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Abstract: This paper presents a comprehensive investigation of the electrical properties of a heterojunction tunnel field
effect transistor with enhanced electrical tunneling current. The proposed device structure incorporates an extended
source region and two parallel channels positioned above and below the source region. This configuration effectively
amplifies the tunneling area, leading to a significant improvement in the on-state current. Moreover, the inclusion of an
embedded oxide region between the source and drain regions confers the device with a high resistance to short-channel
effects. The combination of materials in both the source and channel region results in a staggered band alignment at the
tunneling junction. This specific configuration leads to a lower threshold voltage for the initiation of tunneling. The
impact of critical design parameters on the device performance has been thoroughly examined. A 2D variation matrix
has been developed to compute the threshold voltage and on-state current variation based on the source doping density
and gate workfunction, which serve as essential design parameters to optimize the electrical performance of the device.
Furthermore, the device has achieved a unity current-ratio frequency of 300 GHz indicating its suitability for high-
frequency applications. Additionally, the proposed structure provides an on-state current of 2.24x10*“ (A/um), an off-
state current of 1.24x10°% (A/um), an on/off current ratio of 1.81x10%, and a subthreshold swing of 5 (mV/dec). These
characteristics make the device viable for energy-efficient, high-speed digital circuits.
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1. INTRODUCTION It exploits interbond tunnelling, a quantum mechanical
effect, as a transport mechanism. As a result, sub-thermionic
transport can be achieved at room temperatures, along with
low off current and a favourable on/off current ratio. The
conventional TFET is a gated p-i-n diode that is reverse
biased. The modulation of the tunneling barrier width at the
interface of the source and channel region is achieved through
the gate bias. When in the off-state, the tunneling barrier is
sufficiently thick, and as a result, the carriers cannot tunnel
through. However, by applying an adequate amount of bias to
the gate, carriers of the opposite type with respect to the
source region accumulate in the channel. This accumulation
creates a steep p*-n* tunneling junction with a thin barrier
width that facilitates carrier band to band tunneling [7-10].
The initial TFET device suffers from low on-state current due
to tunneling occurring only at a limited region at the interface
of source and channel regions. However, recent studies have

The reduction in size of traditional Metal-Oxide-
Semiconductor  Field Effect Transistor (MOSFET)
dimensions is the leading factor in the advancement of low-
power high-speed integrated circuits. Nevertheless, when the
MOSFET dimensions are scaled down to the nanoscale level,
undesirable effects, commonly referred to as short channel
effects, come into play, ultimately impairing device
performance and elevating power consumption [1-6]. The
conventional MOSFET is restricted by the thermionic
electron emission-type transport and has a fundamental limit
for the sub-threshold swing. However, Boltzmann limit
dictates that it cannot be smaller than 60 (mV/dec) under
room temperature conditions. In order to advance
computational technology, a new class of devices is required.
The Tunnel Field Effect Transistor (TFET), also known as the
steep-slope device, is one of the most promising candidates.
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shown that the band to band tunneling current of a TFET is
dependent not only on the source doping density but also on
the band gap of the material used in designing the device.
Effective band alignment at the source-channel interface can
amplify the tunneling rate. Homojunction TFETs employ
similar materials at the tunneling junction, while
heterojunction TFETs use different materials leading to
different band alignments at the tunneling junction, including
staggered gap and broken gap heterojunctions. A
heterojunction formed by suitable semiconductor materials of
different band gaps, mainly from group IlI-V, can be
constructed and arranged to further boost the tunneling
current [11-14]. Expanding the tunneling area is an additional
approach, alongside material engineering, that can be
employed to enhance the tunneling rate. Various structures
such as L-shaped [15-17], F-shaped [18,19], and electron-
hole bilayer TFET [20-22] and vertical TFET [23-25] exhibit
an enlarged tunneling region. Nevertheless, the intricate
nature of their fabrication process poses a challenge.

