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Design and investigation of dopingless double-gate line tunneling
transistor: Analog performance, linearity,

and harmonic distortion analysis∗
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The tunnel field-effect transistor (TFET) is proposed by using the advantages of dopingless and line-tunneling tech-
nology. The line tunneling is created due to the fact that the gate electric field is aligned with the tunneling direction, which
dramatically enhances tunneling area and tunneling current. Moreover, the effects of the structure parameters such as the
length between top gate and source electrode, the length between top gate and drain electrode, the distance between bottom
gate and drain electrode, and the metal position on the on-state current, electric field and energy band are investigated and
optimized. In addition, analog/radio-frequency performance and linearity characteristics are studied. All results demon-
strate that the proposed device not only enhances the on/of current ratio and reduces the subthreshold swing, but also offers
eight times improvement in cut-off frequency and gain band product as compared with the conventional point tunneling
dopingless TFET, at the same time; it shows better linearity and small distortions. This proposed device greatly enhances
the potential of applications in dopingless TFET.
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1. Introduction
With the rapid increase of integration degree in integrated

circuits and the continuous decrease of device size, the metal–
oxide–semiconductor field effect transistor (MOSFET) grad-
ually approaches to the physical limit. Since the downscal-
ing of MOSFET greatly challenges the power consumption
due to large leakage currents. It is very necessary to pro-
vide low power consumption and high switching speed de-
vices, especially since we are now entering into the era of In-
ternet of Things (IoT). Moreover, as far as the conventional
MOSFET is concerned, it has a limited subthreshold swing
(SS) due to its thermionic emission operation mechanism.[1]

One way to solve the issue of MOSFET is to develop alter-
native devices. The tunnel field effect transistor (TFET) is in
line with the trend of the shrinking of devices in circuit, chip
level and ultra-low power consumption applications, since it
has many advantages such as lower SS, lower off-state cur-
rent (Ioff),[2–4] and lower supply voltage,[5,6] simultaneously,
higher immunity against short-channel effects (SCEs). How-
ever, the TFET has some disadvantages such as low on-state
current (Ion) due to its tunneling inefficiency as well as am-
bipolar characteristics as compared with MOSFET. For better
application from the perspective of circuit design, Ion should
be enhanced greatly and the ambipolar behavior should be sup-
pressed effectively, simultaneously, the fabrication process of
doped source and drain regions for TFET should be simple

and feasible. Therefore, tremendous efforts using optimiza-
tions of TFET from the process to material and structure en-
gineering have been extensively made to improve the perfor-
mances. Researchers have proposed many techniques for en-
hancing Ion, such as hetero-structures with low bandgap ma-
terial in the tunneling region,[7–9] gate-oxide layer dielectric
engineering,[10] dual-material gate engineering,[11–13] innova-
tive device architecture,[14–18] carrier tunneling in-line with
gate field, etc. Hetero-oxide layer dielectric, lightly doped
drain,[19] and gatedrain underlap structure[20,21] have been
provided to solve the ambipolar current (Iamb) issue. In order
to obtain a fabrication advantage, the dopingless (or uniform)
fabrication process is established based on the charge-plasma
(CP) technique.[22–24] The CP technique is a high-temperature
process that makes the source and drain metal electrodes with
appropriate work functions create the doped source/drain re-
gion. It is easy to see that CP technique not only avoids ran-
dom dopant fluctuations but also reduces the complex thermal
budget, and at the same time that the abrupt junction can be
easily formed in the region between the source and channel
and also in the region between the drain and channel.

