Efficient Simulation of the Full Coulomb Interaction in Three Dimensions
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The continued scaling of MOSFETs into the nano-scale regime requires refined models for carrier trans-
port due to, e.g., unintentional doping in the active channel region which gives rise to threshold voltage
and on-state current fluctuations. Therefore every transport simulator which is supposed to accurately sim-
ulate nano-devices must have a proper model for the inclusion of the Coulomb interactions. In a typical
Poisson—MC transport simulation sequence the long range portion of the Coulomb interaction (due to both
the electron-electron and the electron-impurity interactions) is included via the repeated solution of the Pois-
son equation. The short range part of the interactions is included in the k-space portion of the MC transport
sequence. This approach is impractical and inaccurate for the following two reasons.

First the separation of the Coulomb interaction in a short and long range component is inaccurate and
the long range part may depend on the mesh size. Second the k-space treatment of the short range part is
inaccurate, since it is necessary to know the distribution function to accurately 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 interactions has
been proposed. Variants thereof are the P*M (particle-particle particle-mesh) method [1] and the corrected
Coulomb approach [2]. Although real space treatments eliminate the problem of double counting the force,
a drawback is that the Poisson equation must be solved repeatedly to properly describe the self-consistent
fields, which consumes over 80% of the total simulation time in three dimensions.

To avoid all of the above mentioned issues and to further speed up simulation time, we propose to
use a 3D FMM (fast multi-pole method) [3, 4] instead. The FMM is based on the idea of condensing the
information of the potential generated by point sources in series expansions. After calculating expansions
in a hierarchical manner, the long range part of the potential is obtained by evaluating the series at the point
in question and the short range part is calculated by direct summation. Its computational effort is only O(n)
where 7 is the number of particles.

In order to validate the physical corrected and speed of the FMM approach, we first simulate an n*—n-—n™
resistor. The theoretically calculated results for the low field electron mobility using the P*M, the corrected
Coulomb, the FMM, and the Brooks—Herring k-space approach are compared with available experimental
data [5] in Figure 1. It is found that the low field mobility calculated with the FMM approach agrees very well
with the experimental values for both low and high field doping concentration. The k-space Brooks—Herring
approach significantly overestimates the low field electron mobility for high substrate doping densities. The
simulation times were halved when using the FMM compared to the P*M approach.

We have also tested the speed of the FMM approach on the example of a 3D SOI device structure shown
in Figure 2 using both the Hartree or particle-mesh (PM) and the FMM approach. The field due to the
boundary conditions is also shown in this figure. The device drive current and the average carrier energy are
shown in Figure 3 for a preset value of the gate and the drain bias. The difference in the I;—V; curve is due
to the omission of the short range Coulomb interaction in the PM approach. Also the use of the FMM leads
to faster decay of the carrier energy which suggests that the short range interactions are responsible for the
thermalization of the carriers entering the drain reservoir. Here the total simulation times were decreased by
a factor of ~ 20 when using the FMM, i.e., from = 20 hours to a less than an hour on current hardware.

In summary the use of the FMM approach for semiconductor transport simulations was validated. Sim-
ulation times are decreased significantly and effects due to electron-electron and electron-impurity interac-
tions are observed as expected. Since the FMM algorithm operates independently of the grid used in the MC
simulation, it can be easily included into existing MC device simulation codes.

A full journal publication of this work will be published in the Journal of Computational Electronics.
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Figure 1: Results of three-dimensional simulations for the nt—n-n* resistor (360 nm - 50nm - 50 nm). Left:
The electron mobility for five doping concentrations (from 10'>cm™3 to 10'° cm™?) as obtained experimen-
tally and by five simulation methods. Right: The simulation times on a 600 MHz Pentium 1II computer.
The total number of charges is = 22000, and the MC mesh size is 50-20-20.

Gate oxide
(34nm thick) 5
- x10
10 :
. vg=Vvd=10V
: > s
Thin SOI >
- 0
K]
i

Buried \ ist x [nm 2 pj
Oxide (400nm) Distance, x[nm] o™ Distance, y [nm]

Figure 2: Left: The device structure of the 10nm SOI MOSFET. Right: The y-component of the field due
to the boundary conditions, F;, within in the device forV, =V; =1.0V.
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Figure 3: Left: The I;-V, curve for a gate voltage of V; = 1.0V as obtained by the PM and FMM methods.
Right: The electron energy along the channel for the PM and FMM approaches.

[1] A. Sangani and G. Mo, “An O(N) algorithm for Stokes and Laplace interactions of particles.” Phys, Fluids, vol. 8, pp. 1990-2010. Aug. 1996.

[2] W. Gross, D. Vasileska, and D. Ferry, “A novel approach for introducing the electron-clectron and clectron-impurity interactions in particle-based simulations,” JEEE Electron Device Len..
vol. 20, pp. 463-465, Scpt. 1999,

[3] L. Greengard and V. Rokhlin, “A fast algorithm for panticie simulations,” J. Comput. Phys., vol. 135, no, 2, pp. 280-292, 1997.

[4) H. Cheng, L. Greengard, and V. Rokhlin, “A fast adaptive multipole aigorithm in three dimensions,” J. Comput. Phys., voi. 155, no. 2, pp. 468498, 1999,

(5] C. Canali, G. Ottaviani, and A. Alberigi-Quaranta, “Drift velocity of electrons and holes and associated anisotropic eftects in silicon,” J. Phys. Chem. Solids, vol. 32, p. 1707, 1971,

A full journal publication of this work will be published in the Journal of Computational Electronics.
25



