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Abstract

The classical Coulomb potential and force can be calculated effi-
ciently using fast multi-pole methods. Effective quantum potentials,
however, describe the physics of electron transport in semiconduc-
tors more precisely. Such an effective quantum potential was derived
previously for the interaction of an electron with a barrier for use in
particle-based Monte Carlo semiconductor device simulators. The
method is based on a perturbation theory around thermodynamic
equilibrium and leads to an effective potential scheme in which the
size of the electron depends upon its energy and which is parameter-
free. Here we extend the method to electron-electron interactions and
show how the effective quantum potential can be evaluated efficiently
in the context of many-body problems. Finally several examples illus-
trate how the momentum of the electrons changes the classical poten-
tial.
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1 Introduction

As the gate lengths of semiconductor devices are scaled into the de-
cananometer regime, the quantum-mechanical nature of carrier trans-
port becomes more and more important. State-of-the-art physical device
simulators, like Ensemble Monte Carlo simulators, must take quantum-
mechanical effects into account, as opposed to the classical treatment of
electron interactions by the Coulomb potential.

An approach that lends itself to the inclusion in Monte Carlo simulators
are so-called effective quantum potentials. The main idea is to replace the
action of the Hamiltonian on the wave functions in the Wigner formula-
tion by the action of the classical Hamiltonian on particles with a modified
potential. In other words the classical Coulomb potential is replaced by a
quantum-corrected one.

The pseudo-differential operator (PDO) for the effective quantum po-
tential we build on here is based on a perturbation theory around thermal
equilibrium [1,2], was first derived in [3], and used to include the interac-
tion between potential wells and single electrons in previous work [4, 5].
This paper is concerned with the generalization of the approach in [3] to
the general N-body problem.

Other approaches to the inclusion of quantum-mechanical size-
quantization effects that have been proposed are an effective potential due
to Ferry [6] and the density gradient method [7, 8]. In both there are a
number of parameters that do not represent exact physical values, like the
size of the electron wave-packet in the effective potential approach and
the mass of the carriers in the density gradient methods. An alternative
is the direct particle simulation of the dynamics of wave-packets on highly
unstructured meshes [9,10]. The effective quantum potential we use here
does not depend on parameters that are hard to estimate and is also gen-
erally smoother than the classical potential by two degrees, i.e., two more
classical derivatives exist which relieves the problem of statistical noise.

The paper is organized as follows. After the derivation of the effective
quantum potential for the N-body problem in three spatial dimensions in
Section 2, we describe in Section 3 how the associated pseudo-differential
operator can be evaluated efficiently. Finally we discuss some properties of
the potential in Section 4. Examples of using the effective quantum poten-
tial in an Ensemble Monte Carlo device simulator were published in [11].



2 The Effective Quantum Potential for the N-body
Problem

The idea of the effective potential approach is to incorporate quantum me-
chanical corrections into particle based simulators by modifying the clas-
sical forces acting on electrons during free flight. Hence the field term
—eV,V(x) in the semi-classical Boltzmann equation

ouf + Vs (opf ) = Vo ef V1) = ()

is replaced by a modified field term —eV,Vp(x, p, B). Then the trajectories
of the electrons are computed by

dx _ p dp _

a - mi*/ a - evaQ(x/ p/,B)/
where the time-dependence of the potential is frozen during the free flight
phase. B = 1/(KT) is the equilibrium temperature. Given a mean field
potential V(x) and a particle at x with momentum p, the quantum potential
Vo(x, p, B) is given by the PDO
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This effective quantum potential was derived first in [3].

For the description of particle-particle interactions beyond standard
mean field theory we have to extend this approach to an N-body sys-
tem. After defining the N-dimensional position and momentum vectors
X :=(x1,...,xy) and P := (py,..., pN), we start from the N-body Wigner
and Bloch equations and obtain the N-particle transport equation

0F + VpE - VxF — VxE-VpF =0,
where F is the N-dimensional Wigner function and E the effective energy.
The Coulomb potential is given by
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Following the same procedure as in the derivation of (1), we arrive at the
N-particle effective energy
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+Vo(X, P, B)

and the quantum potential
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For notational simplicity we define
sinh (%) — B
I'(r,s):= —ar P | g ®
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and hence we have

Vo(X,P,B) = r(%p Vi, —Ax)G(X).