In this paper, a new heterojunction vertical tunnel field-
effect transistor is presented with two parallel channels and
an improved band-to-band tunneling region, leading to a
significant enhancement in the on-state current of the device.
The proposed device employs GaSh as the source material
and high band gap GaAs in the channel and drain regions.
Through the creation of a staggered heterostructure at the
source/channel interface, a robust electric field is established,
thereby facilitating band-to-band tunneling current with low
transition voltage. In the proposed extended source TFET,
band to band tunneling occurs across the thickness of the
intrinsic channel and in the vertical direction, leading to a
substantial increase in the tunneling area and a notable
improvement in the on-state current. Furthermore, a
comprehensive analysis is conducted to examine the
influence of crucial design parameters on the device
performance, and the corresponding electrical measures in the
analog and digital domains are evaluated. Additionally, a 2D
variation matrix of the threshold voltage and on-state current
is generated to determine the ideal design parameters that
promote optimal efficiency of the device. In prior
investigations, the primary emphasis was placed on
optimizing the electrical properties of a TFET device through
the simultaneous attainment of the minimum possible off-
state current, the lowest average subthreshold swing over a
broad range of drain current, and the maximum achievable
on-state tunneling current. In essence, in order to enhance the
band-to-band tunneling current and establish a step-like
transition from the off-state to the on-state, the transmission
probability of the tunneling barrier must approach unity for a
small deviation in the gate voltage around the threshold
voltage. This necessitates a significant modulation of the
energy bands through gate bias and an exceedingly thin
tunneling barrier. Various approaches exist to enhance TFET
performance, encompassing Doping Engineering [26-29],
Material Engineering [30], as well as Geometry and Structure
Engineering [31]. The TFET device in [23] examines the
proposed vertical tunneling TFET based on silicon material.
Essentially, owing to the relatively high effective mass of
silicon, an alternative material combination becomes
essential in order to amplify the tunneling rate. In [28], in
contrast to the conventional TFETs with a p-i-n doping
profile, both the source and channel regions possess a similar
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doping profile, which could potentially facilitate the
fabrication process of the device. Nevertheless, the
optimization of the gate workfunction and channel doping
density is imperative in achieving efficient performance. In
[30], a p-type electron-hole bilayer TFET with GaSb is
introduced as a low-power device with an enhanced tunneling
window. In [31], a three-dimensional nanowire TFET is
proposed to enhance the gate controllability and boost the
tunneling rate. Although the fabrication process for this
device is complex, it leads to significant improvement in
electrical characteristics. The device presented in this paper
integrates the benefits of previously documented tunnel field-
effect transistors (TFETS) to create a device with enhanced
electrical efficacy. The device utilizes a heterojunction
approach founded on material engineering principles, and a
widened source region is utilized to amplify the rate of
tunneling. The incorporation of a dual parallel channel
introduces an additional tunneling junction that significantly
enhances the on-state current.

The present paper is structured in the following manner:
Firstly, the proposed TFET schematic along with critical
simulation models are introduced in the subsequent section.
Subsequently, the device performance outcomes and
discussions regarding the crucial physical and structural
design parameters are presented. Ultimately, the conclusion
section provides an overview of the paper.

2. DEVICE STRUCTURE AND SIMULATION SET UP

The illustration of Bi-channel Extended Source Tunnel
Field Effect Transistor (BESTFET) is depicted in Fig. 1. Fig.
la displays the preliminary two-dimensional diagram of the
BESTFET, while Fig. 1b portrays its on-state functionality by
delineating the tunneling region in the parallel channel. The
utilization of GaSh as a source material and high band gap
GaAs in the channel and drain regions results in a lattice
matched staggered type heterojunction that promotes band to
band tunneling rate, as depicted. Experimentally, the
utilization of the metalorganic vapor phase epitaxy (MOVPE)
technique allows for the successful incorporation of carbon as
a dopant in order to produce p-type GaSh. Moreover, the
fabrication of p-GaSb can also be achieved through the
diffusion process by introducing Zinc (Zn) as a dopant.

The aforementioned material combinations allow for the
attainment of a high on-state current without any occurrence
of ambipolarity in the suggested heterojunction device. The
proposed BESTFET comprises two parallel channels with a
significant band to band tunneling area. In contrast,
conventional TFET experiences tunneling in a limited region
near the gate oxide area at the source-channel interface,
leading to inadequate on-state current. However, the
BESTFET offers two parallel channels with an enhanced
band to band tunneling area, which efficiently enhances the
on-state current. The fundamental physical and structural
design parameters of the structures investigated in this study
are presented in Table 1. The Numerical simulations are
conducted using the ATLAS device simulator [32], and the
device performance is evaluated using the following models:

(1) Band to band tunneling; Basically, TFETs exploits the
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Fig. 1: (a) schematic of BESTFET with heterojunction material combination at the source and channel region, (b) on-state
operation of BESTFET, in which tunneling occurs along the channel thickness in two parallel channels.

quantum mechanical phenomena better known as nonlocal
band to band tunneling as the main current mechanism. In
principle, band to band tunneling occurs when the channel
conduction band aligns with the source valence band.
Following the band alignment, energetic overlap emerge
promptly which leads to a steep switching of the device from
off-state to on-state. (2) Band gap narrowing; The energy
band gap is a crucial factor that can significantly impact the
rate of tunneling. Empirical evidence suggests that the
contraction of the band gap takes place in regions with heavy
doping because of the emergence of supplementary impurity
bands caused by the overlapping of impurity states. (3)
Mobility models; Mobility models take into account the effect
of dopant density and lattice scattering on carrier mobility, as
well as the influence of vertical and horizontal electric fields.
In areas with high levels of doping, the mobility of carriers is
reduced as dopant atoms serve as potent scatter centers,
thereby diminishing the average time between collisions.
Additionally, the carrier drift velocity and effective mobility
can be significantly impacted by the electric field emanating
from the gate and drain bias. (4) Trap assisted tunneling (or
Shockley-Read-Hall recombination) models; It is evident that
the process of band-to-band tunneling involves the movement
of an electron from the valence band across the band gap to
the conduction band. However, the occurrence of energy
states within the band gap due to the presence of traps and
defects can lead to tunneling before the onset of gate bias
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assisted band to band tunneling. Consequently, a decline in
subthreshold swing can be expected. (5) The proposed
BESTFET contains a channel region that is confined between
the gate insulator and the source region according to the
guantum confinement model. As the thickness of the channel
scales down below 5nm, the quantum capacitance is affected
by the finite number of density of states in the channel,
leading to wvariations in the gate capacitance. Thus,
appropriate quantum confinement models must be utilized to
ensure accurate results.

