
Analytic Expression and Approach for Low Subthreshold-Swing Tunnel Transistors

Qin Zhang, Wei Zhao, and Alan Seabaugh
Department of Electrical Engineering, University of Notre Dame,

Notre Dame, IN 46556-5637 Phone: (574) 631-4473, Email: seabaugh. 1(&,nd.edu

Recent experimental demonstrations of interband tunnel transistors by Appenzeller [1], in carbon
nanotubes, and simulations by Bhuwalka [2], of vertical Si/SiGe p-i-n interband tunnel transistors show
that subthreshold swings of 40 mV/decade or less can be achieved in tunneling transistors. We derive
here, a simple analytic expression for the subthreshold swing in tunnel transistors which shows that there
are two physical mechanisms in tunnel transistors which can be optimized to achieve low subthreshold
swings. Extending from this analysis we propose a new silicon-on-insulator tunnel transistor to achieve
low subthreshold swing toward significantly lowering power in digital logic devices.

The reverse current in an interband tunnel junction due to Zener tunneling can be written, from Sze [3],
bI = aV. gexp(--), where Veff is the tunnel junction bias, S is the electric field, and a and b are

coefficients determined by the material properties and cross sectional area of the device. This relation has
been shown to describe the I-V behavior of silicon p+n+ junctions over a wide range ofjunction current
density spanning over 8 orders of magnitude [5-7]. In a transistor, the gate, in whatever geometry is under
consideration, modulates both the tunnel junction bias and the junction electric field. The subthreshold
swing is defined by S = In I OdVGs / d(lnID) [4]. Taking the derivative of the tunneling current with
respect to the gate-source voltage yields a new expression for subthreshold swing of tunnel

transistors, S = inlO0( +- + B d5 )1. From this expression, it can be shown that tunnelVeff dVGS ,2 dVGS
transistors are not limited to 60 mV/decade as are MOSFETs. Further this relation shows that there are
two ways to achieve low threshold swings: One is to use gate-source voltage to control the band
alignment, exemplified by the carbon nanotube tunnel transistor [1], and the other is to use the gate-
source voltage to modulate the electric field as proposed in Si/SiGe p-i-n interband tunnel transistors [2].

Based on this analysis, a new tunnel transistor geometry is proposed based on a silicon-on-insulator
structure, where the ultra thin semiconductor body is heavily doped to form a p+n+ tunnel junction, and
the gate is placed over the p-side, which is fully depleted. This geometry is amenable to an analytic
solution for the potential profile using a modified one-dimensional Poisson equation [8] and the energy
band diagrams can be calculated. In this transistor, the p+n+ junction is biased so that drain current is
directed in the reverse bias direction of the junction. When the gate-source voltage is zero, the p-side is
depleted and the interband tunneling probability is nearly zero; the transistor is off. When a negative gate
voltage is applied, the valence band on the p-side is raised above the Fermi level on the n-side turning the
interband tunneling and the transistor on. The subthreshold swing of this device depends on the gate bias
and it can be shown to extend to 13 mV/decade and below. In fact, unlike in MOSFETs, the subthreshold
swing in tunnel transistors depends sensitively on the gate-source bias. Comparison of tunnel transistors
with MOSFETs must consider the voltage swing needed to achieve the required on-off current ratio.
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TABLE I. Two-dimensional analytic simulation of the subthreshold swings for the Si interband tunnel
FET shown in Fig. 2 vs. gate-source voltage. The simulated gate oxide thickness is 1 nm, the Si layer is 2

nm, and the gate length is 20 nm. The doping level for both n-type andp-type are 1020 cm-3.

VGS (mV) 5 (MV/cm) Veff(mV) S (mV/dec)
10 3.38 6 13.3
0 3.40 16 33.5
-10 3.42 26 56.4
-20 3.44 35 60.9
-30 3.47 45 81.4
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Fig. 1. Silicon tunneling current density vs.
electric field for a reverse junction voltage of 1
V [5-7]. The inset shows the origin of the term
Veff in the energy band diagram of the p+n+
tunnel junction under bias. The solid line is a
fit to the interband tunneling expression of Sze
[3]. In a tunneling transistor the gate is
configured to directly control Veff or alter the
junction electric field S.
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Fig. 2. Schematic structure of an interband
tunnel FET consisting of an ultra thin Si body
with a lateral p+n+ tunnel junction; the gate
fully depletes the p-side at zero bias.
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Fig. 3. Computed energy band diagrams for the
Si interband tunnel FET under gate-source
bias: (a) zero and (b) negative. The gate oxide
thickness is 1 nm, the Si layer is 2 nm, and the
gate length is 20 nm. The doping level for both
n-type andp-type are 1020 cm-3.
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