
VLSI DESIGN
2001, Vol. 13, Nos. 1-4, pp. 399-404
Reprints available directly from the publisher
Photocopying permitted by license only

(C) 2001 OPA (Overseas Publishers Association) N.V.
Published by license under

the Gordon and Breach Science Publishers imprint,
member of the Taylor & Francis Group.

An lonised-impurity Scattering Model
for 3D Monte Carlo Device Simulation with Discrete

Impurity Distribution

S. BARRAUDa’*, P. DOLLFUSa, S. GALDINa, R. RENGELb,
M. J. MARTINb and J. E. VELAZQUEZb

alnstitut d’Electronique Fondamentale, CNRS UMR 8622, Universitb Paris-Sud, Bgtiment 220,
F-91405 Orsay cedex, France; bDpto. De Fisica Aplicada, Universidad de Salamanca,

Plaza de la Merced s/n, 37008 Salamanca, Spain

An improved 3-D Monte Carlo simulation model is developed to treat the discrete
random dopant distribution in sub-0.1 gm MOSFET. The new atomistic model is based
on a scattering rate calculation and an algorithm that take into account many-body effects
and the local variations of screening length according to impurity distribution and bias
conditions.
To validate this new approach low field electron drift mobility and diffusion

coefficient have been computed using simulation of 3D bars for 1015-1018 cm-3 range
of average doping concentration. A good agreement is found between calculation and
experimental mobility data at 300 K.
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1. INTRODUCTION

To work towards the continuing improvement of
performance and density of ULSI technology
MOSFET devices are scaled down to sub-0.1 lam
dimensions. It results in a decreasing number of
channel impurities whose random distribution
leads to significant fluctuations of threshold
voltage and off-state leakage current [1] which
are likely to induce serious consequences on the
operation and performance of logical and analog

circuits [2]. For such dimensions of active region,
impurities cannot be anymore considered as a

doping continuum.
In the past years, the effect of discrete random

dopant distribution in MOSFET channel has been
assessed by analytical [3] or drift-diffusion (DD)
[4-6] approaches. The first DD study consisted in
using a stochastically fluctuating dopant distribu-
tion obeying Poisson statistics [4]. 3-D ’atomistic’
simulators [5, 6] have been also developed
for studying threshold voltage fluctuations.
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These ’atomistic’ DD approaches consider the
discrete impurity distribution while assuming a uni-
form mobility law. Even though the drift-diffusion
method is very useful because of simplicity and
fast computing times, 3-D MC simulation should
provide a more realistic transport description
in ultra-short MOSFET. Indeed, the Monte
Carlo procedure provides an exact solution of the
Boltzmann transport equation. It thus correctly
describes the nonstationary transport conditions
and is particularly well suited for noise analysis,
since it naturally incorporates all the microscopic
noise sources. Wordelman et al., simulate a n-
MOSFET combining a particle- particle- particle-
mesh algorithm to calculate the electron-ion
interaction with a Monte Carlo method [7].

In this paper, our goal is to propose a proper
description of electron transport in the presence of
a discrete dopant distribution in the frame of 3D
Monte Carlo simulation. The long-range Coulomb
interaction is represented by the ’mesh’ electro-
static force resulting from the Poisson equation
solution. A local description of the short-range
Coulomb interaction is developed by considering
the spatial variation of the screened potential
according to the charge density and depending on
the applied polarisation bias. The many-body
contribution is also considered when the local
screening length becomes higher than the distance
between two ions.

In next section the details of our new approach
are described. In Section 3, the electron drift
mobility results obtained with both simplified
and complete ’atomistic’ models are compared
with experimental data. The 3-D simulations are
carried-out for silicon bars under low electric fields
(0.5kV/cm). The diffusion coefficients resulting
from the analysis of velocity fluctuations are also
presented.

momentum-dependent screening length

/3_2
e2n(r,t)

eorkBT(r, t) F() (1)

where kB is the Boltzmann constant, n is the local
average electron density and T is the electron
temperature. The normalized variable is defined
by

h22 Ik’- k[2 (2)
8emDkBT

The screening function F() defined for nonde-
generate semiconductors [8] may be conveniently
rewritten as [9]

/0F() exp(-2) exp(x2)dx (3)

This is a tabulated function [10] which is approxi-
mated for small values by

22)_1F() 1+5 (5)

Since carrier-impurity scattering is effective only
for low energy carrier, we adopt this small-
approximation on the whole energy range, which
allows to derive analytical expressions of relaxa-
tion time. We have chosen indeed to treat this
scattering phenomenon as an isotropic mechanism
by considering the relaxation time "/-imp rather
than the scattering rate /irnp. This approach has
been shown to be equivalent to the corresponding
anisotropic model with regard to the resulting
computed mobility [11].

