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Abstract—Because of the scaling of electronic devices, quantum
effects play an important role on their characteristics which are
becoming more and more dominant as transistors approach to
nanometer scales. Therefore, the inclusion of these effects in
advanced device simulators will be mandatory to predict the
behavior of future transistors targeting sub-10nm nodes. This
work implements Source-to-Drain Tunneling mechanisms (S/D
tunneling) in Multi-Subband Ensemble Monte Carlo (MS-EMC)
simulators showing the importance of quantum transport effects
and the possibility of being implemented in a reliable way on
advanced device simulators.

I. INTRODUCTION

To achieve higher integration density, lower power con-
sumption and delay time, electronic devices have been scaled
down for more than 40 years. As the nanoscale is reached, it
has been mandatory the inclusion of additional phenomena to
explain its behavior. Quantum effects in the confinement direc-
tion were taken into account in a first step as the channel thick-
ness was reduced to improve scalability. However, nowadays
channel length is approaching 10 nm in the development stage,
quantum effects in the transport direction also start to play a
significant role. In particular, Source-to-Drain tunneling (S/D
tunneling) is expected to set a scaling limit [1], [2] as already
demonstrated in ballistic Non-Equilibrium Green Functions
(NEGF) simulations. S/D tunneling can introduce a non-
desired effect in electronic devices, especially in subthreshold
bias conditions, because electrons can be injected from source
to drain without any gate control. This work presents a
meticulous study of this effect in ultra-scaled Double-Gate
Silicon-On-Insulator transistors (DGSOI) by means of a Multi-
Subband Ensemble Monte Carlo (MS-EMC) simulator.

II. SIMULATION SET-UP

In this work, S/D tunneling effect has been developed
in the frame of a MS-EMC simulator, which has already
demonstrated its capabilities studying a large range of nan-
odevices [3]–[6]. This algorithm is based on the mode-space
approximation of quantum transport [7] where the system is
decoupled in the confined direction and the transport plane as
depicted in Figure 1. The Schrödinger equation and the BTE
are solved respectively and are coupled with the 2D Poisson
equation to keep the self-consistency of the simulator. The
main advantage of this tool against NEGF is the reasonable
computational time when scattering mechanisms and quantum

effects on the ultrascaled devices are taken into account. In
addition, MS-EMC simulator can enable to switch on and off
S/D tunneling in order to determine the impact of such process
in a direct way.

Fig. 1. DGSOI 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 model developed here is an extension of the non-
local band-to-band tunneling algorithm [8]. In that work, the
tunneling path for electrons started in the Valence Band and
finished in the Conduction Band. In the case under study, the
tunneling path and probabilities are calculated considering the
starting and finishing points in the Conduction Band.

The MS-EMC simulator is based on the stochastic and
ergodicity processes in which the motion of an electron is
studied in the transport direction over a random flight time.
This period finishes because of the random choice of a
scattering event. After each flight of an electron, its new
position is calculated. In a semiclassical approximation if the
total energy of this electron is lower than the minimum of
the corresponding subband at this position, it will rebound
from the potential barrier in the point where the electron and
subband energies are the same. In the case of S/D tunneling,
the electrons would rebound from the potential barrier or
would tunnel through the barrier. For this reason, the first
step is to determinate the probability of tunneling through the
barrier at a specific energy. Then, if the electron suffers from
S/D tunneling, it is necessary to calculate the tunneling path
to completely determine its new position.

The tunneling probability of the electron Tdt is calculated
using the WKB approximation [9]:
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Tdt(E) = exp{−2

~

∫ b

a

√
2m∗

tr(Ec(x)− E) dx}. (1)

Where a and b are the starting and ending points, E and
m∗

tr are the energy and transport effective mass of the elec-
tron respectively and Ec(x) the energy of the corresponding
subband. This approximation has already been used to study
Schottky contact MOSFETs [10]. In this work, thanks to the
detailed description of the subband structure provided by the
MS-EMC simulator, Tdt has been calculated for each electron
considering the minimum of the energy of its subband instead
of the Conduction Band [11].

Because of the stochastic nature of this effect, a uniformly
distributed random number rdt between 0 and 1 is chosen.
If rdt ≤ Tdt, the electron will go through the barrier and
the particle will be marked to show that it is suffering S/D
tunneling. In addition, that particle will be drifted in a ballistic
way whereas it is in a region inside the barrier. On the other
hand, if rdt > Tdt, it will turn back with vx = −vx.

