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A novel vertical InN/InGaN heterojunction tunnel FET with hetero T-shaped gate as well as polarization-doped source
and drain region (InN-Hetero-TG-TFET) is proposed and investigated by Silvaco-Atlas simulations for the first time. Com-
pared with the conventional physical doping TFET devices, the proposed device can realize the P-type source and N-type
drain region by means of the polarization effect near the top InN/InGaN and bottom InGaN/InN heterojunctions respec-
tively, which could provide an effective solution of random dopant fluctuation (RDF) and the related problems about the
high thermal budget and expensive annealing techniques due to ion-implantation physical doping. Besides, due to the hetero
T-shaped gate, the improvement of the on-state performance can be achieved in the proposed device. The simulations of the
device proposed here in this work show ION of 4.45×10−5 A/µm, ION/IOFF ratio of 1013, and SSavg of 7.5 mV/dec in InN-
Hetero-TG-TFET, which are better than the counterparts of the device with a homo T-shaped gate (InN-Homo-TG-TFET)
and our reported lateral polarization-induced InN-based TFET (PI-InN-TFET). These results can provide useful reference
for further developing the TFETs without physical doping process in low power electronics applications.

Keywords: InGaN TFET, hetero T-shaped gate, polarization-doped source and drain
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1. Introduction
As the size of semiconductor devices continues to shrink

into the nanoscale, the problems of short channel effects
(SCEs) and off-state leakage in traditional MOSFETs are be-
coming more and more serious. Especially due to thermal
emission mechanism, the subthreshold slope (SS) cannot break
through the limit of 60 mV/decade, which is not suitable effec-
tively for energy-efficient and low-voltage applications.[1–4]

Tunneling field-effect transistors (TFETs) have been con-
sidered as a suitable alternative to nanoscale MOSFETs in
future low power electronics applications.[1] Based on the
quantum band-to-band tunneling (BTBT) mechanism, TFETs
could realize steeper average subthreshold swing (SSavg <

60 mV/decade), lower off-state leakage current (IOFF), and
great immune to short channel effects in comparison with con-
ventional nanoscale MOSFETs.[5–7]

However, there still exist many problems needed to be
solved during the application of TFETs with conventional
physical doping, such as the high thermal budget and ex-
pensive annealing techniques due to ion-implantation physical
doping, and the random dopant fluctuation (RDF), which can
deteriorate the device performances.[8–12] Recently, various
dopingless TFETs have been proposed based on the charge-
plasma concept,[13–16] which demonstrates an effective way to
realize TFETs without physical doping. And based on the po-

larization effect near III-nitride-based heterointerfaces,[17–21]

the lateral polarization-induced InN-based TFETs (PI-InN-
TFET) have been demonstrated by our group.[22] This also
opens a new path to the further development of TFETs with-
out physical doping processing. In addition, in order to im-
prove the on-state current, some effective methods, such as
gate engineering, energy band engineering, and source-pocket
doping[23–30] have been proposed and investigated.

In this paper, a novel vertical polarization-induced dop-
ing InN/InGaN heterojunction tunnel FET with hetero T-
shaped gate (InN-Hetero-TG-TFET) is proposed and inves-
tigated. This device features a polarization-doped drain and
source combined with a hetero T-shaped gate, which is dif-
ferent from the conventional vertical tunnel FET with phys-
ical doping. Based on these features, the problems about
the random dopant fluctuation and the high thermal anneal-
ing techniques could be avoided, and the on-state perfor-
mance could be improved. Comparative analyses between the
InN-Hetero-TG-TFET and the vertical polarization-induced
doping InN/InGaN heterojunction tunnel FET with homo T-
shaped gate (InN-Homo-TG-TFET) are conducted. And the
systematical simulations of the influence of the work-function
and position of hetero T-shaped gate on the performance of
the InN-Hetero-TG-TFET are carried out by Silvaco-Atlas.
These results demonstrate the excellent characteristics of the
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InN-Hetero-TG-TFET in comparison with the InN-Homo-
TG-TFET and our reported lateral polarization-induced InN-
based TFET (PI-InN-TFET), which indicates a great potential
of the proposed InN-Hetero-TG-TFET in the low power appli-
cations.

