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Dual-metal gate and gate–drain underlap designs are introduced to reduce the ambipolar current of the device based
on the C-shaped pocket TFET(CSP-TFET). The effects of gate work function and gate–drain underlap length on the DC
characteristics and analog/RF performance of CSP-TFET devices, such as the on-state current (Ion), ambipolar current
(Iamb), transconductance (gm), cut-off frequency ( fT) and gain–bandwidth product (GBP), are analyzed and compared in
this work. Also, a combination of both the dual-metal gate and gate–drain underlap designs has been proposed for the
C-shaped pocket dual metal underlap TFET (CSP-DMUN-TFET), which contains a C-shaped pocket area that significantly
increases the on-state current of the device; this combination design substantially reduces the ambipolar current. The
results show that the CSP-DMUN-TFET demonstrates an excellent performance, including high Ion (9.03×10−4 A/µm),
high Ion/Ioff (∼ 1011), low SSavg (∼ 13 mV/dec), and low Iamb (2.15× 10−17 A/µm). The CSP-DMUN-TFET has the
capability to fully suppress ambipolar currents while maintaining high on-state currents, making it a potential replacement
in the next generation of semiconductor devices.

Keywords: tunnel field effect transistor, ambipolar current, dual metal gate, gate–drain underlap

PACS: 85.30.Mn, 85.30.Tv, 81.05.Cy DOI: 10.1088/1674-1056/acbaf3

1. Introduction
With Moore’s law, MOSFET devices have scaled to the

nanometer size, the number of devices and components on a
single chip has increased dramatically, and today we have a
significant increase in the ability of data processing. How-
ever, to further scale, MOSFETs start to face a series of
challenges: short-channel effects (SCEs), hot-carrier effects
(HCEs), higher power consumption, etc. To meet these chal-
lenges, one of the solutions is to find new devices to replace
MOSFETs. The tunneling field-effect transistor (TFET) is
one of the promising devices to replace CMOS for low-power
applications.[1] The conduction mechanism of TFETs is band-
to-band tunneling (BTBT), which is the key phenomenon
for the conduction of current in this quintessential reverse-
biased gated p–i–n structure, unlike MOSFETs, where con-
duction is due to the transition of charge.[2] With a lower sub-
threshold swing (SS), TFETs can break the 60 mV/decade
limit at room temperature, and achieve lower off-state cur-
rents and better immunity to short-channel effects. However,
there are still two main problems with TFETs: the low on-
state current Ion, and the ambipolar characteristics. To ad-
dress the low on-state current problem, researchers have now
proposed a number of solutions, such as the introduction of
heterostructures, including heterogeneous gate dielectrics,[3–5]

source channel heterojunctions,[6–8] and heterogeneous gate
materials;[9,10] the introduction of line tunneling structures to
increase the tunneling area;[11–16] utilization of black phos-
phorus instead of silicon materials;[17,18] insertion of a metal
strip in the gate oxide layer;[19] and the introduction of pocket
structures.[20,21] Ambipolar conduction makes the TFET less
effective in complementary circuits and restricts its utility in
digital circuit design. Several solutions have been proposed to
suppress ambipolar currents: using asymmetric doping,[22–24]

gate–drain underlap,[23,25,26] gate–drain overlap,[27] heteroge-
neous dielectrics,[23,28,29] work function engineering,[23,30,31]

recessed drains[32] and spacer engineering.[33]

To solve these issues, a TFET with a C-type pocket (CSP-
TFET)[34] was proposed in previous work by our team, which
improved the low on-state current while further reducing the
sub-threshold swing; however, the ambipolar behavior was not
fully suppressed. Further work is needed to optimize the struc-
ture of the device to completely suppress the ambipolar cur-
rent while ensuring that the on-state current is not affected as
much as possible, thus improving the performance of the de-
vice. Therefore, this work investigates the effects of both dual-
metal gate and gate–drain underlap designs on the ambipolar
characteristics of the device based on the CSP-TFET, respec-
tively, and combines the two designs to propose the C-shaped
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pocket dual metal underlap TFET (CSP-DMUN-TFET). The
effects of the work function of the metal gate and the gate–
drain underlap length on the DC and analog/RF characteris-
tics of the device are analyzed in detail. The optimum values
of these two parameters are also determined to achieve a high
on-state current with significant suppression of the ambipolar
behavior.

