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Abstract Wepresent a detailed study on a technique to real-
ize a narrow and highly doped built-in n+ source pocket in
an asymmetric junctionless nanowire tunnel field-effect tran-
sistor (AJN-TFET). In the proposed structure, a built-in n+
source pocket is created between the p+ source and the chan-
nelwithout the need for any separate implantation or epitaxial
growth. This leads to band diagram modification by provid-
ing a local minimum in the conduction band which results in
tunneling width reduction at the source–channel interface in
on-state. This leads to an abrupt transition between on- and
off-state, improved subthreshold swing (SS) (38mV/dec),
and significant on-current enhancement (∼ 2000 times) at
lowoperating voltage comparedwith the conventional TFET.
We further study the effect of the length of the built-in n+
source pocket on the AJN-TFET characteristics. The pro-
posed structure overcomes the difficulty in creating a narrow
n+ pocket and thus renders the AJN-TFET device more
amenable for the future scaling trend needed in low-power
applications.

Keywords Junctionless nanowire TFET (JN-TFET) · Built-
in n+ source pocket · Band-to-band tunneling (BTBT) ·
Subthreshold swing ·On-state current · 2DTCADsimulation

1 Introduction

With the incessant downscaling in complementary metal–
oxide–semiconductor (CMOS) integrated circuits, achieving
high performance at low operating power is an important
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concern [1–3]. For low-power applications, lowering the
static power (Ioff × VDD) as well as the dynamic power
(Cg × VDD2 × f ) is crucial (Ioff : off-state leakage current;
VDD: supply voltage; Cg: gate capacitance; f : operating fre-
quency) [4–7]. In recent years, there has been an increasing
desire to explore novel devices that can provide low leakage
current at low VDD while still maintaining high on-current
(Ion) to achieve switching speeds comparable to Si CMOS
technology [8,9]. These devices also need lower threshold
voltage (VT) while maintaining low Ioff , which is strongly
dependent on the subthreshold swing (SS) of the device
[10,11]. This dictates the need to break the 60mV/dec bar-
rier in metal–oxide–semiconductor field-effect transistors
(MOSFETs) [8–11].

In MOSFETs, the current-switching process involves
thermionic (temperature-dependent) injection of electrons
over an energy barrier as well as temperature-dependent
Fermi tails (source injection) [8,12]. These are major obsta-
cles that fundamentally limit the steepness of the transition
slope from off- to on-state and thereby increase the SS value
[10,11].

Thus, with the goal of replacing MOSFETs by transis-
tors based on a new carrier injection mechanism, tunnel
field-effect transistors (TFETs) are being aggressively stud-
ied [8–11]. The TFET has been considered as one of
the most promising electron devices for next-generation
applications, since it is immune to subthreshold swing degra-
dation [10,11]. However, the SS < 60mV/dec limitation has
remained challenging for short channel length over a signifi-
cant number of decades [13–17]. The reason why TFETs can
reach below60mV/dec is the energyfiltering of the Fermi tail
[8,12]. Indeed, when highly energetic carriers in the Fermi
distribution are less involved in current flow, the highly ener-
getic tail of the Fermi distribution is eliminated, which leads
to SS improvement [8,12].
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It is noteworthy that certain drawbacks of TFETs impede
further high-speed applications and adversely affect the func-
tionality of circuits based on these transistors: (1) It has been
demonstrated that conventional TFETs suffer from unac-
ceptably low Ion and cannot provide the Ion levels usually
achieved in MOSFETs [8,9]. In TFETs, the tunneling cur-
rent depends on the height and width of the tunneling barrier.
To date, numerous device structures have been proposed to
further boost the on-state current of TFETs, which can be
divided into two classes: engineering of (I) tunnel barrier
height and (II) tunnel barrier width. The tunnel barrier height
can be lowered using various techniques, e.g., replacing sili-
con with lower-bandgap semiconductors such as germanium
(Ge) and SiGe in the channel [16,17], source [18], and a thin
layer between the source and channel [19,20], or by employ-
ing various III–V compounds such as InAs and InGaAs
[21,22], and also by use of a strained source [23,24]. How-
ever, employing a channel with Ge or SiGe increases Ioff due
to the narrow bandgap of these materials [16–18].