Table 1: Initial physical and structural design parameters for
the BESTFET.

Parameters Value
Channel Length (Lcn) 60nm
Extended Source Length(Ls) 30nm
Channel Thickness (Tcn) 5nm
Gate Insulator Thickness-HfO2 2nm
Source Doping Density 3x10%° (cm3)
Channel Doping Density intrinsic
Drain Doping Density 1x10'8 (cm®)
Gate Workfunction (WFg) 4.0eV
Source and Drain Thickness 5nm
Length of SiO2 10nm
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3. RESULTS AND DISCUSSIONS

The energy band bending occurring at the interface
between the source and channel regions can be roughly
estimated as a barrier that resembles a triangle. Utilizing the
Wentzel-Kramers-Brillouin approximation (WKB), the
probability of tunneling in the BESTFET can be elucidated.

aVZm B/

Twie ~ exp(=A355 205

1)
where A shows the tunneling length and shows the extension
of the transition region at the interface of source and channel
regions, E; denotes the bandgap energy of the source region
and A® represents the tunneling window, where the BTBT is
allowed to occur and m* is the carrier effective mass.
Essentially, the smaller value of A demonstrates a more
pronounced band bending at the tunneling region. From a
theoretical standpoint, the increase in gate bias regulates the
tunneling probability, Ty, kg, through the reduction of 1 and
simultaneous increment of the A® window. To enhance the
operational effectiveness of TFET, it is imperative to
meticulously engineer the tunneling junction in order to
ensure a high BTBT rate and exceptional gate controllability
across the tunneling barrier. In simpler terms, the tunneling
barrier should be sufficiently thin to initiate tunneling. The
energy band diagram for the BESTFET is presented in Fig. 2
for both the off-state (Ves=0V Vps=1V) and on-state
(Ves=1V Vps=1V) conditions from the source to the channel.
In the off-state, the electron density within the channel is
inadequate to generate a narrow tunneling barrier, resulting in
an absence of tunneling. However, when the gate voltage
surpasses the threshold voltage value, the energy band within
the channel is pulled down, and a significant reduction in the
tunneling barrier at the source-channel interface is observed.
Based on the energy band diagrams, the tunneling barrier
width in the off-state is approximately 5nm, ad by employing
the gate bias in the on-state, this barrier reduces to 3nm. Due
to this phenomenon, there is a significant surge in the drain
current which happens suddenly, resulting in a subthreshold
swing that is much lower compared to the conventional
MOSFET Boltzmann limit. Threshold voltage, as defined, is
the minimum gate voltage necessary to initiate tunneling,
leading to a rapid increase in drain current from the off-state
to the on-state. Fig. 3 illustrates the density of both electrons
and holes in the BESTFET device, both in the off-state and
on-state. Essentially, in the absence of the gate bias, the
electron density in the channel is insufficient for the creation
of a sharp tunneling junction. Nonetheless, through the
application of a positive bias to the sidewall gates, a build-up
of electrons within the channel enables the formation of a thin
tunneling barrier to facilitate tunneling. Fig. 4 displays the
impact of drain bias variation on the transfer characteristics
of the BESTFET. It is observed that the threshold voltage and
off-state current of the device remain unaffected by drain bias
variation. Tunneling field-effect transistors suffer from a
major issue of drain induced source tunneling (DIST),
wherein the electric field lines arising from the drain electrode
affect the tunneling barrier width at the source and channel
region interface in the absence of gate bias. However, the
proposed structure deals with this issue by separating the
drain region from the tunneling junction using a thick oxide
layer, which significantly reduces the DIST effect. It is
evident that the carrier velocity and, correspondingly, the on-
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state current increase as the drain bias is incremented. The
subthreshold swing (SS) in the proposed device can be
approximately defined as:

SS ~ @w @)

in which q is the basic electric charge, W is defined as the
tunneling barrier width. Essentially, as the gate bias is
elevated towards adequately positive magnitudes, the width
of the tunneling barrier is fundamentally diminished. This
signifies the emergence of tunneling and a substantial
reduction in the subthreshold swing. The subthreshold swing
is precisely defined as the gate bias needed to achieve a six-
fold change in the drain current, spanning from the minimum
off-state current. The results demonstrate that for Vps=1V,
2.24x10* (A/um), an off-state current of 1.24x10"%> (A/um),
an on/off current ratio of 1.81x10%, and a subthreshold swing
of 5 (mV/dec) can be achieved, which makes this device
feasible for high-speed low-power digital applications.
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Fig. 2: Energy band diagram of the BESTFET in the off-
state and on-state operation along the vertical direction from
the source region towards lower channel region.
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Fig. 4: Transfer characteristics of BESTFET as the drain Fig. 5: Transfer characteristics of BESTFET as the gate
bias is varied. workfunction is parametrized, Vps=1V.

