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ABSTRACT In this paper, using calibrated TCAD simulations, we demonstrate how the performance
of a Tunneling FET (TFET) can be improved by using a new phenomenon called drain induced barrier
widening (DIBW) at the source-channel junction. Our results indicate that TFETs in which DIBW dominates
exhibit a steep subthreshold swing (=35 mV/dec) and a low OFF-state current (=10~ 1°A/um) without
affecting the ON-state current. We also show that TFETs exhibit a reverse short channel effect due to an
increase in the tunneling width at the source-channel junction.

INDEX TERMS Drain induced barrier widening (DIBW), gate-on-drain overlap, OFF-state current, reverse

short channel effects, subthreshold swing, TCAD simulation, tunnel field effect transistor (TFET).

I. INTRODUCTION
With advantages such as a sub-60 mV/dec subthreshold
swing (SS) at room temperature and a lower OFF-state leak-
age current, the tunnel field effect transistor (TFET) presents
itself as a promising low power alternative to the conventional
MOSFETs [1]-[6].

To enhance the performance of TFETs, different tech-
niques have been attempted in the past such as bandgap
engineering using a graded Si/Ge heterojunction TFET [7]
and using dual spacer dielectrics [8]. Similarly, using a very
lightly doped drain material (Np ~ 1 x 107 cm™3) with
low density of states (e.g. InGaAs), it has been shown that
a reduction in OFF-state current and subthreshold swing can
be obtained [9]. In such a structure, to reduce the drain series
resistance, the length of the lightly doped drain should be
limited to approximately 10 nm by backing it up with an
n'-contact [9]. It has been shown recently that by using a
non-uniform body thickness in a TFET, the ON/OFF current
ratio of TFETSs can be improved. Realizing such a structure
requires precise control of device dimensions, particularly the
channel thickness [10]. TFETSs are the potential candidates to
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surmount the performance challenges in transistors. There-
fore, there is a great need to study the performance of TFETSs
using viable approaches required for future low power circuit
applications.

In this paper, using calibrated two-dimensional simula-
tions, we demonstrate that TFETs with low OFF-state leak-
age current and sub-60 mV/dec subthreshold swing can be
realized without affecting the ON-state current using a new
phenomenon called drain induced barrier widening (DIBW)
at the source-channel junction. We show that the presence of
DIBW leads to reverse short channel effects in TFETSs as the
channel length is reduced. Our results may pave the way, for
realizing steep subthreshold TFETs with low OFF-state leak-
age current required in future low power integrated circuits.
We discuss the device structure and the simulation parameter
details in Section II and then present the simulation results
in Section III. Finally, the conclusions are summarized in
Section IV.

Il. DEVICE STRUCTURE AND SIMULATION PARAMETERS

Fig. 1 shows the cross-sectional schematic views for (a) the
TFET with no gate-on-drain overlap (conventional TFET),
(b) the single material gate (SMG) TFET using gate-on-drain
overlap with uniform thickness for the gate oxide and the
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FIGURE 1. Cross-sectional views of (a) Conventional TFET, (b) UOX-SMG
TFET, (c) UOX-DMG TFET and (d) DOX-DMG TFET.

oxide under the gate-on-drain overlap (UOX-SMG), (c) the
dual material gate (DMG) TFET using gate-on-drain overlap
with uniform thickness for the gate oxide and the oxide
under the gate-on-drain overlap (UOX-DMG), and (d) the
dual material gate TFET using gate-on-drain overlap with
differential thickness for the gate oxide and the oxide under
the gate-on-drain overlap (DOX-DMG).

The device parameters used in our simulations are shown
in Table 1. We have used three different drain doping con-
centrations Np = 1 x 10!8 cm_3, 5 x 10'® cm™3 and
1 x 10" em™3). For each of these drain doping concentra-
tions, the gate work function (®g) and the gate-on-drain
overlap work function (®or.) and the equivalent oxide thick-
ness (EOT) under the gate-on-drain overlap (tox,or), given
in Table 1, are optimised for steeper subthreshold swing (SS)
and low OFF-state current in DOX-DMG and UOX-DMG
TFETs for L = 10 nm. The same gate work functions (g and
®or) are then used in the other three structures. The length of
the gate-on-drain overlap (LoL) is chosen to be 30 nm in our
study for the structures shown in Fig. 1 as this length has been
shown to be the optimum gate-on-drain overlap length for
reducing the ambipolar current in TFETSs [11]. It has also been
shown in [11], [12] that the AC performance of the device will
not be impacted adversely by the gate-drain capacitance (Cgq)
due to the gate-on-drain overlap. The gate-on-drain overlap
and the step gate oxide required in this study can be realized
using the fabrication techniques reported in [13]-[21].

