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Abstract: A Heterojunction Dopingless TFET model with gate stacking has been presented for ultra-low power application
using 2D layered material in the source-region to enhance the bandgap mechanism and thereby tunnelling probability. A layered
phosphorene material (B-Ph) with moderate value of bandgap and low effective mass is used in the present work which also
adds on in the characterization of proposed source-region of the SOI (silicon-on-insulator) heterojunction doping-less TFET
(HD-TFET). The drain current expression is extracted by analytically integrating the band-to-band tunnelling generation rate
over the channel thickness. High-k HfO2 has been layered on the top of SiO2 to get a significant and effective gate oxide
thickness, which results in the smaller OFF current (improved subthreshold conduction phenomenon) and offers an extremely
low subthreshold swing of 1.8 mV/Decade. The proposed model also demonstrates that the proper choice of work function for
both the latterly contacting gate electrode (near the source and drain) materials which can give better results in terms of input-
output characteristics, Subthreshold Swing and lon/lorr than the conventional TFET devices. ATLAS™, a two-dimensional
(2D) device simulator from Silvaco has been used in the device structure modelling and characterization. The numerical

simulation of the proposed device is performed on. The device offers promising ON-OFF transition profiling with :"—"ratio of ~
off

108. The small signal behaviour of the proposed HD-TFET model has also been investigated and the performances of the B-
Ph/Si gate stacked HD-TFET are observed promising for the possible implementation at circuit level.
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1. Introduction

As speed crisis in multi-gigahertz chips keep increasing, power dissipation problem on the other hand is
looming large in the electronics industry. The key control to improve the performance per watt is to match up the
pace of supply voltage (Vpp) down-scaling with device dimensions and simultaneously curbing the leakage current
(Iofr)- Electrical transport studies show that chemically synthesized Silicon-Nanowires (SiNWs) have much less
structural and dopant fluctuations than top-down fabricated silicon nanostructures, which leads to exceptional
device characteristics often outperforming existing planar silicon technology. These nanoscale device trends has
shown the great opportunities for applications ranging from high-density, scalable and integrated nanoelectronics
to ultra-sensitive nanoscale sensors for chemical and biological detection. The goal of acquiring low standby
power, however, largely depends on the subthreshold swing (SS) which must be low enough [1]. The conventional
thermally excited transistors like MOSFETS are generally constrained by the thermal limit of 59.6mV/Decade. The
tunnel field-effect-transistors (TFETS), also termed as Green transistors, aim to fulfil this demand by employing
injection of charge carriers into the channel, which is called as quantum mechanical band-to-band tunnelling
(BTBT). However, owing to tunnelling phenomenon, the low value of on-state current imposes a grave concern in
the implementation of the tunnel FET devices in practical circuits. A higher current drive capability can be acquired
by applying a stronger electric field to the source-channel tunnel junction [2]which necessitates a high gate voltage
(Vg)despite the fact the tunnel FET needs to operate at a lower V, to reduce power consumption. Moreover,
conventional tunnel FET structures suffer from an unwanted trade-off between I, and I,¢, Where the anticipated

improvement of the former causes an unsolicited rise in the latter. In nutshell, a tunnel FET can be said to be a

flawless alternative of the CMOS technology if it enjoys: i). high I, (= 5—2), ii). lowlyg (< nA), iii). high Vy, iv).

pm
low Vpp(< 0.5V), V). SS « 59.6 mV/dec and vi). high Il"—“ (= 10°) [3, 4].
off
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Figure 1: (a) Conventional Tunnel-FET structure having source-engineering with SiGe or narrow
bandgap Black-Phosphorous (b) Enhanced band to band tunnelling in ON-state and low leakage effect in
OFF state

Researchers have explored a number of possible techniques such as the bandgap engineering (i.e., use of lower
bandgap materials such as InGaAs, InAs, Ge, and SiGe in the channel in place of conventional Si) [3]-[5], gate
work function engineering (i.e., use of a metal with suitable work functions as the gate electrode in place of
conventional poly-Si to eliminate the poly-Si/SiO2 depletion effect) [6], source/drain material engineering (i.e.,
use of low bandgap materials such as Ge and SiGe in source/drain with Si as channel) [7], [8], strain channel
engineering (i.e., introduction of a strain in the Si-channel to enhance the mobility of channel carriers) [9], gate-
oxide engineering (i.e., use of a high-k dielectric, a vertical stacked gate oxide structure of SiO2 and a high-k
dielectric or a combination of partly high-k dielectric and partly SiO2 above the Si channel as gate oxide) [10],
[11], and multiple gate technology (i.e., use of double gate (DG) and triple gate) [5], [12] to improve the ON-
current of the TFETS.

