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We present a 3D Ensemble Monte Carlo particle-based simulator with a novel real-
space treatment of the short-range electron-electron and electron-ion interactions. By
using a corrected Coulomb force in conjunction with a proper cutoff range, the short-
range portion of the force is properly accounted for, and the ’double counting’ of the
long-range interaction is eliminated. The proposed method naturally incorporates the
multi-ion contributions, local distortions in the scattering potential due to the move-
ment of the free charges, and carrier-density fluctuations. The doping dependence of the
low-field mobility obtained from 3D resistor simulations closely follows experimental
results, thus supporting the appropriateness of the proposed scheme. Simulations of
ultra-small MOSFETs demonstrate that the short-range electron-electron and electron-
ion interactions are responsible for the fast thermalization of the carriers at the drain
end of the device, which occurs over distances that are on the order of few nanometers.
The omission of the short-range portions of these two interaction terms leads to sig-
nificant overestimation of the distance over which carriers thermalize.

Keywords: 3D device simulations, discrete impurity effects, electron-electron and electron-ion
interactions

1. INTRODUCTION

Transport in semiconductors has traditionally
been described with the help of the Boltzmann
Transport Equation (BTE). Powerful techniques
have been developed to solve the BTE, and
combined with Poisson equation solvers, these

methods form the basis for the theoretical analy-
sis and design of modern semiconductor devices.
In its most common formulation for semiconduc-
tors, the BTE is given as [1]

scatt.
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where v is the carrier velocity, k is the crystal
momentum and f(r, k, t) is the carrier distribution
function, which gives the density of particles with
momentum k at the point r at time t. The terms
on the left-hand side describe the change in the dis-
tribution function with respect to time, concentra-
tion gradient, and applied field. The right-hand
side represents the dissipation terms in the system,
which include various scattering mechanisms that
balance the driving terms on the left.
The simplest approximation to the BTE is the

drift-diffusion (DD) model, in which the current
density for each carrier (electron, hole) is the sum
of a drift and a diffusion component [2, 3]. One of
the main deficiencies of the DD model is its fail-
ure to account for carrier heating and velocity
overshoot effects. Another rather popular method,
which overcomes some of the limitations of the
DD model, is the hydrodynamic model (HD). The
hydrodynamic equations are easily formulated
by calculating various moments of the BTE. The
zeroth, first, and second-order moments of the
BTE, which describe particle, momentum and
energy conservation, are discussed in detail in [4],
although the basic ideas are really nearly 100 years
old. Since the HD equations take electron energy
into account, they can produce better results in
high-field conditions. Quantum corrections to the
HD model also have been developed [5]. It is im-
portant to note that one of the difficulties in us-
ing the HD approach is in the numerical nature
of the equations. For example, when the average
carrier velocity exceeds certain limiting values, the
conservation laws become hyperbolic in nature,
which can lead to formation of numerical shock
waves, that require very careful algorithmic im-
plementation. Even if no shock forms, the same
problem arises if space charge domains arise due
to, for example, the Gunn effect. A way to avoid
this problem is to use the essentially non-oscilla-
tory (ENO) [6], or the weighted ENO scheme [7],
that allow for adaptive discretization stencils.
The limitations of the continuum models (DD

and HD) lie in the fact that the distribution func-
tion is not known a priori. Calculations that rely

on the knowledge of the distribution function,
such as electron-electron interactions, will pro-
duce erroneous results based upon the actual
form of the distribution function used. The accu-
racy of the models can be enhanced by increas-
ing the order/moment used at the expense of a
more complex set of equations to solve. Another
major drawback of the continuum models is that
electron-electron and electron-ion interactions
can only be treated as an additional scattering
mechanism in the mobility model [8], or the mo-
mentum and the energy relaxation times. There-
fore, by using continuum modeling, it is impossible
to fully account for carrier-ion interactions that
lead to multiple scattering events and cause local
variations in the electron and ion densities (a
"derivation" of the BTE neglects multi-particle
correlations).
The Ensemble Monte Carlo (EMC) method,

which solves the Boltzmann transport equation
[1,9- 21], overcomes most of the difficulties related
to the carrier heating effects, since it does not make
any assumption upon the form on the distribu-
tion function. Within the EMC scheme, point-
like particles are used to represent electrons (or
holes) within the device. The momentum and en-
ergy of each particle within the ensemble are con-
tinuously updated, as is the real space position of
the particle and any other relevant dynamic param-
eter. The updated momentum (and correspond-
ing energy) results from the various forces applied
to the particle, whereas the real-space movement
of the electrons through the device depends upon
the local velocity that results from the electric field
obtained through the self-consistent solution of
the Poisson equation.
Due to the real-space tracking of the particle

