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ABSTRACT

In this paper, some techniques to enhance the performance of
the tunneling field effect transistor (TFET) devices are
studied. Two proposed techniques, which could be used
simultaneously to improve the performance of TFET, are
presented. The first technique is using different oxide
materials for the spacers over the drain and source. The
second technique is to select a different material of the source
other than Si. The study is based on the DC Ip-Vgs
characteristics as well as the high frequency characteristics
regarding the capacitance and cut-off frequency. It was found
from this study, that it is advantageous to use different
materials for the spacers. The materials chosen for this work
are HfO, as the spacer over the source and SiO, over the
drain. It is also shown that using Ge as a source material
provides the best performance. The criterion of the choices
presented in this paper is based on providing higher ON
current and lower ambipolar current and higher cut-off
frequency.

General Terms
TFET, Simulation, Silvaco

Keywords
TFET, Ambipolar current, Spacers, Cut-off frequency.

1. INTRODUCTION

Advanced  complementary  metal-oxide—semiconductor
CMOS technology now faces two problems [1] that together
lead to high power consumption. The first issue is the
increasing difficulty in further reducing the supply voltage.
The other one is stopping the rising leakage currents that
degrade the switching ratio of ‘ON’ and ‘OFF’ currents [2]. In
a MOSFET, the current-switching process includes the
thermionic injection of electrons [3, 4] over an energy barrier.
This sets a fundamental limit to the abruptness of the
transition slope from the OFF to the ON state. The charge
carriers are thermally injected over a barrier in MOSFETS.
Meanwhile, the interband tunneling is the main injection
mechanism in a TFET. In this interband tunneling, charge
carriers transfer from one energy band into another at a
heavily doped p+n+ junction [5]. TFET is a new type of
transistor whose fundamental switching mechanism differs
from the conventional MOSFET. Its pronounced features
make it a promising candidate for low-energy electronics.

The switching of TFETS is performed by modulating quantum
tunneling through a barrier. This technique is different from
that of conventional MOSFETs which is based on
modulating thermionic emission over a barrier. Accordingly,
TFETs are not limited by the thermal tail of carriers, which
limits the subthreshold swing of MOSFETs to 60 mV/dec at
room temperature [6]. TFETs have been proposed as a

replacement of the conventional MOSFETs for low power
applications as they are characterized by low leakage currents,
better immunity to short channel effects (SCE) and
compatibility with the CMOS process [7-9]. Meanwhile,
TFET suffers from two fundamental problems: a low ON state
current and ambipolar conduction. Some,.improvements have
been proposed to overcome these challenges. Using a PNPN
TFET with a source pocket, instead of the conventional p-i-n
structure, can solve the problem of low ON current [10].
However, the problem of ambipolar conduction in TFETs
limits their applications especially for digital circuit
applications [11].

To overcome the ambipolar conduction, several device
structures including gate-drain underlap, low drain doping
have been proposed [11-13]. Although these methods
decrease ambipolar current, they can only be grasped at the
cost of increased fabrication complexity and reduced ON
current. Recently, a gate-on-drain overlap method was
proposed to control ambipolar conduction of TFETs [14].
However, increasing the overlap length results in higher
capacitance effects which, in turn, leads to poor high-
frequency characteristics [15].

In this work, two techniques are provided to reduce the
ambipolar current without deteriorating the performance of
the high-frequency switching characteristics. The first
technique is based on choosing different materials for the
source instead of Si. Two choices are provided; Ge and InAs.
The second technique relies on choosing different oxide
materials over the source and drain. Two different oxide
materials are chosen: HfO,, Sio,.

The rest of the paper is organized as follows. In Section 2, the
device structure and its parameters are introduced. Then, in
Section 3, the simulation tool is reviewed along with its
simulation parameters. Furthermore, the results are presented
in Section 4. Finally, the conclusions are highlighted in the
last section.

2. DEVICE STRUCTURE AND
SIMULATION PARAMETERS

Fig. 1 shows a schematic of the TFET structure. The source
and spacers materials will be changeable to study the effect of
different source and spacers materials on the TFET
characteristics. Ge, InAs and Si are used as source materials
while SiO, and HfO, are used as spacers’ materials. The
parameters used for the device simulations are listed in Table
1. The channel, source and drain lengths are taken to be 50
nm, while the spacers' lengths are taken to be 10 nm. The
BOX thickness is chosen to be 50 nm and the oxide thickness
is 2 nm. The oxide thickness is equivalent to an effective
oxide thickness EOT = 2 nm for SiO, whereas EOT = 0.4 nm
for HfO,. The silicon SOI thickness is t; = 10 nm.
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Fig. 1 Schematic of TFET structure

Table 1. Parameters used for the device simulations

Parameter Value
Source Length 50 nm
Channel Length 50 nm
Drain Length 50 nm
Spacers Length 10 nm
Box thickness (tgox) 50 nm
Oxide thickness (toy) 2nm
tsi 10 nm

Source doping 10%°
Drain doping 10"
Channel doping 10Y

Fig. 2 shows the doping profile of the structure where the
doping of the channel is taken to be 10" cm™ the drain
doping is 10'° cm™ while the source doping is 102 cm.
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Fig. 2 Doping profile of the TFET (on a semilog scale)
3. SIMULATION AND DISCUSSION