2. Device structure and simulation parameters
Figure 1 shows the schematic cross-section of InN-

Homo-TG-TFET (Fig. 1(a)) and InN-Hetero-TG-TFET
(Fig. 1(b)). The T-shaped gate and dual channel are used in
both devices, and both the devices have the same main dimen-
sions. The main parameters of the InN-Homo-TG-TFET and
proposed InN-Hetero-TG-TFET are shown in Table 1. Both
devices use the vertical InN/InxGa1−xN/InN layer structure
to form the drain and source region without physical dop-
ing. Furthermore, the source and drain are set to be at both
sides of devices, which is compatible with the planar fabri-
cation process of the GaN-based HEMTs. The InN-Hetero-

TG-TFET features a hetero T-shaped gate consisting in two
metals with different metal work-functions applied to modu-
late the InxGa1−xN band between hetero gate at different gate
bias voltages, which could be used to control the tunneling dis-
tance and thus improving the on-state current and reducing the
ambipolar leakage current.

Devices are simulated with two-dimensional numerical
software Silvaco-Atlas. A Poisson’s equation is used to solve
self-consistently the carrier current continuity equations. De-
vice models in this paper are mainly based on our early
research.[16,22,31] The nonlocal BTBT model is used for the
consideration of the spatial variation of the energy band and
the more accurate calculation of the tunneling process. The
Shockley–Read–Hall and Auger recombination models are
adopted to consider the effect of carrier recombination. Be-
sides, band-gap narrowing model, concentration-dependent
and field-dependent mobility models are also used. Main ma-
terial parameters in simulations are given in Table 2.
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Fig. 1. Schematic cross-section of (a) InN-Homo-TG-TFET and (b) InN-Hetero-TG-TFET.

Table 1. Design parameters used in simulations.

Parameters InN-Homo-TG-TFET InN-Hetero-TG-TFET

Source InN thickness T (nm) 10 10
Channel InGaN thickness TInGaN (nm) 67 67
Total gate trench thickness Tgate (nm) 30 30
InxGa1−xN length between gate Lp (nm) 3 3
Gate HfO2 thickness (nm) 2 2
In fraction x 0.8 0.8
Gate length Lg (nm) 10 10

Gate work-function (eV) ϕ = 4.8/5.65
ϕ0 = 5.65
ϕ1 = 4.80

Gate1 thickness Tg1 (nm) 0 23

Table 2. Material parameters in simulations.[17,32,33]

Parameters InN InxGa1−xN

Band gap Eg (eV) 0.7 1.4x2−4.12x+3.42
Band offset ∆Ec (eV) 0 0.98x2−2.884x+1.904
Electron effective mass me (m0) 0.07 0.2−0.13x
Hole effective mass mh (m0) 0.27 0.46−0.19x
Permittivity (εr) 15.3 8.9+6.4x
Electron mobility µe (cm2/V·s) 1500 1500
Hole mobility µh (cm2/V·s) 20 20

The detailed distributions of the polarization-induced car-
rier concentration in the InN-Hetero-TG-TFET can be ob-
served in Fig. 2. As shown in the figure, the source region
exhibits the P-type doping with the peak hole concentration
near the top InN/InGaN junction, while the drain region ex-
hibits the N-type doping with the peak electron concentration
near the bottom InGaN/InN junction. Figure 3 displays the
vertical distribution diagram of carrier concentration and po-
larization charge concentration in the source region and drain
region corresponding to Fig. 2 along the line D–D′ in Fig. 1(b).
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As shown in Fig. 3, there is a great negative polarization
charge density peak σtop near the top InN/InGaN junction be-
cause of the spontaneous and piezoelectric polarization effect,
which indicates a large number of net negative bound polar-
ization charges are located near the junction. Based on the
local neutralization principle, holes are consequently induced
to neutralize these negative bound sheet charges, which thus