position, the EMC method allows for more exact
treatment of the Coulomb interaction between
charged particles (particle-ion and particle-parti-
cle interactions) through the addition of a mole-
cular Dynamics (MD) loop [22-25]. This coupled
EMC-MD scheme has been shown to give simu-
lation mobility results in excellent agreement for
multiple scattering situations [25] and with the
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experimental data for bulk samples with high
substrate doping levels [26]. It has been corrected
for both degeneracy [26] and the many-body
exchange interaction [27]. However, it has proven
to be quite difficult to incorporate the coupled
EMC-MD approach when inhomogeneous charge
densities, characteristic of semiconductor devices,
are encountered [28]. An additional problem with
the use of the coupled EMC-MD approach, in a
typical particle-based device simulation, arises
from the fact that both the electron-electron
(e-e) and electron-ion (e-/) interactions are
already included in the self-consistent potential,
at least within the Hartree approximation (the
long-range carrier-carrier interaction enters
the Poisson equation through the real part of the
Hartree energy). The magnitude of the resulting
so-called mesh force depends upon the volume of
the cell and, for commonly employed mesh sizes in
device simulations, usually leads to ’double count-
ing’ of the force if a separate Coulomb interac-
tion is added to the EMC transport kernel [29].
The proper treatment of the Coulomb interactions
is very important for modeling ultra-small devices,
in which, as shown experimentally [30,31] and
confirmed with numerical simulations [32-36],
fluctuations in the number and the position of the
dopant atoms within the active region of the device
can lead to significant fluctuations in what should
be identical devices fabricated on the same chip.

It is important to note that, while traditionally
the direct solution of the BTE through EMC simu-
lation has been considered computationally ineffi-
cient when compared to approximate moment
equation methods, in 3D (which must be consid-
ered for sub-70nm devices) this advantage is no
longer clear, and indeed, full 3D simulation of
FET structures using EMC techniques indicate
that the performance bottleneck arises from the
3D Poisson equation solver, rather than the trans-
port kernel [37].

This paper is organized as follows: In Section 2,
we briefly describe the general features of our 3D
particle-based simulator. The technique used to
account for the short-range portions of the e-e

and the e-i interactions and its inclusion is de-
scribed in Section 3. Here, we also give some
representative results for the low-field electron
mobility found in resistor simulations, and from
simulations of ultra-small MOSFETs. Conclusions
derived from the work presented here and some
highlights of future directions of research are dis-
cussed in Section 4.

2. DESCRIPTION OF THE SIMULATOR

The basic steps involved in a prototypical EMC
device simulator are summarized in Figure 1. In
steady-state, the drain current is calculated via the
net number of particles crossing the drain contact
per unit time. By performing several computer
runs, the averaged current-voltage characteristics
of the device under investigation are obtained. It
is important to mention that there are several
constraints that must be met when choosing the
mesh size and the time step [28]. Small mesh sizes
lead to large arrays that require extensive memo-
ry usage and long iteration times. Yet, the mesh
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size must be sufficiently small to account for
fluctuations in doping, carrier concentration, and
electric fields. These two requirements imply that
the mesh spacing be on the order of the ex-
trinsic Debye length. Having too small a mesh
spacing can create artificially large fluctuations in
the carrier and dopant concentrations. The time-
step should be small enough (on the order of the
inverse plasma frequency) to avoid any nonphy-
sical behavior, such as plasma oscillations. In
addition, the force seen by an electron needs to
be frequently updated to minimize errors due to
carrier movement. For example, the time step
should be smaller than the time required to cross a
mesh boundary. The constraints described above
lead to time steps in the femto-second range and
mesh spacings in the 5-10 nm range.

2.1. Particle-mesh Coupling

In the case of DD or HD models, the Poisson
equation solver and the transport kernel (either
DD or HD) usually use different solution algo-
rithms and are coupled by a mere subroutine
call. The carrier concentrations at each node are
variables that are passed between the two kernels.
The solution is found when, for example, the
potential update reaches a predetermined level. In
the case of particle-based simulators, there are
additional factors to be considered. These factors
are described below.

2.1.1. Charge Assignment

The calculation of carrier concentration at the
node points is essential to solving Poisson’s equa-
tion on the mesh. Hockney and Eastwood [38]
outline several methods for charge assignment, all
of which have been implemented in our simu-
lator (although only one is used at a time). The
simplest one is the nearest-grid-point (NGP)
method, in which the total charge of the particle is
assigned to the nearest grid point. A more accurate
method is the cloud-in-cell (CIC) scheme in which
each grid point of the "cell", in which the electron

is located, is assigned a charge weighted by the
distance from the electron to that point. This
produces a smoother electron concentration over
the nearest mesh points. One artifact of this meth-
od is the creation of a "self-force" [39] if the grid
spacing is nonuniform or the permittivity is not
constant. Laux [40] proposed a nearest-element-
center (NEC) scheme that puts the charge of the
electron in the middle of the current mesh "cell".
This method eliminates the self-force, but causes
fluctuations in the carrier concentration as the
electrons move across cell boundaries. These fluc-
tuations can increase the time required to solve
Poisson’s equation at each iteration step. Hybrid
schemes using the NEC and CIC methods along
different axes in multi-dimensional simulations
have shown improved results. The CIC and NEC
methods are first-order methods in that only the
nearest node points are considered.

