SUB - BAND DIFFUSION MODELS FOR QUANTUM TRANSPORT
IN A STRONG FORCE REGIME *
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Abstract. We derive semi - classical approximations to quantum transport models in thin slabs
with applications to SOI (Silicon Oxide on Insulator) - type semiconductor devices via a sub - band
approach. In the regime considered the forces acting on the particles across the slab are much larger
than the forces in the lateral direction of the slab. In a semi - classical limit the transport picture
can be described on large time scales by a system of sub - band convection - diffusion equations
with an inter - band collision operator, modeling the transfer of mass (charge) between the different
eigenspaces and driving the system towards a local Maxwellian equilibrium.
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1. Introduction. Sub - band approximations to quantum mechanical transport
are employed to reduce the computational complexity of the general quantum trans-
port models. They are applicable in situations where the simulation domain exhibits
a small aspect ratio. The basic starting point of sub - band models is the three
dimensional Schrédinger equation of the form

2
(L.1) iho = H = —;—mAxw + VY

where 1(X,t), X € Q C R3, t > 0 is the wave function, and V(X) is the potential.
h is Planck’s constant and m denotes the mass of the particle. The meaning of the
term ’small aspect ratio’ is that the spatial variable X and the simulation domain §2
are factored into

(1.2) X=(zy), Q=0 xQ, QCR* Q CR¥% d,+d,=3,

i.e. a ’classical’ dimension, with the variable z varying on a larger spatial scale and
a ’quantum’ dimension, with the variable y varying on a much smaller spatial scale.
So, |2, << || holds. This allows for semiclassical approximations of the trans-
port picture, such as Boltzmann equations, hydrodynamic models, or drift - diffusion
approximations, in the ’classical’ x— direction, while transport in the 'quantum’ y—
direction is treated by the full Schrodinger equation. Besides reducing the compu-
tational complexity, one of the big advantages of sub - band models is, that they
allow for a simple treatment of open quantum systems, since the interaction with the
outside world, i.e. the boundary conditions, can be treated classically in the classical
direction.

This paper is concerned with sub - band models in a regime where the force (the
gradient V, V) in the quantum direction is much stronger than the force V,V in the
classical direction. As will be demonstrated, this regime is present in solid state semi-
conductor devices, such as SOI (=Semiconductor - Oxide - on Insulator) structures.
The usual approaches to sub - band modeling [2], [14], [10] yield a decoupled system
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of semi - classical sub - band equations, which are of the same form as classical trans-
port equations, except that the potential energy is replaced by the eigenfunction of the
Hamiltonian in the quantum (y—) direction. Sub-band models corresponding to the
regime considered in this paper, on the kinetic level, i.e. the level of the Schrodinger
equation, have been studied in [3], [4]. The basic result of this paper is, that in the
regime described above and using a collision mechanism relaxing the system to a local
thermodynamic equilibrium, the semiclassical limit of sub - band transport models
can be described by a system of drift diffusion equations of the form

(1.3) Otne = Vg - [Vang — Eang) + Qne, a=0,1,...,

where n,, is the particle density in the sub - band (the eigenspace) number «, E, is
the sub - band energy (the eigenvalue number « of the Schrodinger equation ) and the
operator Q models the scattering between sub - bands (the transfer of the quantum
states from one eigenspace to the other). If the forces in the quantum direction y are
of moderate size, then the scattering operator Q can be neglected, and the theory
developed in the existing literature, applies. The physical significance of the inter-
band collision operator Q lies in the fact that it introduces a notion of equilibrium
into the subband diffusion equations (1.3). As is shown in Section 5, the operator Q
drives the system (1.3) towards an equilibrium of the form n, = c¢(z)e F=, a = 0,1, ...
In the absence of Q the relative size of the sub-band densities n, (the occupation
probabilities of the different eigenspaces) has to be supplied externally through the
boundary conditions.

The general framework of sub - band models
The basic idea of sub - band models is to expand the three dimensional model (1.1)
into eigenfunctions of the part of the Hamiltonian acting in the quantum direction
y. That is, we assume that the operator H, = —%Ay + V(x,y) has a complete
set of eigenfunctions w, (z,y) (which are still dependent on the classical direction x),

forming an orthonormal system. They satisfy
(1.4)

h2
(@) = gyt + V)00 = Ealwar ) [ (o 0)0ar(2.9) dy = b, Vo

For the rest of this paper, it will be important to use the self adjoint property of the
Hamiltonian H. We therefore, reformulate the Schrodinger equation (1.1) and the
eigenvalue problem (1.4) weakly as

(1.5) ih uo drdy =
Qg xQy

/ Fi(ku -V + Vyu - V) + uVey dedy + F(/ un - Vb dydo(x))

O Xy

2
(1.6) / h—Vyv - Vywe + 0V (2, y)ws dy = Ea(x)/ vwe dy, a=0,1,..,
Q, 2m Q,

Y

for all test functions u(z,y) and v(y). Note, that the weak formulation (1.5)-(1.6)
implies that the system is closed in the y— direction, i.e. there are no boundary
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integrals over the y— boundary 0€, in (1.5)-(1.6). This implies, that the boundary
conditions in the y— direction are such that there is no particle flux through the
boundary 9€,. The quantum system is open in the z— direction because of the
boundary term T in (1.5). (n and o(z) in (1.5) denote the normal vector on 02, and
the corresponding surface element.) The precise form of I', modeling the injection of
particles into the system in the classical x— direction, is a quite complicated matter,
treated in [5] in detail. It is of no relevance in this paper, since we will treat the
boundary terms in the x— direction in a classical approximation anyway.
The wave function 1 in (1.5) is expanded into the eigenfunctions wy, i.e. ¥(z,y,t) =

Yo Galx, t)wa(x,y) holds. This gives the infinite system of sub -band Schrodinger
equations

(17) Zhat¢o¢ = g[¢]a = Zgaa/(ma vr)¢a’a a = 03 15 see s
where the matrix operator G and the sub - band Hamiltonians G,/ are given by
g[d)}a = Zgao/(xa vm)¢a’ = Z/Q waH[Qba’wa/] dy
o’ o’ v

Testing the Schrodinger equation (1.5) with u(x,y) = r(x)wa(x,y), where r(x) is a
test function vanishing on the boundary 9, and using (1.6) gives the operators
Gao (x, V) in their weak form as

(1.8) /Q 7(2)Gaa (T, Vg)o(z) do =

hQ ﬁ2
/ 5aa’(7vxr : V1¢ + rEaQS) + 7(”“@&0/ V@ + 9aara - Var + Tbao/¢) dx
Qo 2m 2m

where the d, dimensional vectors a,.s and the coefficients b, are given by
(19) Ao’ :/ (vwwa)wa’ dyy baa/ :/ (Vmwa) : (vzwa’) dy
Q, Qy

It is important to note that the Hamiltonian in (1.1) is a self adjoint operator, and
that this property is of course preserved after expansion into any orthonormal system.
That is, (1.8) is invariant under the the exchange r < ¢,a < «o'. In their strong
formulation the operators G,/ are given by

2

K2 h
(1.10)  Gaa' (2, Va)p(2) = daar [_%Az¢ + Eoé] +

%[ZAaa’ : Va:¢ + Baa’(aj)d)]

where the vectors Ay, and the coefficients B, are given in terms of aqqs and byqr
as