Now the goal is to compute the force acting on one particle, say the one at
x1. Hence we need V, Vo (X, P, B), which is given in the following propo-
sition.

Proposition 2.1 The quantum force V., Vo(X, P, B) acting on the particle at x
is given by
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where g is the Green function. This can also be written as
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The potential is given by
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Proof. First we calculate the Fourier transform of the N-body Coulomb
potential (2) with respect to X in the dual variable Y. To that end we calcu-
late the transform of g(x; — xi) with respect to x; and x;. Withd € {1,2,3},
R:=R% and c := (271)"%/? it equals

F(g(x y,,yk // —xk Xj xk)yj*ixk(yﬁyk)dxjdxk
= // —izyj—ixk y1+yk)dzdxk

c '8 (y))(yj + vi)-

Hence the Fourier transform of the Coulomb potential is

N —
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Since the quantum potential is a PDO, the Fourier transform of the quan-
tum potential with respect to X is now given by multiplying G(Y) with the
symbol I'(P - Y, ||Y||3) of the PDO. This yields
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In order to compute the force, we differentiate with respect to x; or multiply
the above by iy;. Because iy16(y1) = 0 holds, all terms of the second sum
except the one for k = 1 vanish and we obtain

1 N
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We replace y; by —y; and note that I and ¢ are even functions of Y.

i1 Vo(X, P, B) =
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Computing the inverse Fourier transform now gives
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This completes the proof. m



3 Evaluation of the N-body Effective Quantum Poten-
tial

3.1 General Remarks Concerning the Many-body Problem

The time evolution of an ensemble of N particles connected by a cen-
tral force can be performed efficiently using the Fast Multi-pole Method
(FMM) [12,13]. This technique has been applied to the three-dimensional
Coulomb potential. There are in principle two ways to incorporate an ef-
fective quantum potential into an FMM algorithm. One option is to devise
an FMM algorithm that works in the whole x- and p-spaces. We discuss this
option first.

Since the effective quantum potential from Proposition 2.1 depends on
both the x- and p-spaces, an FMM algorithm for three-dimensional struc-
tures works in a six-dimensional space. Although FMM algorithms work
in O(n) time where 1 is the number of particles, they are faster than direct
summation only if the number of particles considered exceeds a certain
minimum. For three-dimensional FMM implementations for the classical
Coulomb potential this minimum number can be expected to be around
one thousand particles. For a six-dimensional algorithm, however, it will
be much higher.

Quantum mechanical corrections to the classical Coulomb potential are
only required in small structures. But in small structures there are only
few free charges. We can estimate the number of electrons that take part in
charge transport in semiconductors roughly as follows. We assume a solu-
bility limit for dopants in silicon of 2 - 10%® m~3. Therefore an upper bound
for the number of charged particles, electrons and dopants, in a volume
of (10nm)? = 10-2*m? (which corresponds to the volume of channels of
future MOSFETSs) is approximately 400.

Furthermore, an FMM algorithm only makes sense when it works on a
hierarchical grid at least three levels deep. In practice the number of lev-
els will have to be higher for a six-dimensional algorithm. Already on the
fourth level there are (24)¢ = 2% grid cells and the same number of se-
ries expansions must be stored. If we assume that in each series expansion
four terms are used for each of the six variables plus the mixed terms, this
means that 4° = 212 single floats have to be stored. In summary this im-
plies a memory requirement of 224 - 212 . 4byte = 23 byte = 256 Gb on the
fourth level and the same calculation for the third level yields 4 Gb. Un-
less a method is found to further condense the series expansions due to the
specific form of the effective potential, this requirement is prohibitive on



current hardware.