For a small mesh spacing, large fluctuations in
carrier concentrations can occur from node to
node, since the number of nodes may be greater
than the actual number of simulated particles.
For 1-D and 2-D simulations, the number of par-
ticles can be chosen such that the fluctuations
are minimized, and the charge of the particles is
determined from the device size along the
"constant" axes [28]. A ratio of 10 particles or
more per grid point helps reduce the fluctuations.
However, the use of molecular dynamics requires
that the particle charge is set to unity. In this case,
the number of particles is limited by the device size
and doping concentrations. For 3D simulations,
with a mesh spacing of 10 nm in all dimensions, a

source/drain doping of 1019 cm-3 results in 10
electrons per node point. For a uniform mesh
spacing of 5 nm, this reduces to 1.25 electrons per
node point. Thus, the desired "higher" accuracy of
the low mesh spacing results in larger fluctuations
from node to node (and iteration to iteration).

2.1.2. Electric Field Calculation

During the EMC iteration, electrons are acceler-
ated by the Coulombic forces (due to other
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electrons and impurities) and by the electric fields
determined by the solution of Poisson’s equation.
The electric field seen by each electron must be
calculated at the beginning of each EMC itera-
tion. To minimize self-scattering, the interpolation
scheme for electric field calculation should be
the same as the one used for charge assignment
[38,40]. For example, for the CIC scheme, the
electric field at each node of the cell is weighted
by the distance between the electron and the node.
The same weighting factors used to assign the
charge from the electron to the node points must
be used for field interpolation. As discussed in
more detail in Section 3, the short-range portion
of the Coulomb forces between an electron and
surrounding electrons and ions must be added
to the mesh force to properly account for the
Coulomb interactions.

2.1.3. Boundary Conditions

As electrons move through the device, they will
often encounter the device boundaries. Therefore,
to obtain meaningful device measurements, the
treatment of these boundaries must be physical
in nature. A reflecting boundary condition is em-
ployed in non-critical areas of the device (artificial
boundaries), such as the bottom and sides of
the device away from the contacts. Electrons that
cross these boundaries are reflected back into the
structure, with an equal velocity and opposite di-
rection normal to the boundary. For reflections at
the semiconductor- oxide interface in the chan-
nel, the reflected angle can be randomized to take
into account surface scattering. A combination
of these two techniques was used with 50% prob-
ability of each occurring, similar to the method
used by Fischetti and Laux [28]. This is an un-
satisfactory approach, however, and is an area
where further work is needed, especially as scat-
tering at the interface is known to be an im-
portant mobility limiting process in ultra-small
MOSFETs due to the closer confinement of the
carriers to the interface [41].

2.1.4. Ohmic Contacts

The simulation of contacts requires a more careful
consideration than the reflecting boundaries,
because electrons crossing the source and drain
contact regions are counted towards the corre-
sponding terminal current. In order to conserve
charge in the device, the electrons exiting the
contact regions must be re-injected. Several
common models for contacts include [42]:

Electrons are injected at the opposite contact
with the same energy and wavevector k. If the
source and drain contacts are in the same plane,
as in the case of MOSFETs simulations, the sign
of k, normal to the contact will change. This is
an unphysical model, however [43].
Electrons are injected at the opposite contact
with a wavevector randomly selected based upon
a thermal distribution.
Contact regions are considered to be in thermal
equilibrium. The total number of electrons in a
small region near the contact are kept constant,
with the number of electrons equal to the num-
ber of dopant ions in the region.
Another method uses ’reservoirs’ of electrons
adjacent to the contacts. Electrons naturally
diffuse into the contacts from the reservoirs,
which are not treated as part of the device dur-
ing the solution of Poisson’s equation. This
approach gives results similar to the velocity
weighted Maxwellian [42], but at the expense
of increased computational time due to the
extra electrons simulated.

There are also several possibilities for the choice
of the distribution function-Maxwellian, dis-
placed Maxwellian, and velocity-weighted Maxwel-
lian. Here, we use the charge-neutral method, which
is simpler than the reservoir method, while allow-
ing for rather accurate modeling of the contacts.

