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ABSTRACT In this article, we propose a high Schottky barrier source/drain contacts based bilateral gate
and assistant Gate controlled bidirectional tunnel field Effect transistor (HSB-BTFET). Different from
Schottky barrier (SB) MOSFET which use lower Schottky barrier to produces the thermionic emission
current, the proposed HSB –BTFET utilizes higher Schottky barrier to minimize the thermionic emission
current and adopts bilateral gate to generate a strong band-to-band tunneling (BTBT) current which works
as the conduction mechanism of the forward current. An assistant gate is introduced which efficiently
blocks the reverse biased leakage current. Compared to SB MOSFET, HSB-BTFET can realize lower
subthreshold swing, much smaller leakage current, higher Ion− Ioff ratio, compared to TFET, it can realize
larger forward current. Besides the device symmetry, it’s more compatible with MOSFET technology.
The function and influence of the Schottky barrier height have been analyzed.

INDEX TERMS Bidirectional TFET, Schottky barrier, BTBT, MOSFET, SB-MOSFET.

I. INTRODUCTION
The research on the basic unit of integrated circuit focuses
on two aspects. One is to improve the integration, multi-gate
FETs [1]–[2] is impressive in sub-30nm technology nodes.
The other is the performance promotion, novel devices are
purposefully developed, among which TFET is the most rep-
resentative [3]–[11]. Unfortunately, it is difficult to make the
abrupt junction at a small size. This imposes severe limi-
tations on the processing thermal budget and necessitates
the development of costly millisecond annealing techniques.
SB-MOSFET forms Schottky barrier instead of the p-n junc-
tion barrier of MOSFET [12]–[14]. The metallic source/drain
(S/D) architecture holds the advantage to relax severe con-
straints imposed to conventional implanted S/D [15]. For
p-type SB MOSFETs, the height of Schottky barrier for
holes in valence band φBp is set to be much smaller than
the one for electrons in conduction band φBn. For the most
ideal case, φBp is 0V, and the device can work as an ideal
pn junction based p-type MOSFET which shows subthresh-
old swing (SS) (dlog(IDS)/dVGS) equals to 60mV/dec at

room temperature [16], for a finite Schottky barrier height,
the thermionic emission current is always smaller than in
the ideal 0V barrier height case, thereafter, the SS of SB
MOSFETs is often larger than 60mV/dec, the inability of
subthermal SS through a Schottky barrier without consid-
ering others physical mechanisms such as band-to-band
tunneling (BTBT) has been proved by a simple poten-
tial mapping method [17]. However, in the reversely biased
state, BTBT induced leakage current will be significantly
increased, even larger than the forward current [18]. These
physical mechanisms lead to that both the on-off current
ratio and the forward-reverse current ratio of SB MOSFET
are lower than the ones of conventional MOSFET. TFET
as the most representative novel device utilizes BTBT as
the current conduction mechanism which can realize sub-
thermal SS [19]–[22]. To realize larger forward current and
smaller SS, the generation efficiency of BTBT should be
increased as much as possible, that means the gate control
ability should be strengthened and a sharp abrupt junction
between the heavily doped region and intrinsic region should
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FIGURE 1. (a) A schematic view of the top view of HSB-BTFET, (b) the cross
view of HSB-BTFET along the cut line A in (a).

be formed [20]–[22], it is the same problem which should
be faced by MOSFET. Therefore, this requirement also
increases the manufacturing difficulty of TFET with high
performance. The dissymmetry of TFET makes it hard to
completely replace the MOSFET which is with symmetrical
structural features. Taking the N-type TFET as an example, if
the potential difference between n+ drain and the p+ source
is reversely biased (VDS < 0), the p-n junction formed by
source and drain is always forwardly biased, the gate elec-
trode will be failed to switch it, the switching characteristic
is invalid. Circuit functional modules (such as transmission
gates) which need to make use of the bidirectional switching
characteristics of transistors to work are hard to be realized
by TFET.