In the present work, the source engineered tunnel FET with gate stacking is assessed in terms of transfer and
current-voltage characteristics, subthreshold swing (SS), device capacitances and some important small signal
parameters. An attempt has been made to report a 2-D analytical model for the surface potential, electric field,
BTBT current, SS, and threshold voltage of the DM DG TFETSs with a SiO,/HfO, stacked gate oxide structure by
considering the source/drain junction depletion regions. The remaining part of the paper is organized as follows:
In Section 2, two major efforts namely a) gate stacking with high-k material and b) source bandgap engineering
with 2D layered material to achieve the performances in nanoscale devices have been presented. The details of
device structure along with simulation parameters are given in Section Ill. Section IV finally discusses the
extracted TCAD simulation results and compares the numerical data with other heterojunction TFETS.
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2. Drivers to achieve lower ioff with low subthreshold swing

As nanoscale devices keep offering the novelty trends in their structural design aspects, like Tunnel-FET, Nano-
wire, Carbon Nano-tubes, Single Electron transistors, etc, much more rigorous mathematical modelling and
characterization techniques are required to compete with the present time models. According to the Wentzel—
Kramers—Brillouin (WKB) approximation, the tunnelling probability is calculated as:

4lp /Zm*Eg ‘ n

T ~ exp|—
WKE p 3qh(®s—Pch)

where 1 signifies the natural tunnelling length of the transition region across the source-channel interface; m*
be the effective mass; the energy bandgap is symbolized by E,; q and # denote the electronic charge and reduced
Planck’s constant; the term (g — @) indicates the source-channel potential difference corresponding to the
conduction band in the source and the valence band in the channel [13-15]. In a broadened manner, the tunnelling
approximation suggests that the bandgap and effective mass in the tunnelling region should be minimized for high
tunnelling probability [12, 15-17]. The heterostructure design, in which material in the source (small bandgap) is
dissimilar to the material in the channel and the drain (large bandgap), serves the above purpose to a great extent.
The performance of H-TFETSs regarding bandgaps and scaling tunnelling lengths across the source and channel
interfaces in H-TFETs built on InAs/InGaAsSh/GaSh were optimized effectively with the on-state current of
several pA/pm [18-22]. In H-TFETSs, the lattice matching of strained-source material with silicon film imposes
another challenge for the device fabrication which, in consequence, deforms the real lattice and causes inflated
bandgap[21, 23]. In other words, the silicon heterojunction TFETS are severely prone to performance degradation
with the use of classical bulk materials for the source region.

The overall efforts in heterojunction TFETS structures’ modelling for low subthreshold swing and lower lorr,
are classified in the following two categories:

A. Effective Gate thickness with High- « Gate-Stacking

It may be mentioned that the electrical characteristics of the TFETS can be improved significantly by replacing
the conventional SiO- by a stacked gate oxide of SiO, and a high-k material [10] in the DG TFETS. As the thickness
scales below 2 nm, leakage currents due to tunnelling increase drastically, leading to high power consumption and
reduced device reliability. The use of silicon nitride instead of silicon oxide as barrier layer can improve the
effective capacitance of the gate dielectric stack, since silicon nitride has a higher permittivity (= 7) than silicon
oxide (= 3.9). But if the aim is to enhance the overall thickness of the gate oxide, a high- k dielectric material like
HfO, (used in this work) in addition to thin SiO, appears to be most suitable due to its compatible inter-layer
compatibility with Si and SiO,. Replacing the silicon dioxide gate dielectric with a high-kx material allows increased
gate capacitance without the associated leakage effects. On the other hand, the above discussions show that DMG-
based TFETS possess better SS and ON-current characteristics over the SMG-based TFET structures. Thus, it can
be easily expected that both the SS and ON-current of the TFETS can be significantly improved by combining the
DMG and SiO/high-k stacked gate oxide structures in the DG TFETS.

B. Source Bandgap Engineering with 2D layered material

Two-dimensional (2D) layered semiconductors materials may efficiently ameliorate the above-mentioned
aspects in H-TFETS as the number of layers in 2D materials is firmly linked with electronic bandgap, and carrier
mobility, which are vital to the overall device performance [24-26]. Many researchers have investigated the use
of most popular 2D material graphene in TFETS by tuning the bandgap properties including symmetry-breaking
operations, or by stacking two layers and applying an electric field [27, 28]. In contrast to other 2D layered material
family members like graphene and transition-metal dichalcogenide (TMDC), black phosphorus (B-Ph), also known
as phosphorene, is gaining popularity among device designers related to low-power electronics [26]. Bulk
phosphorene is a semiconductor with a direct band gap of 0.3 eV, and as the film thickness reduces, the bandgap
progressively widens to 2 eV for monolayer phosphorene [24, 29]. The moderate value of bandgap (0.3-2 eV)
along with low effective mass 0.146m, makes B-Ph an appropriate candidate for use as source-material in H-
TFET applications [24, 29]. From this point of view, Kumar et al. [23] had proposed a stacked metal gate TFET
with phosphorene as source material for 30 nm channel length with emphasis on line tunnelling.

