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ABSTRACT A triple-metal-gate stacked III–V vertical tunnel field-effect transistor (TM-GS-VTFET)
structure is examined. There are two different TM-GS-VTFETs: Device-A, which uses a source pocket,
and Device-B, which uses a new source extension approach. Source pocket-engaged TFETs are recognized
for their enhanced ON-state current (ION) and subthreshold swing compared to traditional TFETs. However,
they may require more complex fabrication procedures. The source extension strategy alters the electric-field
distribution and decreases the tunneling barrier width near the source side. This boosts the tunneling
rate and increases the device functioning. The simulation was performed using the Silvaco Technology
Computer-Aided Design (TCAD) tool. Various analog and radio-frequency (RF) parameters were examined.
The ION in Device-B was found to be 234.03 µA/µm, the OFF-state current (IOFF) was 1.52 × 10−14A/µm,
Sub-threshold swing (SS) was 28.58mV/decade, and the transconductance (gm) was 245.28µS/µm. The RF
frequency parameter such as cutoff frequency (fT), oscillating frequency (fmax), and Gain Bandwidth Product
(GBP) were 152.45 GHz, 830 GHz and 25.16 GHz respectively. It was observed that Device-B exhibited
11 times higher ION, 3.2 times higher GBP, and 3.15 times higher fmax than Device-A. The utilization of this
source extension technique has proven to be advantageous for achieving enhanced analog and RF properties
in TFETs.

INDEX TERMS TFET, stacked gate, source extension, source pocket, tunneling, GaSb, InP.

I. INTRODUCTION
The Complementary metal-oxide-semiconductor (CMOS)
technology used to construct most current electronic devices
has come a long way in the last four decades. CMOS technol-
ogy has proven to be a valuable tool for implementing ideas
owing to its reliability, low cost, and low energy consumption.
However, the boundaries imposed by the laws of physics
have been exceeded, leading to unfavorable performance in
devices operating at the nanoscale [1]. When the dimensions
of metal-oxide-semiconductor field-effect transistor (MOS-
FET) devices are scaled down, an increase in leakage or
off-state current is observed due to Drain-Induced Barrier
Lowering (DIBL) and other short-channel effects [2]. The
MOSFET subthreshold slope is greater than 60 mV/decade
even at room temperature. Consequently, researchers are
actively seeking the next digital paradigm shift.Most portable
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electronic equipment can be adjusted to meet consumer
requirements with only a handful of technological outliers,
making them inefficient in terms of space, time, and resource
utilization.MOSFETs are frequently employed in both digital
and analog configurations. The short-channel effect becomes
readily apparent if the MOSFET device is shrunk to a size of
less than a nanometer [3]. The short-channel effect leads to
many issues such as decreased device performance, increased
leakage current, punch-through, and drain-induced barrier
lowering (DIBL) [4]. The fabrication procedure for a TFET
is similar to that for a conventional CMOS device [11]. TFET
offer a more favorable alternative to MOSFET to address
these issues.

TFETs are preferable to MOSFETs because of their higher
ION/IOFF ratios [6]. According to these findings, the ION/IOFF
ratio of the TFET can be improved by operating it at lower
voltages. TFETs use band-to-band tunneling (BTBT) as the
mechanism for injecting carriers, which can result in a sub-
threshold swing (SS) value at ambient temperatures steeper
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than 60mV/decade [7]. As the operating speed of the device
increased, the impact of short-channel effects decreased, the
SS value was less than 60 mV/decade, the on/off current ratio
increased, and the reduction in leakage current enabled the
feasibility of low-power applications.

In source pocket-based TFET, the tunneling barrier is mod-
ulated by introducing a strongly doped source pocket close
to the source [9]. This can increase the tunneling probability
and enhance device performance. Source pocket-involved
Tunnel FETs are recognized for their enhanced ON-state
current and subthreshold swing compared with traditional
Tunnel FETs [10]. However, these methods require com-
plex procedures. Source extension-based TFETs extend the
source region beyond the gate edge to alter the electric field
distribution and decrease the tunneling barrier width near
the source side [11]. This boosts the pace of tunneling and
promotes device function [12]. Tunnel FETs based on source
extension are recognized for their straightforward fabrication
and ability to enhance the ON-state current and subthreshold
swing [13].