The article is arranged as follows: Section 2 describes the
basic structure of the proposed device, parameters, the model
used for simulation and the calibration of the model. Section 3
discusses the DC and analog/RF characteristics of the device
and the structure optimization process. Section 4 summarizes
the work performed.

2. Device structure and simulation model
The C-type pocket TFET (CSP-TFET) structure is char-

acteristically based on a conventional double-gate silicon-
based tunneling field-effect transistor structure with a pocket
region added to the source and channel regions with the op-
posite type of doping concentration to the source region. The
aim of the mechanism is to enhance the electric field by fully
depleting the pocket region under the action of the electric
field, thus increasing the band–band tunneling rate between
the source region and the channel and further improving the
on-state current.

The structure parameters of the C-type pocket TFET with
a dual-metal gate structure (CSP-DM-TFET) and the C-type
pocket TFET with a gate–drain underlap (CSP-UN-TFET)
proposed in this paper are as follows: to suppress ambipo-
lar characteristics, the doping concentration of the source and
drain are 1× 1020 cm−3 and 5× 1018 cm−3, respectively.
Also, the channel is doped with a doping concentration of
1× 1017 cm−3. All regions are assumed to be uniformly
doped. SiO2 was used as the gate oxide layer with a thickness
of 2 nm. Based on the team’s previous work,[34] we found that
increasing the Tp and Lp2 in the C-pocket would increase the
leakage current and prevent the device from switching off, and
increasing the Tp would also reduce the on-state current of the
device. Therefore, the Tp and Lp2 should not be large, and we
also considered the fabrication issues.[35] Finally, the param-
eters of the C-type pocket were selected to be Lp1 = 30 nm,
Tp = 2 nm and Lp2 = 1 nm. The device structures of the CSP-
DM-TFET and CSP-UN-TFET are shown in Fig. 1.

All the electrical characteristics simulations were carried
out by Synopsys Sentaurus TCAD. The Fermi–Dirac model,
the bandgap narrowing model, the doping-dependent mobility
model, the carrier Shockley–Read–Hall (SRH) model, and the
Auger model were used in the simulation. Since the silicon
thickness (Tsi) is 20 nm (larger than 7 nm), quantum effects
are not considered in this simulation. In this paper, we employ
the dynamic non-local band-to-band tunneling (BTBT) model,

which can consider the spatial variation of energy bands and
apply to arbitrary tunneling potentials with abrupt or asymp-
totic heterojunctions, and can simulate the tunneling process
more accurately. The non-local BTBT model used in this pa-
per is calibrated using the work by Boucart and Ionescu.[3]

The calibration of transfer characteristics is depicted in Fig. 2.

Table 1. The device parameters.

Variable Parameter Simulation value

Tsi silicon body thickness 20 nm
Tp pocket 1 thickness 2 nm
Lp1 pocket 1 length 30 nm
Lp2 pocket 2 length 1 nm
LS source length 50 nm
LD drain length 50 nm
Lch channel length 49 nm
Lg gate length 50 nm
Nch channel doping (n-type) 1×1017 cm−3

Ns source doping (p-type) 1×1020 cm−3

Nd drain doping (n-type) 5×1018 cm−3

Np pocket doping (n-type) 1×1020 cm−3

ϕ1 S-gate work function 4.5 eV
ϕ2 D-gate work function 4.0–4.6 eV
Lϕ2 D-gate length LDG×Lg nm

Lunder gate–drain underlap ∼ 25 nm
Tox gate oxide thickness 2 nm
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Fig. 1. A 2-D schematic view of (a) the CSP-DM-TFET and (b) the CSP-
UN-TFET.
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Fig. 2. Calibration of the TCAD model parameters obtained by compar-
ing the simulated and experimental Ids–Vgs characteristics of Ref. [3].

3. Results and discussion
The effects of the D-gate work function ϕ2, the D-gate

length Lϕ2, and the gate–drain underlap length Lunder on de-
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vice performance are investigated to obtain better suppression
of ambipolar characteristics. The Ion, Iamb, Ion/Ioff, and SSavg

are important indicators of DC characteristics, and gm, fT,
and GBP are important indicators of analog/RF characteris-
tics. The drain voltage VDS is set to 1 V, and the gate voltage
Vgs is varied from −1.5 V to 2 V. The currents in the states
VDS = 1 V, Vgs = 2 V, VDS = 1 V, Vgs =−1.5 V and VDS = 1 V,
Vgs = 0 V are defined as the on-state current Ion, the ambipolar
current Iamb and the off-state current Ioff, respectively. Note
that in this work, the energy band diagrams and electric field
diagrams are obtained at the location of 1 nm (line A–A′ in
Fig. 1) below the interface of the silicon and gate oxide layer
along the channel direction.