However, as far as the conventional silicon-based point
tunneling dopingless TFET (PT−DLTFET) is concerned, on
the one hand, large electron effective mass of silicon material
and large tunneling barrier width in the tunneling region will
reduce Ion; on the other hand, Ion is low due to the fact that
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the tunneling of carriers takes place in a small area at a sur-
face near the source–channel junction along the gate length
direction, and the bandtoband tunneling (BTBT) is indepen-
dent of the tunnel cross-sectional area. Recently, Ion issue of
PT−TFET has been mitigated by using line tunneling TFET
(LT−TFET) to a certain extent.[25–28] Unlike the PT−TFET,
the LT−TFET involves BTBT orthogonal to the gate length,
so the BTBT is dependent on the tunnel cross-sectional area.
In other words, relatively high BTBT can be achieved for
LT−TFET due to an increased tunnel cross-sectional area, pro-
viding Ion is higher. Therefore, recently, on-chip implementa-
tion of LT−TFET based direct current (DC) and analog/radio
frequency (RF) performance analysis has increased the in-
terest of the research community. Tripuresh et al.[29] pro-
posed an extended-source double-gate TFET (ESDG-TFET)
in order to improve DC and analog/RF performance. The
ESDG-TFET provides a threshold voltage of 0.42 V, an SS of
12.24 mV/decade, on-off current ratio (Ion/Ioff) of 2.57×1012,
and a cutoff frequency ( ft) of 37.7 GHz. Prabhat et al.[30] re-
ported T-shaped III–V heterojunction TFET with a larger tun-
neling area, which results in a 4.3-times improvement in Ion,
a 4 times improvement in the transconductance (gm), and a
2.36-times improvement in ft as compared with the LTFET.

Li et al.[31] has reported a germanium-based line tun-
neling dopingless TFET (named LT−DLTFET), which inte-
grates the benefits of CP technique and line tunneling to-
gether. But LT−DLTFET in the reported paper uses the same
oxide, i.e. HfO2, it will increase Ioff and SS. For improv-
ing the performance of LT−DLTFET, a novel device (named
M−LT−DLTFET) is proposed in this paper. A metal with an
appropriate work function is implanted into the top-gate ox-
ide layer for M−LT−DLTFET. Moreover, the different oxide

layers are used in the M−LT−DLTFET in order to enhance
the device performance, in which the HfO2 dielectric pro-
vides greater electric field in the tunneling region for obtaining
larger Ion, and SiO2 can suppress Iamb. We intend to improve
the DC, analog/RF performance, and linearity performance of
the proposed device as compared with those of PT−DLTFET
and LT−DLTFET.

2. Device structure

The structures of PT−DLTFET, LT−DLTFET, and
M−LT−DLTFET are shown in Fig. 1. The above-mentioned
devices are designed by using CP technique, where specific
work functions of source electrode and drain electrode are
5.9 eV (platinum) and 3.9 eV (hafnium) respectively in or-
der to induce the P+ doping and N+ doping in the source
region and drain region. The doping concentration of the in-
trinsic region is 1015 cm3. The width and height of metal layer
for M−LT−DLTFET are denoted by LM and TM , respectively,
as described in Fig. 1(c). The top gate and bottom gate have
the same bias and work function for PT− DLTFET, but for
LT−DLTFET and M−LT−DLTFET as shown in Figs. 1(b) and
1(c), their bottom gates each are grounded and have a higher
work function, while their top gates each have a higher bias
and a lower work function. Moreover, the distance between
bottom gate and drain electrode of PT−DLTFET is lower than
those of the other devices. The structure of M−LT−DLTFET
is the same as that of LT−DLTFET, but a metal with an appro-
priate work function is implanted into the top-gate oxide layer
for M−LT−DLTFET. The material parameters and dimensions
of the devices are given in Table 1.

Table 1. Material parameters and dimensions of devices.

Parameter Symbol PT−DLTFET LT−DLTFET M−LT−DLTFET

Top gate length LTG 55 nm 55 nm 55 nm
Bottom gate length LBG 55 nm 50 nm 50 nm
Source length LS 20 nm 20 nm 20 nm
Drain length LD 20 nm 20 nm 20 nm
Distance between top gate and source electrode LTGS 5 nm 5 nm 5 nm
Distance between top gate and drain electrode LTGD 10 nm 10 nm 10 nm
Distance between bottom gate and drain electrode LBGD 10 nm 20 nm 20 nm
Oxide layer thickness TOX 3 nm 3 nm 3 nm
Ge body thickness TGe 10 nm 10 nm 10 nm
Top gate work function WKTG 4.2 eV 3.9 eV 3.9 eV
Bottom gate work function WKBG 4.2 eV 4.6 eV 4.6 eV
Metal work function WKM 3.9 eV
Source electrode work function WKS 5.9 eV 5.9 eV 5.9 eV
Drain electrode work function WKD 3.9 eV 3.9 eV 3.9 eV