forms the P-type doping of source region. A positive polariza-

tion charge density peak σbottom appears near the bottom In-

GaN/InN junction, and thus the electrons can be induced near

the bottom InGaN/InN junction in the same way, which forms

N-type doping of drain region. The results are consistent with

experimental results reported previously.[34]
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3. Results and discussion
3.1. Device performance of InN-Homo-TG-TFET and

proposed InN-Hetero-TG-TFET

Figure 4 shows the transfer characteristic curves of the
InN-Homo-TG-TFET (ϕ = 5.65 eV), InN-Homo-TG-TFET
(ϕ = 4.8 eV), and proposed InN-Hetero-TG-TFET (ϕ0 =

5.65 eV, ϕ1 = 4.8 eV). As can be seen, both InN-Homo-TG-
TFETs exhibit almost the same transfer characteristic curves,
which is due to the fact that the change of work-function of
the gate in the InN-Homo-TG-TFET can nearly only affect the
threshold. Compared with the InN-Homo-TG-TFET, the InN-
Hetero-TG-TFET shows a high ION of 4.45×10−5 A/µm at
VDS = 0.5 V and Voverdrive = 0.5 V. And, an ION of more than
10−4A/µm can be achieved in the InN-Hetero-TG-TFET at
VDS = 0.5 V and Voverdrive = 1 V. Besides, the calculated SSavg

of the InN-Hetero-TG-TFET is 7.5 mV/dec which is much
smaller than that of the InN-Homo-TG-TFET (39.4 mV/dec).
As shown in the figure, all the three devices have almost the
same good off-state characteristics, which lead to a higher
ION/IOFF of 1013 in the InN-Hetero-TG-TFET than that in the
InN-Homo-TG-TFET (with ION/IOFF of 1011) at Voverdrive =

0.5 V. These results demonstrate that the device with a hetero
T-shaped gate possesses an excellent turn-on performance.
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Fig. 4. Transfer characteristic curves of InN-Homo-TG-TFET (ϕ =
5.65 eV), InN-Homo-TG-TFET (ϕ = 4.8 eV), and proposed InN-Hetero-
TG-TFET (ϕ0 = 5.65 eV, ϕ1 = 4.8 eV).

In order to reveal the tunneling mechanism of the pro-
posed InN-Hetero-TG-TFET, figure 5 gives the contour of
the nonlocal BTBT e-tunneling rate in the right half part
of the InN-Homo-TG-TFET and proposed InN-Hetero-TG-
TFET. As shown in Fig. 5, comparing with the InN-Homo-
TG-TFET, a wide tunneling region along the line E–E ′ in
Fig. 1(b) can be realized in the InN-Hetero-TG-TFET, which
results in a wider one-dimensional tunneling rate profile in
Fig. 6. And from Fig. 6 it is seen that the tunneling rate peak in
the InN-Hetero-TG-TFET is much larger than that in the InN-
Homo-TG-TFETs near the interface of InN/InGaN. Besides,
the introduction of gate 1 can play an effective role in improv-
ing the tunneling rate near the bottom of gate trench in the
InN-Hetero-TG-TFET. Because the integral of the area under
each tunneling rate curve can represent the value of the tun-
neling current, the greater area under the tunneling rate curve
in the InN-Hetero-TG-TFET indicates a greater tunneling cur-
rent than in the InN-Homo-TG-TFET.
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In Fig. 5(b), there exist three typical types of tunneling
paths in the InN-Hetero-TG-TFET. For the convenience of the
analysis afterwards, the three typical types of tunneling paths
are marked in Figs. 5(b) and 6, namely, along the line A–A′

(type 1), line B–B′ (type 2), and line C–C′ (type 3) correspond-
ing to Fig. 1(b). The type 1 and type 2 describe the tunneling
from InN to InGaN under the control of gate 0 and gate 1,
respectively. And the type 3 describes the tunneling path in
InGaN under the control of gate 1.