In the light of the above-mentioned facts, the present work is dedicated to explore the possibilities of the black
phosphorus as source-material in silicon channel-based tunnel FETs for the sub-20 nm technology node. In the
proposed B-Ph/Si HD-TFET, the ultra-thin body (channel region) placed over buried oxide (BOX) is kept undoped
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to improve the mobility and hence the performance of the device. The present heterojunction doping-less TFET
is designed and simulated for point tunnelling across the source-channel interface [6,19,20]. For this purpose, a

heavily doped source with an abrupt doping profile is required to maximize Il"—“ which inherently possesses a

off

relatively small tunnelling area. Further, compared to bulk materials, atomic packing factor and density of states
(DOS) in 2D materials are extremely low, and little number of foreign atoms are enough to realize heavy doping
[24]. Therefore, the number of doping atoms in the black phosphorus source-engineered region of the HD-TFET
should be cautiously controlled [23, 31]. Such stringent doping conditions are effortlessly feasible with
electrostatic doping in comparison with the conventional ion-implantation and thermal annealing techniques [32,
33].

3. Hd-tfet: simulation models and environment

The proposed schematic cross-sectional view of the doping-less TFET (B-Ph/Si HD-TFET) device with source-
engineered Si-heterojunction is shown in Fig. 2. All the dimensions shown in the diagram are not up to the scale
and merely represent the proposed idea of the TFET structure. All the targeted dimensions have been marked;
where, Ls, Lp, L, toy, tx and tg; represent source-region length, intrinsic drain-region length, intrinsic silicon-
channel length, gate-oxide thickness, high-k HfO, thickness and silicon film thickness respectively. tgox and tg,y,
represent the buried oxide thickness and the substrate thickness respectively. In spite of the conventional ion-
implantation methodology, the electrostatic doping is done in the source region to achieve the targeted higher value
of work-function for metal electrode compared to channel material. This enhances the band bending in the source
engineered region with higher probability of tunnelling. Moreover, Plasma based methodology has been adopted
here for the development of source (p-type) and intrinsic-Si drain (n-type) regions as PLAD (plasma doping) has
shown the promising results for both evolutionary and revolutionary doping options due to its unique advantages
which can overcome or minimize many of the issues of the beam-line (BL) based implants [34, 35]. In order to
make metal-drain electrode contact, the work-function of metal electrode is kept inferior to the channel region
material.
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Figure 2: (a) Cross-sectional Schematic of the Proposed TFET structure with SiO2/HfO2 stacked gate
oxide.
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(b) Actual image of the simulated TFET profile with meshing through vertical and horizontal
dimensions

The simulated structure in ATLAS-2D model for the proposed dimensions has been shown in Fig. 3(b), which
depicts various regions and meshing. The meshing strategy shown in the figure is also clearly visible to promote
the finer calculations in the high tunnelling region near B-Ph/Si interface at source-channel. Various cut-lines have
been made along the vertical and horizontal directions in order to observe and characterize the doping profile,
electric fields, tunnelling probabilities and capacitances across the electrodes.

The silicon film serving as the channel region is doped above the buried oxide (BOX) layer, with lightly p-type
doping profile. The numerical values of the dimensional and physical parameters considered for the simulation of
the B-Ph/Si gate-stacked HD-TFET structure is given in Table-1. The fabrication steps may have some
technological challenges, but with swift advancements in the technology, the device can be realized in the near
future. The TCAD simulations of the heterostructure tunnel FET have been performed on ATLAS which uses a
nonlocal band-to-band tunnelling (BTBT) model along with quantum correction. The non-local derivatives are
included in the Jacobian matrix by activating the bbt.nlderivs code [36]. For the simulation purpose, a very fine
meshing has been done across the region where the propensity of tunnelling is very high (this could be seen in Fig.
2(b)). The gate-leakage was assumed to be neglected during simulations and can be expected to limit the Off-state
current in the fabricated HD-TFET. Besides enabling the bandgap narrowing (bgn) model, electric field dependent
Lombardi mobility model (CVT) was activated, which in general accounts for degradation in carrier mobility
caused by higher scattering of mobile carriers by the interface charges near the Si-SiO, interface.

Table-1: Design parameters for the proposed HD-TFET structure [23, 29].

Parameters Value
Source Length (Ls) 16nm
Channel Length (L) 50nm
Channel Doping (Na) 10*°cm™3
Source Doping 102°cm™3
Drain Doping 10*8cm™3
Gate Oxide (SiO2) Thickness (tox) 1nm
High-k Dielectric (HfO2) Thickness (t;) 2nm
Channel Thickness (t;) 10nm
BOX Thickness (tgox) 110nm
Substrate Thickness (tg,;) 60 nm
Metal-Gate Work-function (¢ ) 4.82 eV
Black Phosphorus (B-Ph) Mono-layers Thickness 8nm

The Fermi-Dirac (FD) statistics was incorporated by enabling the Fermi model at 300K. In SOI transistors, the
recombination effects play a critical role due to the presence of two active silicon-oxide interfaces. For this,
Shockley—Read—Hall (SRH) recombination models along with direct recombination AUGER model (AUG)
accounting for high carrier density have been employed [36].

