1 ¼ �ox � �M
�ox þ �M

¼ �1 and.k2 ¼ �ox � �Si
�ox þ �Si
(a)         (

Fig. 10 Current density vs. distance along channel with and without

and VGS = 0.7 V (c) VDS = 0.5 V and VGS = 0.8 V.

(a)

Fig. 9 The impact of the image force on both (a) conduction band a

M = 25 (mid-channel distance).
The sum from 0 to 11 is found to be satisfying. Therefore,
Equation (14) have been applied on all energy barriers. The
build-up of this image charges lowers the barrier height and

round-off its edges, and in consequence directly influences
the transmission coefficient as depicted in Fig. 9, for
M = 25 with VDS = 0.8 V and VGS = 0.5 V. Further, the

magnitude of the current density is considerably affected as
appears in Fig. 10 for the three investigated cases.

Finally, integrating the electron tunneling current density

over the channel length enables the calculation of the total gate
current. In Fig. 11, the gate current is illustrated for both
b) (c)

image force (IF) for (a) VDS = 1 V and VGS = 1 V (b) VDS = 1 V

(b)

nd (b) transmission coefficient for VDS = 0.5 V, VGS = 0.8 V at



Fig. 12 Gate current vs. EOT for three cases (VDS = 1 V

VGS = 1 V, VDS = 0.5 V VGS = 0.8 V and VDS = 1 V VGS

= -1 V).

(a)

Fig. 13 Impact of different thicknesses at VDS = 1 V: (a) Drain curr

vs. VGS.

Fig. 11 Gate current vs. VGS for VDS = 1 V and VDS = 0.5 V.

178 N.M.S. Tawfik et al.
VDS = 1 V and 0.5 V. The proposed semi-numerical method
under analysis is found to be compliant with the TCAD simu-
lator results with much less CPU time w.r.t. the cumbersome

computational cost of the TCAD simulation. The good predic-
tion of current levels proves the validity of the presented tech-
nique. This paves the way to using this semi-numerical method

in finding the design criteria to select suitable gate oxides suit-
able for TFET operation.

In Fig. 12, the gate leakage current for different gate ETOs

is simulated and plotted. Our technique accurately predicts the
leakage current under different biases. As EOT is scaled down,
the gate leakage current drastically increases. Further, the sim-
ulated IG - VGS curve is plotted in Fig. 13(a) for various thick-

nesses showing the gate current stepping up as the thicknesses
decreases. Moreover, it is inferred from Fig. 13(b) that the
ambipolarity behaviour of the TFET can be observed at neg-

ative VGS values for an EOT of 1 nm and 0.5 nm. Remarkably,
as the EOT decreases, both ON and OFF current increase. The
ambipolar current in TFET is attenuated due to the low drain

doping concentration of our structure, compared with the
source. Decreasing the drain doping concentration led to a ris-
ing of both conduction and valence energy band diagram in

the drain region. This causes the BTBT mechanism to lower,
therefore decreasing the ambipolarity. It is obvious that the
gate leakage current is the main contributor to the IOFF cur-
rent, and therefore its neglection can lead to an underestima-

tion of the subthreshold swing and a higher ION to IOFF

ratio. Thus, it is crucial to include gate leakage currents when
analysing TFET circuits to get more accurate prediction of the

device performance.
It should be pointed out here that the presented physi-

cally based model is built on some assumptions and approx-

imations that should be met in order to get reliable results.
One of the main assumptions is that the TFET structure
geometry does not involve overlapping, either gate-channel

or drain-channel overlaps. Further, the pseudo-2D tech-
nique, employed to get the surface potential, is valid for
depletion mode only. So, the drain voltage should be greater
than or equal to the gate voltage. Moreover, the model is

based on the supported data from TCAD simulations to
(b)

ent vs. VGS, (b) Drain (Dashed Line) and gate (Solid Line) current
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get precise surface potentials through the proper fitting of
the fringing effect. The model can be modified to include
the impact of overlapping by extending the pseudo-2D

method to be solved in four regions instead of three. How-
ever, to solve for drain voltages less than the gate voltage,
the pseudo model will not be valid, and more advanced

models should be incorporated. Finally, to get rid of the fit-
ting parameters, more efforts are needed to model the fring-
ing effect to be a unified function of bias.