Further explanation about the modulation mechanism of
the hetero T-shaped gate is shown by Fig. 7. The arrowed
lines represent the tunneling paths and tunneling distances in
devices at on-state. Almost the same energy band of the InN-
Homo-TG-TFETs with ϕ = 5.56 eV or ϕ = 4.8 eV can be
seen, indicating the slight effect of the metal work-function on
the performance. This is consistent with the result in Fig. 4.
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In Fig. 7, in all devices, the tunneling distances of type 2
are all less than 5 nm which are obviously smaller than those
of types 1 and 3. It indicates a dominant effect of type 2
on the tunneling current. Because of the effective modula-
tion effect of the hetero T-shaped gate, the tunneling distance
of type 2 in the InN-Hetero-TG-TFET is shorter than that in
the InN-Homo-TG-TFET, resulting in a greater tunneling rate
and thus a larger tunneling current as well as a smaller average
subthreshold swing in the InN-Hetero-TG-TFET. This accords
well with the results in Figs. 4 and 6. Besides, nearly no tun-
neling can be seen for type 3 in InN-Homo-TG-TFETs, while
there still exits a certain tunneling for type 3 in the InN-Hetero-
TG-TFET, which further demonstrates an effective modulation
effect of the bottom of gate trench in InN-Hetero-TG-TFET on
the energy band. In Fig. 7(d), nearly no tunneling can be seen
in all devices at off-state, which indicates a significantly small
off-state leakage current. These results demonstrate excellent
characteristics of the InN-Hetero-TG-TFET.

3.2. Influence of hetero T-shaped gate1 work-function ϕ1
on InN-Hetero-TG-TFET

Figure 8 shows the influence of hetero gate1 work-
function ϕ1 on transfer characteristics in InN-Hetero-TG-
TFET. As shown in the figure, the transfer curves shift to-
wards the negative voltage direction when ϕ1 decreases. And
with the help of hetero gate, the SSavg and ION can be im-
proved efficiently. The variation extracted from Fig. 8(a) is
shown in Fig. 8(b) and the corresponding energy band dia-
grams are also depicted in Fig. 9. It could be seen in Fig. 8(b)
that ION continuously increases while SSavg decreases with ϕ1
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Fig. 8. Influence of hetero gate-1 work-function ϕ1 on InN-Hetero-
TG-TFET performance, showing (a) transfer characteristics and (b) ex-
tracted ION and SSavg.

decreasing. The results can be illustrated by the energy band
diagrams in Fig. 9. As it is shown, the tunneling distance de-
creases with ϕ1 decreasing and reaches a minimum value at
ϕ1 = 4.70 eV, which results in a highest ION. And, due to the
improved modulation ability of the gate with ϕ1 decreasing,
the SSavg keeps on falling. In order to achieve the enhance-
ment mode device, ϕ1 = 4.8 eV is chosen as the optimal value
in the following.
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Voverdrive = 0.5 V.

3.3. Influence of hetero T-shaped gate-0 work-function ϕ0
on InN-Hetero-TG-TFET

Figure 10 shows the influence of hetero gate-0 work-
function ϕ0 on transfer characteristics in the InN-Hetero-
TG-TFET. As it is shown, the transfer curves shift towards
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Fig. 10. Influence of hetero gate-0 work-function ϕ0 on InN-Hetero-
TG-TFET performance: (a) transfer characteristics and (b) extracted
ION and SSavg.
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the negative voltage direction and the subthreshold character-
istics are degraded gradually as ϕ0 decreases. The variation
extracted from Fig. 10(a) is shown in Fig. 10(b), and the cor-
responding energy band diagrams are also depicted in Fig. 11.
It could be seen in Fig. 10(b) that ION decreases and SSavg

increases with ϕ0 decreasing, which is attributed to the in-
crease in tunneling distance as shown in Fig. 11. Therefore,
ϕ0 = 5.56 eV is adopted in the following investigation.
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Fig. 11. Influence of hetero gate-0 work-function ϕ0 on energy band of
InN-Hetero-TG-TFET along line B–B′ in Fig. 1(b) when VDS = 0.5 V and
Voverdrive = 0.5 V.