Section II briefly describes the TM-GS-VTFET structural
models obtained by varying the channel and drain lengths
and the energy band profiles. In Chapter III, analog device
parameters such as drain current (ION), transconductance
(gm), Transconductance Generation Factor (TGF), surface
potential (9), electric field (E), and tunnel path characteris-
tics are analyzed. Chapter IV discusses radio frequency (RF)
parameters, such as Gate-to-Drain Capacitance (CGD), Gate-
to-Source Capacitance (CGS), cut-off frequency (fT), gain
bandwidth product (GBP), Frequency of Oscillation (fmax),
and Intrinsic Gate Delay (τint). The Dynamic Power Dissipa-
tion (Pdyn) transit time (τ ) is followed by a conclusion.

II. DEVICE STRUCTURE
A Cross-sectional schematic of the TM-GS-VTFET with a
GaSb source pocket (Device-A) and the TM-GS-VTFETwith
source extension (Device-B) is shown in Figure 1. The length
and thickness of the device were 65 and 30 nm, respectively.
The parameters used in the TM-GS-VTFET are listed in
Table 1, and the properties of GaSb and InP used in the
simulation are listed in Table 2.

TABLE 1. Device parameters.

FIGURE 1. Cross-sectional schematic of (a) TM-GS-VTFET with source
pocket (Device-A), (b) TM-GS-VTFET with Source Extension (Device-B).

TABLE 2. Material properties.

An energy-band diagram illustrates the interplay between
the energy levels of the source and drain regions, and the exis-
tence of an energy barrier within the channel. When energy
levels line up in a manner that allows electric current to flow
more easily, a phenomenon known as tunneling effect [13].
The energy-band diagram illustrates the interplay between the
energy levels of the source and drain regions and the existence
of an energy barrier within the channel [14]. In addition, this
analysis can enhance subthreshold qualities [15]. Changing
the material parameters and gate voltage allows the tunneling
characteristics to be adjusted [16], [17].
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Source-pocket-enabled TFETs also involve modifications
to the source region; however, in this case, a ‘‘pocket’’
is introduced within the source region. This pocket was
designed to enhance the electric field and facilitate efficient
carrier tunneling. Source pocket-enabled TFETs introduce
pockets with specific doping characteristics within the source
region. The purpose of pocket doping, which generated a
useful electric field, was to optimize tunneling. The tunneling
mechanism is affected by the pocket in the source region,
which enhances the electric field and promotes more effective
band-to-band tunneling [18].

FIGURE 2. Energy band diagram.

In source-extended TFETs, the source region extends phys-
ically into the channel. This innovation enhances the overall
performance of the device by reducing the travel distance of
the carriers to the tunnel, thereby increasing the probability
of tunneling. The source extension method mainly involves
optimizing doping profiles. This approach ensures a seamless
link between source and channel domains. The overall device
performance can be improved by reducing the tunneling dis-
tance and increasing tunneling probability.

The inclusion of a GaSb pocket source layer in Device-A
results in the incorporation of an extra energy barrier for
electrons at the junction between the source and channel,
Due to this GaSb pocket source, an energy barrier facilitates
the selective filtration of electrons with energies near the
uppermost region of the valence band. as shown in Figure-
2. Such energy levels cause electrons to transition into the
channel material InP’s conduction band with a greater bend.
Hence enhancing the operational efficiency of TFET, the
Fermi level of the GaSb pocket source can be altered by
varying the VGS. In Device-B, the GaSb source extension

creates an additional energy barrier at the source-channel
junction. This barrier facilitates the sorting of electrons based
on their respective energy levels illustrated in the energy band
diagram. In GaSb, electrons with energies near the top of
the valence band have a better chance of breaking through
the barrier and entering the conduction band of the InP
channel. This phenomenon boosts the TFET’s ON-current
by allowing electrons with greater energies to pass through
the barrier more easily. Higher energy electrons are more
likely to be chosen due to the energy filtering effect, and
only those with sufficient energy can tunnel and contribute
to the device’s current. This results in a reduction of the
leakage current [19]. When the ON-current increases, the
TFET can better switch other circuit components since it
can handle a more significant drive current. The subthresh-
old swing (SS) can potentially be reduced by extending the
GaSb source. The SS metric assesses a TFET performance
transitioning between its ON and OFF states [20]. Reduced
power consumption and increased efficiency are attributed to
the smaller SS, which necessitates a lower gate voltage and
facilitates faster device activation.