The simulations are performed by using silvaco atlas

simulator,[32] and the following models such as dynamic

nonlocal band-to-band tunneling model, shockley-read-hall

model, auger recombination model, and fermi statistics model

are used in this work. The values of Ion, Ioff, and Iamb de-

fined at Vgs = 1 V, 0 V, and −0.5 V respectively are calcu-

lated with keeping Vds fixed at 0.5 V. Here, Vgs and Vds de-

note the gate–source voltage and drain–source voltage, respec-
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tively. Moreover, the bottom–gate voltages of LT−DLTFET
and M−LT−DLTFET are both defined as zero when these de-
vices are operated.
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Fig. 1. Structure of devices of (a) PT−DLTFET, (b) LT−DLTFET, and (c)
M−LT−DLTFET.

3. Results and discussion
In this section, DC performance, analog/RF characteris-

tic, and linearity analysis for PT−DLTFET, LT−DLTFET, and
M−LT−DLTFET are analyzed.

3.1. DC characteristics analysis

The energy bands along the cutline (A–A’) and (B–B’)
for M−LT−DLTFET under on-state condition are shown in
Figs. 2(a) and 2(b), respectively. Along the A–A’ direction, it
can be found that the barrier width of the proposed device is
very small, so it satisfies the band-band tunneling condition,
and the tunnel is defined as e-point tunnel in this condition.
Moreover, a higher work function of bottom-gate makes the
energy band at the bottom of the channel pulled up. Simulta-
neously, a lower work function of top-gate makes the energy
band at the top of the channel pulled down. The energy band
in the channel is bent, and thus leading the valence band to
be aligned with the conduction band as observed in Fig. 2(b).
In M−LT−DLTFET, the bottom channel accumulates holes
because of grounded bottom gate with a higher work function.
The top channel accumulates a lot of electrons due to the top
gate possessing a lower work function and higher bias. Elec-
tron and hole concentration along the B–B’ direction under

on-state condition is shown in Fig. 2(c). Moreover, the higher
the WKBG the more the holes accumulated at the bottom chan-
nel will be. Thus, a pseudo abrupt PN junction is created in the
channel region, which induces the tunneling from channel bot-
tom to channel top, and the tunnel is defined as e-line tunnel
in this condition. This e-line tunnel can also be proved by the
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Fig. 2. Plot of energy varying with distance for M−LT−DLTFET along (a)
A–A’ direction, and (b) B–B’ direction under on-state condition, (c) plots
of electron and hole concentrations varying with top-bottom distance along
B–B’ direction under on-state condition.
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energy band in Fig. 2(b). Therefore, there are two tunneling
paths in the proposed device as depicted in Fig. 1(c). It should
be noted that this bottom gate engineering for LT−DLTFET
and M−LT−DLTFET offers the line tunneling current, mean-
while, sacrificing half of point tunneling current.[31]

The electric field, electron current density, transfer char-
acteristics, and extracted SS of the devices are shown in Fig. 3.
Figure 3(a) shows that the M−LT−DLTFET can obtain an in-
creased electric field along the cutline A–A’ (as marked in
Fig. 1(b)) at source/channel interface, which is instrumental
in getting higher tunneling rate of charge carriers at the tun-
neling junction. Moreover, figure 3(b) shows the plots of elec-
tron current density versus distance along the cutline A–A’ (as
marked in Fig. 1(b)) for three devices under the on-state con-
dition. Due to the use of metal at source/channel interface in
M−LT−DLTFET for improving the electron tunneling rate in
the region from source to channel, therefore, a much larger
electron current density is obtained in the channel region and
drain region for the proposed device than for other devices.
Therefore, an increased electric field at the interface between
the source and channel and larger electron current density in
channel region will result in higher Ion than that of other struc-
tures as shown in Fig. 3(c). Moreover, Ioff for the proposed

device is almost the same as those of the other devices. There-
fore, M−LT−DLTFET does surpass the other devices in terms
of Ion, and Ion/Ioff, as listed in Table 2. The threshold volt-
age (Vth) of M−LT−DLTFET is lower than those of the other
devices because a metal with an appropriate work function im-
planted into the top-gate oxide layer leads to the gate dielec-
tric to thin out, which will enhance the coupling between the
gate and the source tunneling junction. Average SS (SSavg)