3.1. DC characteristics analysis
3.1.1. Effect of ϕ2 and Lϕ2 on the device

Figure 3 shows the energy band diagram of the CSP-
TFET device in the on, off, and ambipolar states. When a
positive voltage is applied to the gate, the energy band in the
channel bends downwards, resulting in a partial overlap be-
tween the source valence band and the channel conduction
band, and carriers tunneling from the valence band to the con-
duction band to form a current. This phenomenon is called
band-to-band tunneling (BTBT). Similarly, when a negative
voltage is applied to the gate, the energy band of the channel
bends upwards, causing the drain valence band and the chan-
nel conduction band to partially overlap, generating a tunnel-
ing current. Since the device conducts in both gate polarities,
this characteristic is called ambipolarity. This current is cre-
ated when a negative voltage is applied to the gate and is called
the ambipolar current. Ambipolarity is undesirable as it causes
malfunction of the inverter-based logic circuits.[36]

Thus this work takes two designs to suppress ambipolar
currents, namely, the dual metal gate and the gate–drain un-
derlap, and analysis the effects of these two designs on the
ambipolar characteristics of the CSP-TEFT. The present work
focuses on the suppression of ambipolar currents and therefore
focuses on the channel–drain junction.

The transmission characteristics of the CSP-DM-TFET
are shown in Fig. 4. We set Lp1 as 30 nm and LDG as 0.5 (LDG

is the D-gate gate length factor, which is the proportion of D-
gate to the total channel area gate length), change the D-gate
gate work function ϕ2 from 4.0 eV to 4.6 eV, and keep the
S-gate gate work function at 4.5 eV. It can be seen from Fig. 4
that the ambipolar current decreases as the D-gate gate work
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function ϕ2 decreases. This is due to the fact that as the D-gate
work function ϕ2 continues to decrease, it leads to a reduction
in the degree of energy band bending, an increase in the width
of the tunneling barrier, and an increasing depletion width at
the drain-channel junction, as shown in Fig. 5(a), which re-
duces the incidence of tunneling and suppresses the ambipolar
current.

Furthermore, it can be seen from Fig. 4 that as the nega-
tive gate voltage continues to increase, the ambipolar current
shows a decreasing trend and then increases. The reason for
this, as shown in Fig. 5(b), is that the existence of the C-type
pocket, as well as the gate full overlap structure, results in a
high lateral electric field in the pocket region of the device in
the off-state, leading to a high leakage current. As the nega-
tive gate voltage increases, the leakage current is suppressed.
In other words, the leakage current is dominant in the nega-
tive gate voltage range of 0 V to −1 V. As shown in Fig. 5(c),
as the negative voltage rises, the energy band gradually bends
upwards, the tunneling barrier decreases, and the reverse con-
duction takes place. At this point, the tunneling current at the
drain–channel junction becomes dominant.

To further optimize the CSP-DM-TFET, the effect of the
Lϕ2 on the ambipolar and on-state currents is analyzed. The
Lϕ2 is the length of the D-gate and is defined as LDG × Lg

(0 < LDG ≤ 1). The effect of the LDG on the DC character-
istics of the CSP-DM-TFET with Lp1 at 30 nm, Lp2 at 1 nm,
and ϕ1 and ϕ2 at 4.5 eV and 4.0 eV, is shown in Fig. 6(a).
The LDG varies from 0.1 to 0.9, with the ambipolar current de-
creasing with the increasing LDG until it goes to 0.6. It can
be seen in Fig. 6(b) that as the LDG increases, the degree of
energy band bending at the channel/drain junction decreases,
leading to an increase in the tunneling barrier and suppression
of the ambipolar current. As the LDG continues to increase
beyond 0.6, there is no significant change in the ambipolar
current, but the leakage current in the off-state increases and
the device cannot be switched off. As shown in Fig. 6(c),
due to the increased LDG, which brings the D-gate with its
lower work function closer to the source–channel junction, the
electric field strength near the source–channel junction is in-
creased, thus reducing the tunneling barrier width and allow-
ing the device to have a higher leakage current in the off-state.
In addition, Ion slightly increases with the increasing LDG.
Based on the above analysis, the LDG was optimally set to
0.6, with Ion = 9.66×10−4 A/µm, Iamb = 6.94×10−17 A/µm,
SSavg = 17.7 mV/dec, and Ion/Ioff≈ 1×1011. In this work, the
average subthreshold swing is used as a performance metric.
Bhuwalka[37] and Boucart and Ionescu[3] proposed a defini-
tion for calculating SSavg with the following equation:[38]

