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Abstract—We propose a modified structure of tunnel field-
effect transistor (TFET), called the sandwich tunnel barrier FET
(STBFET). STBFET has a large tunneling cross-sectional area
with a tunneling distance of ∼2 nm. An orientation-dependent
nonlocal band-to-band tunneling (BTBT) model was employed
to investigate the device characteristics. The feasibility of
the STBFET realization using a complementary metal–oxide–
semiconductor-compatible process flow has been shown using
advanced process calibration with Monte Carlo implantation.
STBFET gives a high ION, exceeding 1 mA/µm at IOFF of
0.1 pA/µm with a subthreshold swing below 40 mV/dec. The
device also shows better static and dynamic performances for
sub-1-V operations. STBFET shows a very good drain current
saturation, which is investigated using an ab initio physics-based
BTBT model. Furthermore, the simulated ION improvement is
validated through analytical calculations. We have also investi-
gated the physical root cause of the large voltage overshoot of
TFET inverters. The previously reported impact of Miller ca-
pacitance is shown to be of lower importance; the space-charge
buildup and its relaxation at the channel drain junction are shown
to be the dominant effect of large voltage overshoot of TFETs.
The STBFET are shown to have negligible voltage overshoots
compared with conventional TFETs.

Index Terms—Band-to-band tunneling (BTBT), depletion re-
gion, epitaxial channel region, high-k spacer, inverter cir-
cuits, Miller capacitance, sandwich tunnel barrier, space charge
and relaxation, tunneling field-effect transistor (TFET), voltage
overshoot.

I. INTRODUCTION

COMPLEMENTARYmetal–oxide–semiconductor (CMOS)
technology has scaled down from micrometer feature

sizes to nanoscale regimes in order to achieve low-power and
high-performance devices and circuits. Device geometry has
been reduced as the gate length LG, gate dielectric thickness
Tox, and junction depth have been decreased by about 3 orders
of magnitude. For lower OFF-current IOFF, a better gate control
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of the channel is needed in the OFF-state [1]. In order to meet the
ON-current ION requirements, the threshold voltage VTH needs
to be scaled with VDD. However, IOFF exponentially increases
with VTH reduction and is given by

IOFF = IDS · 10−VTH/SS (1)

with SS = η(kT/q)ln10 and η = 1 + (Cdep/Cox). In (1), SS
is the subthreshold slope of the device and depends on
junction capacitance Cdep and gate capacitance Cox. SS is
a nonscalable parameter, and minimum subthreshold swing
SSmin is 60 mV/dec at room temperature. Hence, VTH has
become a nonscalable parameter to limit the IOFF. However,
due to the short-channel effects (SCEs), SS is far worse than
an ideal value of 60 mV/dec. In order to limit IOFF while
scaling down VTH, it is important to look for new device
structures that achieve subthreshold swing below 60 mV/dec.
Recently, many CMOS devices such as the nanowire gate-all-
around (GAA) metal–oxide–semiconductor field-effect transis-
tors (MOSFETs) [1], fin-shaped FET [2], carbon nanotube FET,
impact-ionization MOSFETs (I-MOSFET) [3], and TFETs [4]
have been demonstrated to minimize SCE and to lower the
source–drain leakage current. Among these devices, only TFET
and I-MOSFET promise SS less than 60 mV/dec and improved
short-channel performance. We propose sandwich tunnel bar-
rier FET (STBFET) with 1.4 mA/μm of ION at an IOFF of
0.1 pA/μm with SS less than 40 mV/dec.

II. CALIBRATION OF TFET

In order to understand and validate the STBFET device
performance, we first calibrate the conventional TFET using ab
initio band-to-band tunneling (BTBT) model. This calibration
is used as the basis for all the devices evaluated in this paper.
Shown in Fig. 1(a) is a gated p-i-n diode. The ON- and OFF-state
currents of the device are due to BTBT in a reverse-biased p-n
junction. An increase in the gate voltage leads to a sharp band
bending at P+ source–channel interface, as shown in Fig. 1(b).
This reduces the tunneling distance dTunnel to about 5 nm,
where charge carriers can tunnel from the valence band to the
conduction band leading drive current.

