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Abstract—A detailed discussion of vanance-reduction techniques for Monte Carlo device simulation is
presented. The use of variable statistical particle weights is examined from the point of view of numerical
accuracy and physical consistency. An improved splitting/gathering technique is presented, which operates
on the entire ensemble of particles rather than on particles located in one region of phase space.
Application of the method to self-consistent ensemble simulation is also discussed, showing that the use
of variable-weight techniques is limited to cases where the effect of short-range Coulomb interaction is
negligible. Examples are given for simple space-homogeneous and one-dimensional cases, and for a
submicron n-MOSFET device. T 1997 Elsevier Science Ltd. All rights reserved

1. INTRODUCTION

The use of the Monte Carlo (MC) technique for
simulation of semiconductor devices allows a high
degree of flexibility and accuracy in the modeling of
hot-carrier and non-local effects. The main drawback
of the MC method is the high cost in terms of
computational resources. This is mainly due to the
large statistical fluctuations, i.e. the high variance of
some estimated quantities. An example is the
calculation of the gate current of a MOSFET, where
the physical mechanism of charge injection into
the gate oxide is the emission of hot carriers across
the Si/SiO, barrier. Since the injection of one carrier
is a very rare event, a long simulation time is
necessary to obtain a good estimate of the gate
current.

Numerical techniques have been introduced to
improve the computational efficiency by reducing the
variance of the estimators, while conserving the same
expected values. Three main approaches have been
proposed in the literature. The simplest methods are
based on the concept of repetition of individual
particle trajectories, and are inherently suitable for
one-particle simulations[1-5]. In the second approach
the ensemble MC simulation is generalized assigning
arbitrary probabilities to particle trajectories[6]. The
resulting method, known as Weighted Ensemble
Monte Carlo, requires some modifications to the
simulation algorithm. In addition the theoretical
treatment assumes the electric field to be as-
signed[6,7], and is not easily extended to self-consist-
ent simulations, where Coulomb interaction between
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carriers must be accounted for. The third class of
variance-reduction methods includes the variable-
weight techniques, where a statistical weight factor is
assigned to each particle, while the MC simulation
remains unchanged[8-10]. The goal of such methods
is the manipulation of the weights, in order to
improve the sampling of phase space. For example,
a large number of particles with small weight can be
used in regions of phase space where accurate results
are desired.

One of the main advantages of the variable-weight
technique is the ease of implementation and
integration with existing simulation codes. Although
this method has been widely used in the past,
some of its basic features have not been clearly
addressed in the existing literature. The purpose of
this work is to give a unified description of the
technique as applied to ensemble MC simulation,
discussing its limitations and presenting improve-
ments. The organization of the paper is as follows.
In Section 2 we define and classify the variable-
weight methods, introducing a novel scheme that
processes the entire set of particles, instead of
working locally in phase space. In Section 3, the
issues arising in the application to self-consistent
simulations are briefly discussed. Section 4 gives some
simulation results. The limits of validity of the
method are illustrated, using the one-dimensional
simulation of a high-density electron gas as an
example. Finally we present results for a 0.5-um
n-MOSFET device, discussing specific techniques for
dealing with the calculation of the gate-injection
current.






