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Abstract—We describe the design of double-gate InAs/GaSb
tunneling field-effect transistors (TFETs) using GaSb electron
wave reflector(s) in the InAs channel. The reflections from the
source PN junction and from the reflector(s) add destructively,
causing the net transmission to approach unity at certain energies.
The energy range of transmission enhancement can be broadened
by appropriate placement of multiple barriers. With 102 A/m
OFF-current (Iorr) and a 0.3V power supply, the subthreshold
swing (S.S.) is improved from 14.4mV/dec to 4.6mV/dec and the
ON-current (Ion) is improved from 35A/m to 96A/m, compared
with a conventional GaSb/InAs TFET.

Index Terms—TFETs, heterojunctions

I. INTRODUCTION

ower dissipation seriously constrains VLSI performance

[1]. Low switching energy requires a low power supply

voltage, yet decreased standby power requires either
increased voltages or reduced transistor subthreshold swing
(S.S.). In conventional MOSFETs, thermal carrier injection
limits the S.S. to 60mV/dec. [1]. Though tunnel FETs (TFETs)
[2,3,4] can obtain smaller S.S., their on-current ({oy) is limited
by low PN junction tunneling probability [3]. The tunneling
probability is limited by the effective mass and tunneling
distance across the PN tunnel junction. For nanoscale TFETs,
quantization increases the barrier energy and carrier effective
masses, decreasing the tunneling probability. The tunneling
distance is limited by source doping, channel thickness and gate
dielectric, and hence is not easily reduced [5]. Although use of
InAs-GaSb heterojunctions reduces the tunneling barrier
energy and tunneling distance, under strong quantization in
channels of a few nm thickness, the barrier energies and
tunneling distances remain significant, hence the tunneling
probabilities and on-currents remain small. Alternative
methods to increase Lo, of TFETSs are needed.

Avci et al proposed a TFET with a reversed
(p-InAs/n-GaSb) heterojunction [ 6], introducing a second
barrier and a resonant bound state. Current increases sharply as
the resonant state is aligned in energy with the Fermi window.
Though S.S. is improved, the maximum /oy remains low as the
resonant state is narrow in energy. Here we show that
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embedding multiple barriers into the channel can broaden the
energy range of transmission enhancement, significantly
improving Ioy.

II. DEVICE DESIGN

The proposed transmission-enhanced TFETs are PN tunnel
FETs with one or several phase-shift and electron-reflector
layers. Reflections of the electron wave from the reflector layers
(Fig. 2b) interfere destructively with reflections from the PN
tunnel barrier, reducing the electron reflection probability, thus
increasing the transmission probability. To increase oy, the
transmission probability is increased over a broad energy range.
The designs are based on a p-GaSb/n-InAs double-gate TFET,
(design 1, Fig. 1a). The channel thickness is 7., the gate oxide
has thickness #, and diclectric constant ¢,,.. The gate length is
L,, and source and drain doping density are Ns and Np. Transport
is along the [100] direction. The channel is two-dimensional,
extending in the z direction (perpendicular to the page). In
designs 2 and 3 (Fig. 1b, c) the channel contains one or three
GaSb barriers. The well and barrier widths, w and b, set the
resonant state energies and barrier reflectivities. In design 4 (Fig.

TABLE1
PARAMETERS FOR ONE-BARRIER AND THREE-BARRIER DESIGNS

Common Parameters one-barrier three-barrier
Region Width (ml) | Region Width (ml)
Tox 2.56nm wy 49.5 W) 18.5
Erox 20 b; 6.5 b, 6.5
ten 3.2nm w3 9.5
L, 40nm b; 5.5
Ns 5°10Ycm? w4 9.5
Noo 1 2-10%cm? bs 3

1d), the channel and drain material is replaced by an InGaAs
alloy. Table 1 gives parameters.
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Fig. 1: Cross-sections of a) no-barrier, b) one-barrier, ¢) three-bamer InAs-
channel, and d) three-barrier InGaAs-channel designs. The barriers b4, are
GaSb.
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III. SIMULATION METHOD AND RESULTS

Devices are simulated using the atomistic nanoelectronics
modeling software NEMOS [7], which solves self-consistently
the Poisson equation and the open boundary Schrodinger
equation (quantum transmitting boundary method [8,9]). The
band structure is described by tight binding model with sp’d’s *
basis [10,11]. Fig. 2a, b compare the band diagrams and the
local densities of states (LDOS) of designs 1 and 2. Resonant

102

states are formed in the quantum well of design 2; these
increase the transmission from ~4% (design 1) to ~100%
(design 2), (Fig. 2¢). But, transmission is increased only in a
narrow energy range around resonance. Design 3 has three
closely aligned resonant states, (Fig. 2d), providing greater
transmission over a broader energy range (Fig. 2f). The barrier
and well widths have been adjusted to closely align the three
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Fig. 2: Band diagram and energy-resolved LDOS at £.=0 (in log scale) for Design 1 (a), Design 2 (b), Design 3 (d), and Design 4 (e); Comparison of transmission
probabilities at k&.=0 for Design 1 and 2 (c), and for Design 3 and 4 (f). In all cases, ON state with Vs=Vps=0.3V is assumed..

states in energy, increasing transmission over a broad energy
range.