SSavg =
VTH−VOFF

log
(

ITH
IOFF

) , (1)

where VTH is the threshold voltage, whose value is the voltage
corresponding to a drain current ITH of 10−7 A/µm. And VOFF

takes the value of the gate voltage corresponding to a drain
current Ioff of 10−14 A/µm.
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Fig. 6. (a) The effect of the LDG change from 0.1 to 0.9 on the trans-
fer characteristics of the CSP-DM-TFET devices. (b) An energy band
diagram of the CSP-DM-TFET in the ambipolar state (VDS = 0 V, Vgs =
−1.5 V) corresponding to the change of the LDG from 0.1 to 0.9. (c) Elec-
tric field distribution of CSP-DM-TFETs when the LDG is 0.6 and 0.9,
respectively.

3.1.2. Effect of Lunder on the device

The CSP-UN-TFET retains full overlap of the gate at the
source, varying the value of the Lunder from 5 nm to 25 nm,
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and its transfer characteristics are shown in Fig. 7(a). As the
length of the Lunder increases, the ambipolar current decreases.
When it reaches 25 nm, the ambipolar current decreases by
about six orders of scale. As shown in Fig. 7(b), the decreased
ambipolar current is caused by gate–drain underlap, which re-
sults in a reduced electric field at the channel/drain junction.
As the Lunder increases, the electric field density at the channel-
drain junction becomes smaller, which reduces the probability
of tunneling and thus suppresses the ambipolar current. In ad-
dition, from the energy band diagram, as shown in Fig. 7(c),
the energy band bending at the channel–drain junction de-
creases as the Lunder increases, which increases the width of
the tunneling barrier. Similarly, when the Lunder is 25 nm,
the ambipolar current decreases with an increasing negative
gate voltage in the 0 to −1 V range. Because the leakage

current dominates in this range, there is a relatively small in-
crease in the tunneling current at the channel/drain junction.
As the negative gate voltage continues to increase after −1 V,
the tunneling current at the channel/drain junction dominates,
at which point it rises slightly as the negative gate voltage in-
creases. Compared to the CSP-DM-TFET, the CSP-UN-TFET
is more effective at suppressing ambipolar currents, which re-
mains low by ∼ 10−16 orders of scale at the gate voltage of
−1.5 V. Furthermore, as shown in Fig. 7(a), the on-state cur-
rent Ion decreases as the length of the Lunder increases, but
the reduction is limited. Therefore, to suppress the ambipo-
lar current more effectively, the Lunder length is set to 25 nm.
The DC characteristics of the CSP-UN-TFET device in this
case are Ion = 8.34×10−4 A/µm, Iamb = 2.79×10−17 A/µm,
SSavg = 16.9 mV/dec, and Ion/Ioff ≈ 1×1011.
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Fig. 7. (a) The effect of the Lunder change from 5 nm to 25 nm on the transfer characteristics of CSP-UN-TFET devices. CSP-UN-TFET devices in the
ambipolar state (VDS = 1 V, Vgs =−1.5 V) with the Lunder change from 5 nm to 25 nm, corresponding to (b) the energy band diagram, and (c) the lateral
electric field.

In summary, the ambipolar characteristics of both the
CSP-DM-TFET and CSP-UN-TFET devices are suppressed.
But compared to the CSP-DM-TFET, the CSP-UN-TFET can
suppress the ambipolar current better with the disadvantage of
the reduced Ion.

