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Abstract.

The full Coulomb interactions, i.e., electron-electron and electron-impurity interactions, play an

important role in the operation of ultra-small MOSFETs. Previous simulation approaches (particle-mesh and
particle-particle particle-mesh methods) were found to be very time consuming because of the imposed boundary
conditions. In this work it is proposed to use a fast multi-pole method instead whose applicability is verified in
bulk mobility and device simulations. It is found that this approach yields physically correct results and accounts
for all Coulomb interactions in the device within significantly decreased simulation times.
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1. Introduction

The continued scaling of MOSFETSs into the nano-
scale regime requires refined models for carrier trans-
port. One reason is unintentional doping in the active
channel region which gives rise to threshold voltage
and on-state current fluctuations. Electron-electron
interactions affect the threshold voltage, the carrier
dynamics, and the device characteristics [1, 2].

Therefore every transport simulator which is sup-
posed to accurately simulate nano-devices must model
the full Coulomb interaction properly. In a typical
Poisson-EMC (Ensemble Monte Carlo) transport sim-
ulation sequence the long range part of the Coulomb
interaction due to both the electron-electron and
electron-impurity interactions is handled by solving
the Poisson equation repeatedly. The short range part
of the interactions is included in the k-space part of the
EMC transport sequence. This approach is impractical
for two reasons.

Firstly the separation of the Coulomb interaction
in a short and a long range component is inaccurate

and the long range part may depend on the mesh size.
Non-uniformity in the source distributions can cause
degradation of performance and errors may originate
from the numerical differentiation used to calculate the
field from the mesh potential depending on the scheme
to couple a particle to the mesh. Secondly the k-space
treatment of the short range part is inaccurate, since
it is necessary to know the distribution function to ac-
curately describe the screening. The evaluation of the
distribution function is, in turn, rather CPU intensive
and noisy because of the poor statistics usually found
in realistic device structures.

Hence a real space treatment of the short range in-
teractions has been proposed. Variants thereof are the
P3M (particle-particle particle-mesh) method [3, 4],
adapted to the boundary conditions necessary for
semiconductor devices, and the corrected Coulomb ap-
proach [1, 5]. Although real space treatments elimi-
nate the problem of double counting the force, a draw-
back is that the Poisson equation must be solved re-
peatedly to properly describe the self-consistent fields
which consumes over 80% of the total time spent in
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3D simulations.

Furthermore, when P*M methods are applied to sim-
ulations of semiconductor devices, their drawbacks are
twofold. Firstly FFT cannot be used to solve the Pois-
son equation since the boundary conditions are non-
periodic. Secondly the inverse of the Laplace oper-
ator must be calculated for each particle in order to
prevent counting nearby particles twice which is, of
course, very time consuming. In order to alleviate this
problem the inverse can be precomputed (which takes
several hours) and stored (which requires lots of mem-
ory), but this must be repeated for every new device
structure.

2. Simulation Method

To overcome all of the above mentioned issues and to
further speed up simulations, we propose to use a 3D
FMM (fast multi-pole method) [6, 7, 8, 9] instead. The
FMM allows to find the field and potential in a system
of n particles connected by a central force within O(n)
time to a certain prescribed accuracy. For our appli-
cations this means that all Coulomb field effects can
be included.

The FMM is based on the idea of condensing the in-
formation of the potential generated by point sources
in truncated series expansions. After calculating suit-
able expansions, the long range part of the potential
is obtained by evaluating the truncated series at the
point in question and the short range part is calculated
by direct summation. Its computational effort is only
O(n), where n is the number of particles, instead of
being proportional to (g) for direct summation.

The field due to the applied boundary biases is ob-
tained at the beginning of the simulation by solving
the Poisson equation. Hence the total field acting on
each electron is the sum of this constant field and the
contribution from the electron-electron and electron-
impurity interactions handled by the FMM calcula-
tions. Care must be taken when choosing the time
step. If it is too large, electrons may approach one
another and impurities too closely which yields non-
physically high forces and hence too high velocities and
energies. To avoid this artificial numerical heating we
use a cut-off range of 1 nm for the Coulomb force.

In electrodynamics it is well-known that in non-
homogeneous media the Coulomb force between two
particles must be corrected, which is usually achieved
by the introduction of image charges [10, 11]. Tt is
trivial to include the ghost charges in the FMM algo-
rithm. They are added to the list of charges being

considered. The algorithm proceeds normally, but in
the end the image charges are neglected when the field
and potential are evaluated.