1
(111) Agar = §(aao¢’ - aa’a)a Byo = baar = Vi - Gara
We remark that, as a consequence of the Hamiltonian being self adjoint, the coefficient

vectors A, are antisymmetric, i.e. Agqr = —Aqrq holds. This will be important for
the well posedness of the sub - band drift diffusion system (1.3).
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If the coupling coefficients Ayq/, Baos in (1.10) are neglected, the matrix operator
G in (1.7) becomes diagonal, and allows for the separate solution of a lower dimen-
sional Schrodinger equation for each index « (each sub - band), in which the potential
energy V(x,y) is replaced by the sub - band energy E,(x), computed from the solu-
tion of the eigenvalue problem (1.4). The tacit, and often not explicitly stated, reason
for this approach is, that the coupling coefficients A/, Baos in (1.11) depend on the
derivatives of the eigenfunctions w, (z,y) with respect to the classical direction x, and
this dependence is assumed to be weak. As will be seen, this is the consequence of a
potential energy V', whose gradients in the y— direction are of moderate size. Con-
sidering strong forces in the quantum direction y, and including the coupling terms
in (1.7), considerably complicates the transport picture and the involved algebra. To
obtain a semi - classical approximation in the classical x— direction, it will be nec-
essary to consider self - adjoint matrices of Wigner functions instead of sequences
of real Wigner functions for the diagonal terms. Indeed, the semiclassical limit on
the kinetic level, i.e. the rigorous derivation of a sub - band Vlasov- or Boltzmann
equation as studied [2], is still an unresolved problem in this regime. This paper is
concerned with the diffusive regime, where the transport picture is augmented by a
strong collision operator, driving the system towards a local thermodynamic equilib-
rium. A semiclassical limit, yielding the system (1.3) for the sub - band densities n,
can then be obtained in a straight forward manner - at least on a purely formal level.

This paper is organized as follows. In Section 2 we define more precisely the
asymptotic regime considered in this paper and introduce an appropriate dimension-
less formulation of the sub - band Schréodinger system (1.7). In section 3 we carry
out the diffusive limit in the usual regime of strong collisions and large time scales.
Section 4 is concerned with the actual formulation of the sub - band drift diffusion
equation, i.e. the computation of the transport coefficients. In Section 5 we carry
out the semiclassical limit, giving the main result of the paper, i.e. the system (1.3).
Section 6 is devoted to some numerical experiments. Some of the more technical
calculations are deferred to the Appendix in Section 7.

2. The asymptotic regime . The coupling coefficients A,q/, Baos in the sub
- band Schrodinger operators Guos in (1.10) are given in terms of the eigenfunctions
wao(x,y). So, in order to estimate their impact, it is necessary to examine the spatial
structure of these eigenfunctions. First, we define by € << 1 the aspect ratio of the
geometry. That is, ¢ is defined as the ratio of the length scales of the domains €2, and
Q. in (1.2). We note, that adding a purely z— dependent potential to the potential
V(z,y) in the eigenvalue problem (1.4) will not impact the eigenfunctions w,,, but just
shift the spectrum F,(z). This creates a certain ambiguity in the relation between
the eigenfunctions w, and the potential V. We resolve this ambiguity by projecting
the potential onto functions with zero mean in the y— direction. That is, we write
Viz,y) as

Viz,y) = Vo(z) + Vi(z,y), Wiz)= le/|/Q Viz,y) dy, /Vl(x,y) dy =0, Vx

The eigenvalue problem (1.4) can now be solved by
h2
(2.1)  (a) — %Aywa + Vi(z,y)wa = Ao ()W, (D) Ex(z) = Vo(z) + Aa(z) .

Note, that Vi(x,y) is uniquely determined since in mean in y— direction vanishes
for all . In the presence of only moderate forces in the y— direction, Vi(z,y) is a
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function with mean 0, varying over a domain 2, of order O(¢), with a moderate size
gradient V,Vi(z,y), i.e. V1 = O(e) has to hold. This, in turn, makes the eigenvalue
problem (2.1)(a) almost independent of the classical variable z, and therefore the
coupling coefficients Ayq/, Baos in (1.9) and (1.11) will be of order O(e) as well. This
corresponds to the regime where the coupling coefficients can be neglected, and the
sub-band Schrodinger equations are become uncoupled in the non- self consistent case.
This paper is concerned with the opposite regime, when the forces in the y— direction
are large, and V7 is of the same order of magnitude as Vj.

2.1. Scaling and dimensionless formulation.

e We scale the spatial variables = and y with the characteristic length scales
of their respective domains, setting x = Lx,,y = eLy,, where € << 1 is the
aspect ratio of the dimensions in the quantum direction y and the classical
direction x.

e We scale the potential V' and the band energy F, by the ambient temperature
T of the system, setting V(x,y) = TVs(xs,ys) and Ey(x) = TEsq(xs)

e We scale time by the time scale corresponding to the length scale L in the
classical direction and the energy scale T, setting t = tsL\/%T

e We scale the eigenfunctions we, in (1.4) by we(z,y) = (6L) "%/ ?w,q (25, ys)
and the sub - band wave functions ¢, by ¢o(z,t) = L=%/2¢,, (s, ts)

e We scale the sub - band Hamiltonian G, by the characteristic energy scale
T.

This yields the scaled version of the eigenvalue problem (1.4)

n2 h
(22) _TAywsa(ws,ys) + szsa = Esa(xs)wsa, hy = —"

and the scaled sub - band system

(2.3) () ihoDibsa = Y Gaar (@5, Vi, )bsars  ha =

h2 h?
(b) gao/ (-Tsa vw5)¢(xs) = 6aa’[_§Aws¢ + Esa¢] + ?pria' . Vib(b + B;a’¢]

1

(C) an’ (LCS) = 5 /wsa’(xsa ys)stwsa ((ES, ys) — Wsa (xsa ys)vxswsa’(xsa ys) dys,

(d) BZO/ (-Ts) - / vxswsa (-Tsa ys)'vws Wsa! (xsv ys)_vw'[wsa (-7357 ys)vws Wsa! (-1357 ys)] dys .

Here h, = —2&— is the dimensionless Planck constant, relative to the scale of the
LVTm
classical direction x, and h, = h?T is the Planck constant relative to the scales in

the classical coordinate x. The original premise, that the transport picture is of a
quantum mechanical nature in the y— direction and classical in the x— direction,
means that h, = O(1) and h, = O(e) << 1 holds. We will drop the subscript s for
the scaled variables from here on.
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2.2. Wigner matrices. The goal of this paper is to derive a macroscopic (semi-
classical) approximation to the quantum system described in the previous sections. To
this end, we need to include collisions in the transport picture, i.e. some mechanism
which drives the quantum system to an equilibrium. Including collision mechanisms
which yield reasonably simple macroscopic equations into quantum transport equa-
tions is a complicated subject and has so far only be solved on a semi - heuristic basis.
First and foremost, it requires the consideration not of a single Schrédinger equation
for a single wave function as in Section 1, but the transport equations for a mixed
state, using a formulation either via density matrices or Wigner functions. We recall
that the density matrix p(x,y,2’,y’,t) of a mixed state is given by

(2.4) pla,y, 2y 1) = ynthn (@, y, ) n (2, y, £)bn (2,1, 1)

n

with ~,, the occupation probability of state number n and v,, the wave function of the
state, where each 1, satisfies a Schrodinger equation as in (1.1) with the same given
potential V. Expanding the density matrix p as well as the individual wave functions
¥y, into the eigenfunctions we (z,y) in (2.2) gives.

p(xa Y, :E/, y/a t) = Z wa(xa y)Raa/(I7 :E/a t)wa/(m/’ y,)’ Roor (93, :El7 t) = Z'_Ynd)na(mv t)¢na’ (Il7 t)*
n

aa’

Using the fact that each of the sub - band wave functions ¢, satisfy the same sub
- band Schrédinger equation (2.3) gives the commutator equation (or Heisenberg
equation) for the expanded density matrix R, of the form