II. DEVICE DESCRIPTION
A. DEVICE STRUCTURE
The Fig. 1 (a) is a schematic view of the top view of HSB-
BTFET, Fig. 1(b) is the cross view of HSB-BTFET along cut
line A in Fig. 1 (a). The source/drain regions are symmetric
and interchangeable. Take n-type as example, the source/
drain interfaces form Schottky contacts. The main gate is
formed on both lateral sides which near to source and drain
regions, the shape of the main control gate is similar to
a pair of brackets and controls three sides of the silicon. The
assistant gate controls the central part of the silicon body. Li
is the length of the intrinsic silicon region between the source
/drain contact and the assistant gate contact, H is the height
of the silicon body, tox is the thickness of gate oxide, LSD

FIGURE 2. Schematic view of the energy band diagram of the proposed
HSB-BTFET (a) from source to drain under forward VAG, forward VDS bias
and forward VGS biases, (b) from source to drain under forwardly biased
VAG, forwardly biased VDS and reversely biased VGS biases.

and WSD are the length and width of source/drain contacts,
respectively. ttunnel is the thickness of the intrinsic tunneling
region between gate oxide and source/drain contact, LAG
is the length of the assistant gate, W is the width of the
silicon body.

B. DESIGN CONCEPTION AND OPERATING PRINCIPLE
Considering that the subthermal SS can be obtained by BTBT
on an abrupt junction, and the metallic junction is sharper
than doping based junction, metallic junctions are adopted
to form Schottky barrier. Different from SB MOSFET, the
a higher Schottky barrier is utilized to block the Schottky
barrier thermionic emission current. In order to reduce the
leakage current as much as possible, the carriers produced
near the source/drain regions under a reversely biased con-
dition should be effectively blocked. For SB MOSFET, no
matter how φBn is set, a large amount of leakage cannot be
avoided, take n type SB MOSFET as example, if φBp is set
to be larger than φBn, although the hole thermionic emission
current could be largely reduced, however, BTBT leakage
can be enhanced, too. If φBp is set to be smaller than φBn,
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FIGURE 3. (a) A schematic view of the top view of conventional TFET, (b) the cross view of conventional TFET along the cut line B in. (a), (c) A schematic
view of the top view of SB-MOSFET, (d) the cross view of SB-MOSFET along the cut line B in (c), (e) the transfer characteristics comparison between
HSB-BTFET, TFET and SB-MOSFET.

then the forward biased electron thermionic emission current
which flows in the conduction band will be largely reduced
and the reversely biased hole thermionic emission current
which flows in the valence band is strengthened. Then the
forward current of SB MOSFET is even smaller than the
reversely biased current. An assistant gate is in the central

part and sets it at a constant bias to block the leakage cur-
rent. Fig. 2 (a) and Fig. 2. (b) show schematic view of the
energy band diagram of HSB-BTFET from source to drain
under forwardly biased VAG, VDS , VGS and under forwardly
biased VAG, VDS, reversely biased VGS, respectively. EC and
EV are the bottom of the conduction band and the top of

978 VOLUME 8, 2020



LIU et al.: NOVEL HIGH SB BASED BILATERAL GATE AND ASSISTANT GATE CONTROLLED BTFET

FIGURE 4. The transfer characteristics of HSB-BTFET with different φBns.

the valence band, respectively. EFS and EFD are the quasi
Fermi level of the source and the drain contact, respectively.
Take n type HSB-BTFET as an example, as Fig. 2(a) shows,
if both the main gate and the assistant gate are forwardly
biased, electron hole pairs generated by BTBT mainly in
the source tunnel layer, the holes flow to the source contact,
and the electrons in the conduction band flow to the drain
contact due to that there is no barrier formed for electrons
from source to drain. As Fig. 2. (b) shows, if the main gate
is reversely biased and the assistant gate is still maintain
the forwardly biased state, the electron hole pairs generated
by BTBT mainly in the drain region (VDG is larger than
VSG), the electrons flow to the drain contact, however, the
forwardly biased assistant gate creates a potential barrier for
the holes which can efficiently prevent the holes from flow-
ing to the source contact, thereafter, large amount reversely
biased leakage current can be blocked.