Because of these two reasons, the comparatively small number of parti-
cles and the enormous memory requirement, a six-dimensional FMM imple-
mentation cannot work efficiently. An alternative to the method discussed
in this paper is the particle-particle/particle-mesh (P>M) approach [14].
The P>M method was used successfully in three-dimensional semiconduc-
tor device simulations with non-periodic boundary conditions [15,16]. For
a six-dimensional problem, however, the P>M approach is not adequate
since it involves the pointwise inversion of a six-dimensional field opera-
tor to avoid double-counting of charges.

The second option is to treat the short and long range part of the poten-
tial differently. The short range part is treated by evaluating the effective
quantum potential as a function of position and momentum space and the
long range part is treated by evaluating the classical Coulomb potential
using an FMM algorithm. This means that we can take advantage of the ef-
ficient calculation of the classical potential provided by the FMM algorithm.
In the long range interaction the quantum mechanical effects can be ne-
glected as is observed in the convergence properties of the effects quantum
potential given in Proposition 2.1.

This allows to reduce the number of dimensions and work with an es-
sentially three-dimensional FMM algorithm. In future devices it is even pos-
sible to solve the N-body problem by direct summation, since the number
of electrons is in the hundreds.

3.2 Evaluation of the Effective Quantum Potential in 3D

Here we show how in three spatial dimensions the evaluation of the six-
dimensional integral of the PDO can be reduced to a two-dimensional inte-
gral. These integrals can be evaluated without numerical problems and can
also be tabulated for use in three-dimensional particle-based Monte Carlo
semiconductor device simulators. The external bias and the doping are
constant throughout a Monte Carlo simulation and can therefore be treated
by solving the Poisson equation once at the beginning of a device simula-
tion run.
We start with a few lemmata.

Lemma 3.1 For a function of a three-dimensional vector that only depends on its
length, i.e., f(r) = f(||r]|), the Fourier transform can be calculated using the



formula

- 4 [
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Lemma 3.2 The Fourier transform of 1/ ||x||, x € R3, in the distributional sense

1
1 47T 1
F <||H> €)= Grpr e

Proof. Using Lemma 3.1 we find
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For the integral on the right hand side we find in the distributional sense
that
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where we have used F(sgnx)(y) = 2/(v2miy) and F(sgn(—x)) =
—F(sgnx). =

Lemma3.3 Ifa € C,R(a) > 0,and b € R, then

/Ooo % exp(—ar?) sin(br)dr = i erf (2\[>

where erf is the error function with erf(—co) = —1 and erf(co) = 1.

Proof. The identity can be deduced by writing the integral in the form

11 5 exp(ibr) — exp(—ibr)
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and using the Fourier transformation. =



Lemma 3.4 Ifa € C, R(a) > 0,and c € RT, then

72+C r = \/E 7

where erfc := 1 — erf is the complementary error function.
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The Green function ¢ : R® — R is a solution of A,g(x) = 5(x)/ep. In
three spatial dimensions we find

1

-, x € R3. 3
4rreg || x| ®)

8(x):=
In order to calculate the quantum potential caused by a particle at X act-
ing on a particle at x we apply the PDO from Proposition 2.1 to g. Using
Lemma 3.2 we calculate the Fourier transform of g(x — X) as

1 e < 1 ) 1 e
e[ ) (@) = — .
i =) ©) = e e

The numerical values of the constants are m = 9.10938 - 10-3! kg for the
electron mass, m, = 62/3(0.91-0.19%)'/3m ~ 1.05751m for the effective
electron mass in silicon, # = 1.05457 - 10~%*Js, and g = 40eV .