(2.5)

Z‘hmat-Rozo/ - [g, R]aa/a [g, R]aa/ (xv 1'/) = Z gaﬁ(x; vx)Rﬁa’ (1[,’, xl)_ga/ﬂ(xlv vx/)Raﬁ(x7 {E/) .
B

In this paper we are interested in a semiclassical approximation to the solution of the
Heisenberg equation (2.5). To this end, it will be more convenient to consider the
Wigner - Weyl transform of the Heisenberg equation (2.5) in the classical direction z
only. We recall [17] that for a density matrix r(z,2'),z € R% the Wigner function
f(z,p) is given by the Wigner - Weyl transform f = Wr, defined by

- hy ho | i
26)  flep) = W) = @n) [ il Tnat Faerr
where h, denotes the (scaled) Planck constant, measuring how far away from a clas-
sical regime we are, and p is the (scaled) momentum vector. The inverse Wigner -
Weyl transform is given by
z+2 ip

@1 ) = ) = [ O el

We define the sub-band Wigner functions foo (x,p) by faa(z,p) = WRaa ) (2, p),
and transform the expanded Heisenberg equation (2.5) accordingly. This gives the
system of transport equations

(x —a")] dp

(28) atfao/ +E[f]aa’ = 07 'C[f]aa’ = hiw([gaw_lf]aa’> .

The computation of the Wigner - transformed commutator £ is a rather tedious
exercise, which is carried out in the Appendix in Section 7. The operator £ consists



6 C. RINGHOFER

of a diagonal part E?m, and a coupling operator L£¢, depending on the coefficients
Anar, Baor in (2.3)(c)(d). L is of the form

(2.9) (@) L[flae = Lo faar — L[ flac
. 1 ihg ihy
(b) Eaa’f(xap) =p- V:Ef(x7p) - W[Ea(x + TVP) - Ea'(l‘ - 7vp)]f(xap)
c ihy ihy hy ihy
(C) L [f]ozo/ = ZAaﬁ(x‘FTvp)(p_Tvx)fﬁa’($7p)+Aa’B($_Z?vp)(p+7vx)fa5($ap)
g

ihy

g thy g
=S Bap(a + V) fow (2,9) + 55 Barple — i V) fup(2,1)

2 2

The operators in (2.9) are defined via Fourier transforms in the usual sense of pseudo
differential operators [16]. So, c.f.

thy

he in-(p—
V) = @) [ Bt~ S a)e 0 dgdn

E,
(z+ 5

holds. The particle density in the sub - band « is given by the expansion coefficient
of the diagonal of the original density matrix p in (2.4), i.e.

na(,t) = Raa(r, 7,1), /p(x,y,x,yi) dy = na(z,t)

holds. The inverse formula (2.7) implies that the particle density Roo (2, ) is given
in terms of the sub - band Wigner functions f,, as

Na(x,t) = Rao(z, z,t) = /f(m(a:,p) dp .

2.3. Collisions. The subject of this paper is the derivation of macroscopic ap-
proximations to the sub-band Wigner equation (2.8). We therefore need to include a
collision mechanism into the ballistic transport picture described by (2.8). Modeling
collision mechanisms in a a fully quantum mechanical setting is a quite complicated
matter (see [13] [11], [1], [15] for an overview). However, since the final result of the
present paper is a drift - diffusion equation, the only information about the micro-
scopic collision mechanism entering the macroscopic model is the form of the integral
invariants of the collisions and the kernel of the operator. We therefore use a simple
BGK operator. We define a Maxwellian, i.e. a notion of local thermodynamic equi-
librium, at a given ambient temperature (I" = 1 in the dimensionless formulation),
which is parameterized by its sub - band densities. So, we have a sub-band density

matrix MSZ,)(J:, 2'), dependent on the parameter vector (my,ms,..) with

MC(YZL)(% CU) = ma(w)a Vo

and its Wigner - transformed expansion into the sub - band basis functions M (™)

o’

(2.10) M) (@, p) = WM™ (2, 27)], / M) (2, p) dp = ma(z), Yo .
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We introduce scattering into the transport picture by augmenting the ballistic trans-
port equation (2.8) by the BGK - type collision operator

(211) atfoca’ +£[f]aa’ + = (faoz - aoz’) = O> Na = /faa(xap) dp )

thus conserving the particle density in each sub-band and relaxing the system to-
wards an equilibrium of the form foo = Mg;), The local equilibrium Maxwellian
M) (x,y,2’,y") is chosen as the maximizer of the relative Von Neumann entropy,
given the particle densities in each sub-band; i.e. M(™ is the solution of the con-

strained optimization problem
Trace[R- (I —G —In(R))] - maz, Raa(x,x)=mq(z), Yo, V.

According to the theory, developed in [8] , [9] The density matrix M(™) is given as
the integral kernel of the operator exponential

(212 ML .2!) = expl=G — 8(a — #")daur X (@)
where the Lagrange multipliers X(am) (z) have to be chosen such that

M (z, ) /./\/laa (x,p) dp = mu(x), Yo, Vz

holds. Here the matrix exponential in (2.12) has to be understood in terms of the
spectral decomposition of the operator. Let ¢¥(x) denote the eigenfunctions of the

operator G + 0(x — x’)&aalxgm)( ). So, the they satisfy the problem
Gl"]a(@) + X0 (@) (@) = e (@), v =1,2,.., Va, ¥z

with A\, the corresponding eigenvalues, or, expanding the Hamiltonian G,

(213) Y Gaplz, Vo)th(x) + XTI (2)0k (x) = MWk (2), v=1,2,.., Yo, Yz .
16

The sub-band density matrix M ("™ is then given as
M) (2,2 Zw Je M (o) .

The matrix exponential in (2.12) makes the local entropy maximizer non-locally de-

pendent on the macroscopic densities. Consequently, the local sub-band equilibria
M((JZB, will depend on the whole sequence {n,, o =1,2,..} of macroscopic sub-band
densities. To derive the semi-classical limit of the sub-band drift diffusion system, we
will need an asymptotic expression for the sub-band Maxwellians Mgg, in powers of
hz. We refer the reader to the papers [8] , [9], [6] for the background on maximum

entropy closures of the form (2.12).

Remark:

e The collision operator in (2.11) conserves the particle density n, for each
sub - band. This means that inter - band scattering due to thermodynamic
effects is negligible, which is consistent with the small aspect ratio of the
domain 2. So, scattering between the sub - bands is due only to the large
cross - directional fields, and the resulting coupling of the bands through the
operator L. in (2.9).
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e In the absence of the coupling operator L., it would only be necessary to
consider the diagonal terms in equation (2.11), i.e. (Lf)ao would depend
only on f,o, and we could obtain a closed system for the diagonal Wigner
functions fua(x,p).

e In this scenario (if we neglect the coupling operator £.) we could immediately
carry out (at least formally) the semiclassical limit, by sending h, — 0. For
h; — 0, the diagonal terms in equation (2.11) would reduce to 9y foa + p -
Vafaa = VaEo - Vpfaa + %(faa - MEZL)) = 0. Standard asymptotics for a
small relaxation time 7 << 1 would then give the standard Drift - Diffusion
system for the sub - band densities n,. This would give the standard Drift
- Diffusion equations for each sub - band, where the potential energy V is
replaced by the sub - band energy FE, for each «.