A nonlocal BTBT model developed in Finite Element De-
vice Analysis [5], [6] for the TFET calibration has been
used. The model uses the complex band structure of Si to
compute the orientation-dependent effective mass and complex
k-vector in the tunneling region. The tunneling probability
is calculated using the transfer matrix formalism to calculate
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Fig. 1. (a) Schematic of a conventional silicon-on-insulator TFET struc-
ture with high-k and metal gate. (b) Energy band diagram of a simulated
n-TFET with VDS of 1 V. At VGS = 0 V, the band bending is such that no
electronic states are available for tunneling from the source into the channel
region. However, at VGS = 1 V, there is very sharp band bending at the
source–channel interface, enabling the valence band electrons to tunnel into
the conduction band in the channel.

TABLE I
EXPERIMENTAL DEVICE PARAMETERS THAT ARE ALSO

USED FOR THE DEVICE CALIBRATION

the drive current. This model has been successfully used to
quantitatively model the gate-induced drain leakage currents
in 45-nm low-power devices and vertical diode of different
orientations, viz., along [100], [110], and [111] orientations [6].
Here, calibration of a p-TFET with experimental data is shown
in Fig. 2(a). A nonlocal BTBT with field-dependent mobility,
Shockley–Read–Hall, and Hurkx recombination models have
been used for simulations. The TFET parameters used for the
simulation are same as those of the experimental device [4]
and are listed in Table I. We carried out simulations in three
distinct transport orientations, namely, [100], [110], and [111].
Notice that [110] and [111] transport give an order of magnitude
higher BTBT current compared with [100] transport for the gate
voltage window from −0.5 to −1.5 V. For higher gate voltages,
all the three orientations give similar BTBT currents, which
is to be expected given the narrowing of the tunnel barrier,
hence, reduced sensitivity to the effective mass of the carriers.
The simulation results for the BTBT clearly show an excellent
match with experimental results, as shown in Fig. 2(a). With
equivalent oxide thickness (EOT) scaling, gate transverse field
increases, which in turn leads to charge carrier quantization
in the channel. To properly include the quantum effects in the
simulation, the modified local density approximation (MLDA)
and density of states (DOS) quantum correction models are
applied to calculate the carrier distribution in the channel. In
Fig. 2(b) MLDA and DOS quantum correction models are well
calibrated again with Schrodinger–Poisson (SP) solution [7].

Notice that the conventional silicon TFET devices suffer
from low ION because of the larger tunnel distance [8]. ION can
be increased by using lower band-gap materials at the source
[9], using abrupt doping profiles at the source–channel interface
or by introducing a lateral strain [10]. ION can be increased

Fig. 2. (a) Simulated p-channel TFET transfer characteristics for [100], [110],
and [111] crystallographic orientations are well matched with the experimental
characteristics. The gate length of the device is 600 nm, with 5 nm of HfO2

as the gate dielectric. Si body thickness is 70 nm, with N+ source doping
of 1.5 × 1020 cm−3 and P+ drain doping of 5 × 1018 cm−3. With VDS =
−1.0 V and VGS = −4.0 V, ION is 0.2 μA/μm. (b) The TFET transfer
characteristics with various quantum correction models (original MLDA-based
and DOS models) are calibrated with the SP solution.

by the aforementioned methods; however, the reported values
are much lower than that of the MOSFET devices. Addition-
ally, it has been reported that only increasing the ION of the
conventional TFETs is not sufficient to improve the circuit
performance [11]. In this paper, we propose a modified TFET
device structure, which is called the STBFET. The proposed
device shows high ION at IOFF of 0.1 pA/μm, low SS below
40 mV/dec, and MOSFET-like output characteristics.