4, Simulation results: analysis and discussion

The device simulations and characterizations have been performed using ATLAS-2D (SILVACO) tool. The
proposed HD-TFET structure has been obtained and already presented in fig. 2(b). In this section, we will compare
our model results with the ATLAS-based TCAD simulation data of our proposed DM DG TFET with SiO2/HfO,
stacked gate oxide structure. The Auger recombination, bandgap-narrowing (BGN), Shockley—Read—Hall
recombination (SRH), concentration, electric field dependent Lombardi (CVT), and nonlocal BTBT models have
been used for TCAD simulation of the proposed device. In sub-section A, the most important lon, lorr and
subthreshold characteristics have been presented; secondly, the plots related to energy band and Band to Band
tunnelling (BTBT) are presented in sub-section B and manifestation of gate stacking has been claimed. Sub-section
C at the end invokes the small signal features of the device by investigating the capacitances across electrodes
defined in the model and discussion of transconductance parameter follows.

A.  Subthreshold and I-V Characterization

The most significant current voltage (I-V) graph has been simulated and plotted in Fig. 3, where the
experimental results from various references and similar works have been compared to enhance the accuracy of
the extracted simulation data.
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Fig. 3. Simulation data of drain current (Is) versus gate-to-source voltage (V) of the proposed HD
B-Ph/Si Gate Stacked tunnel FET (a) Linear scale Id (b) Log-scale Id

The current values are appropriate and fit to the expected range. Current reaches to value as high as 250pA at
a feasible gate drive of 0.7Volts, illustrating the excellent ON current drive capability. Gate turn on phenomenon
also happens at a much lower gate voltage as compared to conventional FET counterpart, highlighting the feature
of source region bandgap engineering. An excellent agreement has been obtained between the experimental data
offered by Ganjipour et al. [22] and the simulation results of the present work. The electrical characteristics of the
B-Ph/Si gate-stacked HD-TFET have been examined in the light of the calibrated results. A negligible OFF current
(sub-threshold mode conduction) of the order 102%A is observed, which is attributed by the gate stacking with
high-k material (HfO- here).

B.  BTBT profiling with Energy bands

The energy-band diagram of the HD-TFET along the channel length direction in off-state as well as on-state is
presented in Fig. 4. Note that, the bandgap of black phosphorus is much smaller than silicon. A pronounced band-
bending can be observed inside and near the source region which results in a denser electric field and smaller
tunnelling distance across the junction, rendering a large tunnelling current from source to channel [13, 16, 37].
The additional advantage of the proposed B-Ph/Si gate-stacked HD-TFET and gate stacking with high-k material
is the occurrence of BTBT tunnelling inside the low bandgap region (source), which makes the device an efficient
choice. A significant variation in the band bending is clearly visible from Fig. 4(a) and (b), which respectively
demonstrate the ON and OFF conditions of the device.

772



Turkish Journal of Computer and Mathematics Education Vol.12 No.12 (2021), 767-780

(@)

12 —f
— e Eo(T) (V)
1 FTF BV () (8V)
08 —|
04 —
0 —
] &
] %
%
— %
04 —| ig
= g
7 3
] E
0.8 E*
08 —] %
l ’%\2\
— ‘“\\% i . s -
. i i R
— i S R
12—
- T T T T T T T T T T T T T T T T T T T T T T T T T T T
0.05 0.1 015 02 025 03 035
Microns
— M Ec (Th(eV)
' S B M)
05 —1
0 —t
0.5 —f
A4 —
45—
2 —
d R e e e e
25 —I

T T T T [ T T T [ T T T [ T T T [ T T T [ T T T ]
0.05 01 0.15 [U5=3 0.25 0.3 0.35

Microns

Research Article

(b)

Fig. 4. The energy-band diagram depicting conduction band (CB) and valence band (VB) profile across
the source and channel interface at (a) Vgs = Vps = OV (off-state) and (b) Vg = Vps = 0.6V (on-state).
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Fig. 5. The Electric field profile across the source and channel interface in (a) lateral dimesion (Ex)

and (b) vertical dimension (Ey)

The variations of lateral (Ex) and vertical (Ey) electric fields with respect to channel position have been plotted
in Fig. 5(a) and (b) respectively, for a fixed gate oxide thickness of 3 nm of either HfO, or SiO, and their
combination in the form of a stacked oxide of 3 nm. The magnitude of both the electric fields are increased with
the increase in the thickness of the high-k HfO,. The negative electric field near the drain side will decelerate the
carriers to reduce the ambiploar behavior of the device [18].

The transfer characteristics (i.e., Id versus Vgs) of the HD-TFET with SiO,, HfO,, and SiO,/HfO, stacked gate
oxide of fixed thickness of 3 nm shown in Fig. 3(a) confirm the increase in the drain current due to the increase in
the high-k HfO; thickness. This is attributed to the increase in the electric field with the increase in the HfO,
thickness, as demonstrated in Fig. 5(b). The drain current (Id) versus drain voltage (Vps) relation for different gate
voltage (Ves) explains the increase in Id with Vgs due to the reduction in the source—channel barrier height.