III. RESULTS AND DISCUSSION-ANALOG PARAMETER
A. ON-STATE CURRENT (ION )
The electrical conductivity of a device depends on its ION.
A direct correlation exists between the ION and transcon-
ductance of the device (gm). Increasing the gm improves
amplification and analog quantities [21].
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where 18 -Tunneling window, m∗ is the effective mass,
q is the charge of an electron, ℏ - Reduced Plank’s constant,
E∗
g - Effective bandgap, λ is the tunneling width, and tsi, tox,

εsi and εox are the thickness and permittivity of silicon and
oxide, respectively.

The ION for Device-A and Device-B were 26.82 µA
and 26.82 µA respectively as shown in Figure 3. Device-
B demonstrated superior performance because of the source
extension technique, which reduced the tunneling distance
and enhanced the concentration and velocity of the electrons
in the JSC region. Applying a positive VGS causes the Fermi
level in the source region to move downwards. Consequently,
the convergence of the source and the channel generates a
powerful electric field. The electric field induces a modifica-
tion in the energy bands of InP, which serves as the channel
material. The conduction band edge of InP is in alignment
with or near the valence band edge of the GaSb source. This
configuration facilitates the movement of electrons from the
source to the channel by creating an energy barrier. When the
energy level of the GaSb source reaches a sufficient magni-
tude, the electrons undergo quantum mechanical tunneling
to enter the InP channel. The InP channel enables efficient
electron conduction towards the drain as a result of the
drain voltage (VDS). The application of the source extension
approach resulted in improved energy-filtering operations,
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during decrease in SS, which in turn enhanced Device-B’s
current.

FIGURE 3. Transfer characteristics.

The IOFF values for Device-A and Device-B were
5.6 × 10−17A/µm and 1,52 × 10−14A/µm. The source
pocket in Device-A plays an important role in IOFF reduction.
The source pocket can affect SS by influencing the tunneling
characteristics and carrier injection into the channel. The
SS of Device-A and Device-B were 24.56 mv/decade and
28.58 mV/decade respectively.

B. TRANSCONDUCTANCE (gm)
Evaluation of the performance of a TFET is often based
on its transconductance, which quantifies its ability to
convert changes in voltage into corresponding changes in
current [22]. The primary application of this device is to
quantify the level of amplification gain. The mathematical
expression is as follows:

gm =
∂ID

∂VGS
(2)

The tunneling process and gm can be improved through
meticulous design of the tunneling barrier and selection of
appropriate source/channel materials. Furthermore, manip-
ulation of the gate structure has the potential to affect the
tunneling process, thereby influencing the transconductance.

Figure 4 illustrates the gm for Device-A andDevice-Bwere
86.74µS/µm and 245.28µS/µm respectively. Due to Source
channel materials such as GaSb and InP, source extension
and drain extension in Device-B, improved transconductance
was achieved. A device exhibiting a higher transconduc-
tance characteristic is capable of establishing a channel with
enhanced transfer efficiency, rendering it highly suitable for
utilization in analogue applications.

C. TRANSCONDUCTANCE GENERATION FACTOR (TGF)
TGF provides further insights into TFETs’ ability of TFETs
to withstand subthreshold dips that are far steeper than those
achievable with ordinary MOSFETs, which is a major bene-
fit. A higher TGF value indicates a more effective conversion
of gate-source voltage changes into ION changes, reflecting
a more responsive and efficient transistor. In the proposed
method, source extension can affect the tunneling probability,

FIGURE 4. Transconductance.

carrier injection, and overall device performance. By influ-
encing these factors, the source extension contributes to the
TGF of the device as illustrated in Transconductance Gener-
ation Factor Figure 5.

The mathematical expression is given as;

TGF =
gm
ID

(3)

Device-A contains two highly doped GaSb source pockets
positioned in proximity to the top and bottom gate terminals.
The source pockets are engineered to provide a concentrated
supply of charge carriers, they offer improved TGF between
0.1 and 0.35 volts. A more precise and manageable activa-
tion state may be available from source pockets. Device-B
incorporates the source extension within the width range of
13 nm to 17 nm. Because of this, source extensions can cause
the sub-threshold slope to be steeper and the enhancement of
TGF after 0.3 V.