Also, alleviation of the tunneling barrier width (or equiv-
alently, sharp band bending near the source as well as high
lateral electric field) leads to a high band-to-band tunnel-
ing (BTBT) rate, which has exponential dependence on the
lateral electric field [25–27]. Several approaches have been
reported to reduce the tunnel barrier width, including use of a
source pocket with heavy doping [4–6,25–27], dual material
gate [28–31], hetero gate dielectric [32,33], and high-k gate
dielectrics such as HfO2 or TiO2 [35–37].

Notably, introduction of a highly doped n+ pocket
between the source and channel modifies the energy band
profile by providing a minimum in the conduction band [4–
6,25–33]. To benefit fully from the aforementioned electrical
characteristics of these structures, the size of this pocket
should ideally be very narrow and the doping level high [4–
6]. However, realizing such a narrow and highly doped n+
pocket using ion implantation or epitaxial growth is a tech-
nological challenge [4–6].

(2) TFETs also suffer from ambipolar behavior; i.e., they
provide conduction at both high negative and high pos-
itive gate voltage, which restricts their utility in digital
circuit applications [14–18,38,39]. A well-known remedy
to suppress this ambipolar conductivity is extension of the
tunneling width on the drain side. (3) The presence of abrupt
and highly doped junctions is essential for efficient tunnel-
ing in TFETs [40–43]. Practically, due to diffusion of dopant
atoms from source/drain regions into the channel, this task
is difficult to accomplish [40–43].

The dopingless TFET [44] and junctionless nanowire
TFET (JN-TFET) [45–47] are two recently proposed struc-
tures which employ appropriate workfunctions to realize
source and drain regions, producing behavior similar to that
of the conventional TFET (C-TFET) [44–47]. They combine
the advantage of TFETs of low subthreshold swing [8–11]

with the fabrication processing advantages of junctionless
devices, such as formation of source and drain regions with-
out any metallurgical junctions [48,49]. Although they are
expected to be free from problems associated with random
dopant fluctuations because of the low thermal budget, just
as for their doped counterparts, they still exhibit low on-state
current [44–47]. Hence, attention is focusing on new solu-
tions for the above constraints.

To address these issues, we propose herein a novel JN-
TFET with a narrow and highly doped built-in n+ tunnel
pocket.Convertingpart of then+ source region to a p+ region
by adding ametallic contact, here called the P-gate (PG),with
workfunction of 5.93eV (Pt, platinum) provides a built-in n+
pocket between the p+ source and channel. This n+ source
pocket modifies the band diagram of the proposed AJN-
TFET structure by creating a minimum in the conduction
band at the source–channel interface. This minimum reduces
the tunneling path in on-state of the AJN-TFET compared
with the conventional TFET (C-TFET). Thus, abrupt tran-
sition between on- and off-state, steep subthreshold slope,
and significant on-current improvement are achieved in the
AJN-TFET structure at low operating voltage.

2 Device structure and models used in the
simulation

To realize the built-in n+ source pocket, we beganwith a con-
ventional JNT (C-JNT) starting structure with homogeneous
n doping, i.e., ND = 1 × 1015 cm−3 for channel and drain
regions, and ND = 1×1019 cm−3 for source region, as shown
in Fig. 1a. Figure 1b demonstrates that holes can be induced
in the n+-doped region, converting it to a p+ source region,
by employing ametallic contact (PG) with appropriate work-
function (Pt, platinum, WFPG = 5.93eV). Such conversion
of part of the n+-doped region to a p+ source region leaves
a pocket of n+-doped region between the source and chan-
nel in the AJN-TFET structure, as shown in Fig. 1b. This
obviates the need for either epitaxial n+ growth or n+ ion
implantation. Figure 1c shows the C-TFET structure with
source doping of NA = 1 × 1019 cm−3 and channel and
drain doping of ND = 1 × 1015 cm−3.

The following parameter values were employed in this
numerical study for the AJN-TFET structure: silicon film
thickness (tSi) = 10nm, gate dielectric (SiO2) thickness
(tox = 1nm), main gate (MG) length (LMG = 30nm),
built-in n+ source pocket length = 5nm and main gate work-
function of 4.6eV.