Therefore, to ensure that the ambipolar currents are sup-
pressed without affecting the on-state currents as much as pos-
sible, a combination of these two methods is used to compen-
sate for the negative effects on the on-state currents caused
by the gate–drain underlap structure. During the combina-
tion process of optimization, the following principles were ap-
plied: minimal reduction of the on-state current and complete
suppression of the ambipolar current. The finalized improved
device CSP-DMUN-TFET structure is shown in Fig. 8. The
device parameters are: LDG of 0.4, Lunder of 20 nm, and ϕ2

of 4.0. Figure 9 shows a comparison of the transfer char-
acteristic curves of the CSP-DM-TFET, CSP-UN-TFET, and
CSP-DMUN-TFET devices. It can be seen that the ambipolar
current of the CSP-DMUN-TFET device remains at the same
level as that of the CSP-UN-TFET, and the Ion of the CSP-
DMUN-TFET is larger than that of the CSP-UN-TFET. In
this case, the DC characteristics of the CSP-DMUN-TFET de-

vice are Ion = 9.03×10−4 A/µm, Iamb = 2.15×10−17 A/µm,
SSavg = 13.3 mV/dec, and Ion/Ioff ≈ 1×1011.
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3.2. Analog/RF characteristics analysis

In this section, the effects of ϕ2 and Lunder on the ana-
log/RF characteristics of the CSP-DM-TFET and CSP-UN-
TFET devices are investigated, including the transconductance
(gm), cut-off frequency ( fT), gain–bandwidth product (GBP),
etc., respectively. These parameters are extracted at the fre-
quency of 1 MHz. The gm is an important indicator that is
used to measure the analog characteristics of devices,[39] and
a higher gm indicates better performance for analog applica-
tions. Analysis of the analog parameter gm plays a critical role
in obtaining a higher fT and GBP.[40]

Figures 10(a) and 10(b) shows the effect of ϕ2 and Lunder

parameters on the gm of the CSP-DM-TFET and CSP-UN-
TFET devices, respectively. It can be seen from Figs. 10(a)
and 10(b) that as the gate voltage increases, the drain current
increases, which leads to an increase in the gm. However, due
to the decrease in carrier mobility, the higher the Vgs voltage
is, the lower the gm is. Furthermore, it can be noted that the
Lunder has a greater effect on the gm than the ϕ2, as a larger
Lunder reduces the drain current.
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gm of the CSP-DM-TFET device. (b) Variation of Lunder from 5 nm to
25 nm, corresponding to the gm of the CSP-UN-TFET device.

Figures 11(a) and 11(b) show the effect of ϕ2 and Lunder

on the Cgd of the CSP-DM-TFET and CSP-UN-TFET devices,
respectively. It can be seen from Fig. 11(a) that varying the ϕ2

has a greater effect on the Cgd of the CSP-DM-TFET device
at low voltages. As the lower work function increases, the
coupling between the gate and drain, Cgd, gradually increases
as ϕ2 decreases, affecting the switching speed of the device.
In addition, the Cgd decreases with the increasing Lunder, as
seen in Fig. 11(b), due to the fact that the gate–drain under-
lap structure increases the distance between the gate and drain
regions, weakens the capacitive coupling, and reduces the ef-
fective charge concentration in the uncovered region of the
gate.[41,42]
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Fig. 11. (a) The change of ϕ2 from 4.0 eV to 4.6 eV, corresponding to
the variation of the Cgd of the CSP-DM-TFET device. (b) The change of
Lunder from 5 nm to 25 nm, corresponding to the variation of the Cgd of
the CSP-UN-TFET device.

The cut-off frequency is the frequency at which the cur-
rent gain becomes unity, and plays a significant role in de-
ciding the device performance at high frequency,[43] as shown
below:

fT =
gm

2πCgs

√
1+2

(
Cgd
Cgs

) ∼= gm

2π
(
Cgs +Cgd

) ∼= gm

2πCgg
. (2)

As can be seen from Eq. (2), fT is positively proportional to
gm and inversely proportional to Cgg.

As shown in Fig. 12, the fT increases as the Vgs increases
initially and after the fT reaches its peak, it begins to fall
sharply, due to the fact that the gm begins to fall after reach-
ing its maximum value and is accompanied by an increase in

108502-6



Chin. Phys. B 32, 108502 (2023)

the Cgd. From Fig. 12(a), it can be seen that changing the ϕ2

has an apparent effect on the fT of the CSP-DM-TFET device,
due to the fact that a decrease in the ϕ2 increases the coupling
between the gate–drain and the Cgd increases. When the ϕ2 is
4.0 eV, it obviously reduces the cut-off frequency of the CSP-
DM-TFET. Figure 12(b) shows that the effect of the Lunder is
not very significant on the fT, because both the gm in the nu-
merator and the Cgd in the denominator decrease as the Lunder

increases.