lll. SIMULATION APPROACH

All the simulations were done in Silvaco Atlas [22].
Asdescribed in [23], [24] our simulation set up was calibrated
to the results in [4]. To take into account the lateral tunneling
that takes place at the source-channel junction, we used a
nonlocal band to band tunneling (BTBT) model. Due to the
high doping concentration in the source and drain regions, the
bandgap narrowing model is enabled. We used a concentra-
tion dependent model to include the mobility effects in our
simulations. The Shockley-Read-Hall (SRH) recombination
model and the Fermi Dirac statistics were also used. All the
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TABLE 1. Device parameters used in simulations.

Parameters No UOX- UOX- DOX-
overlap SMG DMG DMG
Channel Length, L (nm) 10 - 50 10 - 50 10 - 50 10 - 50
Silicon Body Thickness, ts; 10 10 10 10
(nm)
Gate Equivalent Oxide 1.0 1.0 1.0 1.0
Thickness (EOT), tox (nm)
Channel Doping, Ny (cm?) | 1x10"7 | 1x10"7 | 1x10" 1x10"
Source Doping, N, (cm™) 1x10° | 1x10%® | 1x10% 1x10%
Drain D6 (eV) 42 42 42 42
Doping, Dor (V) R 42 46 5.0
Np (em™) =
1x10"" toxor. (nMm) - 1.0 1.0 10
Drain D (eV) 43 43 43 43
Doping, Dot (eV) N 43 53 53
Np (em™) =
5%1018 tox.oL (nm) - 1.0 1.0 5.0
Drain D (eV) 45 45 45 45
Doping, Do (V) N 45 51 51
Np(ecm™) =
1x10' tox.oL (nm) - 1.0 1.0 3.0
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FIGURE 2. Transfer characteristics of a conventional TFET with work
function &g = 4.5 eV, and L scaled from 50 nm to 10 nm for different
drain doping concentrations: (a) Np = 1 x 108 cm—3,

(b)Np =5 x 10'® cm~3 and (c) Np = 1 x 10'% cm—3.

doping profiles are assumed to be abrupt in these simulations
as previously done in [23], [24]. Quantum mechanical effects
are not considered for tg > 7 nm [5], [25]. Therefore,
we have not included quantum mechanical effects in these
simulations as we have limited tg; to 10 nm as previously done
in [23], [24].

IV. RESULTS AND DISCUSSION

The transfer characteristics of a conventional TFET for dif-
ferent channel lengths and drain doping concentrations can be
seenin Fig. 2. From Fig. 2 (a), we observe that even at the con-
ventional drain doping concentration Np = 1 x 10'8 cm™3,
the transfer characteristics become non-ideal at a channel
length of 10 nm and the TFET becomes unusable due to
its poor subthrehsold swing and increased OFF-state current
at Vgs = 0.0 V. This is in agreement with the previously
reported results [7], [9], and makes the device unsuitable
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FIGURE 3. For a TFET with a gate-on-drain overlap (¢ = ®g, = 4.5 eV),
comparison of the ambipolar current (I5g) and OFF-state current (Iogg)
versus the oxide thickness under the gate-on-drain overlap (tox o) for

the doping concentrations: (a) Np = 1 x 10'® cm—3,
(b)Np =5 x 10'® cm=3 and (c) Np = 1 x 10'? cm—3.

for future applications in low power integrated circuits. The
performance deteriorates further with the additional disad-
vantage of ambipolar current for higher drain doping concen-
trations e.g. Np = 5 x 10" cm™3 and Np = 1 x 10! em ™3
as shown in Figs. 2 (b) and (c), respectively.