Fig. 5 depicts the transfer characteristics of the
BESTFET with respect to the parametrization of the metal
gate workfunction. Following materials are considered for the
gate electrode: Hafnium (3.9eV), Zirconium (approximately
4eV), Indium (4.1 eV), Molybdenum (4.2 V) and Titanium,
Silver, Niobate (4.3 eV). It is evident that the distinction
between the workfunction of the gate and the channel can
indeed influence the carrier density within the channel. The
findings indicate that an increase in the gate workfunction
results in a reduced electron density in the channel, leading to
a shift in the on-state to off-state transition voltage towards
higher positive values. It is imperative to note that a narrow
tunneling barrier necessitates a sufficient electron density. As
such, a gate workfunction engineering framework is
necessary for optimal device performance with a minimal
threshold voltage value.

In order to initiate tunneling, a sharp p*-n* tunneling
junction is fundamental. The density of doping in the source
is a crucial factor that can impact the tunneling rate. The
transfer characteristics of BESTFET are depicted in Fig. 6,
which demonstrates the effect of source doping density. The
findings reveal that decreasing the source doping density
leads to a significant increase in the threshold voltage and a
decrease in the tunneling rate. The thickness of the space
charge region at the interface of the source and channel
regions is inversely related to the doping concentration of the
source region. It is clear that a high concentration of dopants
in the source region reduces the width of the tunneling barrier,
thus increasing the electric field at the primitive gate electric
field. Consequently, the increased electric field across the
tunneling junction results in an elevation of the tunneling
current. Therefore, to achieve a sharp tunneling junction and
minimize resistance in the source region, a higher doping
density should be utilized. The proposed device is
characterized by an extended tunneling window that is
situated at the interface of the source and channel region. The
on-state and off-state variation with respect to the length of
the extended source region is illustrated in Fig. 7. It is
observed that the on-state current increases considerably as
the Ls increases, which is indicative of an increment in the
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Fig. 6: Ip-Vgs curves of BESTFET as the source doping
density is varied, Vps=1V.
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Fig. 7: Off-state and on-state current variation of the
BESTFET versus source length.

band to band tunneling rate. Conversely, the off-state current
exhibits negligible variation with respect to Ls. This is due to
the embedded oxide region that lies between the channel and
the drain side, as well as the wide band gap of the drain
region, which limit the effect of the drain electric field on the
tunneling rate.
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Temperature, a fundamental physical measure, has a
profound impact on device performance as illustrated in Fig.
8 that showcases the effect of temperature on the transfer
characteristics of BESTFET. It is evident that temperature has
a notable influence on the off-state current and threshold
voltage, while the on-state current shows a negligible
variation. Specifically, an increase in temperature causes a
variation in the density of minority carriers in the source
region, leading to a contribution of minority electrons to the
leakage current. In addition, scattering resulting from
imperfections in the crystal structure, such as ionized
impurities, assumes as the dominant mechanism when
temperatures are low. Due to the decreased agitation of the
atoms in the cooler lattice, scattering within the lattice
becomes less significant. However, the motion of the carriers
also slows down. Considering that a carrier moving at a
slower pace is more likely to experience a stronger scattering
effect when interacting with a charged ion compared to a
carrier with higher momentum, events of impurity scattering
lead to a reduction in mobility as the temperature decreases.
However, in the on-state, the tunneling current predominantly
consists of majority carriers and hence temperature does not
have a significant effect on the drain current.

The findings indicate that the gate workfunction and
source doping are crucial design parameters that significantly
impact the p*-n* tunneling junction, leading to a modification
in the tunneling rate. In Fig. 9, the 2D variation matrix of the
threshold voltage and on-state current is computed as a
function of source doping density and gate workfunction. The
point of maximum threshold voltage is situated in the
uppermost left-hand corner of the variation matrix, indicating
that a combination of a high gate workfunction value and low
source density leads to an increase in the width of the
depletion layer at the tunneling junction. To attain the lowest
possible positive threshold voltage and high on-state current
with steep subthreshold swing for n-type TFET, a sharp p*-n*
tunneling junction is essentially required. The variation
matrix reveals that the proper combination of source doping
density and gate workfunction in the bottom right side of the
contour can be adjusted to achieve the lowest possible
positive threshold voltage. Consequently, decreasing the
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transition bias for the onset of tunneling can result in
maximum drain current, which can be observed in the bottom
right corner of the variation matrix. It is noteworthy to state
that the implementation of a heavily doped region in the
source region can serve as a means to decrease the parasitic
resistance of the source. Additionally, the manipulation of the
gate workfunction engineering framework can be utilized to
adjust the threshold voltage and thus the on-state current.