is defined as (VT −Voff)/log(IT/Ioff), where VT is extracted
using the constant current (CC) method, and CC (IT) is de-
fined as 10−10 A/µm.[33] The SS is defined as dVgs/d log Ids

and the minimum SS (SSmin) is defined
(

dVgs/d log Ids
)

min.
Here a steeper SSavg is obtained for the proposed device than
for other devices because the M−LT−DLTFET can obtain a
much enhanced tunnel probability due to the increase of elec-
tric field caused by the thinning of the gate dielectric. There-
fore, the M− LT−DLTFET will offer better switching charac-
teristics. From Fig. 3(d), the M−LT−DLTFET has achieved
a sub-60 mV/decade SS for over five orders of magnitude of
the drain current. Consequently, in addition to large Ion and
Ion/Ioff, the M−LT−DLTFET also exhibits a low value of Vth

and SSavg as well as nearly constant SS in a large drain current
range.
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Table 2. Comparison of DC parameter among devices.

Parameter PT−DLTFET LT−DLTFET M−LT−DLTFET

Ion/(A/µm) 1.90117×10−6 4.44004×10−6 1.14652×10−5

Ion/Ioff 4.19×108 9.81×108 1.48×109

Iamb/(A/µm) 5.01×10−15 4.69×10−15 4.67×10−15

SSavg/(mV/dec) 72.52 44.07 34.15
SSmin/(mV/dec) 27.47 29.36 26.23

Vth/V 0.34 0.2 0.16

3.2. Optimization of the proposed device

The proposed device with different parameters such as LTGS, LTGD, LBGD, and metal position is explored to further improve
the performances. The energy bands along the A–A’ and B–B’ direction for M−LT−DLTFET with different values of LTGS and
Vgs are shown in Fig. 4. It can be seen from Figs. 4(a) and 4(b) that LTGS mainly affects the point tunneling barrier width (along
the A–A’ direction) between the source and channel region for M−LT−DLTFET operated at low and high Vgs, respectively. The
smaller LTGS is helpful in enhancing the point tunneling current. However, the line tunneling barrier width (along the B–B’
direction) for M−LT−DLTFET operated at low or high Vgs is almost unaffected by LTGS.
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Figure 5 shows the transfer characteristics and elec-
tric field versus distance along the cutline A–A’ for M−
LT−DLTFET with different values of LTGS while metal po-
sition is kept unchanged. The off-state current is almost unaf-
fected by LTGS. On the one hand, the smaller LTGS is helpful
in enhancing the point tunneling current for M−LT−DLTFET
as mentioned in Figs. 4(a) and 4(b). On the other hand, the
smaller LTGS will enhance the region of line tunneling between
bottom-gate and top-gate, thereby increasing the on-state cur-
rent. The on-state current for the proposed device with 5-
nm LTGS is slightly larger than that of the proposed device

with 3 nm, which is due to the fact that the implementation
of metal at the tunneling junction exploits larger electric field
and sharper band bending in the maximum tunneling region,
i.e. at the source corners, thereby making the tunneling width
narrower. Therefore, the on-state current increases, and the
optimal value of LTGS is set to be 5 nm.

The transfer characteristics and energy band along the A–
A’ direction for the proposed device with different values of
LTGD are shown in Fig. 6. When LTGD increases from 5 nm
to 15 nm, the off-state current and on-state current are almost
unaffected by LTGD. However, the on-state current decreases
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when LTGD is 25 nm. It can be found from Fig. 6(b) that the
barrier of energy band between channel and drain regions in-
creases with the value of LTGD increasing. The increasing bar-

rier in the region between channel and drain will prevent elec-
trons from flowing to the drain region, thereby reducing the
drain current.
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The effects of varying LBGD on energy band along the A–

A’ direction and the C–C’ direction for the proposed device

under the off-state condition are shown in Fig. 7. It is ob-

served from the figure that when LBGD decreases from 40 nm

to 10 nm, the barrier width between channel and drain region

also reduces, thus leading Ioff to augment. Moreover, the tun-
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neling junction at the bottom of channel is turned on (in the
C–C’ direction). Therefore, Ioff is mainly generated by the
tunneling current from the bottom of channel. Note that the
region of line tunneling between bottom-gate and top-gate will
decrease with LBGD increasing, thereby reducing the on-state
current. Therefore, the value of LBGD is neither too large nor
too small, so the optimal value of LBGD for the proposed de-
vice is set to 20 nm.
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Fig. 8. Plots of Ids versus Vgs for M−LT−DLTFET with metal at differ-
ent positions along (a) x direction and (b) y direction, (c) for different work
functions of metal.