L S NN I
ROG K

2%—>% Honlocal BET e- Tunnsling Rate (/em3s)
Honlocal BBT h+ Tunneling Rate (omas)

0.35

2&——>%  fonlocal BET e- Tunneling Rate gemas)
Honlocal BBT h+ Tunnsling Rate (fem3s}

774



Turkish Journal of Computer and Mathematics Education Vol.12 No.12 (2021), 767-780

Research Article

#——><  Cond. Current Density (Ajcmz) |

110707

8x10°08

sx10708

410708

210708

1

2ax10%8 | ——><  Total Current Density (Aicm2)

2x10%8

1.6x1008

1.2x10%%

8x109%

4x100%

(c) (d)
Fig. 6. Plots of non-local BTBT rate in (a) OFF state, (b) in ON state and total current density in B-
Ph/Si HD-TFET at (¢) OFF state at Vg = Vg = 0.05V and (d) ON state at Vg = 1V

Fig. 6 confirms the claim and provides a better understanding into the source engineering of the HD-TFET.
Fig. 6(a) represents the poor BTBT tunnelling probability near the source-channel interface due to OFF mode (Vd=
Vg= 0.05V), whereas the tunnelling rate suddenly shoots up in Fig. 6(b) for the ON mode, and the plot of the
nonlocal e-BTBT rates at Vg = Vg = 1V establishes the claim that the maximum electron BTBT rate centres
are positioned inside the source region. Such intense BTBT rate inside the source region is attributed to the use of
the layered 2D material (B-Ph) of very small bandgap (E,). Further, the BTBT rate in the Si-channel is found
inferior owing to the presence of conduction band (CB) offset (Ay) caused by the electron affinity difference
between the source material (B-Ph) and Si-channel. Moreover, the plot of total current density in Fig. 6(c) and (d)
for OFF and ON modes respectively shows the tunnelling current confinement near the oxide/channel interface
which indicates a good gate control over the channel region.

C. TFET Performance Estimation for Small-signal applications

This section assesses the small signal qualifications and characterization of the B-Ph/Si Gate-Stacked HD-
TFET. The transfer characteristics of the HD-TFET is plotted for Vps= 0.5V in Fig. 7, for channel lengths L =
14nm, and 28nm. The off-state current for all the channel lengths is found in the range of10~1°A/um which is
due to the good gate control over the channel region as already mentioned above (refer to Fig. 3(a) and (b)) and
attributed to the high-x gate material. This value is far above the requirement stated by international technology
roadmap for semiconductors (ITRS) for low-power applications, which sets the target for I,¢, at 10pA/um, with

Jon - 105 [16].
Iorf
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Fig. 7. Transfer characteristics of the proposed HD-TFET structure at V¢ = 0.5V for four different
channel lengths.

Further, the drain current can be seen rising up to 4.0puA/um, having the higher value in the HD-TFET for L =
14nm. Obviously, 1,5, increases exponentially as threshold voltage is decreased and the curve moves leftwards.
Another noticeable point taken out from the logarithmic plot of the drain current is the variation of the same against
gate voltage above 0.3 V. For the given value of gate voltage, e. g. Vs = 0.4V, an increment in drain current of
25% for the L = 14nmis observed as compared to other channel lengths. The proposed source-engineered HD-
TFET device can be seen having very fast on/off transition performance. For L = 28nm, the SS =

1.8mV /Decade with the corresponding Ilﬂ= 1.5 x 108; whereas for L = 14nm, the SS rises up to
of f

lon — 0.4 x 108. The very low value of SS of the B-Ph/Si gate

Lorf
stacked HD-TFET can be attributed to the presence of extremely small energy window created by the junction of
black phosphorus (B-Ph) and Si-channel. Such energy window causes energetic filtering by BTBT carrier injection
in which the high-energy part of the source Fermi distribution gets effectively cut off [13].

1.97mV /Decade with the corresponding fall in

The AC simulation of total gate capacitance (Cg¢) has been performed by coupling an input small AC signal
with DC bias at the gate terminal. Fig. 8(a) and (b) illustrate the variation of gate-to-source capacitance (C;s), gate-
to-drain capacitance (C;p) and gate-to-gate2 capacitance respectively as a function of gate voltage for the HD-
TFET device. Because of doping-less region of channel and drain regions, the C variation across off-state to on-
state is almost unaffected from the gate voltage is 0.7 fF /um. Further, wide variation in C;;;, can be seen ranging
from 0.3 fF/umto 1.1 fF /um, however, more pronounced in the saturation region. Such low values of intrinsic
capacitances are quite interesting from the circuit designer point of view. However, the graphical trends in C,¢ and
Cgpcan be seen a bit differing from the traditional TFETS intrinsic capacitance plots [37-39]. The smaller
capacitance reason is the source engineering in HD-TFET, where the low value of electron’s effective mass in
black phosphorus stimulates larger storage of electrons near the source-channel interface with increasing gate
voltage.
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Fig. 8. Intrinsic capacitances (a) Cs and Cpg as a function of gate voltage at V¢ = 0.05V and (b) gate-
to-back gate capacitance Cce

As soon as the BTBT across the channel commences, the capacitances (Czg, Csp) tune themselves in parallel

combination (Cge = Cgs + Cgp) in the HD-TFET. The lower the total gate capacitance, the smaller will be the
intrinsic delay of the device. The highest C,; goes up to 0.8 fF /um and to a lowest value of 0.48 fF/um. The
important characteristics are compared and summarized in Table-2 depicts selected data of other reported tunnel

FETs in literature.