The electron and hole concentrations of the AJN-TFET
structure along the vertical direction (along the BB’ cut line
located 15nm from the left side of the structure) are shown
in Fig. 2. As can be seen from this figure, the hole concen-
tration in the source region is noticeably large at the Si–SiO2
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Fig. 1 Cross-sectional view of the a C-JNT, b AJN-TFET, and
cC-TFETstructures.Main gate andP-gate haveworkfunction of 4.6 and
5.93eV, respectively. Silicon film thickness (tSi = 10nm), gate dielec-
tric thickness (tox = 1nm), main gate (MG) length (LMG = 30nm),
length of built-in n+ source pocket = 5 nm

interface, where tunneling takes place. This demonstrates the
impact of the holes induced by employing the additional P-
gate electrode. Moreover, in [34], the hole concentration at
the center of the silicon body is plotted for different silicon
body thicknesses, demonstrating that the complete source
region can be converted to a p+ region when the silicon body
thickness is reduced below 10nm. Since we do not consider
any quantum effects in our study, we limit the choice of the
silicon film thickness to 10nm [31,44,50,51]. For silicon
film thicknesses below 10nm, one would need to consider
quantum effects due to the considerable quantization, which
causes an increase in the on-state barrier and thereby on-
current reduction [50,51].

All of the above parameter valueswere also used for theC-
TFET structure, except the built-in n+ source pocket. Just as
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Fig. 2 Electron and hole concentration of AJN-TFET structure at
VGS = 1V and VDS = 1V along vertical direction (along BB’ cut
line) for silicon film thickness (tSi) = 10 nm, and length of built-in n+
source pocket = 5 nm. The hole concentration in the source region is
noticeably large at the Si–SiO2 interface, where tunneling takes place

for the C-TFET, to turn on the device, gate voltage is applied
only to the main gate while in off- and on-state, while the
P-gate terminal is kept at zero voltage.

Device characteristics were obtained by two-dimensional
(2D) numerical simulations realized usingAtlas fromSilvaco
[52]. We used a nonlocal band-to-band tunneling (BTBT)
model to take into account the spatial variation of the energy
bands [28–33,44–47]. In contrast to local tunneling models,
the nonlocal BTBTmodel describes a physical picture of car-
rier transport through the barrier, and considers the energy
band profile along the entire tunneling path. It is well known
that the TFET current depends on the BTBT probability. The
most widely used model for calculating the tunneling cur-
rent is Kane’s model [16–19]. This model determines the
effective BTBT generation rate of carrier tunneling from the
valence band of the source region to the conduction band of
the channel, which can be evaluated as follows [16–19]:

GBTBT = A
ED

E1/2
g

exp

(
−B

E3/2
g

E

)
, (1)

where E is themagnitude of the electric field, Eg is the energy
bandgap, and D is a user-adjustable parameter, being 2.5 for
indirect and 2 for direct tunneling processes. The parameters
A and B are tunneling process-dependent coefficients which
are equal to 3.5×1021 eV1/2/cm-s-V2 and 22.5×106 V/cm-
eV3/2, respectively [53,54]. Parameter values reported here
were calibrated against experimental Zener diode character-
istics reported by Fair and Wivell [53,54].

To take into account recombination effects, we employed
the Shockley–Read–Hall (SRH)model. Also, due to the pres-
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Fig. 3 Band diagram shown in lateral direction for the AJN-TFET
and C-TFET structures: a in off-state (VGS = 0.0V and VDS = 1V),
where the narrow and highly doped n+ source pocket modifies the
band diagram with a minimum in the conduction band, and b in on-
state (VGS = 1V and VDS = 1V). The tunneling path is reduced from

wC−TFET = 10.5nm in the C-TFET structure to wAJN−TFET = 8nm in
the AJN-TFET. Band diagrams of the AJN-TFET structure at VGS =
1V and VDS = 1V in vertical direction along the c BB’ and d CC’ cut
line

ence of interface traps at the silicon–oxide interface and high
carrier concentration, we employed a direct recombination
(Auger)model [55]. A bandgap narrowing (BGN)modelwas
used due to the high doping density in different regions of the
device. The mobility models used in the simulation take into
account both field-dependent and concentration-dependent
mobility.

