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Abstract—InAs ultra-thin-body (UTB) tunnel FETs (TFETs)
are investigated by the sp’d°s* spin-on tight-binding (TB) method.
We have successively implemented the reduced transformation for
the TB Hamiltonian and thus highly efficient quantum-mechanical
calculations based on the non-equilibrium Green’s function
method are made possible. Simulations of the UTB devices with
body thickness up to 10nm are performed. Full quantum transport
calculations by using the full TB Hamiltonian and reduced-sized
mode-space Hamiltonian agree very well, while the agreement
between the two depends on both the energy range for extracting
the basis set and the band-to-band tunneling energy range of
TFETs.
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I. INTRODUCTION

Device performances of tunnel FETs (TFETs), which are
considered as one of the most promising candidates for low
power electronics, sensitively depend on the band gap and the
tunneling effective mass of the material [1]. The atomistic
quantum transport simulation is therefore essential for accurate
prediction of the TFET performance [2] and the empirical tight-
binding (TB) method is regarded most suitable for the purpose
[3-5]. However, there are large constraints in dealing with
realistically-sized devices by the TB method due to huge
computational burden [5].

A solution to the problem is to extract only the transport
modes that contribute to the current within a pre-specified
energy range and thereby construct a reduced-sized, mode-
space Hamiltonian. The basic idea of the mode-space approach
is to reduce the basis set of a Hamiltonian of rank N to that of
rank n (n < N) by a unitary transformation. For the TB
Hamiltonian, unphysical states inevitably appear in the basis
reduction process. Recently, a novel scheme to remove the
unphysical states, called the equivalent transport model (EM)
[6], has been introduced and successfully applied to simulations
of Si nanowire transistors.

In this work, we have successfully implemented the EM
method for ultra-thin body (UTB) TFETs. Using the sp’d’s* TB
method with spin orbit coupling, devices from 1 nm up to 10
nm thickness were simulated, which is unprecedented
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Fig. 1. The process of the mode-space Hamiltonians construction from the full
TB Hamiltonians in the UTB device.

considering the size of the device Hamiltonian. The ballistic
transport are then calculated by self-consistently solving non-
equilibrium Green’s function (NEGF) and Poisson’s equation.
Our main contribution of this work is to have developed an
efficient scheme to systematically construct the mode-space
Hamiltonian for each k,,, where k,, is the wave vector in the
periodic direction, and applied to UTB TFETs of large size.

1I. APPROACH

The EM method is applied for the UTB device simulations
as follows. See Fig. 1 shows for the flow chart. 1) The electronic
band structure by using the full TB Hamiltonian, H, is first
calculated. 2) The unitary transformation matrix, U(k,), is
constructed by selecting the appropriate Bloch states from the
full electronic band [6]. The Bloch states are selected within the
energy range (ER) by using the scheme in Ref. [7]. (3) If the
spurious states appear in the band structures calculated by using
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SOURCE

Fig. 2. Schematic diagram of the double-gate InAs UTB TFET. The channel
length L., = 15 nm and equivalent oxide thickness 0.5nm. The source and
drain region are p-doped and n-doped with 5 X 10 cm™, respectively.
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Fig. 3. The band structures calculated by using the full TB Hamiltonian (black
solid lines) and mode-space Hamiltonian (red circle symbols) for T, = 4 nm.
ER = (a) 0.5, (b) 1.0, and (¢) 1.5 eV fork, = 0. (d) ER = 1.5 eV fork, =
2.305 (1/nm).

the mode-space Hamiltonian, H,, (k, ), they are removed by the
scheme proposed in Ref. [6]. Steps (1) — (3) are performed
independently for each k,, where — ”/uy <k, < ”/uy (uy is
the length of the unit cell in the periodic direction). (4) Each of
the reduced-sized, mode-space Hamiltonian, Hp,(k, ), is then

imported into the Schrodinger-Poisson solver where the NEGF
approach for the current and charge densities are employed.

III. RESULTS

The ballistic transport characteristics of (100)/<100> InAs
UTB-TFET shown in Fig. 2 are studied in this work. The
channel thickness is varied from T,;, = 0.91 nm to 10 nm. The
channel length L, is 15 nm and the equivalent oxide thickness
0.5nm (the oxide thickness T, is set to 1.6 nm with the relative
dielectric constant of 12.7). The source and drain regions are
heavily doped with the concentrations of Ny = 5 x 10'° cm™
(p-type) and N; = 5 x 10'° cm™ (n-type), respectively, and the
channel is intrinsic. The drain bias Vg 0of 0.5 V is applied.