Table-2: Comparative Analysis of present Work against some contemporary and similar efforts/works

for reported heterojunction tunnel FETs

Supp|y, SS Ion g ION TGF CGG
Devices/work vdd (V) m (mA/ A (fF/
DMG InAs 0.5 8 _s 2
TFET [4] 6 10 10 i i
DG-TFET with 15 ] ] ] 4.7 ] 3.9
SiO,/High-k [10] '
InP-GaAs - -
Hetero Tunnel 50 107 - - 0.09
FETs [22]
Graphene 1 i 100 i 2 i i
Vertical TFET [28]
InGaN GEDL' - 13 —4 - _
TFET [37] 7.9 10 10 1.5
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UL DG-TFET 1.2 i i ) - 13
[38] 0.04

Hetero-Gate 2 10
Dielectric TFET 14.7 - -
[39]

8

This Work: 1.2 withllo 2.4

Gate Stacked 1.8 as IOWO.’: 1074 105 0.48
HD-TFET 1034

On the basis of Table-2, the proposed B-Ph/Si Gate-Stacked HD-TFET demonstrates a good digital
performance and may be projected for ultra-low-power analog and digital applications at V,, < 0.5V.

5. Conclusions

A heterojunction tunnel FET with two major efforts of source bandgap engineering and gate-stacking (high-x
material) is proposed in which a 2-D analytical model for surface potential of DG TFET with HfO,/SiO; stacked
dielectric material has been developed by taking the source/channel and drain/channel depletion regions into
consideration. A 2D material called black phosphorus has been used as source-material to engineer the bandgap
and hence tunnelling probability at source-channel interface. The electrical characteristics of the B-Ph/Si gate-
stacked HD-TFET are observed to deliver much better performance compared to traditional heterojunction TFETS.
The work functions of the tunnelling and auxiliary gates of the DMG structure have been optimized to attain better
results in terms of ION/IOFF ratio, ambipolar effect, and SS of the device. The leakage current (I,f) is found to

be effectively suppressed below (10~1*A4/um) rendering much improved I'ﬂ current ratio of the order of 108 with
of f

tremendously small subthreshold swing of 1.8 mV/Decade. The proposed B-Ph/Si gate-stacked HD-TFET
demonstrates high transconductance factor with small gate capacitance (Cg) of 0.48 fF/um. Such low value of
Cs¢ pushes the sourced-engineered HD-TFET to achieve lower F, in the terahertz range approximately. The
important device characteristics of the simulated proposed HD-TFET are summarized in Table-2, and comparisons

are made with other reported tunnel FETs. The high value of Ilﬂ current ratio, superb small signal characterization
of f

in terms of lower intrinsic capacitances even at 14nm of channel length indicates that the black phosphorus source
engineered heterojunction doping-less tunnel FET embodies a competent candidate for high speed analog as well
as digital applications. Model results are found to be in good agreement with the SILVACO ATLAS-based TCAD
simulation data.

References

1. U.E. Avci, D.H. Morris, I.A. Young, Tunnel Field-Effect Transistors: Prospects and Challenges, IEEE J.
Electron Devices Soc. 3 (2015) 88-95. https://doi.org/10.1109/JEDS.2015.2390591.

2. H. llatikhameneh, Y. Tan, B. Novakovic, G. Klimeck, R. Rahman, J. Appenzeller, Tunnel Field-Effect
Transistors in 2-D Transition Metal Dichalcogenide Materials, IEEE J. Explor. Solid-State Comput.
Devices Ciuits. 1 (2015) 12-18. https://doi.org/10.1109/JXCDC.2015.2423096.

3. K. Tomioka and T. Fukui, “Current increment of tunnel field-effect transistor using InGaAs nanowire/Si
heterojunction by scaling of channel length,” Appl. Phys. Lett., vol. 104, no. 2, pp. 073507—4, 2014.

4. G. B. Beneventi, E. Gnani, A. Gnudi, S. Reggiani, and G. Baccarani, “Dual-metal-gate InAs tunnel FET
with enhanced turn-on steepness and high on-current,” IEEE Trans. Electron Devices, vol. 61, no. 3, pp.
776-784, Mar. 2014.

5. T. Krishnamohan, D. Kim, S. Raghunathan, and K. Saraswat, “Doublegate strained-ge heterostructure
tunneling FET (TFET) With record high drive currents and 60mV/dec subthreshold slope,” in IEDM
Tech. Dig., Dec. 2008, pp. 1-3.