3 Physical operation of the AJN-TFET

In this section, we study the underlying physics of the AJN-
TFET structure. First, we compare this device with the C-
TFET structure and discuss the on-state current as well as
subthreshold swing.We then optimize the length of the built-

in n+ source pocket as well as the workfunction of the P-gate
to obtain desirable characteristics.

3.1 Comparison with C-TFET structure

In TFETs, the current is proportional to the electron/hole
transmission probability T (E), given by [16–19]

T (E) ≈ exp

⎛
⎝− 4�

√
2m∗E

3
2
g

3 |e| h (
�φ + Eg

)
⎞
⎠

= exp

⎛
⎝− 4

√
2m∗E

3
2
g

3 |e| h(�φ + Eg)

√
εSi

εox
toxtSi

⎞
⎠ , (2)
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Fig. 4 a Electric field and b nonlocal BTBT rate for the AJN-TFET
and C-TFET structures versus lateral position in on-state (VGS = 1V
and VDS = 1V) along the AA’ cut line. The AJN-TFET structure has a

stronger peak at the source–channel junction near the n+ source pocket.
The high electric field within the built-in n+ region of the AJN-TFET
structure leads to an enhanced BTBT rate

wherem∗ is the carrier effectivemass, e is the electron charge,
Eg is the bandgap, �φ is the energy range over which tun-
neling can occur (controlled by VGS), � is the spatial extent
of the transition at the source–channel interface, εox and εSi
are the dielectric constants of oxide and silicon, respectively,
and tox and tSi are the gate oxide and silicon layer thickness,
respectively. According to Eq. (2), one approach for tunnel-
ing current enhancement is reduction of the bandgap in the
channel region [16–24], while another is increasing the elec-
tric field along the channel (proportional to (�φ + Eg)/�)
[25–37].

The operation of the built-in n+ source pocket in the AJN-
TFET device can be understood from the band diagrams
shown in Fig. 3a for off-state (VGS = 0V, VDS = 1V)
and Fig. 3b for on-state (VGS = 1V, VDS = 1V) along the
AA’ cut line located 0.1nm below the Si–SiO2 interface. The
more efficient injection of carriers through the narrow built-
in n+-doped region improves the electrical characteristics
compared with the C-TFET structure. This is mainly due to
the following three reasons: (1) The presence of a local dip in
the energy band profile at the conduction band of the source–
channel junction in off-state, as shown in Fig. 3a, decreases
the tunneling barrier width in on-state. The band diagram
modification is further clarified by the inset in Fig. 3a. (2) The
increase in VGS aligns the local minimum of EC with the
valence-band edge EV of the source and gradually places the
EC of the channel below the EV of the source region. Thus,
electrons can tunnel into the EC minimum and the tunneling
path is sharply reduced. The reduction of the tunneling width
is clearly shown in the inset of Fig. 3b. It can be observed that
the spatial extent of the transition � at the source–channel
interface is smaller for the AJN-TFET structure [refer to Eq.

(2)]. (3) The increase in the lateral electric field enhances
the tunneling efficiency and helps in obtaining high on-state
current.

Figure 3c and d show vertical band diagrams of the AJN-
TFET structure along the cut lines BB’ andCC’, respectively.
The CC’ cut line is located 30nm from the left side of the
structure, at the point of maximum BTBT. As can be seen
from this figure, there is no band overlap in the vertical
direction. This suggest that BTBT is dominant in the lateral
direction.

It is well known that BTBT exhibits exponential depen-
dence on the lateral electric field. A low BTBT rate has
been held responsible for the low on-state current of the
C-TFET [27,31]. To discuss the performance improvement
for the AJN-TFET structure, the on-state electric field along
the AA’ cut line is shown in Fig. 4a for both structures. As
can be seen from this figure, both structures provide a peak
near the source–channel tunneling junction. However, due to
the steep gradient of the band diagrams in on-state for the
AJN-TFET, a stronger peak at the source–channel junction
is achieved.