Several assumptions have been considered after each in-
tegration step to enhance the calculation of Tdt. The exact
starting and ending points where the electron goes through the
barrier are calculated. A maximum tunneling rejection length
is also introduced (Lmax). If the path of a electron suffering
S/D tunneling from the starting point to a specific integration
step is higher than Lmax, the calculation of Tdt stops. In this
work, a Lmax equal to LG has been considered. As can be
extracted from equation 1, the longer the tunneling path the
smaller Tdt is. For this reason, if the comparison is included
after each step of integration, when rdt > Tdt, the calculation
of Tdt can be stopped. Then, the electron automatically would
rebound from the potential barrier flying to the source. As
a result, the benefits of including these considerations in the
integral calculation are a reduction of the computational effort
and an accurate value of Tdt. However, the limitation of this
code is the integration time of the tunnel probability.

Subsequently, it is necessary to find the most probable
tunneling path. If we assume that all the electrons reach the
potential barrier in the starting point with normal direction,
the tunneling path can be easily found considering Newton
mechanics in the inverted potential V (~r)→ −V (~r) and energy
E → −E [12]. In this system, the potential barrier becomes a
valley and electrons go through it undergoing the electric field
obtained from this new potential profile.

This classical trajectory could be found by the following
steps (Fig. 2). Firstly, an imaginary particle is placed at the
starting point a in minimum of its energy subband with zero
kinetic energy. Before starting its tunneling path, the angle,
which determines the relationship between kx and ky and,
as a consequence, its flight direction, is maintained. Then, it
enters the valley where it is accelerated in accordance with
Newton’s second law of motion. Finally, it appears at some
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Fig. 2. Representation of the tunneling model: The potential barrier (top) is
inverted and the particle follows a classical path obeying Newton’s second
law of motion (bottom).

point b in the minimum of its subband with zero kinetic energy.
That particle continues to flow into the device with the same
transport properties.

III. RESULTS AND DISCUSSION

In order to perform this in-depth study of S/D tunneling in
ultra-scaled devices, DGSOI transistors were analyzed with a
channel thickness of TSi = 3 nm, EOT = 1 nm and a gate
length ranging from 5 nm to 15 nm as shown in Figure 1. The
doping profile has been chosen to follow an abrupt Gaussian
lateral decay as shown in Figure 3.

The inclusion of this effect has an important impact on
I − VG characteristics in all ballistic and diffusive regimes.
ID vs. VGS curves with VDS = 100mV for the different
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Fig. 3. Simulated DGSOI structure including net doping profile.

regimes are represented in Figure 4. An increase in current is
observed when this effect is included because of the number
of electrons that flow from source to drain are higher. In
addition, this effect becomes more important near the threshold
voltage (Vth) where tunneling contributes in an important way
to increase the leakage current. It therefore introduces an
important reduction of in the threshold voltage.

Fig. 4. IDS vs. VGS at low drain bias with and without considering S/D
tunneling, and ballistic or diffusive transport description.

For a better understanding of how S/D tunneling affects the
motion of the electrons, it is necessary to study its position
after each free flight. When an electron near the potential
barrier suffers this tunnel effect it goes through the barrier
instead of rebounding from it. For this reason, it is essential
to study the population of each subband insofar as the total
energy and position in the transport plane of each electron
are concerned. Figure 5 represents the population of each

subband in relation to the total energy and the position along
the transport plane for ballistic (top) and non-ballistic (bottom)
transport conditions. When S/D tunneling is included, the
population under the potential barrier of this subband, which
is a forbidden region for electrons, is not zero whereas when
this mechanism is not considered it is empty. Our simulations
shows that this change modifies the height of the potential
barrier and increases the drain current. This effect is of special
interest when the ballistic transport is taken into account
instead of a simulation with non-ballistic models because
scattering reduces its effectiveness.
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Fig. 5. Electron distribution (a.u.) as a function of total energy in the 5nm
device including S/D tunneling under ballistic (top) and diffusive (bottom)
transport with VGS = 0.8V and VDS = 100mV .

The presence of charge under the barrier also affect the
electrostatics of the system changing the subband profile as
shown Figure 6. When this effect is taken into account, the
number of electrons with enough energy to surmount the
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barrier is lower because they can go through it in a lower
energy state. For this reason, the potential barrier is higher
when S/D tunneling is considered.

On the other hand, the reduction of Vth is more significant as
the dimensions of the device are reduced as depicted in Figure
7. It therefore provides the importance of quantum effects in
the transport direction, such as S/D tunneling, at such a small
scale. This effect becomes more remarkable under ballistic
transport conditions.
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Fig. 6. Energy profile of the three first subbands with (red) and without
(black) S/D tunneling.
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Fig. 7. Vth as a function of LG with or w/o including S/D tunneling and
ballistic or diffusive descriptions.

IV. CONCLUSIONS

This work presents the implementation of S/D tunneling in
a MSB-EMC tool for the study of ultrascaled DGSOI devices
allowing a detailed scattering description and a moderate com-
putational cost. Our simulations show important differences in
the behavior of the transistors, especially in the near-threshold
operation increasing leakage current and decrasing Vth. The
inclusion of this effect will then become mandatory as device
channel length approaches to decananometer range.
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