6. Y.-T.Hou, M.-F. Li, T. Low, and D.-L. Kwong, “Metal gate work function engineering on gate leakage
of MOSFETs,” IEEE Trans. Electron Devices, vol. 51, no. 11, pp. 1783-1789, Nov. 2004.

7. S.H.Kim, S. Agarwal, Z. A. Jacobson, P. Matheu, C. Hu, and T.-J. K. Liu, “Tunnel field effect transistor
with raised germanium source,” IEEE Electron Device Lett., vol. 31, no. 10, pp. 1107-1109, Oct. 2010.

8. N. Patel, A. Ramesha, and S. Mahapatra, “Drive current boosting of n-type tunnel FET with strained SiGe
layer at source,” Microelectron. J., vol. 39, no. 12, pp. 1671-1677, 2008.

9. S. Saurabh and M. J. Kumar, “Impact of strain on drain current and threshold voltage of nanoscale double
gate tunnel field effect transistor: Theoretical investigation and analysis,” Jpn. J. Appl. Phys., vol. 48, no.
6R, pp. 064503-1-064503-7, 20009.

778



Turkish Journal of Computer and Mathematics Education Vol.12 No.12 (2021), 767-780

Research Article

10

11.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31

. S. Kumar, E. Goel, K. Singh, B. Singh, M. Kumar, and S. Jit, “A compact 2-D analytical model for
electrical characteristics of double-gate tunnel field-effect transistors with a SiO2/High- k stacked gate-
oxide structure,” IEEE Trans. Electron Devices, vol. 60, no. 8, pp. 3291-3299, Aug. 2016.

W. Y. Choi and W. Lee, “Hetero-gate-dielectric tunneling field effect transistors,” IEEE Trans. Electron
Devices, vol. 57, no. 9, pp. 2317-2319, Sep. 2010.

D. Leonelli, A. Vandooren, R. Rooyackers, A. S. Verhulst, S. De Gendt, M. M. Heyns, and G.
Groeseneken, “Performance enhancement in multi gate tunneling field effect transistors by scaling the
fin-width,” Jpn. J. Appl. Phys., vol. 49, no. 4S, p. 04DC10, 2010.

A.M. lonescu, H. Riel, Tunnel field-effect transistors as energy-efficient electronic switches, Nature. 479
(2011) 329-337. https://doi.org/10.1038/nature10679.

Y.C. Eng, L. Hu, T.F. Chang, S. Hsu, C.M. Chiou, T. Wang, C.W. Yang, O. Cheng, C.Y. Wang, C.S.
Tseng, R. Huang, P.H. Lin, K.Y. Lu, LF. Chang, C.J. Lee, Y.L. Wu, M. Chang, Importance of A
VDIBLSS/(lon /loff) in evaluating the performance of n-channel bulk FinFET devices, IEEE J. Electron
Devices Soc. 6 (2018) 207-213. https://doi.org/10.1109/JEDS.2018.2789922.

A. Gao, N. Lu, Y. Wang, T. Li, Robust ultrasensitive tunneling-FET biosensor for point-of-care
diagnostics, Sci. Rep. 6 (2016) 1-9. https://doi.org/10.1038/srep22554.

D. Verreck, A.S. Verhulst, G. Groeseneken, The Tunnel Field-Effect Transistor, (2016) 1-28.
https://doi.org/10.1002/047134608X.W8333.

S. H. Kim, H. Kam, C. Hu, T.K. Liu, Germanium-source tunnel field effect transistors with record high
ION/IOFF, in: 2009 Symp. VLSI Technol., 2009: pp. 178-179.

G. Dewey, B. Chu-Kung, J. Boardman, J.M. Fastenau, J. Kavalieros, R. Kotlyar, W.K. Liu, D. Lubyshev,
M. Metz, N. Mukherjee, P. Oakey, R. Pillarisetty, M. Radosavljevic, H.W. Then, R. Chau, Fabrication,
characterization, and physics of 111-V heterojunction tunneling field effect transistors (H-TFET) for steep
sub-threshold swing, Tech. Dig. - Int. Electron Devices Meet. IEDM. 3 (2011) 785-788.
https://doi.org/10.1109/IEDM.2011.6131666.

K. Tomioka, M. Yoshimura, T. Fukui, Steep-slope tunnel field-effect transistors using 111-V nanowire/Si
heterojunction, in: 2012 Symp. VLSI Technol., 2012: pp. 47-48.
https://doi.org/10.1109/VVLSIT.2012.6242454.

B. Rajamohanan, R. Pandey, V. Chobpattana, C. Vaz, D. Gundlach, K.P. Cheung, J. Suehle, S. Stemmer,
S. Datta, 0.5 v supply voltage operation of In0.65Ga0.35As/GaAs0.4Sb0.6 tunnel FET, IEEE Electron
Device Lett. 36 (2015) 20-22. https://doi.org/10.1109/LED.2014.2368147.

Y. Lv, W. Qin, C. Wang, L. Liao, X. Liu, Recent Advances in Low-Dimensional Heterojunction-Based
Tunnel Field Effect  Transistors, Adv. Electron. Mater. 5 (2019) 1-15.
https://doi.org/10.1002/aelm.201800569.