3. Asymptotics for small relaxation times. In this section we carry out
the standard Chapman - Enskog asymptotic expansion for small relaxation times 7 in
(2.11), leading to a set of macroscopic transport equations for the sub - band densities
ng. Our choice of a BGK - type collision operator implies that the collision operator
in (2.11) can be written as a projection operator. We define the projection operator
P as

(3.1) (PF) o (2,9) = MU (2, ), wmmz/mmwmp

= [(PPaatw0) dp = [ foalirr) dp

So, P projects onto a Maxwellian M preserving the density n, for each sub - band.
Using the projection operator P, the transport equation (2.11) can be rewritten as

(3-2) T(0uf + (LA + T =P)f =0,

with I the identity operator. We decompose f into f = a + 7b with a = Pf and
7b = (I — P)f. (This means we make the Ansatz that (I — P)f is of order O(7),
which will turn out to be justified.) Using the projections P and I — P on equation
(3.2) gives

(3.3) (a) Bya+ PL(a+7b) =0, (b) 70b+ (I —P)L(a+7b) +b=0,

Equation (3.3)(a) will yield the macroscopic transport equation, while (3.3)(b) yields
the constitutive law for the fluxes in the limit 7 — 0. Sending 7 — 0 in (3.3)(b) gives
b= —(I —P)La+ O(7). Inserting this into (3.3)(a) gives

(3.4) Ora+PLa —TPL(I — P)La = O(7?),

In general, there are two possible regimes to consider. The first one is the regime
where PLa # 0 holds. In this case the third term in (3.4) is a small perturbation of
the other terms and the resulting transport equations are of a Navier - Stokes type.
The second regime is valid in the case that PLa = 0 holds in (3.4). In this case, we
obtain, up to higher order terms in 7, the equation

(3.5) oa=TPLLa+ O(T?) .
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(3.5) represents a closed system of equations for the sub - band particle densities
na(z,t). Integrating the diagonal terms of (3.5) with respect to p gives, using the
definition (3.1) of the projection operator P and the definition (2.10) of the parame-
terized Maxwellian M,

(3.6) Oyna(z) = / (LLM™) (2, p) dp |

which is a diffusion equation, since the operator £ (the spatial derivatives) is applied
twice. Note, that in this case, we are using the 'wrong’ time scale, and that the
macroscopic densities n, evolve on the larger % diffusion time scale.

4. The quantum Drift - Diffusion equation . In this section we employ the
Chapman - Enskog expansion from Section 3 to the sub - band Wigner system (2.11).
It turns out that, in the given regime, the long time behavior of the sub - band Wigner
system is described by a diffusive equation (i.e. PLa = 0 holds in (3.4)). Therefore,
the result of this section is a quantum drift - diffusion system (given by equations
(4.12)-(4.14) in Section 4.3 ), which is still quite complicated. To derive the quantum
drift diffusion system it is first necessary to compute the moments of the operator L.
This is done in Section 4.1. The quantum drift diffusion system (4.12)-(4.14) is given

in terms of the moments of the parameterized subband Maxwellian Mgg, In order
to compute these moments it is beneficial to express the Maxwellian as the solution
of a Bloch equation in Section 4.2.

4.1. The moments of the operator £. To derive the macroscopic transport
picture, it is necessary to compute the moments the operator £, given in (2.9). Given
its rather complicated structure in the presence of the coupling operator £, this is a
quite complicated endeavor. The deeper structural reason for the fact that this will
yield sufficiently simple and local diffusion equations is, that the original Hamiltonian
in the Schrodinger equation (1.1) is polynomial in the momentum operator iV, and,
consequently, the operator £ in (2.9) is polynomial in the momentum variable p. This
allows us to express the moments of L[f] in terms of the moments of the Wigner
function f. Before we start, we will simplify the operator £ in (2.9). We recall that
quantum mechanical density matrices have to be self adjoint operators, and that the
commutator equation preserves this property. For the original density matrix to be self
adjoint means that p(z,y, 2, y',t) = p(¢’, v/, , y, t)* holds. This translates in the sub -
band expansion into the relation Ry (2, 2") = Raro (2, x)* for the density matrix R in
(2.5) and, into the relation foo/(2,p) = fara(z,p)* for the Wigner function f in (2.8).
Note, that this relation implies that the diagonal elements f,, of the Wigner matrix,
which are used to compute physically observable quantities, are real. This symmetry
has to be invariant under the transport operator £ to guarantee self adjointness, and
we will use this structure to simplify the operator. In other words, if we define the
adjoint of a Wigner matrix as fY (z,p) = fora(z,p)*, then L[fo¥] = L[f]*¥ has to
hold, in order for the transport equation (2.11) to preserve the self adjoint property
of the Wigner matrix f. We use this fact by writing the operator £ in (2.9) as

L{f] = LIf] + L[
where the operator L is given, according to (2.9) as

(4.1)
h

(@) Llflaar = L°[flaa' =L [flaars  (0) L[f]aar (2,p) = g'vwfoza’ (%p)_LEa(x"Hi

ihy 2

vp)foza' (x,p)



10 C. RINGHOFER

thy thy hy
(c) o = ZAocﬁ x"‘i )(p_va)fﬁa’(xap)_TBa,B(x“‘Z?Vp)fﬁa’(xap)

or, in matrix notation

thy ihy ihy Ry
- V)P = 5-Vo)f(z,p) = =Bz +i--V,) f(z,p)
2 2 2 2
We note, that taking the adjoint of a Wigner matrix, does not operate on the mo-
mentum variable p, and therefore the same self - adjoint structure will be present in

the moment system. We introduce the notation

(d) L°[f] = Az +

m?fao/ = /pffaa’(xap) dpv

and have the following

LEMMA 4.1. Let Coor(x) be a matriz function and foor(z,p) be a Wigner matriz.
Then the moment m~(C(z + %Vp)f) is given by
(4.2)
0 thy 0 ihy 1, the 0
(a) m (C(l’+7vp)f) =Cm’f, (b)m (C(az+7v V) = Cmyf—T(a%C’)m f

Proof:
Using the usual definition of pseudo differential operators, the k— th moment for
k =0,1 is given by

mECf = (2m) "% /p’iC(x - %n)f(fm q) explin - (p — q)] dgdpdn

Using the variable shift p — p + ¢ in the integral and the binomial theorem gives

myCf = (2m) "% /(pu +q)"C(x — %n)f(z,q) explin - p] dgdpdn

_ k ha —j . ; .
= (2m) =% /Z (j>0(w - 7?7)?%’5 ? f(x)(—i0y, )’ explin - p] dpdn
J
Integration by parts gives

myCf = (2m)” /Z( ) _7@ O~ %n)m'ﬁ_jf(ﬂf)exp[in-p] dpdn

-y <’;> (- 220, Y O@)m} f(2)

The result is obtained by setting £ = 0 and k = 1.