2.1. Carrier-impurity Scattering in Standard
MC Simulation

2. THE MODEL

We use the screened Coulomb interaction to model
the carrier-impurity scattering by introducing the

For large devices, the statistical fluctuations of the
impurity distribution have negligible effects on the
overall electrical results. Consistently, the classical
Monte Carlo method considers impurity atoms as
a doping continum characterised by a uniform
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background doping concentration. For simplifica-
tion, the screening length entering the screened
Coulomb potential is calculated for a carrier
density equal to the doping concentration.
Accordingly, the so-derived relaxation time is only
dependent on the doping concentration whatever
the local carrier density. In that follows this simple
scattering model is referred to as the Standard
Model (SM), as summarised in Table I.

2.2. Carrier-impurity Scattering for Discrete
Impurity Distribution

In the present work, we develop a treatment of
carrier-impurity interaction convenient to describe
the electron transport in the case of discrete
impurity distribution. We have proceeded in two

steps to improve the standard model of Coulomb
interaction. The first one consists in modifying
only the long range "mesh" interaction resulting
from the solution of Poisson equation by including
impurities as quasi-discrete charges in the device
meshing. This simple approach is referred to as the
Simplified Atomistic Model (SAM). In the second
step, the short range "scattering" mechanism is
also modified consistently with a discrete ionised
impurity distribution to form the so-called Com-
plete Atomistic Model (CAM).

2.2.1. Simplified Atomistic Model

Consider a silicon region of volume V with a
background doping concentration N in which

Nat--N x V impurity atoms are randomly dis-
tributed. The distribution of the discrete charges is

performed by randomly generating the impurity
atom positions. Poisson equation is solved by
assigning each impurity atom to a cell ’i’ of volume
Vi, in which the doping concentration become

N Vi-1. If two or more impurities are assigned
to the same cell, the concentration N in this cell is

adapted accordingly. This rare case is not con-
sidered in expression given in Table I. In a manner
similar to the DD atomistic approach mentioned
above [5, 6], the uniform SM relaxation time is still
applied in the whole volume V. Using this simple
atomistic model the Monte Carlo procedure and
scattering rates are unmodified. Figure illustrates
the spatial potential fluctuations induced by a

typical discrete impurity distribution in the slice of
a silicon bar. The electron density moves accord-
ingly to the potential fluctuations to form a specific
electron environment around each impurity.

2.2.2. Complete Atomistic Model

In this model the assumption of a single screened
potential is given up and the localised screening
effects are considered for the relaxation time
calculation. This quantity is now locally redefined
to take into account the spatial variations of the
carrier-density induced by the potential fluctua-
tions. Our approach consists in defining round
each impurity a "screening region" in which
carriers feel the effect of the screened Coulomb
potential (Fig. 2). A scanning of cells surrounding
each impurity is thus made to define these regions.
The distance dij between a cell ’j’ (with a zero

doping concentration) and the impurity cell ’i’ is
compared with the inverse screening length /3j

TABLE Description of different models of doping concentration and impurity scattering in the cell ’j’ Subscript ’i’ corresponds to
a cell containing an impurity atom and subscript ’j’ refers to any cell surrounding this atom

1. Standart
Model (SM) 2. Simplified ’Atomistic’ Model (SAM) 3. Complete ’Atomistic’ Model (CAM)

Poisson equation For j For j7 For j For j

72V(r) -pj/e0er pj= q(nj- N1) pj -q(nj Vi-1) pj= -qnj pj -q(nj V-1) pj= -qnj
Relaxation time whole structure whole structure Inside of Vsc Outside of Vsc
1/(’rimp(/3, N1)) N1=ND NI=ND Ul Vcl/3 fl(n hsc) 1/(lrnp(/3, N)) 0

/3 =/3(n N) /3 =/3(n ND)
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FIGURE Potential fluctuations induced by an "atomistic"
doping concentration in a slice of a silicon slab.
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FIGURE 2 Schematised cross section of a "screening region"
in a silicon slab (shaded area).

depending on the local carrier density nj. The cell
’j’ is assigned to the screening region only if
dij </3- 1. In these screening region of volume Vsc,
a carrier-impurity scattering rate is applied with an
impurity concentration given by Nx Vc and for
simplification the inverse screening length consid-
ered is the value corresponding to the average
density nsc in the screening region. Outside of such
regions the possibility of carriers-impurity scatter-
ing is removed. This algorithm is summarised in
Table I.
The relaxation time used above is based on the

assumption that an electron may only scatter
with a single ion. Many authors pointed out that
such approach remains valid only if the average

distance between two ions is large compared with
the screening length [12]. In MOSFET channel in
subthreshold conditions, the low carrier-density
yields screening lengths larger than the distance
between two scattering centres. Thus, important
overlapping zones may appear between the
screening regions described above. To include
many-body effects in our model the scattering rate
is calculated in an overlapping zone by using an
ionised-impurity concentration equal to the sum
of concentrations of each contributing screening
region.