All the simulations were carried out using Silvaco Atlas [16].
Atlas is a physically-based two and three-dimensional device
simulator that predicts the electrical behavior of
semiconductor devices at specified bias conditions. Kane
band-to-band tunneling (BTBT) model [17] was used to
account for the tunneling in the lateral direction. Kane model
is used to evaluate the band-to-band generation rate according
to the following [18]

3
EF £’ ®
Gy =—=—exp| B —+
JEo E|

In this expression, |E| is the magnitude of the electric field,
and Eg is the energy band gap. The parameters A and B are
constant parameters. Gy, is obtained from the magnitude of
the electric field at each node considering local band-to-band
tunneling model. The parameters for Kane’s band-to-band
tunneling in Silvaco Atlas, (A= 4x10*° eV*?/cm-s-V? and B =
41 MV/cm-eV¥?). These parameters were chosen according to
the calibration performed in [18] and calibrated with the
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experimental results in [19]. Lombardi mobility model was
enabled to account for high field mobility effects. Fermi-Dirac
statistics and the Shockley-Read-Hall (SRH) recombination
model were also used. The bandgap narrowing (BGN) model
was taken to consider into account the highly doped regions of
the device.

To study the effect of the gate material on the TFET
characteristics, HfO, and SiO, are used as source and drain
spacers’ materials respectively, but the gate material will be
variable. Ge, InAs and Si are used as source materials. Fig.3
(@ and (b) illustrates the drain currents and the total
capacitances versus gate voltages respectively.
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Fig. 3 Effect of source material (a) Drain current vs. gate
voltage and (b) Total capacitance vs. gate voltage

From the Figure, it is clear that InAs gives the higher ON
current and higher OFF current and also the higher total
capacitance. Ge gives high ON current and the less OFF
current and medium total capacitance. Si gives the less ON
current and less total capacitance. So germanium is preferable
to be used as a source material as it gives best characteristics.

Fig. 4 shows the effect of spacers’ materials. The figure
illustrates the drain currents (Fig. 4(a)) and the gate-gate
capacitances versus gate voltages (Fig. 4(a)) where the gate
material is germanium but the source and drain spacers are
variable. There are three cases, in the first case both source
and drain spacer are SiO,. In the second case, the source
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spacer is HfO, and the drain spacer is SiO,. In the third case,
the source spacer is SiO, and the drain spacer is HfO,. From
the curves, it can be seen that the second case gives the
highest ON current but it also gives the highest gate-gate
capacitance.
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Fig. 4 Effect of spacers’ materials (a) Drain current vs.
gate voltage and (b) Total capacitance vs. gate voltage

To study the high-frequency performance due to the effect of
the spacers, the cut-off frequency is extracted from the AC
analysis. So, the high-frequency figure of merit is analyzed in
terms of the unit-gain cut-off frequency (fr) which is
calculated as:

19
-~ In @
T 27 Cg

Where Cgg is the overall gate capacitance. Fig. 5 shows a
comparison between the different types of spacers’ materials.
Based on this comparison, it can be concluded that using
HfO,-SiO, as spacers is most advantageous in terms the high-
frequency performance.
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Fig. 5 Cut-off frequency vs. gate voltage
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Fig. 6 Potential distribution (a) at Vgs =0, and
(b)atVgs=1V

It is evident from the previous simulation results that it is
most proper to use Ge as a source material and HfO, as a
spacer over the source and SiO, as a spacer over the drain. In
the following simulations, this specific case is considered.
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The electrical potential contours in the device structure are
shown in Fig. 6 for the OFF state (Fig. 6(a)) and the ON state
(Fig. 6(b)). For the OFF state, the maximum variation can be
seen near the drain through the channel. Whereas, for the ON
state, the maximum variation in the potential can be seen at
the p+-n interface, where the tunneling mechanism is
prevailing. The potential variation is responsible for the
tunneling of carriers from p+ region to n + region through the
nearly intrinsic p-type channel region.

The energy band diagrams in both cases; OFF and On states
are shown in Fig. 7. It can be depicted form the figure that
when in the OFF state (Fig. 7(a)), the tunneling width of the
carriers is very long compared to the tunneling width in the
ON state (Fig. 7(a)). This ensures the results presented earlier
concerning high ON current and low OFF current.
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Fig. 7 Energy band diagram in (a) OFF state, and
(b) ON state

4. CONCLUSION

In this paper, some techniques to enhance the performance of
the TFET devices are studied. In the first technique, different
oxide materials for the spacers over the drain and source are
used. The chosen materials that give the best performance are
HfO, as the spacer over the source and SiO, over the drain.
The second technique is to select a different material of the
source other than Si. It is shown that using Ge as a source
material provides the best performance. The study is based on
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the DC Ip-Vgs characteristics as well as the high-frequency
characteristics regarding the capacitance and cut-off
frequency. In the future work, it is intended to study more
materials for the source that may give higher ON current.
Also, more dielectric materials with different dielectric
constants could be explored especially over the drain and see
this effect on the ambipolar current as well as on the cut-off
frequency. Taking the nonlocal band-to-band tunneling is also
one of the physical models that could be used instead of the
Kane model used in this paper.
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