3.4. Influence of hetero T-shaped gate position Tg1 on InN-
Hetero-TG-TFET

The influence of hetero gate-1 thickness Tg1 on the per-
formance of InN-Hetero-TG-TFET is shown in Fig. 12 and
the corresponding energy band diagrams are shown in Fig. 13.
As shown in Fig. 12, the transfer curves shift towards the neg-
ative voltage direction when Tg1 is raised. And ION increases
continuously with Tg1 increasing. Based on the energy band
in Fig. 13, the energy band on gate side will shift down with
Tg1 increasing, which can shorten the tunneling distance and
increase the tunneling rate, resulting in the variation of ION. It
can be observed that SSavg first decreases and then increases
but reaches a minimum value at Tg1 = 23 nm. This is due to
the changing of modulation ability of the hetero gate around
Tg1 = 23 nm. With Tg1 increasing, the modulation ability of
the whole hetero gate (gate 0 and gate 1) converts from that of
the high metal work-function homo gate to that of hetero gate,
then to that of the low metal work-function homo gate, which
results in the trend of SSavg. Based on these analyses, it is im-
portant to find the balance point of Tg1, and Tg1 is chosen to

be 23 nm for the proposed device in this paper. The character-
istics of the proposed device in comparison with those of our
previous reported lateral PI-InN-TFET and the state-of-the-art
III-nitride-based TFETs are given in Table 3, which demon-
strates the excellent performance of InN-Hetero-TG-TFET.
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Fig. 12. Influence of hetero gate-1 thickness Tg1 on InN-Hetero-TG-TFET
performance for total gate trench thickness Tgate of 30 nm, showing (a) trans-
fer characteristics and (b) extracted ION and SSavg.
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Table 3. Comparison of characteristic between proposed device and state-of the-art nitride TFETs.

Devices ION (A/µm) SSavg (mV/dec) ION/IOFF ratio

InGaN GEDL-TFETs[16] @VDS = 0.5 V 8.02×10−5 7.9 1013

NW TFETs[18] @VDS = 0.5 V 5×10−5 25 1011

Our previous PI-InN-TFET[31] @VDS = 0.5 V 1.5×10−5 33 1012

InAlN/InGaN TFETs[35] @VDS = 0.5 V 7.85×10−4 < 60 107

Proposed TFEF @VDS = 0.5 V 1×10−4 7.5 1013
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4. Conclusions
In this paper, we present a new vertical polarization-

induced doping InN/InGaN heterojunction tunnel FET with
hetero T-shaped gate (InN-Hetero-TG-TFET). The proposed
device can realize the drain and source region doping by means
of polarization effect without the conventional physical dop-
ing processing, which can avoid the random dopant fluctua-
tion (RDF) and the problems related to the high thermal an-
nealing techniques in the conventional physical doping tun-
nel FETs. In addition, the improvement of the ION and SSavg

can be achieved, benefitting from the utilization of the hetero
T-shaped gate with different metal work-functions. The de-
vice electrical characteristics and the physical mechanisms are
studied systematically. Simulation results demonstrate the ex-
cellent performance of InN-Hetero-TG-TFET in comparison
with those of the InN-Homo-TG-TFET and our previously re-
ported lateral polarization-induced InN-based TFET (PI-InN-
TFET), which could provide an effective method for the fur-
ther development of TFETs.
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