2.2. 3D Poisson Equation Solvers

In the numerical solution of the 3D Poisson
equation, the application of a conventional
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finite-difference scheme leads to algebraic equa-
tions having a well-defined structure. When using
a seven-point scheme, a septa-diagonal coefficient
matrix results. In general, the resulting system of
equations can be represented by the matrix equa-
tion Ax=b [2]. The most suitable methods for
the solution of this matrix equation are direct
methods, but the computational cost becomes pro-
hibitive as the number of equations increases,
which is normally the case in 2D and 3D device
simulations. This has led to the development of
iterative procedures that utilize the well-defined
structure of the coefficient matrix. The simplest
and most commonly used iterative procedures are
the Successive Over-Relaxation (SOR) and the
Alternating Direction Implicit (ADI) methods.
Both methods lose their effectiveness when com-
plex problems are encountered and when the equa-
tion set becomes large, as it is usually the case
in 3D problems. The ILU methods, and the use
of preconditioning together with conjugate gradi-
ents, provide a significant increase in the power
of iterative methods.
Within incomplete factorization schemes [44],

the matrix A is decomposed into a product of
lower (L) and upper (U) triangular matrices, each
of which has four non-zero diagonals in the same
locations as the ones of the original matrix A. The
unknown elements of the L and U matrices are
selected in such a way that the seven diagonals
common to both A and A’ LU are identical and
the six superfluous diagonals represent the matrix
N, i.e., A’= A + N. Thus, rather than solving the
original system of equations Ax=b, one solves
the Imodified system LUx b + Nx, by solving
successively the matrix equations LV=b+Nx
and V Ux, where V is an auxiliary vector. It is
important to note that the six superfluous terms
of N affect the rate of convergence of the ILU
method. Stone [45, 46] suggested the introduction
of partial cancellation, which minimizes the influ-
ence of these additional terms and accelerates the
rate of convergence of the ILU method. By using
a Taylor series expansion, the superfluous terms
appearing in A are partially balanced by sub-
tracting approximately equal terms. To provide

rapid convergence, in this so-called Stone’s
Strongly Implicit (SIP) procedure, the fraction
that is canceled is varied on successive pairs of
iterations.
Even though the ILU and the SIP methods

show improved convergence behavior when
compared to, for example, the SOR method,
their convergence slows down when approaching
the solution. The basic Conjugate Gradient (CG)
algorithm is one of the best known iterative tech-
niques for solving sparse Symmetric Positive
Definite (SPD) systems, but it loses its applicabil-
ity when the resulting system of equations is not
SPD. In such circumstances, the best alternative
are the Lanczos-type algorithms, which solve not
only the original system Ax b but also the dual
linear system ATx*= b*. In recent years, the Con-
jugate Gradient Squared (CGS) method due to
Sonneveld [47] has been recognized as an attract-
ive transpose-free variant of the Bi-Conjugate
Gradient (Bi-CG) iterative method [48]. This
method works quite well in many cases, but the
very high variations in the residual vectors often
cause the residual norms to become inaccurate,
which can lead to substantial buildup of rounding
errors and overflow. The Bi-CGSTAB method
due to Van der Vorst [49] is a variant of the CGS
algorithm, which avoids squaring of the residual
polynomial. It has been demonstrated that the
convergence behavior of this method is smoother
because it produces more accurate residual vectors
and, therefore, more accurate solutions. In con-
junction with the Bi-CGSTAB method, a success-
ful preconditioning matrix can be obtained by
using ILU factorization [50]. If L and U are the
strictly-lower and strictly-upper triangular parts
of A, then the preconditioning matrix is

KILU(k) (L + I))I-1 (U nt- l), (2)

where diag(KiLk))=diag(A) The case k=O is
used here, and means no fill-ins are allowed. Once
the diagonal I) is computed, scaling of the original
matrix A is performed

,i. I)-I/2AI)-I/2 diag() + L + . (3)
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The preconditioning matrix for this symmetrically
scaled matrix is of the form

I (L + I)(I + Q), (4)

where I is the identity matrix. The Bi-CGSTAB
method is now applied to the preconditioned
system

(f + i)-l/(i + )-1, (L + I)-1, (5)

where l-l/2b, and the solution of the origi-
nal system of equations is obtained via x
f)-I/2(i + )-1i. In the calculation of the product
(, + I)-1(I + I1)-li, appearing in (5), extra
work is avoided by using the Eisenstat’s trick [51]

(1 + I) -1/il(I +
+ ([, + I) -1{ + [diag(k) 2I]i), (6)

where i (I + )-1. More details on the con-
vergence behavior of each of these methods and
the number of operations required per iterations
can be found in Ref. [52].

We have taken into account this selection rule,
and considered two high-energy f- and g-phonons
and two low-energy f- and g-phonons in our bulk
EMC simulations. The high-energy phonon scat-
tering processes are included via the usual zeroth-
order interaction term, and the two low-energy
phonons are treated via a first-order process [54].
The first-order process is not really important for
low-energy electrons but gives a relevant contri-
bution for high-energy electrons. The low-energy
phonons are important in achieving a smooth
velocity saturation curve, especially at low tem-
peratures. The phonon energies and the coupling
constants used in our model are determined so
that the experimental temperature dependent mo-
bility and velocity-field characteristic is consisten-
tly recovered. The choice of these parameters is
summarized in Table I. We also include impact
ionization via a soft impact-ionization model [55].
The Monte Carlo program was tested by

simulating 10,000 electrons over a period of sev-
eral picoseconds. Figure 2 shows the electron
transient velocity for an instantaneously applied