Another important parameter for RF analysis is the GBP,
which signifies the product of gain and bandwidth at a con-
stant DC gain value 10.[44] The value of the GBP is expressed
as follows:

GBP =
gm

2π10Cgd
. (3)

As shown in Figs. 12(c) and 12(d), the tendency of the GBP is
similar to that of the fT.
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In summary, the CSP-DM-TFET device reduces the ana-
log/RF characteristics by increasing the gate–drain capaci-
tance due to the use of a lower work function in the D-gate.
The CSP-UN-TFET improves the analog/RF performance by
reducing the gate drain capacitance due to the presence of the
underlap in the gate–drain. The CSP-DMUN-TFET device
proposed in this work combines the advantages of both de-
signs, with an analog/RF performance somewhere between the
above two devices: gm = 1.27×10−3 S, fT = 5.99×1010 Hz,
GBP = 2.06×1010 Hz.

4. Conclusion and perspectives
This work investigated the effects of dual metal gate and

gate–drain underlap designs on the ambipolar characteristics

of devices based on silicon-based dual-gate CSP-TFETs. Both
designs are capable of suppressing ambipolar currents, with
the gate–drain underlap being more effective, but with a small
reduction in the on-state current, while the dual metal gate
barely effects the on-state current. In addition, the dual metal
gate structure causes a degradation of the analog/RF perfor-
mance of the device compared to the gate–drain underlap
structure. Therefore, a combination of both designs is pro-
posed for the CSP-DMUN-TFET. Due to the full gate over-
lap in the pocket area, the CSP-DMUN-TFET has a high on-
state current while being able to fully suppress ambipolar cur-
rents: Ion = 9.08× 10−4 A/µm, Iamb = 2.15× 10−17 A/µm,
SSavg = 13.3 mV/dec, Ion/Ioff ≈ 1×1011, gm = 1.27×10−3 S,
fT = 5.99× 1010 Hz, GBP = 2.06× 1010 Hz. The CSP-
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DMUN-TFET effectively solves the problems of low on-state
current and ambipolar characteristics of conventional dual-
gate TFETs and is more suitable for low-power applications.

Acknowledgment
Project supported by the National Natural Science Foun-

dation of China (Grant Nos. 52177185 and 62174055).

References
[1] Koswatta S O, Lundstrom M S and Nikonov D E 2009 IEEE Trans.

Electron Dev. 56 456
[2] Nitika S, Nidhi G and Gurpreet K 2019 3rd International Conference

on Microelectronics, Computing and Communication Systems (MCCS),
May 12–13, 2018, Ranchi, INDIA, 407

[3] Boucart K and Ionescu A M 2007 IEEE Trans. Electron Dev. 54 1725
[4] Choi W Y and Lee W 2010 Trans. Electron Dev. 57 2317
[5] Lee J W and Choi W Y 2020 IEEE Access 8 67617
[6] Guan Y H, Li Z C, Luo D X, Meng Q Z and Zhang Y F 2016 Chin.

Phys. B 25 108502
[7] Hanna A N, Fahad H M and Hussain M M 2015 Sci. Rep. 5 9843
[8] Asthana P K, Ghosh B, Goswami Y and Tripathi B M M 2014 IEEE

Trans. Electron Dev. 61 479
[9] Saurabh S and Kumar M J 2010 IEEE Trans. Electron. Dev. 58 404

[10] Beneventi G B, Gnani E, Gnudi A, Reggiani S and Baccarani G 2015
IEEE Trans. Electron Dev. 62 44

[11] Lattanzio L, Michielis L D and Ionescu A M 2012 Solid-State Electron
74 85

[12] Walke A M, Vandooren A, Rooyackers R, Leonelli D, Hikavyy A, Loo
R, Verhulst A S, Kao K H, Huyghebaert C, Groeseneken G, Rao V R,
Bhuwalka K K, Heyns M M, Collaert N and Thean A V Y 2014 IEEE
Trans. Electron Dev. 61 707

