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MOMENTS OF THE INVERSE SCATTERING OPERATOR OF THE
BOLTZMANN EQUATION: THEORY AND APPLICATIONS*
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Abstract. In this paper useful physical objects called moments of the inverse scattering operator
(MISO) of the Boltzmann equation (BE) are studied. The existence and uniqueness of the MISO is
proven and a simple, generally valid, iterative scheme to actually compute those objects is given. The
applications of the MISO extend from the computation of the solution for the space-homogeneous BE
for small electric and magnetic fields to the exact computation of any transport parameter. This can
be done for all moments of the space-inhomogeneous BE and for arbitrary electric and magnetic field
intensities. The concept of MISO offers an elegant way to avoid the relaxation time approximation
(RTA) every time it comes into play, not only theoretically but also in practical computations.
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1. Introduction. In contemporary semiconductor device simulation two ap-
proaches are common: For industrial application the so-called transport models (TMs)
are widely used to compute terminal currents and to perform small signal and noise
analysis. On the research side, one prefers, when possible, to directly solve the space-
inhomogeneous Boltzmann equation (BE) either using Monte Carlo (MC) methods or
directly. The two methods often lead to different results. When trying to understand
the origin of these discrepancies, one is immediately confronted with the relaxation
time approximation (RTA). The RTA has been used to derive the TMs from the BE
as a standard method mainly due to the lack of alternative ways to treat the problem.
In the case of device simulation, it is impossible to validate the correctness of the RTA
because there is no general method for directly comparing it with exact solutions.

The aim of this paper is to develop a method that avoids the RTA. It will allow,
among others, the exact computation of transport parameters and noise sources for
any moment of the BE using the MC method. The key feature in this formalism is the
derivation and computation of moments of the inverse scattering operator (MISO).
Although the formalism was primarily developed to be applied to semiconductors, it
can also be used to analyze any open system described by a BE (linear or not).

The paper is organized in four sections. First, we recall the approximations in
deriving a TM and point out how the knowledge of the MISO enables us to locally
compare term by term the TM with the outcome of an MC simulation, i.e., with the
solution of the BE. In section 3, we will outline the sufficient mathematical conditions
under which the MISO exist, and we will present a natural way to compute them. In
section 4, five useful applications are presented. First, the MISO are used to compute
the solution of the space-homogeneous BE for small electric and magnetic fields.
Then, transport parameters, Hall factors, and relaxation times (RTs) are computed
in a very general way. At the end of the section, an exact expression is derived for
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the correlation functions of the Langevin noise sources for arbitrary moments of the
space-homogeneous nondegenerate BE. Finally, section 5 gives conclusions and a brief
outlook on future work.

2. Direct comparison of TMs with the BE.

2.1. Derivation of TMs from the BE. The first step in the derivation of any
TM from the BE
(2.1) Of +5-Vef = T E-Vief = Sf

is to introduce some kind of RT 7, which ideally should contain all information about
the scattering operator (SO) S:

(2.2) Ouf +7-Vif — qEVf S~ g les

. (N k) =——"—=="".

t r(f.7 0K E)

The function 7 may depend on moments of the distribution function f, the position
in real space 7, the momentum k, the time ¢, and the electric field E. Multiplying
both sides of (2.2) by 7 results in

—

T(f, 7t k E) f—i—T(f,rtkE)v Vof

(2.3) —7(f, 7 t,k, E )

In (2. )7( 3), feq denotes the Boltzmann distribution function normalized to one
([, f2,(k)d%k = 1) and n = [_f k)3k, neq := [ feq(K)d®k, with Bz the Bril-
louin zone. The symbol n., is used here for convenience, although the actual equilib-
rium density differs from n., by a constant due to the normalization condition.

To be able to compare (2.2) and (2.3) with the exact BE (2.1), one has to invert
the SO (2.4):

]
S—
ISH
B
i

24) [ SUEk, Ko f(R)d3E + /S (k, kK")G(K') - Vi f (K

- [ ER

Note that S~'o S # 1! This crucial statement will be explained in detail in section 3.