The illustration of the frequency response of the
apparatus is evident in Fig. 10. The results demonstrate the
achievement of a unity current-ratio frequency of 300GHz,
thereby emphasizing the feasibility of employing the device
in high-frequency applications. The proposed device
possesses two sidewall channels as well as an extended
source region. The presence of a thin film channel region
leads to the existence of capacitance between the gate and the
source/drain electrode. This capacitance plays a crucial role
in the degradation of the current gain at high frequency. At
high frequency, the impedance of the gate and the
source/drain capacitance deteriorates, resulting in a decline in
the current gain. This decline occurs due to the inability of the
gate bias to effectively modulate the width of the tunneling
barrier.
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Fig. 9: (a) 2D variation contour of threshold voltage, (b) on-
state current variation as a function of source doping density
and gate workfunction value.
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Fig. 10: Current gain versus frequency of the BESTFET for
calculating the unity current-ratio frequency of the device.

4. CONCLUSION

In this study, a bi-channel TFET device with two
sidewall parallel channels is subjected to a comprehensive
analysis of its electrical characteristics. The study also
evaluates the influence of crucial structural and design
parameters on the device's performance. The findings
showcase the device remarkable resistance to short channel
effects, thereby highlighting its suitability for employment in
the nanoscale regime. Furthermore, the gate workfunction
and source doping density emerge as critical design
parameters that significantly impact the device's
performance. A 2D variation contour is computed for the
threshold voltage and on-state current, taking into account the
gate workfunction and source doping density variation. The
results reveal that in order to attain a low-power high-speed
TFET device, the source region should possess a high doping
density. Additionally, the electrical performance of the device
can be optimized through precise gate workfunction
engineering framework.

CREDIT AUTHORSHIP CONTRIBUTION STATEMENT

Zahra Ahangari: Conceptualization, Data curation, Formal
analysis, Funding acquisition, Investigation, Methodology, Project
administration, Resources, Software, Supervision, Validation,
Visualization, Roles/Writing - original draft, Writing - review &
editing.

DECLARATION OF COMPETING INTEREST

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper. The
ethical issues; including plagiarism, informed consent,
misconduct, data fabrication and/or falsification, double
publication and/or submission, redundancy has been
completely observed by the authors.

REFERENCES

[1] S. Jha, and S. K. Choudhary, “A comparative analysis
of the short-channel effects of double-gate, tri-gate and

212

[2]

(3]

[4]

[5]

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

gate-all-around MOSFETSs”, International Journal of
Nanoparticles, vol. 12, no. 1-2, pp. 112-121, 2020.

F. A. Herrera et al., “Advanced short-channel-effect
modeling with applicability to device optimization-
Potentials and scaling”, IEEE Transactions on Electron
Devices, vol. 66, no. 9, pp. 3726-3733, 2019.

Q. Xie, J. Xu, and Y. Taur, “Review and critique of
analytic models of MOSFET short-channel effects in
subthreshold”, IEEE Transactions on Electron Devices,
vol. 59, no. 6, pp. 1569-1579, 2012.

H. Ghorbani, and J. L. R. Martinez, “A feedforward
active gate voltage control method for SiC MOSFET
driving,” Journal of Applied Research in Electrical
Engineering, vol. 2, no. 1, pp. 87-94, 2023.

M. Arab Nezhad, and A. Mahani, “Design of low-power
approximate logarithmic multipliers with improved
accuracy,” Journal of Applied Research in Electrical
Engineering, vol. 2, no. 1, pp. 95-102, 2023.

A. Davami, and M. H. Shahrokh Abadi, “Investigating
the effects of phosphorene nanotubes (PNTs)-on-gold
substrates on the enhancements of the sensitivity of SPR
biosensors”, Journal of Applied Research in Electrical
Engineering, vol. 1, no. 2, pp. 169-174, 2021.

K. M. C. Babu, and E. Goel, “Evolution of tunnel field
effect transistor for low power and high speed
applications: a review,” Silicon, vol. 14, no. 17, pp.
11051-11060, 2022.

S. Chander, S. K. Sinha, and R. Chaudhary,
“Comprehensive review on electrical noise analysis of
TFET structures,” Superlattices and Microstructures,
vol. 161, p. 107101, 2022.

R. Goswami, and B. Bhowmick, “Comparative analyses
of circular gate TFET and heterojunction TFET for
dielectric-modulated label-free biosensing,” IEEE
Sensors Journal, vol. 19, no. 21, pp. 9600-9609, 2019.

