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Abstract

The energy bandgap is a key factor to determine the
tunneling current in tunnel field-effect transistors (TFETs).
This paper numerically investigates the effect of quantum
confinement in the double-gate TFETs by evaluating the
effective energy-band bandgap of the ultra-thin strained-Si,.
«Ge, body. The band-offset caused by the quantum
confinement effect is rapidly increased with increasing the
Ge mole fraction because the body thickness must be
decreased to retain the same compressive strain of Si;,Ge,.
A medium Ge more fraction of strained-Si,_,Ge, is favorable
to optimize the device performance in the strained-Si;_,Ge,
double-gate TFETs.

I. INTRODUCTION

Based on the tunneling mechanism, tunnel field-effect
transistor (TFET) has demonstrated an excellent potential
of the scalability of both the supply voltage and the
physical gate length in continuing the Moore’s law [1]-
[4]. The quantum-mechanical calculation of band-to-band
tunneling shows that the tunneling probability is strongly
dependent on semiconductor bandgap [5], which has also
already confirmed by experiments [6], [7]. Although a
sub-60 mV/decade subthreshold swing (SS), which is a
key requirement of semiconductor devices in low power
integrated circuits, is achievable, Si-based TFET exhibits
problematically low on-state current due to the high
energy bandgap of silicon [8], [9]. Enhancing the on-state
in TFET devices
considerable challenge.

tunneling  current becomes a
One of the most effective
approaches to enhance the tunneling current is to
decrease the tunneling barrier height by using low
bandgap semiconductors. Recently, silicon-germanium
alloys have been proposed in TFETs and demonstrated
significant improvements in the on-state current due to its

relatively small bandgaps [6], [10], [11].

It is noted that the compressive strained-Si; (Ge, on
silicon substrate is preferred over the relaxed alloys for

978-1-4673-4743-9/13/$31.00 ©2013 IEEE

use in TFETs because of its small bandgap and low
defect density [6], [7], [12], [13]. A small bandgap is
helpful in boosting the tunneling current whereas a low
defect density is necessary to remain a low subthreshold
swing by suppressing the trap-assisted tunneling which
degrades the device performance in the subthreshold
region. In order to maintain the compressive strain, the
Si;.«Ge, layer grown on a Si-substrate is required to be
thinner than its critical thickness [12], which limits the
tunneling active region. For further improving the on-
state tunneling current and subthreshold swing, one has
used the double-gate structure as an alternative approach
related to device structure of TFETs [14]. However, the
use of double-gate structure causes considerable quantum
confinement effect with the body thicknesses thinner than
[15].
compressive strained-Si;_(Ge, are extremely small at high

10 nm Because the critical thicknesses of
Ge mole fractions, it is predicted that the effect of
quantum confinement severely degrades the tunneling
current because it makes a considerable increase in the
effective bandgap.

This paper the effective

bandgap of ultra-thin strained-Si;.,Ge, body in double-

analytically calculates

gate TFETs due to the quantum confinement effect. The
simulations of the TFET characteristics with and without
including quantum confinement effect are compared to
existing experimental data to evaluate the validity of the
calculation results. The current-voltage characteristics of
the devices with various Ge mole fractions are then
presented to investigate the quantum confinement effect
and to examine the limitation of employing low physical
bandgap of strained-Si;_,Ge, in double-gate TFETs.

II. CALCULATION OF BAND-OFFSETS

Figure 1 shows the schematic structure of a double-
gate TFET with compressively strained Si;,Ge, used in
the calculation of band-offsets which are defined here as
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Fig. 1. Simulated structure of strained-Si; «Gey double-gate TFETSs.
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Fig. 2. Thickness of strained-Si,«Gex body used in double-gate TFET s
with various Ge mole fractions from 0 to 1.

effective changes in the conduction and valence bands
under the effect of quantum confinement. Because the
compressive strain is expected for Si-Ge alloys, its
thickness for each Ge concentration must not be larger
than the corresponding critical thickness. Fig. 2 presents
the body thickness used in the calculations at various Ge
mole fractions ranging from 0 to 1. At high Ge fractions,
the acceptable maximum body thickness is exactly equal
to the equilibrium critical thickness, whereas it is taken to
be 20 nm at small Ge concentrations so that the band-to-
band tunneling current is maximized [16].

Figure 3 plots the energy-band diagrams in the vertical
direction to illustrate the generation of band-offsets under
the quantum confinement effect. Because strained-Si;.
«Gey is confined between the two oxide layers with a
much higher bandgap, quantum wells for electrons and
holes are formed accordingly. If the quantum wells are
electron and hole energies

relatively narrow, are

quantized into discontinued levels considerably.
Consequently, the lowest energy levels of electrons and
holes in the wells will be separated from the physical

conduction and valence bands, respectively, to generate
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Fig. 3. Electrons and holes are confined in quantum wells in strained-
Si,<Gex double-gate TFETs (x = 0.5 for illustration).

apparent conduction and valence band-offsets.