B. Ganjipour, J. Wallentin, M.T. Borgstrom, L. Samuelson, C. Thelander, Tunnel field-effect transistors
based on InP-GaAs heterostructure nanowires, ACS Nano. 6 (2012) 3109-3113.
ttps://doi.org/10.1021/nn204838m.

M. Kumar, K.S. Seong, S.H. Park, Phosphorene source engineered stacked metal gate tunnel field effect
transistor ~ with  enhanced  scaling,  Superlattices  Microstruct. 124  (2018) 52-61.
https://doi.org/10.1016/j.spmi.2018.10.009.

L. Kou, C. Chen, S.C. Smith, Phosphorene: Fabrication, Properties, and Applications, J. Phys. Chem.
Lett. 6 (2015) 2794-2805. https://doi.org/10.1021/acs.jpclett.5b01094.

T.A. Ameen, H. llatikhameneh, G. Klimeck, R. Rahman, Few-layer phosphorene: An ideal 2D material
for tunnel transistors, Sci. Rep. 6 (2016) 1-7. https://doi.org/10.1038/srep28515.

D. Yin, Y. Yoon, Design strategy of two-dimensional material field-effect transistors: Engineering the
number of layers in phosphorene FETS, J. Appl. Phys. 119 (2016). https://doi.org/10.1063/1.4953256.
Y. Zhang, T.-T. Tang, C. Girit, Z. Hao, M.C. Martin, A. Zettl, M.F. Crommie, Y.R. Shen, F. Wang, Direct
observation of a widely tunable bandgap in bilayer graphene, Nature. 459 (2009) 820-823.
https://doi.org/10.1038/nature08105.

Y. Liu, J. Sheng, H. Wu, Q. He, H.-C. Cheng, M.I. Shakir, Y. Huang, X. Duan, High-Current-Density
Vertical-Tunneling Transistors from Graphene/Highly Doped Silicon Heterostructures, Adv. Mater. 28
(2016) 4120-4125. https://doi.org/10.1002/adma.201506173.

S. Das, W. Zhang, M. Demarteau, A. Hoffmann, M. Dubey, A. Roelofs, Tunable transport gap in
phosphorene, Nano Lett. 14 (2014) 5733-5739. https://doi.org/10.1021/nl5025535.

J. Chang, C. Hobbs, Theoretical study of phosphorene tunneling field effect transistors, Appl. Phys. Lett.
106 (2015) 1-6. https://doi.org/10.1063/1.4913842.

N. Kumar, A. Raman, Low voltage charge-plasma based dopingless Tunnel Field Effect Transistor:
analysis and optimization, Microsyst. Technol. 26 (2020) 1343-1350. https://doi.org/10.1007/s00542-
019-04666-y.

779



Turkish Journal of Computer and Mathematics Education Vol.12 No.12 (2021), 767-780

32

33

34.

35.

36.
37.

38.

39.

Research Article

. A. K. Gupta, A. Raman, Performance analysis of electrostatic plasma-based dopingless nanotube TFET,
Appl. Phys. A Mater. Sci. Process. 126 (2020) 1-10. https://doi.org/10.1007/s00339-020-03736-7.

. H. llatikhameneh, G. Klimeck, J. Appenzeller, R. Rahman, Design Rules for High Performance Tunnel

Transistors From 2-D Materials, IEEE J. Electron Devices Soc. 4 (2016) 260-265.

https://doi.org/10.1109/JEDS.2016.2568219.

B. Rajasekharan, R.J.E. Hueting, C. Salm, T. van Hemert, R.A.M. Wolters, J. Schmitz, Fabrication and

Characterization of the Charge-Plasma Diode, IEEE Electron Device Lett. 31 (2010) 528-530.

https://doi.org/10.1109/LED.2010.2045731.

K.E. Moselund, H. Schmid, C. Bessire, M.T. Bjork, H. Ghoneim, H. Riel, InAs-Si Nanowire

Heterojunction  Tunnel FETs, IEEE Electron Device Lett. 33 (2012) 1453-1455.

https://doi.org/10.1109/LED.2012.2206789.

ATLAS Manual, SILVACO International, Santa Clara, 2016.

X. Duan, J. Zhang, S. Wang, Y. Li, S. Xu, Y. Hao, A High-Performance Gate Engineered InGaN

Dopingless Tunnel FET, |IEEE Trans. Electron Devices. 65 (2018) 1223-1229.

https://doi.org/10.1109/TED.2018.2796848.

V. Vijayvargiya, B.S. Reniwal, P. Singh, S.K. Vishvakarma, Impact of device engineering on analog/RF

performances of tunnel field effect transistors, Semicond. Sci. Technol. 32 (2017) 65005.

https://doi.org/10.1088/1361-6641/aa66hd.

H. Kook Lee and W. Y. Choi, "Linearity of Hetero-Gate-Dielectric Tunneling Field-Effect Transistors,"”

Journal Of Semiconductor Technology and Science, Vol.13, No.6, DECEMBER, 2013

780