K. S. Singh, S. Kumar, and K. Nigam, “Impact of
interface trap charges on analog/RF and linearity
performances of dual-material gate-oxide-stack double-
gate TFET”, IEEE Transactions on Device and
Materials Reliability, vol. 20, no. 2, pp. 404-412, 2020.

J. E. Jeyanthi, T. S. A. Samuel, A. S. Geege, and P.
Vimala, “A detailed roadmap from single gate to
heterojunction TFET for next generation devices,”
Silicon, vol. 14, no. 7, pp. 3185-3197, 2022.

C.-Y. Chen, H. llatikhameneh, J. Z. Huang, G. Klimeck,
and M. Povolotskyi, “Impact of body thickness and
scattering on 111-V triple heterojunction TFET modeled
with atomistic mode-space approximation,” IEEE
Transactions on Electron Devices, vol. 67, no. 8, pp.
3478-3485, 2020.

N. Oliva, J. Backman, L. Capua, M. Cavalieri, M.
Luisier, and A. M. lonescu, “WSe2/SnSe2 vdW
heterojunction Tunnel FET with subthermionic
characteristic and MOSFET co-integrated on same
WSe2 flake,” npj 2D Materials and Applications, vol.
4,no.1, p. 5, 2020.


http://dx.doi.org/10.1504/IJNP.2020.10027802
http://dx.doi.org/10.1504/IJNP.2020.10027802
http://dx.doi.org/10.1504/IJNP.2020.10027802
http://dx.doi.org/10.1504/IJNP.2020.10027802
https://doi.org/10.1109/TED.2019.2931749
https://doi.org/10.1109/TED.2019.2931749
https://doi.org/10.1109/TED.2019.2931749
https://doi.org/10.1109/TED.2019.2931749
http://dx.doi.org/10.1109/TED.2012.2191556
http://dx.doi.org/10.1109/TED.2012.2191556
http://dx.doi.org/10.1109/TED.2012.2191556
http://dx.doi.org/10.1109/TED.2012.2191556
https://doi.org/10.22055/jaree.2023.39698.1045
https://doi.org/10.22055/jaree.2023.39698.1045
https://doi.org/10.22055/jaree.2023.39698.1045
https://doi.org/10.22055/jaree.2023.39698.1045
https://doi.org/10.22055/jaree.2021.36119.1018
https://doi.org/10.22055/jaree.2021.36119.1018
https://doi.org/10.22055/jaree.2021.36119.1018
https://doi.org/10.22055/jaree.2021.36119.1018
https://doi.org/10.22055/jaree.2022.39570.1044
https://doi.org/10.22055/jaree.2022.39570.1044
https://doi.org/10.22055/jaree.2022.39570.1044
https://doi.org/10.22055/jaree.2022.39570.1044
https://doi.org/10.22055/jaree.2022.39570.1044
https://doi.org/10.1007/s12633-022-01826-0
https://doi.org/10.1007/s12633-022-01826-0
https://doi.org/10.1007/s12633-022-01826-0
https://doi.org/10.1007/s12633-022-01826-0
https://doi.org/10.1016/j.spmi.2021.107101
https://doi.org/10.1016/j.spmi.2021.107101
https://doi.org/10.1016/j.spmi.2021.107101
https://doi.org/10.1016/j.spmi.2021.107101
http://dx.doi.org/10.1109/JSEN.2019.2928182
http://dx.doi.org/10.1109/JSEN.2019.2928182
http://dx.doi.org/10.1109/JSEN.2019.2928182
http://dx.doi.org/10.1109/JSEN.2019.2928182
http://dx.doi.org/10.1109/TDMR.2020.2984669
http://dx.doi.org/10.1109/TDMR.2020.2984669
http://dx.doi.org/10.1109/TDMR.2020.2984669
http://dx.doi.org/10.1109/TDMR.2020.2984669
http://dx.doi.org/10.1109/TDMR.2020.2984669
https://doi.org/10.1007/s12633-021-01148-7
https://doi.org/10.1007/s12633-021-01148-7
https://doi.org/10.1007/s12633-021-01148-7
https://doi.org/10.1007/s12633-021-01148-7
http://dx.doi.org/10.1109/TED.2020.3002220
http://dx.doi.org/10.1109/TED.2020.3002220
http://dx.doi.org/10.1109/TED.2020.3002220
http://dx.doi.org/10.1109/TED.2020.3002220
http://dx.doi.org/10.1109/TED.2020.3002220
http://dx.doi.org/10.1109/TED.2020.3002220
http://dx.doi.org/10.1038/s41699-020-0142-2
http://dx.doi.org/10.1038/s41699-020-0142-2
http://dx.doi.org/10.1038/s41699-020-0142-2
http://dx.doi.org/10.1038/s41699-020-0142-2
http://dx.doi.org/10.1038/s41699-020-0142-2
http://dx.doi.org/10.1038/s41699-020-0142-2

Z. Ahangari

Journal of Applied Research in Electrical Engineering, Vol. 2, No. 2, pp. 206-213, 2023

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

U. S. Shikha, B. Krishna, H. Harikumar, J. Jacob, A.
Pradeep, and R. K. James, “OFF current reduction in
negative capacitance heterojunction TFET,” Journal of
Electronic Materials, vol. 52, no. 4, pp. 2695-2707,
2023.