Hence we have

F(g(x=x))(¢) =
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This integrand cannot be integrated elementarily in the sense of the Risch
algorithm. x # X always holds and for now we assume p # p. We intro-
duce a new basis (4o, zo, tt9) by setting y :=x — X, g :=p—p,y0 :== y/ ||y,
and qo := q/||q||. We can write y as y = aqo + z, where q -z = 0. Setting
2o := z/||z|| we have

y = aqo + bzo,

a=1y-qgo,b=1y-zo,and a®> + b*> = ||y||>. For the angle 6 := /(y, q) between
x—Xand p —p we find a := cos Z(y,q) = yo-qo = a/||y|| and without
loss of generality b > 0. The last basis vector ug is defined by ug := go X zo.
Now we define a unitary transformation A as

A e1 v qo, €+ Zg, e3> U.
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We transform the integration variable ¢ by 1 := Ailg. Hence we find
ATA =1L¢ = Ay &l = lnl, g-¢ = q"Ay = (AT9)™y = |lg]m, and
q-&=y"An=(Q"y)"n = (aATq0 +bATz0) 1y = anpy + brpa.

Now the potential reads

[ ph
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Using Lemma 3.4 we integrate over 773 and arrive at
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We introduce polar coordinates (r, ) via 1 =: rcos ¢ and 7, =: rsin ¢.

This yields

VQ(<X %), (p,P),B) =

/ /2n smh Zm " \lq||7 cos qo)

Sullalr cos ¢

87‘[280 %

2
cos(r(acos ¢ + bsin ¢)) erfc ( f;llr) dedr.

For numerical work it is advantageous, if not indispensable, to scale the
integration variable r. After the substitution » =: pt, p € R, and renaming
t — r again, we finally have

Vo((x,x),(p,p). B) = VQ(IIX—YIIIIIP—?HJW)

27 smh 2m ||q||pr cos (p) BH?
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In the special case p = p the potential simplifies to

2
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Figure 1: This plot shows the classical Coulomb potential (blue) and the effective
quantum potential (black) in the case of particles with identical momentum.

where we have used Lemma 3.1 and Lemma 3.3. For the classical limit we
find, as expected,

. _ 1 1
lim Vo((x,%),B) = "y x|
Finally we mention that the derivation of the potential builds on the
Green function given in (3). Depending on the device under consideration,
the method of image charges can be used to include discontinuities in the
permittivity and the presence of metallic contacts. In the case of compli-
cated geometries, it may be non-trivial to apply this method.

4 Properties of the 3D N-body Effective Quantum Po-
tential

We now have a look at the effective quantum potential for particle-particle
interactions. In Figure 1 we observe that in the case of particles with identi-
cal momentum the classical Coulomb potential and the effective quantum
potential are nearly identical for distances greater than about 5nm. Below
that distance the interaction between particles is much less in the quantum
mechanical case than in the classical case.
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Figure 2: This plot shows the effective quantum potential for a highly energetic
electron (py = 1072 kgm/s) and a resting one (red); for two highly energetic elec-
trons moving in opposite directions (py = 107> kgm/sand py = —10">° kgm/s,
green); the effective quantum potential for particles with identical momentum
(blue); and the classical Coulomb potential (black).

In the next step we look at the situation of particles with different mo-
mentums. In Figure 2 we compare the effective quantum potential for a
highly energetic electron and a resting one, for two highly energetic elec-
trons moving in opposite directions, the effective quantum potential for
particles with identical momentum, and the classical Coulomb potential.
We see that up to relatively long distances (compared to device diameters)
the quantum mechanical effects and the especially the influence of the mo-
mentum difference have a significant effect. In the figures we also observe —
as expected — that the effective quantum potential converges to the classical
potential as the distance between particles increases.

In the next figures, Figure 3 and Figure 4, we plot the effective quantum
potential as a function of the distance between two particles. In the first
case the momentums are (p,0,0) and (—p,0,0) and in the second case they
are (0,p,0) and (0, —p,0). As it can be seen, the momentum and angle
dependence changes the forces two particles exert on one another in the
short range. Depending on distance, angle, and momentum the force can
increase or decrease.

13



[107-26 kg nvs]

Figure 3: This plot shows the effective quantum potential as a function of distance
and momentum for two particles with momentum py = p and py = —p.

5 Conclusion

A parameter-free effective quantum potential for the N-body problem was
derived. We focused on the three-dimensional case, since it is the most
important one for physically sound semiconductor device simulations. In
three spatial dimensions, the six-dimensional PDO can be reduced to a two-
dimensional integral. After tabulation this potential can be used in En-
semble Monte Carlo simulations and its evaluation poses no problem on
today’s computing resources.