2.3. Ensemble Monte Carlo

The Monte Carlo model, used in the transport
portion of the simulator, is based on the usual Si
band-structure for three-dimensional electrons in
a set of nonparabolic A valleys with energy-de-
pendent effective masses. The six conduction band
valleys are included through three pairs: valley
pair pointing in the (100) direction, valley pair 2
in the (010) direction, and valley pair 3 in the (001)
direction. The explicit inclusion of the longitudi-
nal and transverse masses is important and this is
done in the program using a Herring-ogt trans-
formation [53]. Intravalley scattering is limit-
ed to acoustic phonons and the MD-derived
forces. For the intervalley scattering, we include
both g- and f-phonon processes. It is important
to note that, by group symmetry considerations,
the zeroth-order low-energy f- and g-phonon pro-
cesses are forbidden. Nevertheless, three zeroth-
orderf-phonons and three zeroth-order g-phonons
with various energies are usually assumed [17].

TABLE Phonon model for bulk electrons for Si

Phonon Phonon-type Coupling constant Phonon energy

zeroth f-phonon 8 x 108 eV/cm 59 meV
zeroth g-phonon 8 x 108 eV/cm 63 meV
first f-phonon 2.5 eV 23 meV
first g-phonon 4.0 eV 18 meV

We use 9.0 eV for the acoustic phonon coupling constant, and treat it as
elastic scattering process.
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FIGURE 2 Electron transient velocity overshoot at T 300 K.
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FIGURE 3 Steady-state velocity-field and energy-field char-
acteristics at T= 300 K.

electric field. At low fields, the electron velocity
slowly approaches the steady state limit, which
equals the product of the low field electron mo-
bility #o times the electric field. At higher fields,
the electron velocity shows an overshoot effect as
a result of the smaller momentum relaxation time
when compared to the energy relaxation time.
From the results shown in Figure 2, it is seen that
steady-state is achieved in approximately 0.5-2 ps.
The simulation was extended for 2-3 ps beyond
this time in order to determine the steady-state
velocity. At fields above 10kV/cm, the optical
phonon scattering rate limits the electron mean
free path, resulting in a velocity saturation of
1.1 x 107 cm/s. Figure 3 shows the average
steady-state velocity versus electric field. The simu-
lated mobility at kV/cm is 1500cmZ/V-s, which
is an accepted value for bulk silicon at 300 K.
Also shown in this figure is the electric field de-
pendence of the average electron energy. For
low fields, the energy is 40meV, or 1.5 ksT. As
the field increases, the energy increases quadrati-
cally. Impact ionization limits the energy increase
in the tail of the electron distribution.

3. SHORT-RANGE COULOMB
INTERACTIONS

A commonly accepted approach in particle simu-
lations is to include ionized-impurity scattering as

an additional scattering potential in the k-space
portion of the EMC transport kernel. Then, some
type of screening model must be used. A similar
approach is adopted for the electron-electron
interaction. In both cases, the expressions for the
scattering rates only take into account binary
collisions between an electron and a single charge
(electron or ion), and therefore second-order ef-
fects of multiple electron-electron and electron-
ion interactions are neglected. In addition, local
variation in electron and ion densities are not con-
sidered. To calculate, for example, the e-e scatter-
ing rate, one must know the local distribution
function. The CPU time it takes to re-calcu-
late the distribution function for each iteration
time-step makes this approach rather impractical
to use. Nevertheless, many device simulations have
been performed using a tabulated distribution
function [56].
The use of a real-space treatment of the e-e and

e-i interactions eliminates the deficiencies of the
screened-scattering approach. In this method, the
force upon each electron due to all other charges in
the device (electrons and impurities) is added to
the mesh force by the summation of all Coulomb
forces. In three dimensions, the total Coulomb
force, Fi on each electron is

qaj + , qaiF,=
47re.lri ryl 2j=l,y#i = 47re. Ire- rkl 2

(7)

where [ri-rjl is the distance between the electron
and other electrons, Iri-rkl is the distance from
the electron to an ion, aq and aik are unit vectors
along the force direction, and Ne and Ni are the
total number of electrons and ions, respectively.
The actual force seen by an electron is a com-

bination of the molecular dynamics forces from
other electrons and ions in the device and the
applied field. The boundary conditions (both
Dirichlet and Neumann) can be thought of as
additional charges near the device boundaries
that produce known potential or fields at the
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boundaries. If the actual amount of charge and
the placement of that charge were known, then the
Coulomb force equation could be used to take into
account these boundary conditions. However, the
determination of the boundary charges is more
difficult and less efficient (CPU time-wise) than
solving for the mesh force. If infinitely small mesh
is used, then the force calculated from the mesh
potentials would be identical to the Coulomb
force. However, even a practical solution (spacing
in the 2.5 nm range) is very costly in terms of both
CPU time and memory.