III. STBFET DEVICE STRUCTURE AND OPERATION

The structure of the proposed n-channel STBFET along with
device parameters is shown in Fig. 3. The channel region is a
2-nm-thin epitaxially grown Si layer, which can be realized
using low-temperature molecular beam epitaxy [12] or chem-
ical vapor deposition (CVD). CVD is the dominating Si/SiGe
epitaxy process used in CMOS industry and is used to pro-
duce high-quality monocrystalline epitaxial devices [13]. This
process can be extended to achieve abrupt degenerate doping
profiles [13], [14] at slightly elevated substrate temperatures
such as 600 ◦C, which is also effective in reducing the defects
[15]. Gate stack consists of a high-k dielectric and metal gate
with an appropriate work function.

Unlike a conventional TFET structure, the P+ source is under
the gate and channel region. Boron doping of 2 × 1020 cm−3

for source and phosphorus doping of 5 × 1019 cm−3 for drain
are used for the simulations. Here, we have assumed a lateral
doping profile of 2 nm/dec, which has been realized in the
literature using advanced annealing processes [16]. The N+

drain is located on either side of the high-k spacers. High-k
spacers are used to reduce the channel resistance by using the
gate-fringe effect [17].

A simulated device cross section of STBFET is shown in
Fig. 3, along with the electron density and the depletion width
contours. P+ source and N+ drain are separated by a 20-nm-
thick high-k spacer. At VGS = 0 V and VDS = 1 V, there is
no channel inversion under the gate and spacer region. Under
such a bias condition, the device can be analyzed as a p-i-n
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Fig. 3. (a) A cross-sectional view of the STBFET with metal gate,
high-k gate dielectric, high-k spacer, and a 2-nm-thick Si channel layer. Unlike
conventional TFETs, P+ source is under the gate below the epitaxial layer,
and the drain is on both sides of the spacer. (b) A cross-sectional view of the
STBFET at VDS = VGS = 1 V is shown along with the electron density and
the depletion width (white line). The source doping of 2 × 1020 cm−3 and
drain doping of 5 × 1019 cm−3 has been used for the simulation. (c) The top
view of the device, which illustrates the contacts taken at the top.

diode with a P+ source and an N+ drain separated by a
lightly doped/intrinsic region and a separation equivalent to the
thickness of high-k spacer. Hence, the tunnel direction is lateral,
and the tunnel distance becomes equal to spacer thickness,
which is 20 nm for the optimized device in this paper. It is well
understood that at such a tunnel distance BTBT current has to
be extremely low, which is responsible for the device’s excellent
OFF-state behavior. Furthermore, with the increase in the gate
bias, an inversion layer forms in the epilayer underneath the
MOS gate and the high-k spacers. Under such a bias condition,
the device can be analyzed as a P+N+ reverse biased diode
with a tunnel distance equivalent to the epilayer thickness.
This switches the tunneling direction from lateral to vertical
direction, thus reducing the dTunnel to about 2 nm, as shown
in Fig. 3(b). This abrupt change in the tunnel distance leads
to a steep subthreshold swing and a large BTBT current. A
high-k spacer is required to achieve high ION, without which
the ON-current degrades due to the high channel resistance.
This increase in the ON-current and the steep subthreshold
swing compensates for the increase in parasitic capacitance
due to the high-k spacer. In Fig. 3(c), the top view of the
STBFET is shown with the contacts patterned on the top of
the device. Note that the active source tunneling cross-sectional
area ATunnel is equal to the (W × L) area of the gate. This
tunneling area is much larger than the tunneling cross-sectional
area in conventional TFETs, which is partly responsible for
higher ION observed in STBFET.

A. STBFET Device Simulation Result and Analysis

A physical explanation for high ION and excellent output
current saturation in STBFET compared with a conventional

Fig. 4. (a) Simulation results show the tunneling distance as a function of
VGS and VDS for the STBFET and a conventional TFET. In the STBFET,
dTunnel is half that of the TFET at VGS = 1 V. In addition, in the STBFET, the
effect of drain electric field on dTunnel is negligible as Δ dTunnel is negligible
compared with Δ dTunnel of the TFET. (b) Total current density as a function
of dTunnel for the STBFET is shown. Variation in dTunnel is achieved by
varying the epitaxial layer thickness.