Finally we showed how the effective quantum potential depends on
the momentum of two interacting electrons and compared it to the classi-
cal Coulomb potential which demonstrated considerable differences in the
range up to approximately 10 nm.

14



z Z 7 7

[10%-26 kg nvs]

Figure 4: This plot shows the effective quantum potential as a function of distance
and momentum for two particles with momentum p, = p and py, = —p.

6 Acknowledgment

The first author acknowledges support by the Austrian Science Fund
(Fonds zur Forderung der wissenschaftlichen Forschung, FWF) via an Er-
win Schrodinger Fellowship. The second author acknowledges support
through National Science Foundation grant DECS-0218008.

15



References

[1] I. Gasser and A. Jiingel. The quantum hydrodynamic model for semi-
conductors in thermal equilibrium. Z. Angew. Math. Phys., 48:45-59,
1997.

[2] C.L. Gardner and C. Ringhofer. Smooth quantum potential for the
hydrodynamic model. Physical Review, E53:157-167, 1996.

[3] C. Ringhofer, C. Gardner, and D. Vasileska. Effective potentials and
quantum fluid models: a thermodynamic approach. Inter. |. on High
Speed Electronics and Systems, 13(3):771-801, 2003.

[4] Shaikh Ahmed, Dragica Vasileska, Clemens Heitzinger, and Christian
Ringhofer. Quantum potential approach to modeling nanoscale MOS-
FETs. Journal of Computational Electronics, 4(1-2):57-61, 2005.

[5] Dragica Vasileska, Hasanur Khan, Shaikh Ahmed, Christian
Ringhofer, and Clemens Heitzinger. Quantum and Coulomb effects
in nanodevices. International Journal of Nanoscience, 4(3):305-361, 2005.

[6] D.K. Ferry. The onset of quantization in ultra-submicron semiconduc-
tor devices. Superlattices & Microstructures, 27:61, 2000.

[7] D. Ferry and H. Grubin. Modelling of quantum transport in semi-
conductor devices. Solid State Phys., 49:283-448, 1995.

[8] G.J. Iafrate, H.L. Grubin, and D.K. Ferry. Utilization of quantum dis-
tribution functions for ultra-submicron device transport. Journal de
Physique, 42(Colloque C7):307-312, 1981.

[9] R.E. Wyatt. Quantum wavepacket dynamics with trajectories: Wave-
function synthesis along quantum paths. Chem. Phys. Lett., 313:189—
197, 1999.

[10] R.E. Wyatt. Quantum wave packet dynamics with trajectories: Appli-
cation to reactive scattering. J. Chem. Phys., 111:4406—-4413, 1999.

[11] Clemens Heitzinger, Christian Ringhofer, Shaikh Ahmed, and Drag-
ica Vasileska. Three-dimensional Monte-Carlo device simulations us-
ing an effective quantum potential including electron-electron interac-
tions. Journal of Computational Electronics, 2006. (In print).

16



[12] L. Greengard and V. Rokhlin. A fast algorithm for particle simulations.
J. Comput. Phys., 73(2):325-348, 1987.

[13] H. Cheng, L. Greengard, and V. Rokhlin. A fast adaptive multipole
algorithm in three dimensions. |. Comput. Phys., 155(2):468-498, 1999.

[14] R.W. Hockney and ]J.W. Eastwood. Computer Simulation Using Particles.
McGraw-Hill, New York, 1981.

[15] WJ. Gross, D. Vasileska, and D.K. Ferry. 3D simulations of ultra-
small MOSFETs with real-space treatment of the electron-electron and
electron-ion interactions. VLSI Design, 10:437, 2000.

[16] C.J. Wordelman and U. Ravaioli. Integration of a Particle-Particle-
Particle-Mesh algorithm with the Ensemble Monte Carlo method for
the simulation of ultra-small semiconductor devices. IEEE Trans. Elec-
tron Devices, 47(2):410-416, 2000.

17