In order to evaluate the band-offsets as well as the
effective bandgap of strained-Si;,Ge,, the Schrodinger
equations for electrons and holes in the finite quantum
wells are numerically solved to determine the quantized
energy levels. Electrons on the valence-band energy
levels in the channel region will tunnel to conduction-
band energy levels at the drain. Because the tunneling
process is extremely sensitive to the tunnel barrier height,
only the first energy levels are important in determining
the tunneling current. Therefore, the conduction and
valence band-offsets are approximately identical to the
first energy levels of electrons and holes, respectively.
The effective bandgap can then be calculated as the sum
of the physical bandgap and the band-offsets.

III. RESULTS AND DISCUSSIONS

Since the tunneling probability exponentially changes
under a variation of the energy bandgap, knowing the
exact effective bandgap of semiconductor materials used
in TFETs is a key issue to determine the tunneling current
accurately. Fig. 4 shows the physical bandgap [17], [18],
the calculated band-offset and the effective bandgap
against the Ge concentration of strained-Si;_,Ge, body in
a double-gate TFET structure. As seen in the figure, the
physical bandgap is gradually decreased with increasing
Ge fraction that makes high Ge fractions favorable for
TFET devices. The increasing of the Ge fraction,
however, also results in a significant increase in the band-
offset which degrades the tunneling current in the TFETSs.
Although the band-offset is negligible in the region of
small Ge fractions, it becomes very significant at high Ge
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Fig. 4. Physical bandgap (Eg), calculated band-offset and effective
bandgap (Eg ) of strained-Si;.«Gey in double-gate TFETSs.
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Fig. 5. Simulated current-voltage curves with and without including
quantum confinement effect in comparision with experimental data of
strained-Sig 43Geo s7 TFETSs [6].

fractions, even comparable to the physical bandgap. As a
result of the two opposite trends when increasing the Ge
concentration, the effective bandgap is first decreased
down to a minimum value at a medium Ge mole fraction
(x = 0.5), and is then increased quickly. Physically, it
implies that the quantum confinement effect becomes
dominant at high Ge fractions due to the ultra-thin body.
Therefore, using strained-Si; ,Ge, with extremely low or
high Ge concentrations also makes a decrease in the
tunneling probability due to high effective bandgaps and
hence degrades the TFET performance.

The validity of the calculation of the effective
bandgap is verified by comparing the simulated current-
voltage curves to the measured data of strained-Si;_Gey
TFET [6]. The simulated TFET structure and device
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Fig. 6. Current-voltage curves of strained-Si,.«Gex double-gate TFETs
with various Ge mole fractions.

parameters are identical to those of the fabricated device
in [6]. Two-dimensional device simulations [19] are
performed with Kane’s model of indirect band-to-band
tunneling in which the band-to-band tunneling generation

rate is given by [5]
52 3/2
G, = A2 —exp(-B—— 1
BTBT E;/Z p( £ ) e

where ¢ is the electric field at the tunneling junction; £, is
the bandgap of semiconductors which is taken to be
either the physical or effective value depending on the
classical or quantum consideration adopted, respectively.
The Kane’s parameters 4 and B of strained-Si;.,Ge, have
been properly determined for a full range of the Ge
fraction [20]. Fig. 5 shows the simulation curves with and
without including the quantum confinement effect in
calibration to the experimental data. Firstly, the simulated
curve using the effective bandgap (the quantum
confinement effect included) is remarkably lower than
that of using the physical bandgap only. This implies that
the tunneling current is significantly degraded by the
quantum confinement effect in ultra-thin body double-
gate TFETs. Furthermore, the simulation based on the
effective bandgap is in very good agreement with the
experimental curve, which confirms the validity of the
calculation of the effective bandgaps as well as the
simulation model.

In order to examine the effect of quantum confinement
on the device characteristics, Fig. 6 shows the numerical
current-voltage simulations of the double-gate TFETs
with various Ge mole fractions of strained-Si,Ge,. At
small x values, the on-current significantly increases with
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The
increasing up to x ~ 0.4. It is noted that the maximum on-

increasing Ge fraction. on-current continues
current does not exactly occur at the Ge fraction
corresponding to minimum effective bandgap (x = 0.5),
but at a slightly smaller value. It is because the decrease
of the body thickness when increasing Ge fraction makes
a decrease in the volume of tunneling region [16]. For Ge
fractions higher than this wvalue, the on-current is
decreased because of high effective bandgaps and small
tunneling active areas. In the view point of device
performance and fabrication, therefore, it limits the
exploitation of low physical bandgap of strained-Si;_,Ge,
in double-gate TFET devices. A medium Ge fraction
should be used in double-gate TFETSs for optimizing the

device performance and the fabrication process.

IV. CONCLUSIONS

The quantum mechanical effect was studied by
the
determine the effective bandgaps of strained-Si;,Ge, in
TFETs. the band offset is
considerably increased with the increasing of Ge more

numerically solving Schrédinger equations  to

double-gate Because
fractions, a medium Ge fraction of the strained-Si;_Ge, is
preferred to optimize the on-state tunneling current of
strained-Si;_,Ge, double-gate TFETs.
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