[13] Kim S W, Choi W Y, Sun M C, Kim H W and Park B G 2012 Jpn. J.
Appl. Phys. 51 06FE09

[14] Kim S W, Kim J H, Liu T J K, Choi W Y and Park BG 2015 IEEE
Trans. Electron Dev. 63 1774

[15] Li C, Yan Z R, Zhuang Y Q, Zhao X L and Guo J M 2018 Chin. Phys.
B 27 078502

[16] Saha R, Panda D K, Goswami R, Bhowmick B and Baishya S 2021
Devices for Integrated Circuit (DevIC), May 19–20, 2021, Kalyani,
INDIA, pp. 517

[17] Kim S, Myeong G, Shin W, Lim H, Kim B, Jin T, Chang S, Watanabe
K, Taniguchi T and Cho S 2020 Nat. Nanotechnol. 15 203

[18] Kim S, Myeong G, Park J, Watanabe K, Taniguchi T and Cho S 2020
Nano Lett. 20 3963

[19] Xu H F, Han X F and Sun W 2020 Chin. Phys. B 29 108502
[20] Nagavarapu V, Jhaveri R and Woo J C S 2008 IEEE Trans. Electron

Dev. 55 1013
[21] Abdi D B and Kumar M J 2014 IEEE Electron. Device Lett. 35 1170
[22] Wu J and Taur Y 2016 IEEE Trans. Electron Dev. 63 3342
[23] Yadav D S, Sharma D, Raad B R and Bajaj V 2016 Superlattice Mi-

crost. 96 36
[24] Nigam K, Gupta S, Pandey S, Kondekar P N and Sharma D 2018 Int.

J. Electron 105 806
[25] Verhulst A S, Vandenberghe W G, Maex K and Groeseneken G 2007

Appl. Phys. Lett. 91 053102
[26] Gracia D, Nirmal D and Moni D J 2018 AEU-Int. J. Electron. Commun.

96 164
[27] Abdi D B and Kumar M J 2014 IEEE J. Electron Dev. Soc. 2 187
[28] Sahay S and Kumar M J 2015 IEEE Trans. Electron Dev. 62 3882
[29] Goswami P P, Khosla R and Bhowmick B 2019 Appl. Phys. A 125 733
[30] Nigam K, Kondekar P and Sharma D 2016 Micro Nano Lett 11 460
[31] Kumar S, Singh K, Nigam K, Tikkiwal V A and Chandan B V 2019

Appl. Phys. A 125 353
[32] Li C, Jiang H F, Guo J M, You H L, Liu W F and Zhuang Y Q 2021

Silicon 13 3981
[33] Anghel C, Hraziia, Gupta A, Amara A and Vladimirescu A 2011 IEEE

Trans. Electron Dev. 58 1649
[34] Chen Z X, Liu W J, Liu J N, Wang Q H, Zhang X G, Xu J, Li Q H, Bai

W and Tang X D 2022 Chin. Phys. B 31 058501
[35] Jahan C, Faynot O, Tosti L and Hartmann J M 2005 Journal of Crystal

Growth 280 530
[36] Hraziia, Vladimirescu A, Amara A and Anghel C 2012 Solid-State

Electron. 70 67
[37] Bhuwalka K K, Schulze J and Eisele I 2005 IEEE Trans. Electron. De-

vices 52 1541
[38] Seabaugh A C and Zhang Q 2010 Proc. IEEE 98 2095
[39] Xie H and Liu H 2020 Aip Adv. 10 055125
[40] Dharmender and Nigam K 2020 Silicon 13 2347
[41] Yadav D S, Sharma D, Tirkey S and Bajaj V 2017 J. Comput. Electron

17 118
[42] Tirkey S, Yadav D S and Sharma D 2017 International Conference on

Information, Communication, Instrumentation and Control (ICICIC),
August 17–19, 2017, Indore, INDIA, pp. 1

[43] Singh A K, Tripathy M R, Baral K, Singh P K and Jit S 2020 Micro-
electron. J. 102 104775

[44] Yadav D S, Sharma D, Raad B R and Bajaj V 2016 Superlattice Mi-
crost. 96 36