Figures 8(a) and 8(b) show the plots of Ids varying with
Vgs of the proposed device at different metal positions. The
position of metal will affect the electric field and tunneling

width at the tunneling junction, so it results in the variation
of Ids. Consequently, for considering the characteristics of the
proposed device, the parameters about x1, x2, y1, and y2 for
the position of the metal are set to be 25 nm, 27 nm, 0 nm,
and 1 nm, respectively. The plots of Ids of the proposed device
varying with Vgs for different work functions of metal (WKM)

are shown in Fig. 8(c). It is very clear that Ion and Ioff in-
crease with the decrease of WKM. The improvement in Ion for
lower value of WKM can be explicated with the help of elec-
tric field variation in the maximum tunneling region, i.e. at the
source corners. Therefore, the best work function of the metal
(WKM = 3.9 eV) is selected due to the fact that it achieves
better performance in terms of Ion and Ion/Ioff. All the struc-
ture parameters of M−LT−DLTFET are optimized to obtain an
improvement in the DC characteristics.

3.3. Analog and radio-frequency performance analysis

This section is dedicated to the study of the analog and
radio-frequency performance for the three devices. It is note-
worthy that in the M−LT−DLTFET the optimized structure
parameters are used in the following analysis. The transcon-
ductance (gm) of the device is expressed as the slope of
log(Ids)−Vgs plot while Vds is kept constant. Therefore, the
value of gm depends on Ids. From Fig. 9(a), a larger gm value
for M−LT−DLTFET is achieved due to the fact that the vari-
ation of Ids with Vgs is greater as shown in Fig. 3(c), which
represents that the M−LT−DLTFET has higher sensitivity for
converting Vgs into Ids. The parasitic gate capacitance (Cgd

and Cgg) is also an important indicator for improving the de-
vice characteristics, which has an important influence on the
amplification ability of the analog circuits and switching fre-
quency of the digital circuits. Figures 9(b) and 9(c) show the
plots of Cgd and Cgg versus Vgs for the three devices.

Further, RF parameters relating to ft, gain bandwidth
product (GBP), and transconductance frequency product
(TFP) for the three devices are analyzed. The parameter
ft defined as gm/

[
2π
(
Cgd +Cgs

)]
is expressed as the fre-

quency where short-circuit current gain is unity. The GBP
defined as gm/

(
20πCgd

)
can be used to determine the max-

imum working frequency for a DC gain of 10. It can also
be found that ft and GBP of the three devices each reach a
peak value. However, the value begins to decrease as Vgs in-
creases due to the limitation of gm caused by the mobility
degradation and the increasing of the parasitic gate capaci-
tance. The M−LT−DLTFET offers eight times improvement
in ft and GBP as compared with PT−DLTFET. Moreover, the
M−LT−DLTFET offers four times improvement in ft and GBP
as compared with LT−DLTFET. High GBP illustrates larger
gain as well as bandwidth, the increase in ft results in small
switching delay. The TFP defined as gm∗ ft/Ids is another im-
portant parameter to investigate the device characteristics for
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high-speed design, and the TFP represents a trade-off between
bandwidth and power. The TFP also increases for the three de-
vices, and after attaining a maximum value it starts to decrease
for higher Vgs. The results show that the M−LT−DLTFET

has a better RF performance than the other devices as de-
picted in Fig. 10. Therefore, the proposed device has a bet-
ter prospects for high-speed and high-frequency applications
in the advanced integrated circuits.
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Fig. 9. Plots of (a) gm, (b) Cgd, (c) Cgg versus Vgs for three devices.
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Fig. 10. RF parameters of (a) ft, (b) GBP, and (c) TFP for three devices.