RTs are introduced because the original BE (2.1) causes a major problem when
one wants to derive a transport equation: The distribution function f does not appear
isolated in the equation. The only term in which f is isolated is 0;f, which is the
partial derivative of f by the time, which is not an equation for f. By introducing
an RT 7, f appears isolated on the rhs of the equation. This is the main reason why
RTs are introduced. To do the same in an exact way, the simplest possibility is to
reverse the SO. This is the only possibility for expressing in an exact mathematical
way what the RTA tries to achieve on a heuristic basis. In (2.2), the term f% feq Was

" feq(B).

€q

E -V (K@K = f(k) —

St

introduced phenomenologically to express the fact that at thermodynamic equilibrium
the collision term disappears. The mathematical reason is, however, that the SO S has
an eigenvector with eigenvalue 0, which is the equilibrium distribution f., in the case
of Boltzmann statistics. Therefore, (2.4) is the rigorous mathematical formulation of
what was done approximately and heuristically by introducing an RT.
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The second step is to build a moment of interest of (2.3) by multiplying (2.3) by
a function g(k) and integrating over the momentum space,

@) [ [arEmosEn)ek s [ @@ mi - ToE o]
- [ (oG E LT E)h = [ o) |77 - 2o

where g(E) is a function in which we are interested. g(E) could be, e.g., a power of
the velocity.
Building moments in a similar fashion with (2.4) leads to

(2.6) //
Bz JBz

Uk, ky, )0, f (ky, 7) | Pk Pk

=

(Ea klvf)ﬁ(lz;l> : vl‘f(‘]zlvf&)} d3k1d3k

?T‘l

/Z

// 1;' Lk, ky, 7 )% vklf(El,f)}dSkld%

;:/ St kl,f)atf(kl,md?’k1+/ Sy (ky, P)T(k) - Vi f(kr, 7)dPhy
Bz

Bz
7 f)]d?’k,

- [ S ENLE Vi@ = [ o) |1

Bz

where
(2.7) S (R i) = / oS~ (F, T, )%k
Bz

is a moment of the inverse scattering operator (ISO) in (2.5).
The third step is to perform a partial integration of the k-gradient term in (2.5)
and to neglect the boundary term

(2.8)
| B EmFE Vet Eryih= 1B [ Vuloyr(HE D) IENCE
Bz Bz

Because the function S 1(ky1,7) can be discontinuous in some points (for some silicon
MC models, this happens on the boundary surfaces between two valleys), we cannot
exactly transform the k-gradient term of (2.6) as in (2.8). Instead we have to decom-
pose the domain Bz into subdomains, where the function S 1(1%, ) is continuous,
and keep all the boundary terms, which in general will not disappear, as follows:

Z F7)5 B Vi f (R 7)dk

Bz7

3 9z
RE D [ VST RSk GE S S R
where | J, Bz; = Bz.

The boundary term ), §, Bz, ( .7) f(k,)iida does not vanish. To our knowl-
edge it has never been 1nvest1gated numerlcally whether this term is negligible for all
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moments and for all field strengths of practical interest, e.g., for bulk silicon. We will
therefore keep this term in our numerical analysis.

To derive common TMs, only a small number of functions g is relevant. For the
drift-diffusion (DD) model, only the moment corresponding to g1 = ¥ is needed. The
hydrodynamic model is obtained by considering the moments g; = ¥, go = € (where
e(k) is the energy) or |[v||> and gs = 7go7. Finally, for the so-called six moments
method (see [6]), the additional moments g = €? and g5 = 747 are considered. These
moments equations, together with the Poisson equation and the current continuity
equation (the contraction of the BE with the constant function 1), constitute a TM
that should approximate the solution to the BE coupled with the Poisson equation.
These equations are usually parametrized using the electrostatic potential, the particle
density(ies), and the mean value of g and g4. To close this system, further steps are
needed: The g3 (resp., g5) moment is inserted into the V, term of the go (resp., g4)
moment and approximations are done, such as the use of the Einstein relation, the
replacement of tensorial transport coefficients by scalars, and the use of a closure
relation for the last moment (see, e.g., [13], [3], [1], [12]). Finally, all expressions still
unknown are called transport coefficients and computed using a model (analytical
and/or bulk MC simulation) and parametrized by the functions listed above.