Note that the high electric field together with the reduced
tunneling width leads to a high BTBT rate. The improvement
of the on-state current for the AJN-TFET structure can be
explained based on the BTBT rate shown in Fig. 4b at VGS =
1.0V and VDS = 1.0V. As can be seen from this figure, a
larger BTBT rate is obtained for the AJN-TFET structure
near the built-in n+ region, which leads to an enhanced on-
state current and improved subthreshold swing.

The improved performance of the AJN-TFET structure
compared with the C-TFET can also be understood from the
on-state electric field contours shown in Figs. 5 and 6. We
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Fig. 5 On-state (VGS = 1V and VDS = 1V) electric field contours in the a AJN-TFET and b C-TFET structures. In the AJN-TFET structure, a
larger electric field occurs near the built-in n+ source pocket

Fig. 6 On-state (VGS = 1V and VDS = 1V) nonlocal band-to-band tunneling rate in the a AJN-TFET and b C-TFET structures. High electric
field, together with a reduced tunneling width near the built-in n+ source pocket, leads to a higher band-to-band tunneling rate and enhanced drain
current

observe that the electric field and BTBT rate of the AJN-
TFET structure at the source–channel junction are higher
compared with the C-TFET owing to the presence of the n+
source pocket (as shown in Fig. 3b).

Figure 7 compares the transfer characteristic (IDS − VGS)
of the AJN-TFET with that of the C-TFET structure. As can
be seen from this figure, the AJN-TFET structure not only
exhibits about 2000 times enhancement in the on-state cur-
rent, but also its SS value is significantly smaller (38mV/dec
for Ln+ = 5nm) than that achieved in the C-TFET structure
(56mV/dec). Since, in general, TFETs suffer from low Ion, it
is desirable to adjust the built-in n+ source pocket parameters

to obtain a maximum Ion. Fig. 7b shows the SS value versus
the drain current. As usual, the C-TFET structure exhibits
SS < 60mV/dec over a limited range of ID, whereas the
AJN-TFET has SS < 60mV/dec over wide decades of drain
current.

The entire simulation presented above was conducted for
main gate workfunction of 4.6eV. Any change in this value
shifts the IDS −VGS characteristic by the same magnitude as
the change [47]; For example, if theworkfunction of themain
gate is adjusted to 4.4eV (4.8eV), i.e., a change of 0.2eV, the
conduction- and valance-band levels in the channel region are
moved down (up) by 0.2eV, corresponding to a main gate at
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Fig. 7 a IDS − VGS characteristics at VDS = 0.5 and 1.0V and b
SS–IDS for the AJN-TFET and C-TFET structures, with tSi = 10 nm,
Lch = 30 nm , and tox = 1nm. The Ion and SS values of the AJN-TFET
are 2.95×102 A/µmand 38mV/dec, whereas for the C-TFET structure
they are 1.42 × 10−1 A/µm and 56mV/dec at VDS = 1.0V. The line

with SS= 60mV/dec is drawn for reference. (c) IDS − VGS character-
istics of the AJN-TFET structure with main gate workfunction of 4.4,
4.6, and 4.8eV at VDS = 1.0V. P-gate workfunction is kept constant at
5.93eV

4.6eV with 0.2V (−0.2V) of additional bias. Hence, there
is a shift in the IDS − VGS characteristic by 0.2V to the left
(right), as shown in Fig. 7c.

3.2 Optimization of the built-in n+ source pocket and
P-gate workfunction

The length (Ln+) of the n+ source pocket plays an important
role in the improvement of the electrical characteristics for
the AJN-TFET structure. The optimization process is related

to the depth and width of the conduction band well, where a
local minimum of Ec is located.