We will use Lemma 4.1 repeatedly to compute the zero and first order moments of
L[f]. To simplify the computation we will first compute only the zero and first order
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moments of the operator L[f] and compute the moments of £[f] using the symmetry
relation L[f] = L[f] + L[f*¥]*4.
We start with the zero order moment and obtain from (4.1) and (4.2)(a)

1 FE,
(43) (a’)mOLO[-ﬂO&O&/ = 5 Zax,,mlljfaa/ - mmofao/,
Orc _ v, 1 _ ZhI v 0 _ Zhﬂﬂ 0
(b)) ML flaar = XD:(A My, f)aa D) : (A0, m" faa B (Bm”f)aa

Similarly, we obtain for the first order moment from (4.1) and (4.2)(b)

1 1 1
170 _ 2 1 0
(44) (a) muL [f]aa’ - 5 gazvmuufaa' - %Eamufaa’ + §m faa’az“Ea
lyc v, 2 th v 1 Zhﬂ? v 1
(b) mML [f]aa’ = XV:(A My )aa’_T —~ (6%14 'muf)aa’_T ~ (A 8Iumuf)aa/
h2 , ihy h2
Ty (3%14 ! azumof)ao/ - T(Bm;luf)aa’ - I(awuB ’ mof)ao/

v

In order to compute the moments m? L[f] from the moments m? L[f], given by (4.3)-
(4.4), it is notationally convenient to define the matrix anti - commutator as
(4.5)

{UV}aa = (UV)aa+UV* )2l = (UV)aar+ (VU ) aar = Y UapViar+Us5Vas -

aa’ T
B

Note that, for a hermitian matrix U with Uag = Uj,, the definition (4.5) reduces to
the usual definition of the matrix anti - commutator. Finally we remark, that for a
self adjoint matrix V' with V, 5 = Vjj, the diagonal of the anti - commutator (4.5) is
given by

(4.6) {U,V}aa =Y UapVia + UiV = 2Re(UV ) aa
B

Using the relation £[f] = L[f] + L[f*¥]*¥ we obtain from (4.3)-(4.4)

(4.7) (a) mOL[f] = mOLO[f] — m°Le[f]
() ML flaar = Vo - (m' f) — W(mw)w

(C) mo'cc[f]ao/ = Z{Aya mzl/f}aa/ - % Z{iAya amumof}oéa/ - %{iBﬂmof}aa'

(4.8) (@) my, L[f] = my, LO[f] = m,, L°[f]
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E,—-FE

/ E,+ E.,
@ 1 « «
T o 0, (Z

2 )mofao/

(b)m}t’co[.ﬂaa’ = Z 8I,,m12“/fao/ -
he N
(c) My L[ aar = > _{AY,m, Flaar = 57 D {102, A" 1y Haar

hiﬂ < AV hi v ha: . hi
9 Z{ZA > 89:Vm;1¢f}aa’_? Z{aqu 7awym0f}aa’ _?{237 mlltf}ao/ _Z{am#B7 mof}aa'

4.2. The local Maxwellian M), In order to formulate the macroscopic equa-
tions given in the 7 — 0 limit by the Chapman - Enskog expansion of Section 3, we
need to use a formulation of the local Maxwellians M) in (3.1) which is more
amenable to asymptotics. This is achieved by expressing the operator exponential in
the definition (2.12) via the solution of a Bloch equation. The basic idea of a Bloch
equation is to express the matrix exponential as the integral kernel of the semigroup
solution operator of a diffusion equation. If the density matrix M (™) is given as the
matrix exponential

M(n) = exp[—g - X(n)] )

then M(™ can be computed as the solution of
(4.9)
(n) (n)

1 p + xo (2
(CL) 85Raa/(l’7 :E/u 8) = _5[(gaﬂ (m7 vz)R,@a’+gﬁa’ (x/, vm’)Raﬂ]_ X (m) 9 Xa (x )Raa’

(b) R(z,2',0) = 60/ d(z — 2')

evaluated at s = 1. So MO(ZL), (z,2") = Rao(x,2',1) holds. In other words, in the same
way the function e~ %% can be expressed as the solution of the ordinary differential
equation % = —zu, u(0) = 1 the integral kernel of the operator exp[—G — x(™]
can be expressed as the solution of the evolution equation (4.9). The validity of the
formulation of M (™ via the Bloch equation (4.9) can easily be verified by expanding
the density matrix R in to the eigenfunctions ¥ (z) of the Hamiltonian G + x(™) in
(2.13) (see [12] for details). In order to compute the local Maxwellian in the sub -
band Wigner picture, we have to use the Wigner transform of (4.9), and compute
MO = WM™ via MM = R(z,p,s = 1), R(z,p,s) = W[R(z,z',5)]. We have
the following

THEOREM 4.2. The local Mazwellian M™) can be computed as M (x,p) =
R(xz,p,s = 1) with R the solution of the initial value problem

(4.10) OsR=K[R], Raw(x,p,s=0)=0b4a ,

where the matriz operator K is the Wigner transformed anti - commutator in (4.9).
The operator K is of the form K[R] = K[R] + K[R*YU]%4 . with K defined by

(4.11) (a) K=K"— K°
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h? ih 2 1 ih
iAwRaa’ _Jp'v:cRcw/ _ﬂnaa/ _i(Ea+X<(xn))(x+ Txvp)Raa’

(6) K [Rlaw = 7¢ . a

. L ihe o ihep, R h2 ihy
(¢) K°[Rlaar = ZAag(x—&-TVp)( 9 ‘*‘Zazy)Rﬁa""zZBaﬁ(x‘*‘Tvp)Rﬁa’
v B

The proof of Theorem 4.2 is an exercise in the use of the Wigner transform, similar
to the derivation of the form of the operator £ in (4.1). It deferred to the Appendix
in Section 7.2.

The theorem actually implies that, using the BGK - type collision operator de-
fined in (2.11), we are in the diffusion regime of the Chapman - Enskog expansion in
Section 3. In addition to being self adjoint, the Wigner matrix R, and consequently
the Maxwellian M, satisfies an anti - symmetry in the momentum vector p. From
the definition (4.11) of the operator K we see that, in addition to the self adjoint
relation Ry (2,p) = Rara(x,p)* the Wigner matrix R also satisfies the symmetry
Reaa (€, 0) = Raa (x, —p)*. (Using the definition of pseudo differential operators, it is
easily verified that the transformation Raa’ (2, p) — Raa’ (z, —p)* commutes with the
operator K, and therefore this symmetry is preserved by the Bloch equation (4.10).)
This implies for the moments of the Maxwellian m* M (™) that the zero order moment
mOMgg, is purely real whereas the first order moment vector ml./\/lgg, is purely
imaginary. Using the formulas (4.7) for the zero order moments of the diagonal of the
operator £ we have

mLOIM™] e = Vo - (M M)
moﬁc[./\/l(”)](m =
> 2Re(A”, miM ™) o —he Y Re(iA”, 0, m*M™) g0 — ho Re(iB,m° M™) o = 0

Now the diagonal ml/\/lgg has to be on one hand purely imaginary, and, on the other
hand purely real because M is self adjoint. Therefore mlMgg = 0 holds, and
we obtain in sum total mOE[M(”)]aa = 0. Therefore the projection operator P in
Section 3 satisfies PLM ™ = 0 and we obtain the diffusion equation (3.6) as a result
of the Chapman - Enskog expansion in Section 3.

4.3. The quantum drift diffusion system. We now turn to the actual form
of the drift - diffusion equation (3.6), i.e. to the computation of the diagonal term
[ LL[M]aq. Unfortunately, this involves the computation of all the moments of the off
- diagonal terms of £L]M )] as well. We define the Wigner matrix ¢ by ¢ = £[M™)],
and, combining (4.7) with (4.6) and setting f = ¢, we obtain, according to the previous
section, the diffusion equation

(4.12) L 0ma = mOLLM]ae = m*Llglaq =
T

dy
Ve (m'Q)aa + Z Re[—2A"mlq +ihy AY0p, m°Q)]aa + haRe[iBm qlaq -

v=1
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The moment matrices m®q and m}Lq, uw=1,.,d, are readily computed from (4.7)-
(4.8), setting f = M) as

(4.13) (a) moqaa/ _ moﬂ[/\/l(")]aa’ _ mOCO[M(n)]aa' _ mOL’,C[M(")}aa’

E, — Eo

() mOLOM ™) g = Vg - (M M) — — (MmO M)

h h
0 pc n _ v 1 n T AV 0 n T - 0 n
(&) mPL M ™) o = EV:{A ,miM( )}aa’_jzy:{m , 05, mOM( )}w,_y{zB,m M™Y.