Fig. 5. (a) Transfer characteristics of the n-channel STBFET. (Shown on the
log scale) IOFF of the device is 0.1 pA/μm and (also shown on the linear scale)
ION ∼ 1.4 mA/μm. The STBFET shows an SS below 40 mv/dec. (b) The
Simulation result shows that the output characteristics of an n-channel STBFET
has very good saturation like long-channel MOSFET.

TFET is provided. In a conventional TFET, it is very difficult
to decrease dTunnel below 4 nm as dTunnel is controlled by
the gate and drain electric fields [8]. However, in the STBFET,
dTunnel can be lowered down to 2 nm as it is determined by
the epitaxial layer thickness tepi, as shown in Fig. 3(b). In
Fig. 4(a), the minimum dTunnel for the STBFET is half that of
the TFET. High ION of the STBFET is due to small tunneling
distance dTunnel, which leads to a higher BTBT current density
JTunnel. In STBFET, JTunnel = 1.6 × 108, which is more than
2 orders of magnitude higher than that of a TFET (JTunnel =
8.0 × 105), as shown in Fig. 4(b). Because of the combined
effects of the aforementioned parameters, ION of the STBFET
is much higher than that of a conventional TFET.

The transfer characteristics of an n-channel STBFET are
shown in Fig. 5(a) for epitaxial layer thickness of 2 nm and
gate length LG of 20 nm. The gate work function of STBFET
is set to 4.1 eV. The simulated ION is 1.4 mA/μm when
compared with 70 μA/μm in a conventional silicon TFET at
VDS = VGS = 1.0 V. Additionally, the STBFET shows very
low IOFF (0.1 pA/μm) and a steep subthreshold swing below
40 mV/dec. The output characteristic of the STBFET shows
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Fig. 6. Energy band diagram of conventional TFET for VGS of 1 V and VDS

from 0 to 1 V in steps of 0.2 V is shown. For increase in VDS , from 0 to
1 V, bands are flat in the channel and in the N+ doped drain region. However,
there is a large band bending at the source–channel interface. The slope of the
band bending increases with the drain bias. This shows that the total applied
drain voltage drops across the source–channel tunnel junction. This results in
decreasing tunnel width, and hence, good saturation is not observed.

a good saturation of drain current [see Fig. 5(b)]. In TFETs,
drain-current saturation is affected by the tunnel distance sat-
uration, which is a function of VGS and VDS . At a given
VGS , Δ dTunnel = (dTunnel,VDS=0 V − dTunnel,VDS=1 V) is a
function of VDS , as shown in Fig. 4(a). The tunnel distance has
reached its minimum value at VDS = 50 mV, and it does not
reduce further with applied drain voltage. Thus, Δ dTunnel for
STBFET as a function of drain bias is negligible, as compared
with Δ dTunnel of a conventional TFET. dTunnel saturation, i.e.,
Δ dTunnel = 0 in STBFET, is the cause of excellent output
current saturation.

A physical explanation for the dTunnel saturation can be
understood as follows. Conventional TFETs have two threshold
voltages, i.e., gate threshold voltage and drain threshold voltage
[18]. This is based on the tunnel width narrowing with respect
to VGS and VDS . However, it is worth mentioning that STBFET
has only one threshold voltage, i.e., gate threshold voltage as the
drain voltage negligibly reduces the tunnel width. We have in-
vestigated this effect, and the results are shown in Figs. 6 and 7.
Fig. 6 shows the energy band diagram of a conventional TFET
for VGS of 1 V and VDS from 0 to 1 V in steps of 0.2 V. For
increase in VDS , i.e., from 0 to 1 V, bands are flat in the channel
region and in the N+ doped drain region. However, there is a
large band bending at the source–channel interface. From the
slope of the band bending, it can be implied that the applied
drain voltage essentially appears across the tunnel junction,
which is at the source–channel interface. Hence, with increase
in VDS , the tunnel distance reduces, and the field across the
tunnel junction increases. This causes the drain current to
increase, and hence, saturation in the output characteristics
cannot be observed. However, in the case of the STBFET, the
band bending (due to drain voltage) at the tunnel junction is
negligibly small. The energy band diagram (along x-axis in
the epitaxial region) of the STBFET for VGS of 1 V and VDS

from 0 to 1 V in steps of 0.2 V is also shown in Fig. 7. In
the STBFET, an increase in VDS leads to a large band bending
in the spacer–channel region, with negligible drop across the
source–channel region. Since the voltage drop across the tunnel