To obviate the problem of poor subthreshold swing and
large OFF-state current associated with short channel TFETS,
we have studied three different TFET structures with gate-
on-drain overlap as shown in Fig. 1. For UOX-SMG and
UOX- DMG TEFET structures, we have used identical thick-
ness for the gate oxide (tpx,) and the oxide under the gate-
on-drain overlap (tox,oL). For DOX-DMG TFET, the oxide
thickness under the gate-on-drain overlap is higher than the
gate oxide thickness. In the case of UOX-DMG TFET and
DOX-DMG TFET, the work function of the gate-on-drain
overlap (®or) is higher than the gate work function (®g).

The oxide thickness under the gate-on-drain overlap in
the DOX-DMG TFET needs to be optimized with the goal
of finding a balance between the lowest OFF-state current
as well as ambipolar current. Fig. 3 shows the ambipolar
current (Iamp) at Vgs = —1.0 V and the OFF-state current
(Iorr) at Vgs = 0.0 V versus the oxide thickness under
the gate-on-drain overlap (tox,or) for three different drain
doping concentrations. In Fig. 3 (a), we observe that the
ambipolar current continuously decreases while the OFF-
state current remains nearly constant with increasing tox oL-
Therefore, we have chosen tox,or, = 10 nm for DOX-
DMG TFET for Np = 1 x 10'"® cm™3. In Fig. 3 (b),
we observe that the ambipolar current decreases while the
OFF-state current increases with increasing tox or.. We note
that, at tox, oL &~ 5 nm, the ambipolar current and OFF-state
current are at an optimum value for Np = 5 x 10'8 cm™3.
In Fig. 3 (c), we observe that the ambipolar current initially
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decreases up to tox,or, = 5 nm and increases for higher
tox,oL, While the OFF-state current increases continuously
with increasing tox or. We note that, at tox o & 3 nm, the
ambipolar current and OFF-state current are at an optimum
value for Np = 1 x 10'° ¢m™3. Therefore, to examine the
short channel behavior of DOX-DMG TFET, we have chosen
tox.oL to be 10 nm, 5 nm and 3 nm for Np = 1 x 10'® cm~3,
5x 10 ecm™3 and 1 x 10! cm™3, respectively.

In the following sections, we analyze the impact of the
gate-on-drain overlap by comparing the short channel behav-
ior of all the four TFETs shown in Fig. 1 by calculating the
average SS, point SS and Ion/Iopr ratio from the transfer
characteristics.

The average SS for all the TFET structures in this work has
been calculated using the following expression [5]:

Vi = Vog

A SS=—"—""——
rerage logly, — logl o

ey

where the threshold voltage (V) is the applied gate
voltage when the drain current reaches a magnitude of
1 x 1077 A/pm, V is the gate voltage at which the lowest
magnitude of the drain current is observed when the gate
voltage Vgs > 0.0 V, Iy, is the drain current at V; and Iogt is
the drain current at V.

The point subthreshold swing is calculated as the recipro-
cal of the maximum slope of the transfer characteristics as
given below [1]:

Point SS = dvi )
d log (Ips)
where Ips is the drain current and Vgg is the gate
voltage where the slope of the transfer characteristics is
maximum.

In the following sections, we examine how the gate-on-
drain overlap can be effectively used to realize steep sub-
threshold performance and low OFF-state current.

A. IMPACT OF THE GATE-ON-DRAIN OVERLAP ON TFETs
FORNp =1 x 10'8 cm—3

Fig. 4 shows the transfer characteristics, average SS and point
SS of the four different TFET structures for L = 50 nm and
10 nm. In Figs. 4 (a) and (b), either for L = 50 nm or 10 nm,
we observe that the conventional TFET exhibits no ambipolar
current. It may be noted that when L is reduced from 50 nm
to 10 nm, due to short channel effects, the conventional TFET
exhibits an extremely poor average SS and point SS as shown
in Figs. 4 (c) and (d), respectively. However, in the case of
UOX-DMG and DOX-DMG TFETs with L = 10 nm, the
gate-on-drain overlap leads to an average SS and point SS
well below 60 mV/dec as compared to UOX-DMG and DOX-
DMG TFETs with L = 50 nm. Therefore, the UOX-DMG
and DOX-DMG TFETs with a lightly doped drain can indeed
lead to TFETs with an OFF-state current ~1071® A/um,
an average SS well below 60 mV/dec, and Ion/IoFr ratio >
10'! as shown in Fig. 5.
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FIGURE 5. lgn/loff ratio versus channel length of the four different TFET
structures where lgy = Ipg at Vgs = 1.0 V and lggg = Ipg at Vgg = 0.0 V.