1, _ 1 _ 1 p0 n 1 n
(4.14) (a) mhq =mLLIM™]qar = ml LOIM™D] g — mL LIM™)] g0
1000 A q(m)1 2 4 Ea—FEo 1 (n) Eo+Ear\ o, n)
(b) mp LM ]m,_;a%mwfvtw, — MO, ()M M

(c) m! L:c M(n) laar = Z{Au IWM(n)}aa/
_hiZ{Za AY mlM(n)} ,_@Z{,LAV ) mlM(n)} ,_@Z{a AY. D mOM(n)} ,
2 » Tu v aa 2 ~ P Ty aa 4 . Ty y Uz, aa

—7{237771“./\/( Yool — Z{%B,m MY o

Equation (4.12) represents the continuity equation in the sub-band formulation, and
equations (4.13) and (4.14) form the constitutive relations for the current densities
and energies. The system of equations given by (4.12)- (4.14) forms a closed system
for the scalar variables ng, once the moments m? M of the equilibrium density
M) are expressed in terms of the sub - band densities ny. Unfortunately, the full
sub - band quantum drift diffusion system (4.12)- (4.14) is still quite complicated,
especially since the moments m/ M of the equilibrium density will depend non -
locally on the sub - band densities n,. We will therefore derive in the next section
the semiclassical limit (the formal limit h, — 0). As will be seen in the next sec-
tion, the local Maxwellians ./\/l(n), reduce to their classical counterparts in this limit,

ie. limy, Ho./\/laa, = (27) "% 212§ 0N, exp(— g" ) holds. This drastically reduces the
complexity of the system (4.12)-(4.14). Note, however, that it is not enough to sim-
ply replace the local Maxwellian by its semiclassical limit in (4.13)-(4.14) because of
the presence of the O(h; ') terms in the off diagonal elements of the moment matri-
ces m%q, m'q. We therefore need higher order asymptotic expressions for the local
Maxwellians M&"a),, which will be obtained from an asymptotic solution of the Bloch
equation (4.10).
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5. The semiclassical limit of the quantum drift - diffusion equation. In
order to carry out the formal limit A, — 0 in the quantum drift diffusion system of
the previous section, it is necessary to derive asymptotic expressions for the moments
of the equilibrium Wigner matrices M in (4.12) (4.13) (4.14). The easiest way to
derive these asymptotic expressions in the Wigner transport picture is to formally
expand the solution of the Bloch equation (4.10). (This is the real reason for the
formulation of the operator exponential via the Bloch formalism). This is essentially
the same approach as followed in [6]. We have the following

THEOREM 5.1. The moments of the subband Mazwellian M) are given up to
terms of order O(h2) by

Ng' — Ng Aaa"f’O(hi)y

1 0 (n)/ == 4 ! (n)/ =1
(5.1) (a) mM" M0 = baarna, (b)) m M. =ihy n(na) — In(na)

() m2; MY, = Saarbyjna + O(h?)

The proof of Theorem 5.1 is deferred to the Appendix in Section 7.2.

The result (5.1) appears somewhat unusual at first glance, since the asymptotic
expression for the first order moments contains an O(h,) term, whereas asymptotic
expansions to thermal equilibrium solutions are usually expansions in A? [6]. The
reason for this is the presence of first order derivatives in the Hamiltonian G. A
term of the form A2V, in the Hamiltonian results in a term h,p under the Wigner
transform, yielding an O(h,) term in the corresponding matrix exponential. Note,
that the moment matrices moMg;)/ and mQMg;), are real and symmetric in the

indices «, o’ while the first order moment matrices ml./\/lg;), are purely imaginary
and antisymmetric in o, o’. Thus the O(h;) term does not appear in the diagonal of
M) and therefore does not contribute to any physical observables.

From (4.13) we can conclude that the zero order moment m®q is (at least formally)
of order O(h,), since m; M = O(h,) holds and M°(n) is up to O(h?) a diagonal
matrix. Thus, the terms involving m%q in the continuity equation (4.12) constitute
an order O(h2) perturbation, and in the semiclassical limit h, — 0 the continuity
equation becomes

1
(5.2) —0ma = Vo (m'0)aa =2 | Re(A*1m,,0) 0
m

Using the asymptotic expressions (5.1)(a)(c) in the formula (4.14) for m'q, we obtain
m}LQOm/ = mlllﬁ[/\/l(n)]aa/ =

5aa/amuna*(Ea*Ea’)A# Na’ — Na

T N 17 N\ 5(10/ alVz Ea* A#
** In(ng) — 1n(n(,¢/)Jr N0, (

aa’

N +Ab, 16 )+O(h2)

or, using the anti - symmetry of the matrices A*,

(5.3) M) Gaa: =
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Eu — Eo
baar (O, Na + Nalz, Ea) + Al (o —nar)(1+ o )+ O(h2)

(na) — In(nar)
Inserting (5.3) into (5.2), we observe first that, because of the antisymmetry of the
matrices A*, the diagonal term m'qqeq is simply given by m'qaa = Vana +na Ve Fa.
Also, because of this antisymmetry, the diagonal term m!g.. does not contribute to
the diagonal of the matrix product A*m/q. Thus, inserting (5.3) into (5.2), we obtain

T

Es — E,

Qlnla = —2) AL AL (ns —na)(1 + n(ng) — In(na)

B
or

N _ Bs—Ba
(5.5)  Q[n]a Zﬁ: ap(np a)(1+ln(n5)—ln(na)

) Kap =23 (412 >0
"

Equation (5.4) represents the sub-band drift diffusion equation in the formal semi-
classical limit. Note, that the sub-band densities n, will evolve on a slower O(%),
or diffusion - , time scale than the solution of the underlying kinetic equation. The
collision operator @ in (5.5) models the scattering, i.e. the transfer of mass, from
one eigenspace or sub-band to the other. We point out that this scattering mecha-
nism is not due to the collisions introduced in Section 2.2, which conserve mass in
each sub-band, but to the strong forces in the quantum direction. (The scattering
coeflicients are proportional to the coefficients (Aga,)Q, and they in turn depend on
the variation of the potential in the y— direction in Section 2). The inter-band colli-
sion operator () is of a somewhat unusual form since, due to its nonlinear structure
and the dependence on the eigenvalues F,, it cannot be separated into the usual in-
and outscattering terms. It does, however, exhibit the usual desired properties of
a collision operator, namely its kernel is given by the physically correct equilibrium
distribution and it dissipates a relative entropy. We summarize these properties in

THEOREM 5.2. The inter sub-band collision operator Q[n] in (5.5) has the fol-
lowing properties.

1. Q[n] conserves the total mass independently of how many sub-bands are used
in the expansion, i.e. if N terms are used in the eigenfunction erpansion
(a=1,..,N) then 22;1 Q[n]a = 0 holds for any N.

2. The kernel of Q is given by multiples of the Maxwell distribution e~ F= i.e. the
kernel of Q consists of densities no, = ce P=, a = 1,.., N with an arbitrary
function c(x).