Figs. 3 (a) - (c) show the band structures by using the reduced-
sized, mode-space Hamiltonian for 7., =4 nm, as ER is
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Fig. 4. (a) The reduced mode-space Hamiltonian size as a function of k,, and
(b) the transfer characteristics at Vpg = 0.5 V for Ty, = 0.91 nm for selected
values of ER.

gradually expanded from 0.5 to 1.5 eV. In each figure, it can be
seen that the band structure by using the mode-space
Hamiltonian excellently match with that by using the full
Hamiltonian within the energy window specified by ER. Fig. 3
(d) demonstrates the band structures at an off gamma point
(ky = 2.305 nm™") calculated by the mode-space Hamiltonian.

Fig. 4 (a) shows the size of the mode-space Hamiltonian
matrix for each k,, of a UTB TFET of T¢;, = 0.91 nm. As the
ER is widened, the mode-space Hamiltonian size tends to
increase since the number of the extracted basis is increased
(See Figs. 3 (a)-(c)). Occasionally, it does not follow this trend
at some k, values in Fig. 4 (a) because the variational
functional method is applied in the process of obtaining the
mode-space Hamiltonian [6]. For the same reason, the size of
the mode-space Hamiltonians of the same device structure may
slightly vary depending on the detailed conditions for selecting
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Fig. 6. (a, ¢) Band edge profiles and energy current spectrum for selected
values of ER (a, b) at Vg = 0.5 Vand V; = 0.6 V for T,, = 0.91 nm and (c,
d) at on-state (solid-lines) and ambipolar state (dashed lines) for T, = 4 nm,
respectively. The relative error in energy-current density compared to that of
(b) full TB and (d) ER = 1.5 eV.

the initial Bloch states.

The calculated transfer characteristics are shown in Fig. 4 (b).
Although the Hamiltonian sizes are greatly reduced to less than
40, it can be seen in the figure that if ER > BTR (=0.64 eV),
where BTR is the band-to-band-tunneling energy range, the
mode-space calculation results almost overlap with that of the
full TB calculation. See Fig. 5 for the relative errors in the total
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Fig. 7. (a) The Hamiltonian size reduction ratio as a function of T,;. ER is set
to 1.0eV. (b) The BTBT range with respect to T, and Vg = 0.5 V. (c) The
Lorr and Ioy/Iorr as a function of Ty, for Vg = 0.5 V.

current by the ER values. In Figs. 5 (a) and (b), the transfer
characteristics are compared to the full Hamiltonian for T,;, =
0.91 nm and the mode-space Hamiltonian with ER > BTR for
T, = 4.0 nm, respectively. We conclude that, if the condition
of ER > BTR is satisfied, the transport calculations by the
mode-space Hamiltonian is accurate within less than 5 %.

The energy-current spectra are shown in Figs. 6 (a) for T, =
0.91 nm and (c) for T.;, = 4.0 nm, respectively. Fig. 6 (b) and
(d) show the relative errors for the current levels (> 1 x 107°
A/eV and > 0.1 A/eV, respectively) and the peaky features
explain the source of errors for the case of ER < BTR. We
therefore find that the error in the current density occurs near
the BTR boundary if insufficient ER is taken.

Fig. 7 (a) shows the Hamiltonian size reduction ratio as a
function of T,;,. The ER is setto 1.0 eV that is close to or greater
than BTR at Vpg = 0.5 V as shown in Fig. 7 (b). The
Hamiltonian size is reduced to ~ 10% of the original size: for
instance, the matrix size for T.;, = 10 nm is reduced from 2680
x 2680 to 267 x 267, greatly alleviating the computational
burden. Fig. 7 (c) shows OFF currents (lorr) and ON/OFF
current ratio (Ion / Iorr) as a function of channel thickness. The
Ion / Iorr improves with decreasing T, thanks to the widened
band gap by the quantization effect.
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IV. CONCLUSION

We have developed a highly efficient method for atomistic
simulations of UTB TFETs, based on the equivalent transport
model or the reduced basis transformation method. For the
TFET simulations, it is found that the energy range in the band
structure for the Hamiltonian size reduction should cover the
entire range of the band-to-band-tunneling. This makes the
present method less efficient compared to the cases where only
the conduction band (n-type devices) or valence band (p-type
devices) is considered. Nevertheless, the Hamiltonian size is
reduced to about 10 % of its original size, which makes it
possible to simulate UTB TFETs of up to 10 nm in thickness
with 20 TB orbitals per atom.
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