Figure 4 shows a comparison of the mesh and
Coulomb forces versus separation range for a two-
electron case, with a mesh spacing of 10 nm in all

102

101

10

| target fixed, electro_p= electron

Coulomb (Eee) / Hange

,
-40 -20 0 20 40 60

Distance from target particle [nm]

10

(b)
tl

Mesh (Emesh)

0 20 40 60

Distance from target particle [nm]

FIGURE 4 Mesh force versus Coulomb force on (a) log scale
and (b) linear scale. The mesh is uniformly spaced at 10 nm in
all three dimensions. Also shown is the corrected force, F
which is the difference of the two forces.

three directions. It is easily seen that the mesh
force (Fmesh) and the Coulomb force (Fee) are
identical when the electrons are separated by
several mesh points (30-50nm apart). Within
3-5 mesh points, the mesh force starts to deviate
from the Coulomb force. When the electrons
are within the same mesh cell, the mesh force
approaches zero due to the smoothing of the
electron charge when it is divided amongst the
nearest node points. From the results shown
in Figure 4, it is also clear that the mesh force
alone cannot account for the short-range elec-
tron-electron and electron-ion interactions. One
way of incorporating these interactions is to de-
termine the Coulomb force on each electron
due to all the other charges (electrons and ions)
in the device using Eq. (7) and add the mesh
force calculated from the solution of Poisson’s
equation. The mesh force is needed to take bound-
ary conditions and applied biases into account.
This method would result in ’double counting’ of
the long-range electron-electron and electron-ion
interactions. Even accepting the ’double counting’
error, this method still requires a large amount
of CPU time for the Coulomb force calculations.
10,000 electrons and ions in a device leads roughly
to about 50 million electron-electron collisions,
and 100 million electron-ion collisions. To reduce
the calculation time, while minimizing the loss of
accuracy, a cut-off range is usually used, which
limits the number of collision events drastically
[381.
Although the cutoff range alleviates the prob-

lem of CPU time needed for the molecular dyna-
mic force calculations, it does not completely solve
the problem of the ’double counting’ of the long-
range force. For electrons and ions outside of the
cutoff range, the mesh force is the sole force cal-
culated, and thus no ’double counting’ occurs.
However, the cutoff creates a discontinuity in the
force at the cutoff range, within which the force
will be ’double counted’. Making the cutoff
range too small can result in underestimating the
short-range force, which would basically negate
the effect of the added MD routine. Therefore,
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the cutoff range must be set to a value beyond
which the molecular dynamics force is equal to the
mesh force. Table II shows the average electron-
electron distance (range) versus doping concen-
tration. Setting the cutoff range too large would
result in excess CPU time needed to calculate
the molecular dynamics forces. For a typical
MOSFET with source/drain doping of greater
than 1019cm-3, the average range is less than
5 nm. For a 5 nm mesh, which is a practical mesh
size for a three-dimensional device simulation, the
mesh force alone cannot provide accurate results
even for the average interaction, let alone those
of a close range. Hence, it is imperative that the
short-range interactions be included separately.
We utilize a scheme that allows us to calculate

the corrected Coulomb force [29]. Briefly, an
adjusted Coulomb force is calculated using

Ferr Fee Fmesh. (8)

Figure 5 shows the corrected Coulomb force for
the case of a single e-e collision. One limitation
of this scheme is that the mesh must be uniform in
all directions. Another limitation arises from the
fact that mesh spacing less than the extrinsic
Debye length is needed in critical device regions
(such as junctions and beneath a MOS gate).
However, the small mesh spacing is only required
to resolve high fields determined by the solution
of Poisson’s equation. As was shown in Figure 4,
the Coulomb force is orders of magnitude higher
than the mesh force for small separations. There-
fore, the high fields in critical regions will be re-
solved through use of the molecular dynamics
force. The application of this scheme to both
resistor simulations and simulations of ultra-small
MOSFETs is shown below.

TABLE II Doping dependence of the e-e range.

Doping [cm-3] e-e range [nm]

1017 21.5
5 1017 12.6
10TM 10
5 10TM 5.9
1019 4.6

104

10 5nm mesh size
10 nm mesh size

102 Coulomb field ]

101 r

",:", .-,

10.2 I,,,,I

0 5 10 15 20 25 30

Distance from target particle [nm]

FIGURE 5 Corrected Coulomb force (Ferr) vs. electron spac-
ing for a single collision with mesh spacings of 10 and 5 nm. The
Coulomb force is shown for comparison.