3. Q dissipates locally the relative entropy € = Y. na(In(na) + Eo — 1), i.e.
Ziv:l(ln(na) + E,)Q[n)o <0 holds.

Proof:
The statements 1-3 are most easily proven by introducing chemical potentials and
writing the collision operator @ in a weak form. We define the chemical potentials
®a, @ =1,.., N by the relation n, = exp(¢o—FE,). In terms of the chemical potentials
Q in (5.5) can be written as

Q[n]a = Z Kaﬂ ln(

- ns) — In(ng)

ng — Ng

(¢B - ¢a)
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In order to write ) in weak form we test against the vector u,, o =1,.., N and form
the sum

— ng — Ng
Zan Z Ua’focﬁl ) hl( ) (bﬁ (ba Z uﬁﬁaﬁln ) ln( )(Qba_(bﬁ)'

a,f=1 a,f=1

For the second equality we have used the fact that the matrix elements xos are
symmetric because of the anti-symmetry of the coefficients A, in (5.5). Thus we can
express the sum as

N N
66 Y uQnla=—5 3 x e Tt Ty (48 ~ ) (93 = 6a)
a=1 a,3=1

Setting uq =1, a=1,..,N in (5.6) gives > Q[n]o = 0, proving the first statement.
Setting ¢, = In(c), ny, = ce Fa, a = 1,..,N in (5.6) gives Zgzl UaQ[n]a =
0, Vu, and therefore Q[n], = 0, Va, proving the second statement.
Finally, setting uy, = ¢o, a = 1,.., N gives Zgzl PaQn)o = Z(Ilv:l[ln(na) +
E,]Q[n]a <0, since the coefficients kq3 non - negative and the logarithm is a mono-
tonically increasing function. This proves the third statement.

We conclude this section by reversing the scaling of Section 2.1 and formulating the re-
sulting quantum drift diffusion system in the original dimensional variables. Recalling
the original scaling in Section 2.1 we re-scale

L2
ntotT

Qln), T— %

ne(z,t) — n}Oth(Lz,toL\/?), E,(z) — %Ea(Lx), Q[n] —

with the original time scale ¢y in Section 2.1 given by ¢ty = L\/? , L the characteristic
length in z— direction, T the ambient temperature and m the mass of the particle.
The scaling factor n'°* for the sub-band particle densities will not appear in the
unscaled equations and has to be determined by initial conditions and the boundary
conditions in the x— direction. This gives the unscaled diffusion equation

%8,%& = Vo (TVang + 1aVeEq) + Qnla

We recall that the coupling coefficients A,p are given in terms of the eigenfunctions
we(z,y) by (1.9) and (1.11) and (2.3)(c). Re-scaling

wa (2, y) — (eL)%/?wy (L, eLy), Al () — LAL 5(La),  Kap(x) — L*kop(L),

gives

1
Rap = 2 § (AZ[;)Q; Agﬁ = 5/9 wﬁ(x7y)8xuwa(xvy) - wa(-ray)awuwﬂ(xay) dy
m

Y

where the w, are now the solutions of the unscaled eigenvalue problem (1.6), noma-

lized to fQ wowg dy = 0qp. Finally, the unscaled collision operator @ is now of the
v

form

Eg— E,

. ;W(m — )T+ e T
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The asymptotics used in this paper were based on the assumptions that the relaxation
time 7 is smaller then the kinetic time scale ¢ty and that the scaled Planck constant

. . . . . T h
hg for the transport in z— direction is small, i.e. that 74/-- << 1 and er << 1
holds.

6. Numerical Results. In this section we present some numerical results, elu-
cidating the asymptotic theory derived in the previous sections. Ideally, one would
like to numerically compare solutions of the original Schrodinger equations to the sub
- band approximations derived in this paper. This would involve a solution of the fully
three dimensional Schrédinger equation for a mixed state (i.e. a solution for the six
dimensional density matrix) including the non - local collision mechanisms used here,
which is beyond the scope of this paper. So, the purpose of this section is threefold,
namely

e To demonstrate the conditions under which the regime discussed in this paper
is valid.
e To study the effect of the inter - band collision operator on solutions of the
resulting drift diffusion equations.
e To study the convergence of the sub - band expansion, i.e. how many terms
are necessary in a simple example.
In order to address the first point, we generate a potential which roughly describes the
actual physical situation in a SOI (Silicon Oxide on Insulator) semiconductor device,
and compute the coupling coefficients A,/ corresponding to this example. In a self -
consistent calculation, the potential would have to be computed from a self consistent
solution of Poisson’s equation using the densities n(x,t) = Y na(2,t). The present
paper is concerned with the non - self consistent case. So, we compute an approximate
potential V| obtained from a simple classical Boltzmann model of the form

(6.1) —V. - (eqiViV)+n;exp(V—-¢)—D=0,

where eg; is the dielectric constant, ¢ is a a simple approximate chemical potential,
satisfying A,¢ = 0, n; is the intrinsic particle density and D is some background
concentration (the doping concentration of the device). The simulation domain is
depicted in the left panel of Figure 6.1, where the green area denotes the actual
simulation domain, in the yellow areas (the oxide) V satisfies the Laplace equation.
The bias applied to the device is modeled by applying Drichlet boundary conditions
to the Laplace equation for the chemical potential ¢ at the interfaces between the
oxide (yellow) and the simulation domain (green). The corresponding potential (as
the solution of equation (6.1) is depicted in the right panel of Figure 6.1. Computing
the eigenfunctions w, (z,y), according to (1.4), yields the coupling coefficients Aqq/,
defined in (1.11). They are depicted for the case of three sub - bands, in dimensionless
form in the left panel of Figure 6.2. Note, that they are antisymmetric A, = —Aga
holds. The size of the coupling coefficients A,g in dimensionless variables verifies
that, under the given biasing conditions, the coupling terms in the Hamiltonian G in
Section 1 cannot be neglected. In the right panel of Figure 6.2 we show the densities
ne computed from the diffusion equation (5.4)-(5.5) in logarithmic scale, using three
terms in the sub - band expansion. To investigate the effect of the coupling operator
on the sub-band drift diffusion system, we solve the system with and without the
coupling operator @, using the potential depicted in Figure 6.1. Figure 6.3 shows
the particle and current densities (on a linear scale) for each sub-band as well as the
total particle and current densities. Note that, in the one dimensional steady state
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Fic. 6.1. Left Panel: Schematic, green=simulation domain, blue= metal contacts, yel-
low=insulaing oxide. Right Panel: Potential V from the Boltzmann model (6.1).
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F1G. 6.2. Left Panel: Band energies Eqo(x). Right Panel: Coupling coefficients Aqog(x) for the
first three terms in the sub-band expansion.

case, without the coupling operator () the current densities are constant in space. We
see that the scattering between the different eigenspaces produces a significant (30%
) reduction in the total current. Finally, we solve the same problem using 8 terms
in the sub-band expansion. Figure 6.4 shows the corresponding particle densities
on a logarithmic scale. We see, that the last 4 expansion terms do not contribute
significantly to the over all solution any more.

7. Appendix.

7.1. The sub-band Hamiltonian in the Wigner picture . To write the
commutator [G, R] in Section 2 in the Wigner transformed variables, i.e. to compute
the operators £°_,, £¢ in (2.9), it is necessary to express general linear differential

operators acting on the x— and #’— variables in terms of the Wigner - Weyl transform
and its inverse (2.6)-(2.7). We have the following

PROPOSITION 7.1. Let the linear differential operator D(x,V,) be given by
D(z,V,) = C(x)V¥ then, under the Wigner - Weyl transform (2.6), the differen-
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F1G. 6.3. Sub-band densities no(z) and total particle density (dashed line) using three (left
panel) and eight (right panel) expansion terms.
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Fic. 6.4. Comparison between the coupled and uncoupled case for three sub-bands. Left 4
Panels: particle densities. Right 4 panels: current densities. Solid lines: with coupling, Dashed
lines: without coupling. Second bottom panel from left: total particle density. Fourth bottom panel
from left: total current density.

tial operator D, acting on the variable x, becomes
, ihy iy k\ 6 ip k—i o
(7.1) (a) WID(@, Va)r(@,a)l(@,p) = Ole+ V) 3 277 ( ;) (G- Vif(a.p)
,j xr

and the same differential operator D, acting on the variable z’, becomes

(O WD, V(o) = Clo = 520 Y270 (1) (<20 v

Proof: We first use the inverse Wigner - Weyl transform, given by (2.7) and obtain

iq

P —a)] dg

DG, Va)r(as') = Ca)VE [ S gy el

= [ 3 ()Gl s el o - dn.
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Using the Wigner - Weyl transform (2.6) on this expression gives

WG Trl(e) = 20 [ ez S (4) 27 G179 o) explin (o)) dad

which is the usual definition of (7.1)(a) in pseudo differential operator notation.
(7.1)(b) is obtained in a similar manner.

