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Abstract. Effective quantum potentials describe the physics of quantum-mechanical electron transport in semi-
conductors more than the classical Coulomb potential. An effective quantum potential was derived previously for
the interaction of an electron with a barrier for use in particle-based Monte Carlo semiconductor device simula-
tors. The method is based on a perturbation theory around thermodynamic equilibrium and leads to an effective
potential scheme in which the size of the electron depends upon its energy and which is parameter-free. Here
we extend the method to electron-electron interactions and show how the effective quantum potential can be
evaluated efficiently in the context of many-body problems. The effective quantum potential was used in a three-
dimensional Monte-Carlo device simulator for calculating the electron-electron and electron-barrier interactions.
Simulation results for an SOI transistor are presented and illustrate how including the momentum of the electrons

changes the result.

Keywords: Monte-Carlo simulation, effective quantum potential, electron-electron interactions.

1. Introduction

As device sizes decrease, the standard mean-field the-
ory for the treatment of electron-electron forces be-
comes less applicable. Motivated by this fact, effec-
tive quantum potentials have been established as a
proven way to include quantum-mechanical effects into
Monte-Carlo (MC) device simulations. The pseudo-
differential operator for the effective quantum poten-
tial we build on here is based on a perturbation theory
around thermal equilibrium [1, 2], was first derived in
[3], and used to include the interaction between poten-
tial wells and single electrons in previous work [5, 6].

Other approaches to the inclusion of quantum-
mechanical size-quantization effects that have been
proposed are an effective potential due to Ferry [7]
and the density gradient method [8,9]. In both there
are a number of parameters that do not represent ex-

act physical values, like the size of the electron wave-
packet in the effective potential approach and the mass
of the carriers in the density gradient methods. An
alternative is the direct particle simulation of the dy-
namics of wave-packets on highly unstructured meshes
[10,11]. The effective quantum potential we use here
does not depend on parameters that are hard to es-
timate and is also generally smoother than the clas-
sical potential by two degrees, i.e., two more classical
derivatives exist which relieves the problem of statis-
tical noise.

In this work we show that the six-dimensional inte-
gral of the pseudo-differential operator formulation of
the effective quantum potential can be reduced to a
two-dimensional integral that can be readily precom-
puted and stored. Finally we present 3D MC device
simulation results obtained from this formulation.
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2. The Effective Quantum Potential for the
N-body Problem

The idea of the effective potential approach is to incor-
porate quantum mechanical corrections into particle
based simulators by modifying the classical forces act-
ing on electrons during free flight. Hence the field term
—eV,V(x) in the semi-classical Boltzmann equation

1
0 + 52 (hopf ) = Vel V2V) = QU
is replaced by a modified field term —eV,Vg(z,p, 5).
Then the trajectories of the electrons are computed by

dz P dp
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where the time-dependence of the potential is frozen
during the free flight phase. § = 1/(KT) is the equilib-
rium temperature. Given a mean field potential V (x)
and a particle at « with momentum p, the quantum
potential Vi (z,p, §) is given by the PDO
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(1)
This effective quantum potential was derived first in
[3].

For the description of particle-particle interactions
beyond standard mean field theory we have to extend
this approach to an N-body system. After defining
the N-dimensional position and momentum vectors
X = (z1,...,zy) and P := (p1,...,pN), We start
from the N-body Wigner and Bloch equations and ob-
tain the N-particle transport equation

2im
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where F' is the N-dimensional Wigner function and E

the effective energy. The Coulomb potential is given
by

G(X

Following the same procedure as in the derivation of
(1), we arrive at the N-particle effective energy

IIPII2

E= + Vo(X, P, B)

and the quantum potentlal
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Now the goal is to compute the force acting on
one particle, say the one at z;. Hence we need
V., Vo(X, P, 8), which is given in the following propo-
sition.

Proposition.  The quantum force Vg, Vo(X, P, ()
acting on the particle at x1 is given by

W(z,p) :=

where g is the Green function.
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Figure 1: The effective quantum potential (EQP) compared
the Coulomb potential. For the EQP the momentum vec-
tors are (p,0,0) and (—p,0,0) for the opposite momentum
curve and (p,0,0) and (0,p,0) for the normal momentum
case where p := 5.40275 - 1026,

The six-dimensional integral of the PDO can be re-
duced to a two-dimensional integral. These integrals
can be tabulated as a function of three variables for
use in a three-dimensional particle-based Monte Carlo
semiconductor device simulator.

For numerical work it is advantageous, if not in-
dispensable, to scale the integration variable. With
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the scaling variables p the effective quantum potential
reads

VQ((.%',E), (p72_7)7/6) = VQ(Hx - E||7 Hp _pHvevﬁ)

o 7/ sinh(%”q”prcosgo)
00

h
LR gl pr cos ¢

ph?
-cos([lyllpr cos(p — 0)) erfe yTas depdr.

In the special case p = p the potential simplifies to
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For the classical limit we find, as expected,
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3. Simulation Results and Discussion

The effective quantum potential is shown in Fig-
ure 1. The SOI device used here (Figure 2) has
the following specifications: gate length is 10nm, the
source/drain length is 15nm each, the thickness of the
silicon on insulator (SOI) layer is 7nm, with p-region
width of 10nm makes it a fully-depleted device un-
der normal operating conditions, the gate oxide thick-
ness is 0.8nm, the box oxide thickness is 140nm, the
channel doping is uniform at 1.45 - 10%m=3 (intrin-
sic/undoped), the doping of the source/drain regions
equals 5 - 10'%cm~3, and the gate is assumed to be
a metal gate with a work-function adjusted to 4.188.
The device is designed in order to achieve the ITRS
performance specifications for the year 2016.

The distribution function (Figure 3) shows that in-
clusion of quantum potential leads to an increase of
the high energy tail of the electron distributions at
the transition from channel to drain.
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Figure 2: The structure of the simulated 3D device.
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Figure 3: Distribution function.

The simulated output characteristics are shown in
Figure 4 with an applied gate bias of 0.4V. Noticeable
is the reduced short-channel effects even with an ex-
tremely low channel doping density. Inclusion of quan-
tum potential significantly reduces the drive current
and transconductance and increases the device thresh-
old voltage as observed from the slope of the linear re-
gion. One can also see that the impact of quantization
effects reduces as the drain voltage increases (increase
in energy) because of the growing bulk nature of the
channel electrons.
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Figure 4: Current-voltage characteristics for a gate bias of
0.4V.
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Figure 5: The electron distribution in the device during the
simulation.

4. Conclusion

We showed the applicability of a novel effective quan-
tum potential for the N-body problem to 3D MC de-

vice simulations. This method does not use any fitting
parameters. The inclusion of particle-particle interac-
tions, as opposed to the classical Coulomb potential,
shows a notable difference in the current-voltage char-
acteristics.
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