Fig. 7. Energy band diagram (along x-axis in the epitaxial region) of the
STBFET for VGS of 1 V and VDS from 0 to 1 V in steps of 0.2 V is
shown. For increase in VDS , from 0 to 1 V, there is large band bending in
the spacer–channel region only. This shows that the most of the drain voltage
drops in the spacer–channel region. There is only 0.1 eV of band banding that
has been observed in the channel region under the gate due to the drain bias. It
is clear that the total VDS drops across the spacer–channel region and not at the
tunnel junction. Hence, the STBFET shows very good saturation in the output
characteristics.

junction does not vary with the drain bias, there is negligible
modulation of the tunnel distance. This results in excellent
output saturation characteristics of the STBFET.

B. Analytical Calculations of ON-Current

In TFETs, the physical significance of VTH definition is the
saturation of tunnel width narrowing [18]. In the conventional
TFET, the dTunnel keeps on reducing even for VGS larger than
1 V. However, in the case of STBFET, VTH is defined as
the VGS required for the formation of inversion layer, which
is similar to that of a MOSFET. As the channel is in weak
inversion, dTunnel is reduced to its minimum value of 2 nm.
Further increase in VGS only increases the carrier concentration
in the inversion layer. Because of the epitaxial layer in the
channel, the doping profile can be approximated to that of an
extreme retrograde profile (Low–High). VTH of a retrograde
doping profile is given by the following [19]:

VTH = Vfb + 2ψB +
qNa

Cox

√
4εsiψB

qNa
+ t2epi −

qNatepi

Cox
(2)

where Vfb is the flatband voltage, Na is the substrate doping,
ψB is the bulk potential, and εsi is the permittivity of silicon.

The importance of the epitaxial layer in the STBFET is
realized from the fact that without the epitaxial layer the
threshold voltage [19] would be greater than 4 V for a source
doping of 2 × 1020 cm−3. Hence, for sub-1-V operation, ver-
tical tunneling is not possible without the epitaxial layer in
the channel. As the substrate doping is high (≥ 1020), tepi �
(4εsiψB/qNa)1/2 and (2) can be reduced to the following [19]:

VTH = Vfb + 2ψB +
εsi2ψB

tepi × Cox
. (3)

The VTH of a steep retrograde doping profile for 2 nm of tepi

is about 0.2 V. Hence, a thin epitaxial layer enables the vertical
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Fig. 8. (a) Proposed CMOS compatible process flow for the STBFET device
and (b) CMOS-compatible process flow chart (i–vi) for the STBFET device.

tunneling for sub-1-V operation. A well-established method for
VTH extraction of nonlinear device called linear extrapolation
of ID/g

1/2
m versus VGS plot gives VTH of 0.23 V for the case

of STBFET. This is very close to the VTH calculated from (3).
Note that ID/g

1/2
m versus the VGS method is not suitable for the

conventional TFET as it cannot linearize the ID–VGS curve.
In order to further justify the observed high ION in the

STBFET, the device parameters are used with analytical expres-
sions to calculate the field and ON-current [20] as

I = ATunnel ×A× Veff × E × exp
(
−B
E

)
. (4)

In (4), the constants A and B are given by A =
(q3

√
2m∗/EG/4π2 × �

2) and B = (4
√
m∗

√
EG

3/3q × �),
where m∗ is the carrier effective mass, EG is the band gap, �

is the reduced Planck constant, and Veff is the effective bias
at the tunnel junction. For the effective mass, widely accepted
parabolic effective mass approximation [21], [22] has been
used. The analytical expression shown in (4) is in agreement
with the tunneling current of p+ − n+ tunnel junctions [20].
E is the vertical electric field and can be obtained in two
ways. First, using E from the device simulator, (4) gives ION

of 1.6 mA/μm. Second, E has been calculated using the
following [20]:

E =
(VGS − VTH) + VTunnel

(tepi + 3Tox)
(5)

where qVTunnel is the minimum energy-band bending needed
for tunneling and must be greater than EG. The ratio of silicon

TABLE II
PROCESS PARAMETERS FOR THE SIMULATION OF N-CHANNEL STBFET

Fig. 9. Advanced process calibration with Monte Carlo simulated implan-
tations has been used for the STBFET process simulation. The figure shows
the transfer characteristics of an STBFET device obtained after full process
simulation. A small degradation in the ION due to boron diffusion in the
epitaxial region under the spacer is observed compared to that of an ideal
structure. This process simulation shows the feasibility of proposed device
architecture in a CMOS pilot line. (Inset) The 2-D actual doping profiles
obtained after an extensive process simulation.

to SiO2 permittivity is taken as 3. The electric field calculated
from (5) gives ION of 1.3 mA/μm for a tepi of 2 nm. Both ION

values are in agreement with the technology computer-aided
design (TCAD) simulations. Mobility degradation models are
not included in the analytical equations, and hence, the calcu-
lated current values are slightly higher than that of the simulated
values.

IV. CMOS-COMPATIBLE PROCESS FLOW

In Fig. 8(a) and (b), a CMOS-compatible process flow
for the STBFET is shown. We have carried out extensive
process simulations to look at the feasibility of STBFET device
fabrication. Advanced process calibration is carried out with
Monte Carlo implantation for the STBFET process simulation
[23]. Optimized process parameters of the simulated device
are shown in Table II. CVD can be used to achieve abrupt
degenerate doping profiles at a higher substrate temperature
of 600 ◦C [13], [14]. During P+ activation, there is diffu-
sion into the epitaxial region under the high-k spacer, which
leads to a slightly increased channel resistance. Fig. 9 shows
the transfer characteristics of STBFET obtained after detailed
process simulations. A small degradation in ON-current due to
boron diffusion in the spacer–channel region is observed. This
process shows the feasibility of proposed device architecture in
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Fig. 10. (a) CGD is 12% of CGG for the STBFET, 72% for the TFET, and 15% for the CMOS-FET. The STBFET have the highest CGG due to high-k
spacers but very small CGD . Hence, the CGD component in the STBFET is very small, as compared with conventional TFET. (b) In the STBFET, the BTBT
model increases CGD and CGG, showing that electrons from the valence band of underneath source respond faster to the small signal gate voltage. However,
in conventional TFETs, the BTBT model has no effect on the capacitances as carriers from the drain edge respond to the small signal gate voltage. (c) Transient
characteristics showing the overshoot phenomenon versus time for the STBFET, TFET, and CMOS-FET inverters. The STBFET and MOSFET inverters show
negligible overshoot, whereas the TFET shows a large overshoot of 0.8 V.

a CMOS pilot line. One of the main technology challenges with
the realization of the STBFET structure is the growth of the thin
undoped epitaxial region over a heavily doped P+ source with
an abrupt doping transition. There are literature reports where
such a growth process has been experimentally demonstrated
[13], [14]. This is crucial for realization of the high performance
of the proposed STBFET structure.

V. DYNAMIC PERFORMANCE AND DEVICE PARASITICS

The total gate capacitance CGG and gate-to-drain overlap
capacitance CGD of the three devices (MOSFET, conventional
TFET, and STBFET) as a function of gate voltage are shown
in Fig. 10(a). CGD is 72% of CGG for the TFET, 15% for
the MOSFET, and 12% for the STBFET. In the case of a
conventional TFET, CGD is the main contributor of CGG.
However, in the case of STBFET, CGS is the main component
of the CGG. As shown in Fig. 10(b), in the case of STBFET
with the BTBT model turned off, CGG and CGD are reduced
to their minimum value (given by EOT and high-k spacer),
whereas there is no change observed in the case of conventional
TFET. This is because in the STBFET, the electrons from
the valence band of P+ source respond faster to the small
signal gate voltage. However, in the TFETs, electrons from the
conduction band of N+ drain respond faster to the small signal
gate voltage. Transient characteristics showing the overshoot
phenomenon versus time for STBFET, TFET, and CMOS-FET
inverters are shown in Fig. 10(c). The STBFET and MOSFET
inverters show negligible overshoot, whereas the TFET shows
a large overshoot of 0.8 V. This is because the STBFET does
not suffer from the large Miller capacitance, as is the case with
a conventional TFET [24].