3.4. Linearity and distortion performance analysis

As is well known, the best linearity and minimum high-
order harmonics are the criteria achievable for a device. If
better linearity for the device is not obtained, nonlinear dis-
tortion happens to the output, thus the signal can be distorted
. Therefore, it is necessary that the gm value of the device
should be constant over Vgs in order to obtain better linear-
ity. However, gm value of TFET and MOSFET vary with Vgs,
which relates mainly to the transfer characteristics. Therefore,
the linearity distortion parameters in terms of the second and
third-order voltage intercept points (VIP2,VIP3), the third-order
input interception point (IIP3), and the third-order intermodu-
lation distortion (IMD3) for the three devices are analyzed for
addressing the nonlinearity issue. The figure-of-merit param-
eters are calculated from the following equations:

VIP2 = 4×gm1/gm2, (1)

VIP3 =
√

24×gm1/gm3, (2)

IIP3 = 2/3×gm1/(gm3 ×RS) , (3)

IMD3 =
(

4.5× (VIP3)
3 ×gm3

)2
×RS, (4)

where gmn = 1/n!× (∂ nIds/∂V n
gs) are higher-order harmonics

of transconductance, gm1 is the same as the afore-mentioned

gm, and RS is usually set to be 50 Ω in most of RF applica-
tions. It can be seen from the above equation that gmn is the
main reason for producing distortion components in the de-
vice. Figure 11 shows the variations of gm2 and gm3 with Vgs

for three devices. It is obvious from Fig. 11 that gm2 and gm3

for M−LT−DLTFET fluctuate greatly at higher Vgs due to the
fact that gm for M−LT−DLTFET varies obviously at higher
Vgs as shown in Fig. 9(a).

The VIP2 and VIP3 indicate that the extrapolated input volt-
ages that the first- and second (third-)-order harmonic volt-
ages are equal. In order to obtain better linearity, it is im-
portant to make the values of VIP2 and VIP3 as high as possi-
ble. From Figs. 12(a) and 12(b), it can be inferred that the
M−LT−DLTFET shows an improvement in VIP2 and VIP3 as
compared with the other devices thus increasing the linearity
of the proposed device and making it more reliable. The IIP3 is
another important parameter for determining the linearity, and
the value of IIP3 should be high in order that the device is more
linear. When the Vgs is lower than 0.9 V, the M−LT−DLTFET
has a better IIP3 than the other devices, thus making the pro-
posed device more reliable as shown in Fig. 12(c). The IMD3

is called the third-order intermodulation distortion at which the
first- and third-order harmonic power are equal. The value of
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IMD3 should be kept as low as possible. However, figure 12(d)
shows that the IMD3 degrades for M− LT−DLTFET as com-
pared with the other devices. It is noteworthy that the linear-

ity parameters in terms of VIP2, VIP3, IIP3, and IMD3 fluctuate
greatly at higher gate bias due to the fact that gm2 and gm3 vary
obviously when Vgs is higher.
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For understanding the distortion characteristics of the

device, the second- and third-order harmonic distortion

(HD2, HD3) are considered from the analytical model ex-

pressed as the following equations:

HD2 = 1/2×Va ×
∂gm1

∂Vgs
/(2×gm1) , (5)

HD3 = 1/4×V 2
a × ∂ 2gm1

∂V 2
gs

/(6×gm1) , (6)

where Va is the amplitude of the input signal and it is consid-
ered to be 50 mV. Figure 13 shows the variations of HD2 and
HD3 with Vgs for three devices. Due to drain current fluctua-
tions (noise), the values of HD2 and HD3 are higher near the
lower gate–source voltage and decrease afterward. It is ob-
vious that the proposed device provides lesser HD2 and HD3

than the other devices. Therefore, the noise in the proposed
device will be lesser than those in the other devices. Conse-
quently, it can be concluded that the proposed device is more
linear with higher reliability.
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4. Conclusions
The optimization of M−LT−DLTFET is proposed and in-

vestigated based on DC characteristics, analog/RF parameters
and linearity parameters by comparing with those of the other
device. The results show that the M−LT−DLTFET can gener-
ate higher Ion and realize higher Ion/Ioff; at the same time, it
retains a sub-60 mV/decade SS for over five orders of magni-
tude of the drain current, and obtains smaller SSavg as well as
lower Vth due to the implementation of a metal at the tunneling
junction. Moreover, the M−LT−DLTFET offers eight times
improvement in ft and GBP compared with the PT−DLTFET.
The M−LT−DLTFET shows better analog and RF characteris-
tics, better linearity, as well as small distortions, which makes
the proposed device also very attractive for low power, low
noise and sensing applications.
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