5. Conclusion

In this work, the TFET gate current leakage numerical analy-

sis through a single dielectric oxide has been thoroughly ana-
lyzed. The surface potential is accurately modeled using an
analytical Pseudo-2D method that is valid for drain voltages

greater than or equal to the gate voltage to ensure depletion
mode. The conduction band through the oxide has therefore
been successfully deducted. The gate current densities have
been examined by applying TLM while taking into considera-

tion the effect of image force.
It has been shown that the TLM numerical method accu-

rately predicts the exact value of the gate oxide leakage current

for different biasing and gate effective oxide thicknesses of the
device. The error percentage for the obtained gate current den-
sities have been found to be as low as 10%. Upon inspection,

the barrier lowering due to the accumulation of image charge
must be taken under account, since its neglection leads to
underestimated current density values.

Simulations performed over a range of small EOTs shows

the necessity of the gate leakage inclusion to obtain a correct
IOFF for the TFET device, since for an EOT of 0.5 nm, the gate
current has been found to range from 3.5 � 10-6 A to 6 � 10-5

A for VDS = 1 V. This indicates the necessity of its addition
for an accurate subthreshold swing calculation. The validity
of the numerical techniques is performed by comparing the

results with TCAD simulation showing good agreement with
much less CPU times regarding the presented method. In our
future work, we will handle the design of gate stacks suitable

for TFET low power operation to reach an optimum choice
from materials and performance perspectives.
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Appendix A. The following equations are extracted from REF

[26]. Given a certain potential barrier, the complex propaga-
tion constant can be calculated as,
c ¼ j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�

–h2
E� Vð Þ

r
ðA1Þ
Then, the characteristics impedance is computed from,

Zo ¼ c–h
jm� ðA2Þ

Now, the input impedance Zin for a transmission line at a
distance a from the load is given by,

Zin ¼ Zo

ZL � Zo tanh cað Þ
Zo � ZL tanh cað Þ ðA3Þ

The reflection coefficient for the potential barrier is calcu-
lated by utilizing Zo,1 as the characteristic impedance and Z1

as the load impedance,

C ¼ ZL � Zo

ZL þ Zo

ðA4Þ

Finally, the quantum transmission probability is provided

by,

T Eð Þ ¼ 1� C Eð Þj j2 ðA5Þ
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Carceller, P. Cartujo, Influence of image force and many-body

correction on electron mobility in ultrathin double gate silicon

on insulator inversion layers, Appl. Phys. Lett. 83 (15) (2003)

3120–3122, https://doi.org/10.1063/1.1619217.

[26] T.M. Abdolkader, A. Shaker, A.N.M. Alahmadi, Numerical

simulation of tunneling through arbitrary potential barriers

applied on MIM and MIIM rectenna diodes, Eur. J. Phys. 39 (4)

(2018), https://doi.org/10.1088/1361-6404/aab5cf 045402.

[27] R. Ranjith, K.J. Suja, R.S. Komaragiri, An analytical model for

a TFET with an n-doped channel operating in accumulation and

inversion modes, J. Comput. Electron. 20 (3) (2021) 1125–1136,

https://doi.org/10.1007/s10825-021-01683-x.

[28] J. Talukdar, G. Rawat, K. Mummaneni, Analytical

modeling and TCAD simulation for subthreshold

characteristics of asymmetric Tunnel FET, Mater. Sci.

Semicond. Process. 142 (2022), https://doi.org/10.1016/j.

mssp.2022.106482 106482.

[29] S. Mohammadi, H.R.T. Khaveh, An analytical model for

double-gate tunnel FETs considering the junctions depletion

regions and the channel mobile charge carriers, IEEE Trans.

Electron Devices 64 (3) (2017) 1276–1284, https://doi.org/

10.1109/TED.2017.2655102.
[30] Y. Yahia, M.S. Salem, A. Shaker, H. Kamel, M. Abouelatta, M.

ElBanna, A modified pseudo 2D physically-based model for

double-gate TFETs: Role of precise calculations of drain and

source depletion regions, Ain Shams Eng. J. 13 (1) (2022),

https://doi.org/10.1016/j.asej.2021.06.025 101539.