FIGURE 5. Transconductance generation factor (TGF).

D. SURFACE POTENTIAL (9)
The management of energy-band alignment is governed by
the surface potential at the interface between GaSb and InP.
Band alignment must be carefully constructed for the valence
band of the channel material (InP) to align properly with the
conduction band of the source material (GaSb). This phe-
nomenon facilitates efficient electron tunneling. Variations in
the surface potential influence the height of the energy barrier
between the source and channel.
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FIGURE 6. Surface potential.

Figure 6 shows that an increase in the energy barrier can
alter the tunneling rate owing to an increase in surface poten-
tial. Reducing the energy barrier height, which facilitates
electron flow, is a fundamental way to increase the TFET
performance. Optimizing the on/off current ratio, reducing
ambipolar conduction, and increasing the subthreshold swing
are just a few of the device performance goals that can
be achieved by manipulating the surface potential profile.
Reduced power consumption is a major benefit of using
TFETs because of their ability to efficiently manage steep
subthreshold slopes. The surface potential plays a crucial role
in achieving a steep subthreshold slope by allowing rapid
changes in the current flow in response to fluctuations in gate
voltage.

E. ELECTRIC FIELD
Analyzing the electric field distribution in a TFET is essential
for providing significant attention to the device structure.
A TFET generally consists of three primary parts: source
region, tunneling barrier, and drain area. The tunneling barrier
in a TFET is of great importance because of its capacity
to control the tunneling probability, which affects device
characteristics. The electric field generally demonstrates its
maximum strength near the contact point between the source
and the channel. A tunneling barrier is a physical boundary
that separates the source and channel areas, wherein the
electric field attains its maximum intensity, and is mostly
concentrated inside this specific region. A strong electric field
enhances the movement of charge carriers through the barrier.
The electric field of a TFET is crucial for enabling tunneling,
as shown in Figure 7. The application of a robust electric
field across the channel region enhances tunneling proba-
bility. This reduces the source voltage required for TFETs
to operate, thereby reducing their power requirements and
improving their performance at low voltages.

In the tunneling junction spanning the range of 20–40 nm,
Device-B exhibited a higher electric field than Device-A.

F. TUNNEL PATH
The energy bands and Fermi levels in a TFET must be
precisely managed to facilitate electron transport from the
source to channel. This was performed using VGS, which

FIGURE 7. Electric field.

shifts the Fermi levels of the source and channel materials.
Controlling the energy bands and Fermi levels of the TFET
allows more efficient electron transport from the source to the
channel. This was achieved by applying the VGS. Therefore,
the Fermi levels in the source and channel materials shifted to
different positions. The application of a positive VGS resulted
in a downward shift of the Fermi level within the source
region. Consequently, this establishes a pronounced electric
field at the junction between the source and the channel. This
electric field altered the energy bands of the InP channel
material.

The conduction band edge in InP exhibits proximity to or
alignment with the valence band edge of the GaSb source.
Because of this configuration, the energy barrier facilitates
the movement of electrons from the source towards the chan-
nel. Electrons in the GaSb source quantum-mechanically
tunnel into the InP channel when they possess sufficient
energy to cross the energy barrier. Once the electrons are in
the InP channel, the drain voltage (VDD) enables them to flow
effortlessly into the drain.

Figure 8 illustrates the features of the tunneling process
in Device-A and Device-B considering the influence of the
BTBT (band-to-band tunneling) electron and hole tunnel-
ing mechanisms. The diagram includes information on the
electron concentration and total current density. The results
indicate that compared to the other devices, Device-B shows
dominance and better tunneling characteristics.

IV. RESULTS AND DISCUSSION-RF PARAMETER
A. GATE-TO-DRAIN CAPACITANCE (CGD) AND
GATE-TO-SOURCE CAPACITANCE (CGS )
The gate-to-source (CGS) and gate-to-drain (CGD) capaci-
tances of TFET devices behave differently depending on VGS
when compared to standard thermionic MOSFETs. CGD in
TFETs is primarily used to display the overall gate capac-
itance. In the active state of the transistor, the capacitance
between the gate and source exhibits a significantly reduced
value owing to the reliance of the TFET current on the dimin-
ishing barrier at the source-channel junction. Figure 9 shows
the capacitance of the proposed device.
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FIGURE 8. (a) e-Velocity, (b) Charge concentration, (c) Electron
concentration and (d) Total current density.