108502-8

http://dx.doi.org/10.1109/TED.2008.2011934
http://dx.doi.org/10.1109/TED.2008.2011934
http://dx.doi.org/10.1109/TED.2007.899389
http://dx.doi.org/10.1109/TED.2010.2052167
http://dx.doi.org/10.1109/Access.6287639
http://dx.doi.org/10.1088/1674-1056/25/10/108502
http://dx.doi.org/10.1088/1674-1056/25/10/108502
http://dx.doi.org/10.1038/srep09843
http://dx.doi.org/10.1109/TED.2013.2295238
http://dx.doi.org/10.1109/TED.2013.2295238
http://dx.doi.org/10.1109/TED.2010.2093142
http://dx.doi.org/10.1109/TED.2014.2371071
http://dx.doi.org/10.1109/TED.2014.2371071
http://dx.doi.org/10.1016/j.sse.2012.04.016
http://dx.doi.org/10.1016/j.sse.2012.04.016
http://dx.doi.org/10.1109/TED.2014.2299337
http://dx.doi.org/10.1109/TED.2014.2299337
http://dx.doi.org/10.7567/JJAP.51.06FE09
http://dx.doi.org/10.7567/JJAP.51.06FE09
http://dx.doi.org/10.1109/TED.2015.2472496
http://dx.doi.org/10.1109/TED.2015.2472496
http://dx.doi.org/10.1088/1674-1056/27/7/078502
http://dx.doi.org/10.1088/1674-1056/27/7/078502
http://dx.doi.org/10.1038/s41565-019-0623-7
http://dx.doi.org/10.1021/acs.nanolett.0c01115
http://dx.doi.org/10.1021/acs.nanolett.0c01115
http://dx.doi.org/10.1088/1674-1056/ab9c06
http://dx.doi.org/10.1109/TED.2008.916711
http://dx.doi.org/10.1109/TED.2008.916711
http://dx.doi.org/10.1109/LED.2014.2362926
http://dx.doi.org/10.1109/TED.2016.2577589
http://dx.doi.org/10.1016/j.spmi.2016.04.027
http://dx.doi.org/10.1016/j.spmi.2016.04.027
http://dx.doi.org/10.1080/00207217.2017.1409807
http://dx.doi.org/10.1080/00207217.2017.1409807
http://dx.doi.org/10.1063/1.2757593
http://dx.doi.org/10.1063/1.2757593
http://dx.doi.org/10.1016/j.aeue.2018.09.024
http://dx.doi.org/10.1016/j.aeue.2018.09.024
http://dx.doi.org/10.1109/JEDS.2014.2327626
http://dx.doi.org/10.1109/TED.2015.2478955
http://dx.doi.org/10.1007/s00339-019-3032-8
http://dx.doi.org/10.1049/mna2.v11.8
http://dx.doi.org/10.1007/s12633-020-00665-1
http://dx.doi.org/10.1007/s12633-020-00665-1
http://dx.doi.org/10.1109/TED.2011.2128320
http://dx.doi.org/10.1109/TED.2011.2128320
http://dx.doi.org/10.1088/1674-1056/ac43a6
http://dx.doi.org/10.1016/j.jcrysgro.2005.03.088
http://dx.doi.org/10.1016/j.jcrysgro.2005.03.088
http://dx.doi.org/10.1016/j.sse.2011.11.009
http://dx.doi.org/10.1016/j.sse.2011.11.009
http://dx.doi.org/10.1109/TED.2005.850618
http://dx.doi.org/10.1109/TED.2005.850618
http://dx.doi.org/10.1109/JPROC.2010.2070470
http://dx.doi.org/10.1063/5.0006510
http://dx.doi.org/10.1007/s12633-020-00822-6
http://dx.doi.org/10.1007/s10825-017-1045-0
http://dx.doi.org/10.1007/s10825-017-1045-0
http://dx.doi.org/10.1016/j.mejo.2020.104775
http://dx.doi.org/10.1016/j.mejo.2020.104775
http://dx.doi.org/10.1016/j.spmi.2016.04.027
http://dx.doi.org/10.1016/j.spmi.2016.04.027

	1. Introduction
	2. Device structure and simulation model
	3. Results and discussion
	3.1. DC characteristics analysis
	3.1.1. Effect of 2 and L2 on the device
	3.1.2. Effect of Lunder on the device

	3.2. Analog/RF characteristics analysis

	4. Conclusion and perspectives
	References