B. IMPACT OF THE GATE-ON-DRAIN OVERLAP ON TFETs
FORNp =5 x 10'® cm—3

In Figs. 6 (a) and (b), either for L = 50 nm or 10 nm,
we observe that all the four TFETSs exhibit the presence of
ambipolar current due to the higher drain doping concen-
tration. When L is reduced from 50 nm to 10 nm, both the
conventional TFET and UOX-SMG TFET show degraded
average SS and point SS as shown in Figs. 6 (¢) and (d),
respectively.

As compared to the conventional TFET, we observe that
the UOX-DMG TFET becomes unusable due to its large
OFF-state current as shown in Figs. 6 (a) and (b). However,
the DOX-DMG TFET exhibits improved performance with a
low OFF-state current ~10~14 A/pum, an average SS below
60 mV/dec and an Ign/Iopr ratio ~ 1010 as shown in Fig. 7
when L is reduced from 50 nm to 10 nm. It is clear that
the DOX-DMG TFET with a higher drain doping concen-
tration (Np = 5 x 10!8 cm’3) can indeed lead to TFETsS
with improved performance when compared to conventional
TFETSs with similar a drain doping concentration.
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C. IMPACT OF THE GATE-ON-DRAIN OVERLAP ON TFETs
FORNp =1 x 10'° cm—3

Fig. 8 shows the transfer characteristics, average SS and
point SS of four different TFET structures for L = 50 nm
and 10 nm with Np = 1 x 10" cm™3. In Fig. 8, either
for L = 50 nm or 10 nm, we observe that the conven-
tional TFET exhibits undesirable ambipolar current. For
L = 10 nm, the conventional TFET becomes unusable due
to the extremely poor Ion/Iopr ratio and its subthreshold
swing cannot be calculated due to the same reason. For the
four TFET structures, the average and point SS, are shown
in Figs. 8 (c) and (d), respectively and their Ion/Iopr ratios
are shown in Fig. 9. These results show that as compared
to the conventional TFET, the DOX-DMG TFET exhibits an
OFF-state current ~10~ !4 A/um and an Ion/Iopp ratio &
10'0 when Np = 1 x 10! cm™3.

From the above discussions, it is clear that the UOX-DMG
TFET with Np = 1 x 10'® cm™ and DOX-DMG TFET
with Np = 1 x 10" cm™3 to 5 x 10'8 cm™3 are promising
candidates for realizing TFETs with a low OFF-state current,
an average SS less than 60 mV/dec and a high Ion/IoFr ratio.
To understand the reason for the sub-60 mV/dec subthreshold
swing and a low OFF-state current in the UOX-DMG TFET
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and DOX-DMG TFET with a drain doping concentration
1 x 10" em™3 < Np < 5x10'8 cm™3, we have investigated
the impact of channel length on the threshold voltage in the
following section.

D. REVERSE SHORT CHANNEL EFFECTS

As shown in Fig. 10, the threshold voltage (Vy), i.e. the
Vgs when Ips = 1 x 1077 A/um, of the four different
TFET structures is extracted at different channel lengths
from 50 nm to 10 nm for three drain doping concentrations
Np =1 x 108 cm™3,5 x 10"® cm™3 and 1 x 10! cm™3.
From Figs. 10 (a) — (c), we observe that the V of the con-
ventional TFET decreases, as the channel length is scaled
down, exhibiting the conventional V; roll-off. The V; for
the conventional TFET with Np = 1 x 10! ¢m™3 and
L = 10 nm is not shown in Fig. 10 (c), since it cannot be
calculated due to the extremely poor Ion/IopF ratio as seen in
Fig. 9. However, as shown in Fig. 10 (a) with Np = 1 x 10'®
cm ™3 and (b) with Np = 5 x 10'® cm—3, the UOX-DMG
TFET and DOX-DMG TFET exhibit a threshold voltage
roll-up when L is reduced from 50 nm to 10 nm. This is a clear
indication of the presence of the reverse short channel effect
as the channel length is scaled down. In contrast, as shown in
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Fig. 10 (c) for Np = 1x10' cm™3, the V| of the DOX-DMG
TFET decreases as the channel length is scaled from 50 nm
to 10 nm exhibiting the conventional V roll-off. This V, roll-
off is the possible reason for the non-ideal subthreshold swing
in DOX-DMG TFET with Np = 1 x 10!° cm—3. The reason
for the reverse short channel effect in UOX-DMG TFET and
DOX-DMG TFET can be understood by studying the energy
band profiles for L = 50 nm and 10 nm at Vgs = 0.0 V,
as discussed below.