III. ANALYSIS AND DISCUSSIONS
The characteristics of the proposed HSB-BTFET have been
verified by device simulation using SILVACO Tools [23].
Physical models such as Shockley-Read-Hall recombina-
tion model, auger recombination model, Fermi-Dirac statistic
model, mobility models, band gap narrowing model, a stan-
dard band to band tunneling model, Fowler-Nordheim
tunneling model are all turn on. Fig. 3 (a) shows a schematic
view of the top view of conventional TFET, Fig. 3 (b)
shows the cross view of conventional TFET along the cut
line B in Fig. 3 (a), Fig. 3 (c) shows a schematic view of
the top view of SB-MOSFET, Fig. 3 (d) shows the cross
view of SB-MOSFET along the cut line B in Fig. 3 (c).
Both the cross view of conventional TFET along the cut
line A in Fig. 3 (a) and the cross view of SB-MOSFET
along the cut line A in Fig. 3 (c) are the same with
Fig. 1 (b). LGTFET is the gate length of the conventional
TFET, LiTFET is the intrinsic silicon body length of the con-
ventional TFET, and LGSB−MOSFET is the gate length of the

FIGURE 5. (a) The electric field distribution in tunneling layer with
different φBns, (b) The electron distribution in tunneling layer with
different φBns.

SB-MOSFET. Fig. 3 (e) shows the transfer characteristics
comparison between HSB-BTFET, TFET and SB-MOSFET,
φBn for HSB-BTFET is 0.8V. φBn of SB-MOSFET is set
to be 0.3V. The doping concentration of P++ region of
TFET is set to be 1020cm−3. As descriptions, the reversely
biased transfer characteristics of SB-MOSFET is poor, the
leakage current is enhanced for larger VDS. The forward cur-
rent of TFET is relatively small. The HSB-BTFET shows
higher on-current and sharper SS compared to TFET and
SB-MOSFET. The HSB-BTFET shows much lower leakage
current compared to SB-MOSFET, especially for larger VDS
bias.
Fig. 4. shows the transfer characteristics of HSB-BTFET

with different φBns. Its value varies from 0.2V to 0.9V. Due
to that the assistant gate is always forwardly biased, no bar-
rier for electrons forms in the central part of the device,
thereafter, for a smaller φBn, the thermionic electron cur-
rent which flows from source to drain is also larger, which
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leads to more leakage current flow in both subthreshold
region and reversely biased region. As φBn is increased, the
Schottky barrier height for electrons is increased, too. Then
thermionic electron current can be also effectively reduced
and the BTBT current becomes dominant. The forward and
reverse current ratio can be larger than 103, and the Ion− Ioff
ratio is larger than 107 for φBn higher than 0.6V. The aver-
age SS is 42 mV/dec. It should be noted that the value of
Li should be larger than 4nm, because reducing Li means
that the minimum distance between gate electrode and the
assistant gate is reduced, which will enhance the electric
field effect between the two gates, resulting in the increase
of reverse leakage current and degradation of subthreshold
characteristics.
As Fig. 5 (a) shows, the electric field distribution in tun-

neling layer does not significantly change with different φBn,
it is because that the potential difference between the gate
electrode and the source electrode does not change with φBn,
thereafter, the BTBT current will not significantly affected by
the changing of φBn. Fig. 5 (b) shows the electron distribution
in tunneling layer with different φBn. As the φBn is increased,
the thermionic electron current will be greatly restricted by
the blocking of the increasing height of the Schottky bar-
rier. For φBn larger than 0.6V, the electron concentration on
the interface between gate oxide and tunneling layer will
almost not be affected, and the electron concentration will
be dominantly controlled by VGS.

IV. CONCLUSION
In this article, we propose a novel HSB -BTFET. It uti-
lizes a higher Schottky barrier to minimize the thermionic
emission current. BTBT current works as the conduction
mechanism of the forward current. An assistant gate is
introduced which can efficiently block the reverse leak-
age current. Compared to conventional SB MOSFET or
TFET, the proposed device can realize lower subthresh-
old swing, much smaller reversely biased leakage current,
higher Ion − Ioff ratio. Compared to conventional TFET, it
can realize larger on current and Ion-Ioff ratio, besides the
device symmetry makes it more compatible with MOSFET
technology
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