In order to further benchmark the STBFET performance
in comparison to the conventional TFET and MOSFET tech-
nologies, we have performed detailed mixed-mode inverter
simulations using Sentaurus. Fig. 11(a) shows the trans-
fer characteristic of the STBFET, conventional TFET, and
CMOS-FET-based inverters. The currents in p- and n-channel
devices are made equal by increasing the width of the p-channel
device. Because of this, the inverter has a switching threshold
equal to VDD/2 and a comparable low and high noise margins.

Fig. 11. (a) Voltage transfer characteristic of the STBFET, the CMOS-FET,
and the conventional TFET. The STBFET has the highest gain and better noise
margin, as compared with the CMOS-FET and the conventional TFET. (b) The
TFET ring oscillator has very large time period (∼2 ns), compared with the
STBFET and the CMOS-FET (20 ps). Furthermore, peak voltages are less than
VDD in case of the TFET.

As the inverter gain depends on the SS of the device, STBFET
has the highest gain compared with that of the conventional
TFET and the CMOS-FET. Higher inverter gain leads to the
better noise margin in the STBFET, as compared with the
other two devices. In Fig. 11(b), a three-stage ring oscillator
is simulated using the STBFET, the conventional TFET, and
a MOSFET. As shown, the STBFET and the MOSFET show a
similar dynamic performance. The main reason for the observed
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Fig. 12. (a) Result of two different inverter circuit configurations for a conventional TFET. Circuit configuration 1 (pull-up: p-MOSFET; pull-down: n-TFET)
have reduced overshoot from 0.8 to 0.37 V. Circuit configuration 2 (pull-up: p-TFET; pull-down: n-MOSFET) have reduced undershoot from −0.8 to −0.3 V. This
unbalanced overshoot/undershoot behavior indicates that this is not a node phenomena involving the Miller capacitance. (b) The effect of the Miller capacitance
on the overshoot. For 10× increase in the Miller capacitance, there is less than 0.1 V increase in the overshoot in all the three devices. It shows that the overshoot
has a weak dependence on the Miller capacitance. (c) The effect of pulse rise time on the overshoots. The overshoot exponentially falls in the case of the STBFET
and the CMOS-FET. However, TFET has significantly higher overshoot even at larger pulse rise time and is due to the large space-charge buildup at the drain
junction.

improvement in the dynamic performance can be attributed to
the fact that, in the STBFET, the P+ source is under the gate
region within about 2 nm of tunneling distance. This makes the
valence band electrons from P+ source to respond to the small
signal gate voltage much faster, compared with the carriers
from the N+ drain.

As shown in the transient characteristics, which is shown in
Fig. 10(c), the STBFETs show negligible voltage overshoot,
which is commonly observed in tunnel FETs, as reported earlier
[21]. This has been attributed to the large Miller capacitance
present in the conventional TFETs. To investigate this phe-
nomenon further, transient simulations of two different inverter
circuits with a constant Miller capacitance between the input
and output nodes are performed. Fig. 12(a) shows the results
for a conventional TFET. In circuit configuration 1 (pull-up:
p-MOSFET; pull-down: n-TFET), the overshoot has signifi-
cantly reduced, and the undershoot is unchanged. In circuit
configuration 2 (pull-up: p-TFET; pull-down: n-MOSFET),
the undershoot has significantly reduced, and the overshoot
is unchanged. This unbalanced overshoot/undershoot behavior
indicates that this is not a node phenomena involving Miller
capacitance. Furthermore, Fig. 12(b) shows that the Miller
capacitance is not the major cause of overshoot as for a 10×
increase in the Miller capacitance there is less than a 0.1 V
increase in the overshoot for all the three devices. Fig. 12(c)
shows the overshoot as a function of input pulse rise time for
all the three devices. The overshoot in the case of STBFET and
CMOS-FET exponentially drops, but the TFET has a very small
reduction in overshoot with increasing pulse rise time.