I. Chahardah Cherik, and S. Mohammadi, “Germanium-
source L-shaped TFET with dual in-line tunneling
junction,” Applied Physics A, vol. 127, no. 7, p. 525,
2021.

S. Singh and B. Raj, “Analytical and compact modeling
analysis of a SiGe hetero-material vertical L-shaped
TFET,” Silicon, pp. 1-11, 2021.

S. S. Shin, J. H. Kim, and S. Kim, “L-shaped tunnel FET
with stacked gates to suppress the corner effect,”
Japanese Journal of Applied Physics, vol. 58, no. SD, p.
SDDE10, 2019.

S. Yun et al., “F-shaped tunnel field-effect transistor
(tfet) for the low-power application,” Micromachines,
vol. 10, no. 11, p. 760, 2019.

P. Singh, and D. S. Yadav, “Design and investigation of
f-shaped tunnel fet with enhanced analog/rf
parameters,” Silicon, pp. 1-16, 2021.

L. Lattanzio, L. De Michielis, and A. M. lonescu, “The
electron--hole  bilayer tunnel FET,” Solid-State
Electronics, vol. 74, pp. 85-90, 2012.

Ashita, S. A. Loan, A. G. Alharbi, and M. Rafat,
“Ambipolar leakage suppression in electron-hole
bilayer TFET: Investigation and analysis,” Journal of
Computational Electronics, vol. 17, pp. 977-985, 2018.

J. L. Padilla, C. Alper, A. Godoy, F. Gamiz, and A. M.
lonescu, “Impact of asymmetric configurations on the
heterogate germanium electron-hole bilayer tunnel FET
including quantum confinement,” IEEE Transactions
on Electron Devices, vol. 62, no. 11, pp. 3560-3566,
2015.

Z. Ahangari, and S. Mahmaodi, “Design and sensitivity
analysis of steep-slope bi-channel vertical tunnel field
effect transistor,” Silicon, vol. 13, pp. 1917-1924, 2021.

V. Ambekar and M. Panchore, “Realization of high-
speed logic functions using heterojunction vertical
TFET,” Applied Physics A, vol. 129, no. 3, p. 166, 2023.

J. Singh, S. Singh, and N. Paras, “Design and integration
of vertical TFET and memristor for better realization of
logical functions,” Silicon, vol. 15, no. 2, pp. 783-792,
2023.

[26]

[27]

(28]

[29]

[30]

[31]

[32]

S. Meriga and B. Bhowmick, ‘‘Investigation of a dual
gate pocket-doped drain engineered tunnel FET and its
reliability issues’’, Applied Physics A, vol. 129, no. 2, p.
104, 2023.

R. Paul, “Simulation and performance evaluation of
charge plasma based dual pocket biosensor using sige-
heterojunction TFET design,” Silicon, vol. 15, no. 5, pp.
2147-2162, 2023.

Z. Ahangari, “Performance optimization of a nanotube
core--shell semi-junctionless p*p*n heterojunction
tunnel field effect transistor,” Indian Journal of Physics,
vol. 95, pp. 1091-1099, 2021.

K. Kumar, A. Kumar, V. Mishra, and S. C. Sharma,
“Implementation of band gap and gate oxide
engineering to improve the electrical performance of
SiGe/InAs Charged plasma-based junctionless-TFET”’,
Silicon, vol. 15, no. 3, pp. 1303-1313, 2023.

A. Masoudi, Z. Ahangari, and M. Fathipour,
“‘Performance optimization of a nanoscale GaSb P-
channel electron-hole bilayer tunnel field effect
transistor using metal gate workfunction engineering’’,
Materials Research Express, vol. 6, no. 9, p. 096311,
2019.

U. Mushtag, N. Kumar, S. Anand, and I. Amin, ‘“Design
and performance analysis of core-shell dual metal-dual
gate cylindrical GAA silicon nanotube-TFET’’, Silicon,
vol. 12, pp. 2355-2363, 2020.

ATLAS User Manual 2018 (Santa Clara, USA: Silvaco
International.

BIOGRAPHY

Zahra Ahangari received her PhD
degree in Electrical Engineering-
Electronics  from  Islamic  Azad
University, Science and Research
Branch, in the year 2013. From the year
2004 onwards, Zahra served as a
research assistant in the Device

Modelling and Simulation laboratory of University of Tehran
under supervision of Professor Morteza Fathipour. Currently,
Zahra is the faculty member of electrical engineering
department at Islamic Azad University, Yadegar-e-Imam
Khomeini (RAH) Shahr-e-Rey Branch. Zahra's main areas of
research are modelling and simulation of nanoelectronic
devices, nano sensors, and solar cells.