In design 1, a normal TFET, subthreshold characteristics are
determined by the relative energies of the source valence band
and the channel conduction band. The subthreshold swing is
consequently small (fig. 3a). In contrast, in designs 2 and 3, the
subthreshold characteristics are determined by energy alignment
between the source valence band and one or more resonant
bound states. With design 3, these resonances are broad in
energy (fig. 2f), and the S.S. is poorer (fig. 3a) than in design 1.
For design 3, at gate-source biases at which the source valence
band energy lies below the InAs channel conduction band
energy, the subthreshold characteristics are set by energy
filtering between the InAs channel conduction band and the
GaSb source valence band. At such biases, the subthreshold
characteristics are consequently very steep. At more positive
gate biases, such that the source valence band energy lies above
the InAs channel conduction band energy, the subthreshold
characteristics are instead set by the energy-dependent
transmission characteristics of the quantum wells. At such
biases, the subthreshold characteristics are consequently less
steep. As the source Fermi energy approaches that of the
resonant state, the slope of the transmission characteristics is
steep, and consequently the S.S. is small. Vps is set at 0.3V.

In design 4, the conduction band of the Ing75GagasAs
channel is aligned to the energy of the lowest resonant state (fig.
2e). The channel conduction band then causes (fig. 2f) the
transmission below resonance to decrease rapidly with energy,
and the subthreshold swing becomes small (fig. 3a). Note that,
because the necessary tight-binding parameters were not
available, the present simulations neglect the effect of strain
upon the conduction-band energy of the Ing75Gag2sAs channel.
Given the effect of strain, InyGa;.xAs alloy fraction x and width
of InAs wells must be adjusted to place the channel conduction
band energy at the desired energy, slightly below that of the
resonant states (fig. 2¢). A detailed study including the effect of
strain will be done in the future.

Comparing transfer characteristics computed with Vi,
adjusted for I,7=103A/m (fig. 3a, b), design 1 has minimum S.S.
=14.4mV/dec. and 35A/m Ion at Vpp =0.3V. Design 2 has S.S.
=8.7mV/dec. and a similar /on. Design 4 has both a small 4.6
mV/dec. S.S. and a large 96A/m Ion. In designs 2 and 3,
subthreshold characteristics are determined by resonant state
transmission. In design 3, this resonant state has a broad energy
range of transmission, thus the range of small S.S. is narrow
(fig. 3¢c). Design 4 shows small S.S. over a wide current range
(fig. 3d), broader even than that simulated (fig. 3d) with
graphene nanoribbon (GNR) [12], InAs [13], and Ge [14]
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TFETs. Note, that in the present designs the gate length is large,
being set by the length of the multi-barrier structure and of
InGaAs channel. A minimum InGaAs channel length is
required to suppress direct source-drain tunneling. It has been
found recently that designs using two InAs wells and two AlSb
barriers can provide similar on/off ratios at shorter gate lengths;
these will be reported subsequently.

Fig. 4a shows common-source characteristics of design 4. At
Vps <0.15V, Ips first increases and then decreases with Vgs. This
is a consequence (fig. 4b) of the transmission peak passing, as
Vs increases, through the energy range between the source Er
and drain Er Fermi levels. The effect is present neither for Vpg
>(.2V, nor for Vs <0.25V.
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Fig. 3: a) Transfer characteristics of the four designs. The threshold voltage is

adjusted for Ipp—= 10°A/m; b) linear scale of a); ¢) S.S. as a function of /ps for

Design 2, 3, and 4; d) S.S. as a function of /s for Design 1 and 4, compared with

GNR, InAs, and Ge TFETs.
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Fig. 4: Output characteristics (a), transmission probability at k,=0 (b), and band
diagram (c) of Design 4 for Vs=0.3V, 0.2V, 0.1V.

The effect of scattering has not been considered in this study.
The effects of scattering on conventional III-V TFETs have been
discussed in [15,16,17]: it is shown that phonon scattering
slightly reduces I,,, but does not significantly degrade the
subthreshold swing . In the transmission-enhanced TFET design
4, the S.S. is similarly determined by energy filtering between
the channel conduction band and the source valence band, and
consequently phonon scattering should not significantly degrade
the subthreshold swing. In the transmission-enhanced TFET
designs (2, 3, 4), carrier scattering, if sufficiently strong, will
decreased the degree of resonant enhancement of the
transmission, and will thus degrade /.

IV. CONCLUSION

Adding barriers within the channel of a TFET introduces
reflected electron waves which destructively interfere with the
reflections from the PN junction barrier, thereby increasing
transmission. With multiple barriers, the transmission
probability can be increased over a broad energy range,
increasing the FET on-current.

Seeking to maximize the on-current, three-barrier design
with the Ing75Gao2sAs channel has its lowest resonant state
aligned between the source and drain Fermi levels. Yet, the
designs have many degrees of freedom and it is unlikely that an
optimal design has been found by the present procedure of
simulating a series of designs with varying well and barrier
parameters. Known relationships between electron waves and
electromagnetic filters [18,19] suggest it may be possible to
derive synthesis procedures for optimum design of electron
matching layers.
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