To further understand the cause of overshoot phenomenon,
transient simulations of inverter circuits for the STBFET, the
TFET, and the MOSFET are performed. Space-charge contour
plots in Fig. 13 show that the overshoot is related to localization
of space charge and its time-dependent relaxation. In all the
devices (TFETs, MOSFETs, and STBFETs), a large space-
charge buildup at the drain junction for a rise time of 1–2 ps
is observed. This vanishes in the case of STBFET and
MOSFET when the rise time increases to 10 ps. However, for a
conventional TFET, space charge remains unchanged even for

a rise time of 100 ps. This proves that overshoot is due to a
space-charge buildup and its relaxation instead of the Miller
capacitance.

VI. SUPPLY VOLTAGE SCALING

In order to reduce the dynamic power consumption in CMOS
devices, the voltage scaling is absolutely essential. All the
three devices, the conventional TFET, the MOSFET, and the
STBFET are simulated for a 0.6 V of supply voltage with an
EOT of 0.4 nm, and LG = 20 nm. The static and dynamic
performance of STBFET, compared with other devices, is
shown in Table III. For 0.6 V of VDD, the spacer thickness
is reduced to 12 nm. This reduces parasitic capacitance and
channel resistance. For n-channel STBFET, we have used sil-
icon for all the regions, while for a p-channel device, a SiGe
with 50% mole fraction is used for the epilayer. For a reduction
in supply voltages, low-band-gap materials are best suited for
TFETs. For example, p-STBFET with a 50% Ge mole fraction
gives ION comparable to that of n-STBFET. The STBFET has
a much higher ION to IOFF ratio compared with a MOSFET.
For the Dynamic power consumption and delay, a three-stage
ring oscillator has been simulated with a 0.6-V supply. For the
overshoot, a transient simulation of a single stage inverter with
a pulse rise time of 42 ps has been performed. From Table III, it
is clear that the STBFET achieved higher ION, lower IOFF, and
a comparable dynamic performance as that of the MOSFETs.

VII. CONCLUSION

In summary, a novel, high-performance silicon TFET has
been proposed. The ON-state tunneling distance of this device
is defined by the physical thickness of a very thin epilayer.
A CMOS-compatible process flow of the STBFET device has
been proposed and implemented in a TCAD process simulation.
Based on this, the performance of the device has been evalu-
ated and compared with standard MOSFET and TFET devices
applying calibrated tunneling models in a numerical device
simulation. These calculations indicate high ION of STBFET in
the range of 0.8 mA/μm at IOFF of ∼100 pA/μm for VDS =
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Fig. 13. Space-charge contours of the three devices. All the devices show a large space-charge buildup at the channel–drain junction for 1–2 ps of rise time,
which vanishes in the case of the STBFET and the MOSFET when the rise time increases to 10 ps. However, for the conventional TFET, the space charge remains
unchanged even for the rise time of 100 ps. This proves that the overshoot is due to the space-charge buildup and its relaxation, instead of the Miller capacitance.

TABLE III
PERFORMANCE COMPARISON OF THREE DEVICES FOR 0.6 V OF VDD

VGS = 0.6 V. For VDS = VGS = 1 V, ION is 1.4 mA/μm at
IOFF of ∼0.1 pA/μm. Smaller IOFF is due to thicker spacer
in case of 1-V operation. The STBFET, as a result, have much
higher ION-to-IOFF ratio compared with the MOSFETs. The
improvement of ION is also analytically validated in this paper.
Due to the specific device topology employed in STBFET, the
device shows several distinct advantages. The tunneling current
in this device scales with the gate area, instead of gate width
leading to high ION. IOFF, is essentially dependent on spacer
thickness and is very low. The proposed device also shows an
excellent output current saturation and overcomes the voltage
overshoot of switching inverter stages due to the elimination
of space-charge regions at the channel to drain interface. High
gain and good noise margin of inverter chains have been shown
from the simulations.

Together, these results make the STBFET a very promising
device candidate for high-performance systems operating at
voltages below 1 V.
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