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Abstract—TFETs have become an alternative to conventional
MOSFETs in the last years due to the possibility of achieving
low subthreshold swing (SS) that allows for low off current
and operation at low VDD . In this work a non-local band-to-
band tunneling model has been successfully implemented into
a Multi-Subband Ensemble Monte Carlo (MS-EMC) simulator
and applied to ultra-scaled silicon-based n-type TFETs. Different
approaches for the choice of the tunneling path have been
compared and relevant differences are observed in both the
current levels and the spatial distribution of the generated
carriers.

I. INTRODUCTION

In the last decades, different alternative technologies and
materials have been studied to replace the conventional MOS-
FETs and to extend the end of the roadmap [1]. One of
the main trends seeks the exploitation of new transport
mechanisms and physical phenomena taking advantage from
new materials and nanometric dimensions. The tunnel field-
effect transistor (TFET) is one of the devices proposed to
reach sub-60 mV/dec subthreshold swing (SS) [2]. The most
important difference between both architectures is the injection
mechanism which in conventional MOSFETs is governed by
the thermionic emission above the source barrier, whereas
in TFETs the carrier injection mechanism is replaced by
quantum mechanical tunneling through the barrier (band-to-
band tunneling (BTBT)). This work presents the development
and implementation of BTBT model in a Multi-Subband
Ensemble Monte Carlo (MS-EMC) simulator and its applica-
tion to the study of ultra-scaled silicon-based n-type TFETs.
Furthermore, the impact of different tunneling path choices on
the generation rate has been elucidated in our work.

II. SIMULATION SET-UP

The starting point of the simulation frame is a MS-EMC
code which has already demonstrated its capabilities in dif-
ferent scenarios [3]–[5] keeping a reasonable computational
effort with respect to the full-quantum approach. The tool is
based on the mode-space approach of quantum transport [6]
where the system is decoupled in the confinement direction
and the transport plane, where the 1D Schrödinger equation
and the 2D Boltzmann Transport Equation (BTE) are solved,
respectively (Figure 1). Both equations are coupled to the 2D

Poisson Equation to keep the self-consistency of the solution.
Moreover, quantum transport effects can be included in a
separate way because of the decoupled approximation [7], [8].

Fig. 1: Silicon-based n-type TFET structure analyzed in this
work. 1D Schrödinger equation is solved for each grid point in
the transport direction and BTE is solved by the MC method
in the transport plane.

The simulated silicon-based n-type TFET is schematically
presented in Figure 1, as well as doping concentrations and
device parameters. The center of the device in x direction
corresponds to x = 0nm. An n-type doped drain concentration
of ND = 1019cm−3, a p-type doped source concentration
NS = 1020cm−3, an n-doped channel of 1015cm−3 with a
30nm channel length, channel thickness TSi = 5nm, a gate
oxide of SiO2 with Equivalent Oxide Thickness EOT =
1nm, and gate work function of 4.05eV are considered in
the simulations.

The algorithm developed in this study implements the non-
local direct and phonon assisted BTBT considering quantum
confinement effects through discretization of conduction and
valence bands into energy subbands. Figure 2 depicts the
flowchart of the modified MS-EMC simulator where the
additional blocks are represented. The spatial variation of the
energy bands has been taken into account for implementing
BTBT thanks to the non-local model, so that the tunneling
process can be more accurately described. The semiclassical
model herein developed translates the tunneling current into
suitable generation rates (GBTBT ) for electrons in the conduc-
tion band and for holes in valence band. This simplifies the
treatment of the BTBT and allows low computational cost.
Moreover, these blocks can be calculated at a different time
step than the Monte Carlo loop allowing a better optimization
of the computational load.
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Fig. 2: Flowchart of the MS-EMC simulator with the ad-
ditional blocks of the BTBT code where x is the transport
direction, z the confinement direction, n(x, z) and p(x, z) are
the electron and hole concentrations, respectively, V (x, z) is
the potential profile, Ej(x) is the subband energy, Ψj(x, z)
are the subband eigenfunctions, Sij are the scattering rates,
subscript n stands for the iteration number, ∆t is the time
step where BTBT is calculated, Fe(x, z) and Fh(x, z) are the
electric field of electrons and holes associated to the selected
tunneling path, and GBTBT,e(x, z) and GBTBT,h(x, z) are the
electron and hole generation rates, respectively.