3.1. Resistor Simulations

To investigate the impact of adding the short-
range e-i and e-e forces on the low-field electron
mobility derived from resistor simulations, several
n-type resistors with various sizes and doping
levels were simulated using our 3D EMC particle-
based simulator. Under our modified scheme, each
electron is allowed to interact simultaneously with
all the charges present in the system that fall with-
in the range determined from our look-up table via

the tabulated correction force. To account for the
dynamical nature of the temporal changes in the
charge configuration, a time step of 0.2 fs is used in
the simulations. The electron-phonon interactions
and the impact ionization process have been taken
into account through a standard EMC procedure.
A small electric field, on the order of 102V/cm,
was used for computing the steady-state velocities
to ensure operation in the linear-response regime.
The simulation results for the mobility are shown
in Figure 6. Also shown in this figure are the
mobility results reported in [21], calculated with
a bulk EMC technique using the Brooks-Herring
approach [57] for the e-i interaction, and the meas-
ured data [58, 59] for the case when the applied
electric field is parallel to the /100} crystallo-
graphic direction. From these results, it is obvious
that adding the correction force to the mesh
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FIGURE 6 Doping-dependence of the low-field electron mo-
bility obtained from 3D resistor simulations.

force leads to mobility values that are in very
good agreement with the experimental data. It is

important to note that if only the mesh force is
used in the free-flight portion of the simulator, the
simulation mobility data points are significantly
higher than the experimental values. While resistor
tests are not a true estimate of the power of any
new method, we remark that previous studies of
such structures have established the role of multi-
ion interactions [25], and the need for proper dy-
namic screening with Fermi-Dirac statistics [60].

3.2. Modeling of Ultra-small MOSFETs

We have used the 3D particle-based simulator
described in Section 2, in which we have also
incorporated the modified MD scheme (described
in the beginning of this section) to account for the
short-range portions of the e-e and e-i interac-
tions, to model ultra-small n-MOSFETs shown
schematically in Figure 7. The average substrate
doping of the device is 3 1018 cm-3, whereas the
average doping of the source and drain regions is
1019 cm-3. The impurity atoms, corresponding to
these average doping densities, were placed within
the device using the following procedure. We draw
a random number k from the Poisson distribu-
tion with mean value of the process a NimpVdisc
where Nimp is the average donor or acceptor con-
centration, and Vdisc is the corresponding volume

FIGURE 7 Simulated device. (See Color Plate I).

of the region. Each of these k impurity atoms
is then uniformly distributed within Vdisc using
triplets of independent uniformly distributed ran-
dom numbers, and its position coordinates are
saved for later usage in the MD routine. We use
either the nearest-element-cell (NEC) or the cloud-
in-cell (CIC) scheme when assigning doping den-
sity to the node points. This procedure allows us
to mimic the physical ion implantation process
and study fluctuations in the device parameters
in devices with different number and different dis-
tribution of the impurity atoms in their active and
source, drain and substrate regions.
We point out that the average doping of the

source and drain regions in any of the devices that
we have studied is significantly lower than what
a fabricated device would have. This allows us to
use larger mesh sizes and reduce the total number
of particles in the simulation, thus reducing the
computation time. The higher source and drain
resistances of our devices affect only the magni-
tude of the current, but does not significantly in-
fluence the velocity overshoot in the channel. Chan-
nel length of the simulated device is 80nm, the
junction depth is 5.5 nm, the extensions of the
source and drain regions are 50 nm, and the chan-
nel width of the device is 80 nm. The oxide thick-
ness is 3 nm.
The key simulation parameters used in our

simulations are summarized in Table III. A
uniformly spaced 5 nm grid was used in all three
dimensions. The cutoff range for the MD calcula-
tions was set to 10 nm, or twice the grid spacing,
which is just beyond the point where the mesh
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TABLE III Key simulator parameters used for MOSFET
device simulations

Parameter Value/Method used

Mesh Spacing 5 nm
Cutoff range for e-e and e-i interaction 10nm
Poisson solver SIP method
Time-step 0.2 fs
Absolute Error Level for the Poisson 26 gV
solver
Relative Error Level for the Poisson 0.1%
solver
Charge assignment scheme CIC
Iterations per bias point 10,000

calculated force and the Coulomb force converge.
The chosen combination of the mesh spacing,
mesh voltage tolerance level, and Coulomb force
cutoff range led to acceptable simulation time.
Increasing the mesh spacing by a factor of two
would result in an 8x reduction in the total num-
ber of nodes. However, the force cutoff range
must be doubled, resulting in a more than 4x in-
crease in the number of e-e and e-i collisions.