B. CUT-OFF FREQUENCY (fT )
The cutoff frequency (fT) of a TFET is influenced by various
factors, including device geometry, material properties, and
operational parameters. The fT of the TFET can be increased
through meticulous design of the bandgap of the device.
Most TFETs are fabricated using materials characterized by
narrow bandgaps, such as III-V compounds. The doping
patterns within the TFET structure also have an impact on
fT. The composition and concentration of dopants in the
source, channel, and drain regions have a significant impact
on the tunneling mechanism, thus influencing fT, which is
mathematically defined as

fT =
gm

2π (CGS + CGD)
(4)

Figure 10 shows the fT for Device-A and Device-B were
determined to be 50.34 GHz and 152.45 GHz respectively.
Device-B exhibited lower CGS (155 aF) and CGD (134 aF)

FIGURE 9. Proposed device capacitance (a) & (b).

FIGURE 10. Cut-off frequency.

values than Device-A. Furthermore, the gate-to-source
transconductance (gm) for Device-B was measured to be
245.28 µS/µm. The fT value of Device-B is greater than that
of Device-A.

C. GAIN BAND-WIDTH PRODUCT (GBW)
TFETs that possess a high gain-bandwidth product (GBP)
can swiftly switch and respond to input signals. This char-
acteristic renders them suitable for applications that require
rapid transition periods, such as pulse shaping and high-speed
data transmission. A larger GBP facilitates the amplifica-
tion of signals at lower power levels, which is advantageous
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for low-power or battery-operated devices that prioritize the
power efficiency.

GBP =
gm

10 × 2πCGD
(5)

Figure 11 shows that Device-B had a GBP value of
25.16 GHz, whereas Device-A had a GBP value of 7.82 GHz.
Device-B has a GBP that is 3.2 times more than that of
Device-A. Consideration of GBP is essential when exam-
ining high-frequency transients. The GBP device exhibited
an optimal performance in applications requiring high-speed
operation and low-bias conditions. A significant level of
importance was attributed to the high GBP in circuit appli-
cations such as RF amplifiers, which necessitates rapid speed
and minimal input bias current.

FIGURE 11. Gain bandwidth product.

D. MAXIMUM OSCILLATION FREQUENCY (fmax )
Examining the maximum oscillation frequency (fmax) is an
important part of understanding how TFETs work because it
shows the highest frequency at which these devices can work
as oscillators or amplifiers. Because of its direct relationship
with the speed and general performance of TFET, fmax is
crucial for high-frequency applications. The fmax value of
the TFET is proportional to its switching speed.

The frequency at which power gain equals one is known as
the fmax.

fmax =
gm

2πCgs

√
4

(
gds + gm

Cgd
Cgs

)
(Rs + Rch + Rg)

(6)

fmax =
fT√

8πCgdRgd
(7)

Cgs and Cgd- Gate-to-source and Gate-to-drain capaci-
tances, respectively; gds - output conductance; and Rs,Rch and
Rg are the source, channel, and gate resistances, respectively.
Figure 12 shows that fmax for Device-B was 830 GHZ,

whereas that for Device-A is 264 GHZ. Device-B has
3.15 times higher fmax compare with Device-A. The device’s
ability to perform high-speed digital operations and imme-
diate signal processing is particularly useful in today’s
electronics, because it facilitates faster switching. TFETs
with larger fmax values allow for faster data transmission and

reception. These devices can facilitate wireless communica-
tion and high-velocity data transfers. Devices with high fmax
values are required in the RF circuits for signal generation and
amplification. RF front-end components, including low-noise
amplifiers, mixers, and frequency synthesizers, can benefit
from the use of TFETs with high fmax.

FIGURE 12. Maximum oscillating frequency.