The first block in this model corresponds to the quantum
corrections for the conduction and valence bands. In MS-EMC
simulators the carriers are placed into subbands and, at given
x, their position distribution in z is set by the solution of the
Schrödinger Equation. Thus, a mapping procedure between 2D
conduction and valence bands and their respective subbands
is required. If this correction is not considered, the generated
particles by BTBT can reach a location whose energy is lower
(resp. higher) than that corresponding to the first subband
in the conduction band (resp. valence band). This procedure
would imply a violation of the energy conservation principle
and would therefore result into significant errors. It is hence
necessary to include a band profile modification to account
for quantization, which is depicted in Figure 3. Let us now
describe the procedure to do so. In the conduction band,
given that the first subband is known (Ec

0(x)), for all points
verifying Ec(x, z) ≤ Ec

0(x), we set Ec(x, z) = Ec
0(x). As

for the valence band, since holes are mainly generated in
the source, its profile can be accurately approximated along
z by a rectangular well. Therefore, for all points where
Ev(x, z) ≥ Ev

0 (x) we set Ev(x, z) = Ev
0 (x) provided that

Ev
0 (x) is the first hole eigenvalue resulting from the analytical

resolution of the rectangular well profile:

Ev
0 (x) = Ev,max(x) − 1

2m∗
h

(
π~
Tsi

)
(1)

Fig. 3: Quantum corrections included in the conduction and
valence bands for VGS = 0.8V , VDS = 1V and x = −10nm
being x = 0nm the center of the device in x direction.

Two different BTBT path assumptions have been included in
the tunneling calculation block [9]. The first one computes the
path following the valence band maximum gradient trajectory
(Fmax). In this case, the tunneling path changes dynamically
depending on the self-consistent potential computed during
the simulation. According to this, so does the generation
rate changes dynamically with the device bias because the
direction of the tunneling path is modified by the electrostatic
configuration. The second one considers a “minimum length”
tunneling path (Lmin). The choice of Fmax could be the most
realistic and reasonable tunneling path because the electrons
tunnel following the direction imposed by the electric field.
However, the carriers can tunnel in many directions which
means that Lmin could be also a valid assumption. For both
assumptions, a maximum tunneling rejection length is also
introduced (Lmax) to consider a realistic tunneling path. In
this work, Lmax has been chosen according to the channel
length dimensions, Lmax = LG = 30nm.

In this BTBT block, the tunneling path choice gives rise to
an average electric field of electrons (Fe(x, z)) and another one
for holes (Fh(x, z)). At this point, it is necessary to emphasize
that these electric fields are different from each other because
both types of particles undergo independent paths. That is to
say, the generated electrons can reach the same ending point in
the conduction band, whereas the corresponding holes can be
generated at different starting points in the valence band. The
tunneling rate is therefore not anymore solely dependent on
the local electric field at the starting point, but also on the full
tunneling barrier profile and on the selected tunneling path.

The next step is to calculate the generation rates for elec-
trons and holes. This algorithm is based on the Kane’s model
to determine the BTBT generation rate GBTBT per unit of
volume [10], [11]:
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GBTBT,e(x, z) = A

(
Fe(x, z)

F0

)P

exp

(
− B

Fe(x, z)

)
(2)

GBTBT,h(x, z) = A

(
Fh(x, z)

F0

)P

exp

(
− B

Fh(x, z)

)
(3)

where F0=1V/m, P=2.5 for the phonon assisted tunneling
process, and F is the electric field. In addition, the prefactor
A and the exponential factor B that account for indirect
transitions are expressed as follows:

A =
g (mvmc)

3/2
(1 + 2NTA)D2

TA (qF0)
5/2

221/4h5/2m
5/4
r ρεTA [Eg(300K) + ∆c]