[31] K.K. Young, Short-channel effect in fully depleted SOI

MOSFETs, IEEE Trans. Electron Devices 36 (2) (1989) 399–

402, https://doi.org/10.1109/16.19942.

[32] M.G. Bardon, H.P. Neves, R. Puers, C. Van Hoof, Pseudo-two-

dimensional model for double-gate tunnel FETs considering the

junctions depletion regions, IEEE Trans. Electron Devices 57 (4)

(2010) 827–834, https://doi.org/10.1109/TED.2010.2040661.

[33] S.C. Lin, J.B. Kuo, Modeling the fringing electric field effect on

the threshold voltage of FD SOI nMOS devices with the LDD/

sidewall oxide spacer structure, IEEE Trans. Electron Devices

50 (12) (2003) 2559–2564, https://doi.org/10.1109/

TED.2003.816910.

[34] R. Goswami, B. Bhowmick, A temperature-dependent surface

potential-based algorithm for extraction of threshold voltage in

homojunction TFETs, Int. J. Numer. Modell.: Electronic

Networks Devices Fields. 31 (3) (2018) e2304.

[35] S.K. Mitra, B. Bhowmick, An analytical drain current model of

gate-on-source/channel SOI-TFET, SILICON 11 (6) (2019)

3031–3039.

[36] A.N. Khondker, M.R. Khan, A.F.M. Anwar, Transmission line

analogy of resonance tunneling phenomena: The generalized

impedance concept, J. Appl. Phys. 63 (10) (1988) 5191–5193,

https://doi.org/10.1063/1.341154.

[37] A. Tanimu, E.A. Muljarov, Resonant-state expansion applied to

one-dimensional quantum systems, Phys. Rev. A 98 (2) (2018)

022127.

[38] Y. Ando, T. Itoh, Calculation of transmission tunneling current

across arbitrary potential barriers, J. Appl. Phys. 61 (4) (1987)

1497–1502, https://doi.org/10.1063/1.338082.

[39] A. Shaker, M. Ossaimee, A. Zekry, M. Abouelatta, Influence of

gate overlap engineering on ambipolar and high frequency

characteristics of tunnel-CNTFET, Superlattice. Microst. 86

(2015) 518–530, https://doi.org/10.1016/j.spmi.2015.08.008.

[40] I.E. Hashem, N.H. Rafat, E.A. Soliman, Theoretical study of

metal-insulator-metal tunneling diode figures of merit, IEEE J.

Quantum Electron. 49 (1) (2012) 72–79, https://doi.org/10.1109/

JQE.2012.2228166.

[41] R. Tsu, L. Esaki, Tunneling in a finite superlattice, Appl. Phys.

Lett. 22 (11) (1973) 562–564, https://doi.org/10.1063/1.1654509.

[42] A. Gehring, S. Selberherr, Modeling of tunneling current and

gate dielectric reliability for nonvolatile memory devices, IEEE

Trans. Device Mater. Reliab. 4 (3) (2004) 306–319, https://doi.

org/10.1109/TDMR.2004.836727.

[43] P. Chaturvedi, M.J. Kumar, Impact of gate leakage

considerations in tunnel field effect transistor design, Jpn. J.

Appl. Phys. 53 (7) (2014), https://doi.org/10.7567/

JJAP.53.074201 074201.

[44] K. Boucart, A.M. Ionescu, Double-gate tunnel FET with high-$

\kappa $ gate dielectric, IEEE Trans. Electron Devices 54 (7)

(2007) 1725–1733, https://doi.org/10.1109/TED.2007.899389.

[45] A. Shaker, M. El Sabbagh, M.M. El-Banna, Influence of drain

doping engineering on the ambipolar conduction and high-

frequency performance of TFETs, IEEE Trans. Electron

Devices 64 (9) (2017) 3541–3547, https://doi.org/10.1109/

TED.2017.2724560.

[46] SILVACO� (2016) ATLASTM User’s Manual [online] Available

at: www.silvaco.com.

[47] A. Schenk, G. Heiser, Modeling and simulation of tunneling

through ultra-thin gate dielectrics, J. Appl. Phys. 81 (12) (1997)

7900–7908, https://doi.org/10.1063/1.365364.