Remark: In general the expressions p*~7 - V7 in (7.1) have to be understood in
tensor notation. We will only use Proposition 7.1 with & = 0, 1,2, i.e. for 1,V,, |V,|?,
where the meaning of these terms is quite self -evident.

As a consequence of Proposition 7.1, a part of the Hamiltonian G, in (2.3)(b)
of the form Cpq (z)V¥ yields a contribution of the form

i it ik iy i e . Ry i
i 2 () Canlo i VT )~ (1 Corpla =5, T o)

to the Wigner transformed commutator L[f] = iW[g, WLf]in (2.8).

2 2
For the free Hamiltonian —%5QQIA1 we have k = 2, Coor = —%504&', and the
corresponding contribution to £ is

p- vzfao/ (x,p)

For the term involving the sub - band energy FE, in (2.3) we have k = 0, Cpo/(z) =
Oaar Eo (), and consequently a contribution of the form
) thy thy
N E _) — E ’ —_ /
hm[ a(z+ B ) o (@ 9 Vp)l faar (2, p)

Note, that the these first two terms are diagonal in the index «, and yield the usual
uncoupled sub-band equations. This gives the operator £2_, in (2.9)(b). We now turn
to the coupling terms. For the first coupling term of the form h2 A, ¢ in (2.3)(b) we
have k =1, Cpor = hiA,m/, and consequently a contribution of the form

1

) ot hy L . hy L

mw} E 2 j(hi)l J[Aozﬁ(x“‘z?vp)pl jvifﬁa’(%p)_(_l)l jAa’B(m_Z7vp)pl IV fap (@, p)]
i=0 8 ‘

e ha
= - ZAaﬁ(fL' + Z?Vp) 'pfﬁa/(ff,p) + Aa/ﬁ(x - ZTVP) 'pfaﬁ($vp)
B

ihy g g
+7 Z Aaﬁ(m + ngp)vwfﬁo/ (l‘,p) - Aa’ﬁ(m - ngp)vwfaﬁ(xap)
B

For the second coupling term in (2.3), involving the coefficient B, we have k =

2
0, Coor = %’Baa/, and consequently a contribution of the form
ihy h h

5 2_[Bap(@ +i7-Vp) faar(2,9) = Barp(w — i V) fap(,p)]
B

This gives the operator £¢ in (2.9)(c).
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7.2. The asymptotic form of the local thermal equilibrium. Proof of
Theorem 4.2: The operator K in (4.11) is the Wigner transform of G + x. So

KIf] = —gWIG +X™)IR],  f=WIR

holds. Again we use Proposition 7.1 together with the form (2.3) of the sub-band
2
Hamiltonian G. Setting C' = %6(10/7 k=2in (7.1) gives

h2 h? iha p|?
W[I%a/ﬁxm = 5aa/[EAzf + 2 P Vef — Tf]

Setting C = —3(Ea () + xi™ (2)), k =0 in (7.1) gives
W5 (Ea(@) + X3 (@) B] = =5 (Ba + X3 (@ + V) f

This establishes the operator Ky in (4.11)(b). To compute K° we set C' = %Aaa/, k=
1in (7.1) and obtain
h2

WIS AapRpar] = Aap(a +

ihe _ - ihy h2
7vp)<7pfﬁa’ + szfﬁaf)

Proof of Theorem 5.1: In order to prove the result it is sufficient to expand
the operators K% K¢ in the Bloch equation (4.11) up to (inclusively) terms of order
h.. That is we consider the system

9sRaa(,p,8) = K[R] = K[R] + K[R*¥]*%4

ih 2 1 ih
K[R] = KO[R]_KC[R] = _Txp'vaOéOz’_%Raa/_i(Eoc_FX((xn))Roza/_Txvx(Eoz‘FX((xn))'vaaa’

ihe <
_7 Z Aaﬂpl/Rﬂa' + O(hi)
vB

We note that the sub-band energy FE, can be absorbed into the Lagrange multiplier
X&") which has to be determined by the sub-band densities n, anyway. Using the

definition of the operator IC via the adjoint we obtain

2 (n) (n) ;
a + o ih n n
OsRoo (2,0, 8) = K[R]aar = —%Raa'—%’lﬂml—f(vxx& )—Vxxg,))-vp’Raa/
Zh$ v v 2
- 2 [AaﬁpuRBo/ - Aa/ﬁpuRaﬁ] + O(hz); Raa’ (xvpa 0) = 5ao¢’

v
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We use the integrating factor Ano (z,p,s) = exp[—s‘g‘2 — 5(Xa M 4 X( ))] an set
Raar = Aaa’Uaa'v giVing
’LhT n n th v v
Aaa’asUao/ == —T(wag )_vxxg’))'vp(Aaa/Uaa/)_T Z[AaﬁpuAﬁa’Uﬁa/_Aa/ﬁpuAaﬂUaﬁ]‘f‘O(hi)
vB

subject to the initial condition Uye/ (2, p, s = 0) = dpqs. Expanding U, into Uaa,
h,UL. + ... gives for the zero order term U2, (z,p,s) = daas. The first order term
satisfies the initial value problem

) )
Aaa’asU(ia’ - — 4 (sza -V X ) -V (Aaa’éaa’)_§ Z[AZ,BPVA,BOU(SBQ’ _Az/ﬁpVAaﬁéaﬁ]
v3

subject to homogeneous initial conditions. This gives, using the anti - symmetry of
the matrices A

Aaa’asUéa' = -3 ZAaa/pu oo’ T+ Aaa)7 Uéa/(ﬂf,p, s = O) =0

or, using the expression for the integrating factor A,q-

88Uolza’ =—i COSh( Xo/ ZAaa/plﬂ (LE pb,s= O) =0

sinh(%(x&n) — X(arf)
(n) B (n) Z Aaa/py7
Xa Xa!

Consequently, the sub-band Maxwellian M is then given by

= Uia, (z,p,8) = —2i

M(n) = Raa"szl = Aaa’(Uga' + hchlw’)|s:1 + O(hi) =

aa’ T

2 1(,,(n) (n)
P 1 . Sll’lh(*( _Xa )) v
M ) = expl— A (40 430 20, T2 X0 D A O
Xa ™ — a’ v
or
(n) p? X e 2
Mo (@,p) = exp(— 9 ) baare™X _thWZAZo/pV]‘FO(hx)
Xa 7Xo/ v

Computing the moments of the sub-band Maxwellian up to order O(h2) gives

n Xyt — X
mO M), () = (2m) % e X mA MW, () = —(2m) ik, o C A
ao 13 ao X&n) _ X(»,Il) ao

m2, MU (2) = (27) Oy Gaare ™"

The Lagrange multipliers x( ™ have to be chosen such that on the diagonal mOMaa =

Ne holds. Therefore we obtain the relation n, = (27)%e X5 and, up to terms of
order O(h2),

= Ngy "

mO M, (2) = Suarna, miM(aQ,( ) =ihy -

/

ln Ne — NNy
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m2, M, (2) = 6,000 -
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