In Figure 8, we show the averaged potential
energy profile of this device, for applied biases

Va 1.0 V and Vz)= 1.0 V. The averaging was

done over a 2ps time period. As a result of the
averaging procedure, any observable fluctuation

in the potential profile can be associated with the
fluctuations in the doping density because of the
atomistic treatment of the impurity atoms. Fluc-
tuations in the potential that would naturally arise
from the movement of the discrete electrons are
thus smeared out. The use of larger mesh sizes
leads to further smoothing of the potential profile,
because of the larger number of impurity atoms
that would fall within one unit cell, thus leading
to smaller relative fluctuations in the number of
dopant atoms between neighboring unit cells. For
the mesh sizes and the doping densities that we

use, there are on the average 1.25 donor-type
impurity atoms per unit cell in the source and
drain regions and 0.375 acceptor-type impurity
atoms per unit cell in the substrate region of the
device.
The average electron velocity and the average

electron energy along the channel of this device
are shown in Figure 9. The short-range e-e

and e-i interactions have been included in these
simulations via our MD procedure. As expected,
both the electron velocity and energy increase
when going from the source to the drain and they
reach a peak value at the end of the channel, de-
creasing towards their equilibrium values in the

FIGURE 8 Potential energy profile of the device for VG Vz 1V. (See Color Plate II).
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FIGURE 9 (a) Average electron velocity along the channel;
(b) Average electron energy along the channel. On both figures,
filled circles correspond to the case Vz V and VG V.
Open circles represent our simulation results for V 0.5 V and
Va 1V. The short-range e-e and e-i interactions are included
in these simulations via the MD routine. The channel extends
from 50 to 130 nm.

400 (bl-’"’)’ with’ e-e’ and’ e-i

o o mesh force only

Oo,3 VD=I V, VG=I V30O O ".

oo %0,, .% %
\ ..

100

Ollilili,,,l,,,,l,,,,l,,,,l,,,,l,,,,l,,,
100 110 120 130 140 150 160 170 180

Length [nm]

FIGURE 10 (a) Average velocity of the electrons along the
channel, with and without the inclusion of the e-e and e-i
interactions; (b) Average energy of the electrons coming to the
drain from the channel. For both figures, we use V V and
V V. Filled (open) circles correspond to the case when the
short-range e-e and e-i interactions are included (omitted) in
the simulations. The channel extends from 50 to 130 nm.

drain end. It should be noted, however, that the
velocity actually peaks well before the drain, due
to the Coulomb scattering from the drain. Com-
paring the results shown in Figure 9a with the
steady-state results for bulk samples shown in Fig-
ure 3, it is also clear that when the drain bias V
equals 1.0V, the peak carrier velocity is higher
than its steady-state counterpart, thus suggesting
presence of slight velocity overshoot.
To demonstrate the influence of the e-e and e-i

interactions, in Figure 10a and 10b, we plot the
average electron velocity and average electron ener-
gy of the carriers for the case when the short-range

e-e and e-i interaction terms were included
(omitted) in our model. For clarity, in Figure 10b
we plot the average energy of only those electrons
which arrive at the drain end of the device from
the channel. We use V VG 1.0 V. From the re-

sults shown, it is quite clear that the inclusion of
the short-range e-e and e-i interaction terms
damps the previously discussed velocity overshoot
effect, thus increasing the transit time of the carri-
ers through the device, i.e., reducing its cut-off
frequency. On the other hand, the results shown in
Figure 10b suggest that carrier thermalization
occurs over distances that are on the order of few
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nm when the e-e and e-i interactions are included
via our modified MD loop. It is also important to
note that using the mesh force alone does not even
lead to complete thermalization of the carriers
along the whole length of the drain extension.

4. CONCLUSIONS AND FUTURE
DIRECTIONS OF RESEARCH

We have described the main features of our 3D
EMC particle-based simulator, with emphasis on
the proper inclusion of the e-e and e-i interactions
via a MD approach. The proposed scheme, de-
scribed in details in this paper, avoids the prob-
lem of the ’double counting’ of the long-range
Coulomb force, and at the same time leads to
a more accurate description of the short-range
components of the force. It naturally includes
multiple-scattering events as well as fluctuations
in the doping and electron densities, through the
atomistic treatment of both impurity atoms and
charged particles. The close agreement of our
simulation results for the doping dependence of
the low-field electron mobility, derived from re-
sistor simulations, with the experimental measure-
ments supports the suitability of our approach.
This novel scheme has also been incorporat-
ed into our 3D EMC particle-based simulator,
used to model n-MOSFETs with gate-length
equal to 80nm. The simulation results of this
device suggest that the short-range components
of the e-e and e-i interaction terms are respon-
sible for the relaxation of the velocity overshoot
effect at high drain biases and for the faster
thermalization of the carriers when entering the
heavily-doped drain region.
One limitation of our approach for proper

inclusion of the e-e and e-i interactions is that
the mesh must be uniform in all dimensions in
regions where the Coulomb force is calculated.
Another drawback of the present version of our
simulator is that holes are accounted for using a
zero hole current, also known as the quasi-equi-
librium approximation. This means that we are

currently unable to gather information regard-
ing substrate leakage currents.
We are currently using this simulator to address

a number of important issues for ultra-small
structures, including discrete impurity effects
and fluctuations in device characteristics, such as
threshold voltage, transconductance and on-state
current. We will also investigate whether contacts
will dominate the device behavior in ultra-small
MOSFETs with gate-lengths less than 50nm, in-
cluding a realistic treatment of the contacts them-
selves as part of the simulation domain.
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