3. SIMULATION RESULTS-
VALIDATION OF THE MODEL

To check the validity of the atomistic Monte Carlo
model described above we first have extracted
the low-field electron drift mobility in Si as a func-
tion of the background doping concentration
using both SAM and CAM. The conduction band
structure used to model the electron transport
consists in the classical description of six ellipsoi-
dal A valleys located along the [100] directions at
85% of the Brillouin zone edge. All details about
the band structure and the electron-phonon
scattering parameters used in our model may be
found in Ref. [13].
The simulated structures are 3-D silicon bars

with two terminal contacts and various doping
concentrations. The voltage applied to these
contacts is fixed and periodic boundary conditions
are used, i.e., each carrier leaving the device
through a contact is re-injected at the other one
with the same wave vector. These scheme allows to
maintain a constant number of carriers inside the
device. Poisson equation is solved each femto-
second. The impurity atom positions in the bars
are randomly chosen. For mobility calculation the
bias voltage is chosen so as to induce an average
driving field of 0.5kV/cm. To make significant
comparison with experimental bulk mobility, the
size of bars is chosen according to the background
donor concentration to obtain a donor number
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large enough (Nat < 100) to recover bulk material
transport conditions.
The mobility simulation results are show in

Figure 3 together with the experimental data of
Ref. [14]. It is noticeable that SAM tends to
underestimate the mobility with respect to experi-
mental data. Considering the improved short-
range "scattering" interaction with a screening
zone round each impurity atom, a very good
agreement is obtained between the CAM and
measurements. For comparison, similar results are
obtained using the SM in homogeneous transport
conditions, which is a supplementary proof that
the approach and algorithm used in CAM for
discrete impurity distribution is coherent and
satisfying.
To evaluate the sensitivity of electron mobility

to the size of screening regions, we have artificially
doubled and halved the dimensions of these
regions for a typical bar with NI= 1017cm -3.
While the mobility obtain for fl=fl(nsc) is 606
cmZ/Vs, in agreement with experimental data, it
is 890 cm2/Vs for/3 0.5 fl(nsc) and 280 cmZ/Vs for
/3- 2fl(nsc). The size of screening regions has thus
a strong effect on the mobility and their determi-
nation must be made carefully.
Another check of the coherence of the CAM is

performed by computing the diffusion coefficient
in the same bars from time analysis of velocity
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FIGURE 4 Comparison of electron mobility deduced from
diffusion coefficient, using the complete atomistic model with
the experimental mobility data from Masetti et al. [14].

fluctuations, and more precisely from the spectral
density Sv(f) of these fluctuations at low frequency
[15]. The average electron velocity is recorded each
10 fs over 500ps to calculate the autocorrelation
function of velocity fluctuations C(t) from which is
deduced Sv(f) [16]. It should be noted that such
a computation for 3D bars requires typically
one week of CPU time using up-to-date worksta-
tion. In Figure 4 is plotted the mobility deduced
from the so-obtained diffusion coefficient through
the Einstein relation. A good agreement is still
obtained with experimental mobilities.

4. CONCLUSION
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FIGURE 3 Electron mobility as a function of the donor con-
centration given by the different model: the simplified atomistic
model (open circle), the complete atomistic model (triangle).
Bars show the experimental mobility data from Masetti et al.
[141.

The standard 3D Monte Carlo algorithm has been
modified for studying the effects of the discrete
random dopant distribution on electrical para-
meters of sub-0.1 lam MOSFET. We improve the
treatment of Coulomb interactions by including
a local screening length according to impurity
distribution and carrier density, and by taking into
account many-body effects.
The validation of this model is realised from

calculation of low field electron mobility and
diffusion-coefficient. Comparisons with experi-
mental values show that a simplified atomistic
model, modifying only the long range mesh
interaction, is not sufficient to obtain a good
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agreement. An appropriate short-range scattering
mechanism is necessary to correctly describe
electron transport in the case of a discrete ionised
impurity distribution. This complete atomistic
model is now well suited to study the influence of
discrete random dopant distribution on the whole
range of MOSFET operation, i.e., from subthres-
hold to strong inversion regime.
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