For the AJN-TFET structure, the Ioff and SS values are
shown in Fig. 8a as functions of the length of the built-in
n+ source pocket. The AJN-TFET structure exhibits both
low off-state current and low SS for a range of values of
Ln+ ∼ 3 − 6nm, indicating that there exist optimum val-
ues for Ln+ which minimize both SS and Ioff . Thus, the
gate-controlled BTBT near the source region is dominant
in determining the subthreshold conduction mechanism for
optimum values of Ln+ . Figure 8b shows the change in the
transfer characteristic (IDS − VGS) of the AJN-TFET struc-
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Fig. 9 a Off-state energy band diagram and b electron concentration in the AJN-TFET structure versus lateral position for different values of Ln+ .
As Ln+ increases, the local EC minimum widens and dips more, also acting as a virtual source of electrons in the channel

ture as the length of the built-in n+ source pocket is increased
from 3 to 15nm. Since the impact of Ln+ is only to modu-
late the energy band profiles in the subthreshold region, the
on-state current is independent of Ln+ whereas the Ioff and
SS values are degraded for larger Ln+ . It is worth noting
that, in the larger pocket, the confinement effect and scatter-
ing through confined states becomes more noticeable. Thus,
the optimum length is acceptable within the current scope of
Kane’s model when not considering these effects.

As Ln+ is increased, the local EC minimum widens and
dips more, as shown in Fig. 9a. This phenomenon provides
electrons at EV of the source region to tunnel into the min-
imum of EC, which acts as a virtual source for electrons as
shown in Fig. 9b. Further increase in Ln+ saturates the tun-

neling width modification, so that transistor action occurs by
lowering the barrier under themain gate. The carrier injection
mechanism is now similar to that of a conventionalMOSFET,
i.e., injection over a barrier. Therefore, this results in degra-
dation of the SS and increase of Ioff for the device, as shown
in Fig. 8.

Notably, the influence of changes in the main gate work-
function is similar to that for conventional TFETs and
MOSFETs [28,30,44]. However, the impact of changes in
the P-gate workfunction appears to be different. The purpose
of having a P-gate in this device is to: (I) fully deplete the
source region and (II) move the conduction- and valance-
band edges towards higher energy levels [47]. This leads
to sufficient band overlap between the source and channel
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regions for tunneling to occur. So, for achieving higher Ion,
it is always advisable to have a high workfunction for the P-
gate [47]. Lowering the workfunction of the P-gate reduces
both the Ion and Ioff of the device, as demonstrated in Fig. 10,
which shows the lateral band diagram in off-state and the
corresponding IDS − VGS characteristic for three different
workfunctions of the P-gate. The reduced off- and on-states
are due to the reduction in the band overlap between the
source and channel regions.

4 Comparison with TFETs in literature

Table 1 summarizes the characteristics of some recently
reported TFETs with a dip in the conduction band and
compares them with the JN-TFET device proposed herein.
All the reported TFET devices demonstrate very low off-
state current, making them strong candidates for low-power
and energy-efficient applications. Moreover, the AJN-TFET
structure proposed herein also offers excellent characteris-
tics such as high Ion and Ion/Ioff , and low SS values at low
operating voltage, comparable to those of previously reported
devices.

We now discuss the advantages of the proposed AJN-
TFET structure compared with the previously reported
structures. Recently, several structures which employ an
n+ pocket at the source–channel interface formed using
ion implantation or epitaxial growth have been suggested
[4–6,25,26,39]. However, these structures suffer from cer-
tain drawbacks: (1) Their starting structure is p+ p−n+ or
p+n−n+, becoming p+n+ p−n+ or p+n+n−n+, respec-
tively. Unfortunately, dopant diffusion from source/drain
regions into the channel is a detrimental problem. (2) Real-

izing a narrow and highly doped n+ pocket at the source–
channel interface using ion implantation or epitaxial growth
is a fabrication challenge. Hence, attention is focused on
novel solutions for creating a minimum in the conduction
band. Various techniques have been proposed, including use
of a dual-material gate [15,28–31], hetero gate dielectric [31–
33], and inner source pocket [34] on p+ p−n+, p+n−n+, and
n+ p−n+ starting structures. However, these structures still
suffer from the problem associated with dopant diffusion.
To address these issues, the AJN-TFET structure provides a
new design which combines the advantages of the JN-FET
structure with an n+ source pocket to improve the electri-
cal performance. The JN-FET device is immune to dopant
diffusion, since it has a homogeneously doped structure.
Also, compensating part of the n+-doped region to yield a
p+ source leaves a pocket of n+-doped region between the
source and channel. This technique allows for realization of
a narrow and highly doped n+ source pocket without any
need for additional ion implantation or any epitaxial growth.
The proposed AJN-TFET structure presents an innovative
and low-cost approach for achieving applicable TFET device
characteristics.