7/4
(4)

B =
27/2πm

1/2
r [Eg(300K) + ∆c]

3/2

3qh
(5)

where g is a degeneracy factor, mc and mv are the con-
duction and valence band density of states effective masses,
respectively, mr is the reduced tunneling mass, NTA is the
occupation number of the transverse acoustic phonons at
temperature T, DTA is the deformation potential of transverse
acoustic phonons, and εTA is the transverse acoustic phonon
energy. The rest of the parameters takes their usual meaning.
Only the transverse acoustic phonons are taken into account
because they have the highest phonon occupation number and
the smallest phonon energy.

Most of the BTBT models available in the literature are
one-dimensional [12], [13]. The common approach adopted
in TCAD simulation is to perform the tunneling calculation
along several one-dimensional paths chosen to lay along the
direction of the maximum electric field. The BTBT code
described above presents the advantage of calculating the two-
dimensional tunneling path dynamically at each simulation
step accordingly to the up-to-date electrostatic configuration.

After the calculation of GBTBT and the tunneling path,
it is necessary to include the generated charge in a self-
consistent way [14]. On the one hand, since holes travel
mostly in the low field source region, they are not treated
as individual particles and a drift diffusion approach is used
to describe them. For this reason, the hole concentration is
corrected from the hole generation rate at each time step
(∆pBTBT (x, z) = GBTBT,h(x, z) ·∆t) following Scharfetter-
Gummel discretization scheme [15]. On the other hand, a
number of superparticles representing electrons, Ne, are gen-
erated in the BTBT process which depends on the time step,
∆t, the statistical weight, w, and the electron generation rate
GBTBT,e(x, z) at the position of the superparticle, xi. Firstly,
these superparticles are generated in the fundamental subband
with xi chosen randomly inside the considered grid cell with a
probability distribution given by P(x) due to the 2D MS-EMC
approximation:

P (x) =

∫ TSi

0

GBTBT,e(x, z) dz∫ ∫ TSi

0

GBTBT,e(x, z) dx dz

(6)

Secondly, the number of particles is calculated taking into
account the equivalent generation rate in the considered slice
xi:

Ne =
∆T

w

∫ TSi

0

GBTBT,e(xi, z) dz (7)

III. RESULTS AND DISCUSSION

The inclusion of this effect has an important impact on
ID − VGS characteristics for both tunneling path assumptions
as depicted in Figure 4. However, the resulting ON current
level (ION ) proves to be very low in this silicon-based TFETs
due to its large indirect energy band gap. Some significant
facts can be pointed out from Figure 4: the current level
predicted by the Lmin trajectory results in a significantly
smaller current level in the subthreshold regime along with
a steeper slope compared to the Fmax approach. In addition,
the current obtained for Lmin is non-monotonous.

Fig. 4: IDS vs. VGS at saturation regime for both tunneling
path assumptions: the tunneling path following the valence
band maximum gradient trajectory (Fmax), and the minimum
length tunneling path (Lmin).

The number of particles generated is also affected by
the tunneling path assumption as shown in Figure 5. These
particles in the on state when the shortest tunneling path
assumption is considered are higher than those obtained when
the particles follow the direction of the maximum valence band
gradient. This effect is also plotted in Figure 6 where the
population of the first subband is represented as a function
of the total energy.
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Fig. 5: Number of electrons generated by BTBT for both
tunneling path assumptions: the tunneling path following the
valence band maximum gradient trajectory (Fmax), and the
minimum length tunneling path (Lmin). For the sake of clarity
log and linear scales are shown on the left and right axes,
respectively.

IV. CONCLUSIONS

This work presents the implementation of a novel BTBT
block in a MSB-EMC tool for the study of ultra-scaled silicon-
based n-type TFETs allowing a detailed scattering description
and a moderate computational cost. Two different tunneling
path assumptions have been analyzed, Lmin and Fmax. Further
developments will be required to include direct band gap
material devices to obtain higher ION .
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