3. Simulation Results and Discussion

To check the physical validity and speed of the FMM
approach, we first simulated an n*—n-n* resistor [12]
using our 3D EMC device simulator [5, 13]. The
theoretically calculated results for the low-field elec-
tron mobility using the P*M, the corrected Coulomb,
the FMM, the PM (particle-mesh), and the Brooks—
Herring k-space approach (bulk MC) were compared
with available experimental data [14]. In summary it
was found that the low-field mobility calculated with
the FMM approach agrees very well with the experi-
mental values for both low and high doping concen-
trations. The k-space Brooks—Herring approach sig-
nificantly overestimates the low-field electron mobility
for high substrate doping densities and the PM ap-
proach yields completely wrong results. Furthermore
the simulation times were halved when using the FMM
compared to the P*M approach. Further results for 2D
devices are reported in [15].

We also checked the speed of the FMM approach on
two different examples of SOI device structures. The
first device has a silicon film thickness of 25nm, a
channel width of 30nm, an oxide thickness of 4 nm,
a channel length of 50 nm, and channel doping equal
to 10 cm=3. TIts structure is shown in Figure 1. To
simulate this device structure a mesh size of 5 nm that
resulted in 22 - 20 - 15 mesh nodes was used. Based on
the doping of the source and drain regions the device
contained approximately 7500 electrons.

There are several noteworthy conclusions that can
be drawn from the results shown in Figure 2. Firstly
the use of the mesh force alone, i.e., the PM method,
leads to higher current levels, which suggests that
one can overestimate the performance of the device
if one does not take the short range parts of the
Coulomb interaction into account. Secondly the cor-
rected Coulomb, the P3M, and the FMM approaches
yield approximately the same values for the current
density. Thirdly the CPU time needed to calculate one
bias point by using the P®*M approach is about twice
the time required by the FMM. Hence the FMM-EMC
device simulation scheme leads to physically accurate
results, but requires only half the simulation time.

The next question is what happens when even
smaller device structures are considered. When us-
ing a self-consistent EMC device simulator for small
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devices, one must use very small mesh sizes in order
to resolve the device geometry properly. This implies
a large number of node points (100 - 22 - 30 in the
following example). On the other hand the systems
are so small that only very few electrons participate
in the transport. Hence it is quite natural to expect
that under such circumstances the FMM-EMC device
simulator will perform even better.

To check this point we simulated a narrow-width SOI
device with a silicon film thickness of 7nm, a chan-
nel width of 10nm, an oxide thickness of 34nm, a
channel length of 50 nm, and channel doping equal to
10 cm™3. The doping of the source-drain regions is
taken to be equal to 5-10' cm™3. The results of these
simulations are presented in Figures 4 and 5. It is
found that the use of a smaller mesh size captures a
great percentage of the short range Coulomb interac-
tions, so the PM data are much closer to the corrected
Coulomb, the P3M, and the FMM data. Furthermore
the CPU time needed to calculate one bias point with
the FMM-EMC was five times smaller than the time
needed by the P3M approach, i.e., the simulation time
was reduced from approximately five hours to less than
one hour on current hardware.

4. Conclusion

In summary the use of FMM for semiconductor
transport simulations was validated. Simulation times
are decreased significantly, short and long range
electron-electron and electron-impurity interactions
are handled in a rigorous manner, and effects due
to electron-electron and electron-impurity interactions
are observed as expected. Since the FMM algorithm
operates independently of the rest of the EMC simula-
tion, it can be easily included into existing EMC device
simulation codes.

This approach is very efficient concerning simula-
tion time avoiding the drawbacks inherent in the P*M
approach. In our simulations of different 3D device
geometries we observed speed-ups in the range of fac-
tors from 2 to 20, where factors of 10 can usually be
expected.

Additionally this approach leads to mesh-less 3D
EMC particle-based device simulators. Since the simu-
lator operates without any mesh (except for the initial
solution of the Poisson equation that stays constant
during the whole simulation), the question of how to
choose the mesh size does not arise. In practice this
means greater confidence in simulation results without
the need to check the dependence of simulation results

on mesh size.

Finally this approach will work better and better
for future technologies, i.e., smaller devices. Smaller
devices require finer meshes and therefore the FMM-—
EMC simulator will have an even greater speed advan-
tage.
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Figure 1: The device structure of the SOI MOSFET.
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Figure 2: The I;~Vy curve of the first SOI device for an
applied gate bias of Vy = 1.0V as obtained by the PM, the
corrected Coulomb, the P3M, and the FMM methods.
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Figure 3: The position of dopants and electrons during an
FMM-EMC simulation of the first device corresponding to
Figure 2.
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Figure 4: The I;~Vy curve of the second SOI device for an
applied gate bias of V5 = 1.0V as obtained by the PM, the
corrected Coulomb, the P?M, and the FMM methods.
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Figure 5: The position of dopants and electrons during an
FMM-EMC simulation of the second device corresponding
to Figure 4.