Copyrights

© 2024 Licensee Shahid Chamran University of Ahvaz, Ahvaz, Iran. This article is an open-access article distributed under
the terms and conditions of the Creative Commons Attribution —Non-Commercial 4.0 International (CC BY-NC 4.0)

License (http://creativecommons.org/licenses/by-nc/4.0/).

213


http://dx.doi.org/10.1007/s11664-023-10232-0
http://dx.doi.org/10.1007/s11664-023-10232-0
http://dx.doi.org/10.1007/s11664-023-10232-0
http://dx.doi.org/10.1007/s11664-023-10232-0
http://dx.doi.org/10.1007/s11664-023-10232-0
https://doi.org/10.1007/s00339-021-04677-5
https://doi.org/10.1007/s00339-021-04677-5
https://doi.org/10.1007/s00339-021-04677-5
https://doi.org/10.1007/s00339-021-04677-5
https://doi.org/10.1007/s12633-021-01009-3
https://doi.org/10.1007/s12633-021-01009-3
https://doi.org/10.1007/s12633-021-01009-3
http://dx.doi.org/10.7567/1347-4065/ab0ff1
http://dx.doi.org/10.7567/1347-4065/ab0ff1
http://dx.doi.org/10.7567/1347-4065/ab0ff1
http://dx.doi.org/10.7567/1347-4065/ab0ff1
https://doi.org/10.3390/mi10110760
https://doi.org/10.3390/mi10110760
https://doi.org/10.3390/mi10110760
https://doi.org/10.1007/s12633-021-01420-w
https://doi.org/10.1007/s12633-021-01420-w
https://doi.org/10.1007/s12633-021-01420-w
https://doi.org/10.1016/j.sse.2012.04.016
https://doi.org/10.1016/j.sse.2012.04.016
https://doi.org/10.1016/j.sse.2012.04.016
https://doi.org/10.1007/s10825-018-1184-y
https://doi.org/10.1007/s10825-018-1184-y
https://doi.org/10.1007/s10825-018-1184-y
https://doi.org/10.1007/s10825-018-1184-y
https://doi.org/10.1109/TED.2015.2476350
https://doi.org/10.1109/TED.2015.2476350
https://doi.org/10.1109/TED.2015.2476350
https://doi.org/10.1109/TED.2015.2476350
https://doi.org/10.1109/TED.2015.2476350
https://doi.org/10.1109/TED.2015.2476350
https://doi.org/10.1007/s12633-020-00579-y
https://doi.org/10.1007/s12633-020-00579-y
https://doi.org/10.1007/s12633-020-00579-y
https://doi.org/10.1007/s00339-023-06419-1
https://doi.org/10.1007/s00339-023-06419-1
https://doi.org/10.1007/s00339-023-06419-1
https://doi.org/10.1007/s12633-022-02047-1
https://doi.org/10.1007/s12633-022-02047-1
https://doi.org/10.1007/s12633-022-02047-1
https://doi.org/10.1007/s12633-022-02047-1
https://doi.org/10.1007/s00339-023-06394-7
https://doi.org/10.1007/s00339-023-06394-7
https://doi.org/10.1007/s00339-023-06394-7
https://doi.org/10.1007/s00339-023-06394-7
https://doi.org/10.1007/s12633-022-02154-z
https://doi.org/10.1007/s12633-022-02154-z
https://doi.org/10.1007/s12633-022-02154-z
https://doi.org/10.1007/s12633-022-02154-z
https://doi.org/10.1007/s12648-020-01776-6
https://doi.org/10.1007/s12648-020-01776-6
https://doi.org/10.1007/s12648-020-01776-6
https://doi.org/10.1007/s12648-020-01776-6
https://doi.org/10.1007/s12633-022-02111-w
https://doi.org/10.1007/s12633-022-02111-w
https://doi.org/10.1007/s12633-022-02111-w
https://doi.org/10.1007/s12633-022-02111-w
https://doi.org/10.1007/s12633-022-02111-w
https://doi.org/10.1088/2053-1591/ab30b0
https://doi.org/10.1088/2053-1591/ab30b0
https://doi.org/10.1088/2053-1591/ab30b0
https://doi.org/10.1088/2053-1591/ab30b0
https://doi.org/10.1088/2053-1591/ab30b0
https://doi.org/10.1088/2053-1591/ab30b0
https://doi.org/10.1007/s12633-019-00329-9
https://doi.org/10.1007/s12633-019-00329-9
https://doi.org/10.1007/s12633-019-00329-9
https://doi.org/10.1007/s12633-019-00329-9
http://creativecommons.org/licenses/by-nc/4.0/