E. DRAIN INDUCED BARRIER WIDENING (DIBW)

Figs. 11 (a) and (b) show the energy-band profiles of the
four different TFET structures for L = 50 nm and 10 nm,
respectively, with Np = 1 x 108 cm—3 at Vgs = 0.0 V. Tt can
be observed from Fig. 11 (a) that in the presence of gate-on-
drain overlap, there is an increased barrier height in the energy
bands under the gate-on-drain overlap when compared to the
conventional TFET. Since ®op, > ®g in UOX-DMG TFET,
the energy barrier height under the gate-on-drain overlap is
higher when compared to the UOX- SMG TFET in which
®or. = &g. However, in the case of DOX-DMG TFET, even
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FIGURE 12. Energy-band profiles at 1 nm below the Si - SiO, interface of
the UOX-DMG TFET with L = 10 nm and conventional TFET with L = 40 nm
at VGS =00V

though ®gr, > Pg, the energy barrier height under the gate-
on-drain overlap decreases, since the oxide thickness under
the gate-on-drain overlap (tox.or) in DOX-DMG TFET is
larger than its gate oxide thickness (tox). This reduction in
barrier height is due to the reduced capacitive coupling when
compared to the UOX-DMG TFET. It can be observed from
Fig. 11 (b) that as the channel length is scaled from 50 nm
to 10 nm, the distance between the source-channel junction
and the induced barrier height due to the gate-on-drain over-
lap has also reduced. This proximity modulates the energy
profile in the channel region resulting in the drain induced
barrier widening (DIBW), at the source-channel junction,
a phenomenon observed for the first time in TFETs. DIBW
results in an increase in the tunnel width at the source-channel
junction in the UOX-SMG TFET, UOX-DMG TFET and
DOX-DMG TFET as compared to the conventional TFET as
shown in Fig. 11 (b). The presence of drain induced barrier
widening at the source-channel junction implies that a higher
Vgs must be applied in UOX-DMG TFET and DOX-DMG
TFET to achieve an Ipg equal to that of the 50 nm TFET.
We can, therefore, conclude that in order to observe the
reverse short channel effect in a TFET i.e. threshold voltage
roll-up, the TFET must have a gate-on-drain overlap (with
oL > Pg) and a channel length, L < 20 nm.

Fig. 12 shows the energy-band profiles of the UOX-DMG
and conventional TFETSs for L = 10 nm and 40 nm, respec-
tively, with Np = 1 x 10'8 cm™3 at Vgs = 0.0 V. It is
apparent that the tunnel width at the source-channel junction
of the UOX-DMG TFET is larger when compared to the
conventional TFET, clearly indicating the presence of drain
induced barrier widening (DIBW) induced by the gate-on-
drain overlap. As reported in this work, DIBW is responsible
for the steep subthreshold swing and reduced OFF-state cur-
rent in TFETSs with gate-on-drain overlap.

V. CONCLUSION
With the help of calibrated 2-D simulations, we have suc-
cessfully demonstrated in this paper how the performance
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of a TFET can be improved by using a new phenomenon
known as the drain induced barrier widening (DIBW) at the
source-channel junction. We also demonstrate that due to an
increase in the tunneling width at the source-channel junction
caused by DIBW, the TFETs exhibit reverse short channel
effects. By exploiting DIBW, we have shown how TFETs
can maintain a sub-60 mV/dec average subthreshold swing
(A~35 mV/dec), a low OFF-state current (%10_16A/Mm) and
an Ion/Iopr ratio ~ 10'! with drain doping concentrations
as high as Np = 5 x 10'® cm™3. Our results may serve as
a strong incentive for the experimental realization of TFETSs
with improved performance.
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