E. INTRINSIC GATE DELAY (τint )
Determining the intrinsic gate delay (τint) is a reliable method
to assess the operational speed of a device. The significance
of parasitic gate capacitance (CGG) and ION should not be
underestimated. Changes in ION had the greatest impact on
the intrinsic gate delay. It is given in (8);

τint =
CggXVDD

ID
(8)

Figure 13 shows that τint of Device-B was 0.388 ps, whereas
Device-A was 4.87 ps.

FIGURE 13. Intrinsic gate delay.

F. DYNAMIC POWER DISSIPATION (PDYN)

Pdyn = CggV 2
DDf (9)

where f represents the operating frequency, and Cgg is the
total gate capacitance (sum of CGD and CGS). The Figure 14
shows Pdyn of Device-A and Device-B were recorded as
0.133 nW and 0.125 nW respectively as shown in Figure 14
dynamic power dissipation. Device-B exhibited a lower
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TABLE 3. Performance comparison between TM-GS-VTFET with literature review papers [22], [23], [24], [25].

dynamic power consumption. Reducing the dynamic power
consumption of the device is extremely important to avoid
an excessive temperature rise and subsequent performance
decline.

FIGURE 14. Dynamic power dissipation.

G. TRANSIT TIME (τ )
The subthreshold slope of a TFET is directly related to its
transit time (τ ). The TFET was designed to have a subthresh-
old drop that is significantly steeper than that of a normal
MOSFET. When the tunneling time was short, the subthresh-
old slopes were high. This allows the TFET to quickly change
from ON to OFF. For high-speed performance, the tunneling
time should be short. The expression for τ is

τ =
1

2π fT
(10)

The τ values of Device-A and Device-B were 3.16 ps and
1.04 ps respectively. The change over time of Device-B was
relatively low, as shown in Figure 15. A TFETwith decreased
tunneling time has the potential to transition from an active
state to an inactive state more rapidly. This attribute makes it
particularly appropriate for digital applications that require
fast performance. The capacity of the device to transition
between states at a faster rate has the potential to improve
energy efficiency by reducing the power loss during these
transitions, resulting in faster tunneling times.

The performance of the TM-GS-VTFET with Source
extension (Device-B) was compared with that of the existing

FIGURE 15. Transit time.

literature review, as presented in Table 3. In their studies, the
authors Bijesh et al., and Bhattacharyya et al. have demon-
strated increased ION values.

However, these investigations revealed a large channel
length, high SS value, and noticeably low ION/IOFF ratio.
However, regarding the ION and ION/IOFF ratios, subthreshold
swing (SS), moderate transconductance (gm), and shorter
channel length, Device-B performed better.

Both the study conducted by Bhattacharyya et al. and this
study employed the same heterogeneous dielectric material
HfO2/SiO2. Bhattacharyya et al. employed a doping-less
charge plasma TFET in their study, whereas our research
specifically investigated a vertical TFET. The utilization
of the source extension technique in Device-B resulted in
an enhanced energy band alignment. The simulation out-
comes showed improvements in ION efficiency as well as in
other measured parameters such as transconductance (gm),
subthreshold swing (SS), and the ratio of ION to IOFF val-
ues. These observed values are in close proximity to those
reported by Bhattacharyya et al.

V. CONCLUSION
The present study focuses on the analysis of the Triple Metal-
Gate Stacked- III-V Vertical Tunnel Field Effect Transistor
(TM-GS-VTFET) through a source pocket and source exten-
sion approach. The source extension alters the electric field
distribution in the device, decreasing the tunneling barrier
width close to the source side, and increasing the tunneling
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rate. Consequently, this enhances the on-state current and
subthreshold swing properties. In the TM-GS-VTFET with
source extension approach, the ION was measured to be
234.03 µA, while the OFF-current (IOFF) was found to be
1.52 × 10−14 A. Additionally, the sub-threshold swing was
determined to be 28.58 mV/decade, the gm value was calcu-
lated to be 245.28 µS/µm, and the device exhibited excellent
electric field characteristics and an efficient tunnel path. The
RF results indicate the cutoff frequency (fT) at 152.45 GHz.
The GBP value was determined to be 25.16 GHz, while the
fmax value reached 830 GHz. In addition, the transit time (τ )
was found to be 1.04 picoseconds. Applications that demand
high-speed operation and improved analog/RF performance
are well-suited to TM-GS-VTFETs designed using a source
extension method.
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