5 Conclusions

We propose an innovative technique to realize a built-in
n+ source pocket on a junctionless nanowire FET (JN-
FET) starting structure. This approach eliminates the need
for either separate ion implantation or epitaxial growth to
create the n+ region. The modified band diagram of the
proposed asymmetric junctionless nanowire TFET (AJN-
TFET) shows a local dip in the conduction band of the
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Table 1 Comparison of various TFET devices with a minimum in the conduction band reported in literature and herein

Reference Experimental/
simulation

Channel
length (nm)

Type VDS (V) VGS (V) SSa

(mV/dec)
I bon (A/µm) I coff (A/µm) Dielectric

material
tox
(nm)

Channel
material

[4] Experimental 100 p −1.1 −1.0 46 1.4 × 10−6 1.1 × 10−13 Al2O3 3.5 Si

[5] Simulation 100 n 1.0 1.0 25 3.2 × 10−5 2.0 × 10−15 SiO2 3 Si

[5] Experimental 1000 n 1.1 3.0 225 3.0 × 10−8 1.0 × 10−10 SiO2 4 Si (bulk)

[5] Experimental 1000 n 1.1 3.0 220 1.0 × 10−8 6.1 × 10−13 SiO2 4 Si (SOI)

[6] Experimental 90 n 1.0 4.0 200 9.0 × 10−7 3.0 × 10−12 SiO2 6.6 Si

[39] Simulation 50 n 1.0 1.0 – 5.2 × 10−5 7.0 × 10−17 SiO2 1 Si

[31] Simulation 50 n 1.0 0.8 20 3.2 × 10−4 8.7 × 10−18 HfO2 and SiO2 2 Si

[25] Simulation 100 n 1.0 1.0 38 8.2 × 10−4 4.0 × 10−11 SiO2 2.5 Si

[25] Experimental 1000 n 1.0 0.6 65 2.0 × 10−5 2.0 × 10−6 SiO2 3 Si

[26] Simulation 60 n 1.0 1.0 44 3.5 × 10−5 1.0 × 10−15 SiO2 2 Si

[29] Simulation 50 n 1.0 1.5 12 2.0 × 10−5 1.0 × 10−17 HfO2 3 Si

[32] Simulation 50 n 1.0 1.0 12 9.5 × 10−5 2.1 × 10−16 HfO2 and SiO2 2 Si

[33] Simulation 35 n 0.7 1.5 60 5.0 × 10−5 1.0 × 10−12 HfO2 and SiO2 2 Si

[30] Simulation 30 n 1.0 1.0 17 2.0 × 10−5 3.0 × 10−13 HfO2 2 Si

This work Simulation 30 n 1.0 1.0 38 2.9 × 10−4 7.5 × 10−12 SiO2 1 Si

a Steepest SS, the best observed subthreshold swing in the IDS − VGS characteristic
b Ion measured at the given VDS and VGS
c Ioff is the lowest current observed at given VDS

channel, which results in an abrupt transition between on-
and off-state. We have shown that, within the scope of
Kane’s model, the AJN-TFET structure can achieve up to
about three orders of magnitude enhanced on-state current
and an improved subthreshold swing (∼38mV/dec) at low
supply voltage as compared with the C-TFET structure.
Notably, some important conclusions stem from this study
regarding the AJN-TFET, as follows: (1) The length of the
built-in n+ source pocket has an optimum value of 5nm to
achieve applicable electrical characteristics. (2) The addi-
tional electrode, called the P-gate, in theAJN-TFET structure
must have as high a workfunction as possible, since it has
a strong effect on the on- and off-state current. (3) The
main gate workfunction can be used to tune the on- and
off-state current, as any change in this value simply shifts
the IDS − VDS characteristic. Thus, the proposed device is
an attractive alternative for use in future low-power circuit
applications.
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