[48] M. Kleefstra, G.C. Herman, Influence of the image force on the

band gap in semiconductors and insulators, J. Appl. Phys. 51 (9)

(1980) 4923–4926, https://doi.org/10.1063/1.328366.

http://refhub.elsevier.com/S1110-0168(23)00262-4/h0065
http://refhub.elsevier.com/S1110-0168(23)00262-4/h0065
http://refhub.elsevier.com/S1110-0168(23)00262-4/h0065
http://refhub.elsevier.com/S1110-0168(23)00262-4/h0065
http://refhub.elsevier.com/S1110-0168(23)00262-4/h0070
http://refhub.elsevier.com/S1110-0168(23)00262-4/h0070
http://refhub.elsevier.com/S1110-0168(23)00262-4/h0070
http://refhub.elsevier.com/S1110-0168(23)00262-4/h0075
http://refhub.elsevier.com/S1110-0168(23)00262-4/h0075
http://refhub.elsevier.com/S1110-0168(23)00262-4/h0075
https://doi.org/10.1080/1448837X.2021.1966957
https://doi.org/10.1080/1448837X.2021.1966957
https://doi.org/10.1016/j.microrel.2005.12.006
https://doi.org/10.1016/j.microrel.2005.12.006
https://doi.org/10.3390/nano11102759
https://doi.org/10.1016/j.spmi.2016.12.048
https://doi.org/10.1109/TED.2011.2128320
https://doi.org/10.1016/j.physe.2018.07.001
https://doi.org/10.1016/j.physe.2018.07.001
https://doi.org/10.1088/1361-6641/aa6fca
https://doi.org/10.1088/1361-6641/aa6fca
https://doi.org/10.1016/0038-1101(66)90071-2
https://doi.org/10.1063/1.1619217
https://doi.org/10.1088/1361-6404/aab5cf
https://doi.org/10.1007/s10825-021-01683-x
https://doi.org/10.1016/j.mssp.2022.106482
https://doi.org/10.1016/j.mssp.2022.106482
https://doi.org/10.1109/TED.2017.2655102
https://doi.org/10.1109/TED.2017.2655102
https://doi.org/10.1016/j.asej.2021.06.025
https://doi.org/10.1109/16.19942
https://doi.org/10.1109/TED.2010.2040661
https://doi.org/10.1109/TED.2003.816910
https://doi.org/10.1109/TED.2003.816910
http://refhub.elsevier.com/S1110-0168(23)00262-4/h0170
http://refhub.elsevier.com/S1110-0168(23)00262-4/h0170
http://refhub.elsevier.com/S1110-0168(23)00262-4/h0170
http://refhub.elsevier.com/S1110-0168(23)00262-4/h0170
http://refhub.elsevier.com/S1110-0168(23)00262-4/h0175
http://refhub.elsevier.com/S1110-0168(23)00262-4/h0175
http://refhub.elsevier.com/S1110-0168(23)00262-4/h0175
https://doi.org/10.1063/1.341154
http://refhub.elsevier.com/S1110-0168(23)00262-4/h0185
http://refhub.elsevier.com/S1110-0168(23)00262-4/h0185
http://refhub.elsevier.com/S1110-0168(23)00262-4/h0185
https://doi.org/10.1063/1.338082
https://doi.org/10.1016/j.spmi.2015.08.008
https://doi.org/10.1109/JQE.2012.2228166
https://doi.org/10.1109/JQE.2012.2228166
https://doi.org/10.1063/1.1654509
https://doi.org/10.1109/TDMR.2004.836727
https://doi.org/10.1109/TDMR.2004.836727
https://doi.org/10.7567/JJAP.53.074201
https://doi.org/10.7567/JJAP.53.074201
https://doi.org/10.1109/TED.2007.899389
https://doi.org/10.1109/TED.2017.2724560
https://doi.org/10.1109/TED.2017.2724560
https://doi.org/10.1063/1.365364
https://doi.org/10.1063/1.328366

	Investigation of gate leakage current in TFET: A semi-numerical approach
	1 Introduction
	2 Device structure and main simulation parameters
	3 Formulation of analytical and numerical techniques
	3.1 Surface potential modelling
	3.2 Transmission probability and current calculation

	4 Results & discussion
	5 Conclusion
	Declaration of Competing Interest
	Acknowledgment
	Appendix A 
	References