2.2. Transport parameters. In order to illustrate potential applications of the
outlined concept, we directly compare the moments of well-known macroscopic TMs,
such as the DD model and the energy-balance (EB) model (see, e.g., [12, Chap. 1.1.3]),
with the corresponding terms from the BE containing the exact ISO. The equation
for the current in the DD model reads
(2.10) 70, ((7)) — unE — DVypn = (7)) =: —

3

S

where 7, is the momentum RT, p the mobility tensor, D the diffusivity tensor, n the
density, and (0) := [, 0fd3k ((¥) /n is the mean velocity).

If we compare term by term the lhs of (2.10) with the lhs of (2.6), we find the
following conditions for the DD model to be exact:

(2.11) 0 ()= [ Sy (R, oS (R, )k, i=1,...,3,
Bz

(2.12)

2 L 45 > 3., @
unk ——7E~/ Vi k,T r)d°k+ - F j{ rf 7)nda,
(k) == 4B | V(S E I W2, Su EDIED

i=1,...,3,

(2.13) (=DVyn), = [ Sk, P51 - Vef (b, Dk, i=1,...,3, (v, =0
. r’t); 5 v, 1, 1 r 1, 1, — Lyeeey 9y t/eq — V-
Note that (2.13) gives a natural definition of the mobility tensor
(2.14)

=4 k7)) 3 ida)
Wy = = [ O S EIIEor e+ 5 § 8GR,

i=1,...,3.
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The corresponding equations for the EB model are

(2.15) 7,00((7)) — pnE — pnVy (qu <:>> — D'Vyn = (),
(2.16)
ng (T) —n <Z;quq = —Tpq(0) - E— 715V, |:_an1' <<Z>> + 5];3<T>n<17>] ,
=Teq

where 7 is the energy RT, k,, the heat conduction coefficient, (T'), q /Meq the tempera-
ture in thermodynamic equilibrium, D’ := ’%B@,u, and (T) := 57=-Tr( [, (T® T) fd3k).
If we compare (2.15) and (2.16) with (2.6), we find the following conditions for the
EB model to be exact:

(2.17) —u<vr(’“Bq<T>>> L[ s FLAEE) - Ve R ke, i=1,...,3,
3 Bz

3

(218) 75 (@) - Eé—lmzh /vk LGRS PR

3
Z ;%sz vv’ k ) f (k,P)iida,

M\H
Dr\@

=1

(2.19)
Vs {—nnv, (?) +5I;B<T><5} i% Z/ St (ky, F)5(Ry) - Vo f (R, 7)d%hy.

n

Although the terms in the rhs of (2.11)—(2.13) and (2.17)—(2.19) look rather cum-
bersome, this is not the case. As soon as we know S 1(E, 7) for all required g, we
can easily compute such terms for a given device with an MC simulation and then
locally compare with the terms of the TM. It should be noted that by construction the
following holds: If the transport coefficients computed by the MC method are rein-
serted into the TMs as a function of position only (not as a function of the density
or the mean energy), then the TMs will exactly reproduce the MC density and the
MC current density in the case of the DD and EB models, as well as the MC energy
current density in the case of the EB model. Another way to verify this statement is
to reinsert electric field, density, and mean energy from the MC solution of the BE
into the TMs that contain the exact transport coefficients, and to observe that they
indeed solve these equations. Therefore, the restrictions imposed on these TMs to
be valid (restrictions arising from the models for the transport coefficients) become
obsolete as soon as the exact expressions (2.11)—(2.13) and (2.17)—(2.19) are used.

Based on this motivation for the computation of MISO, we show how to actually
compute them in a general way.
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3. Existence and computation of the MISO.

3.1. Derivation of an equation for the MISO. We start with the general
form of the BE,

(31) O (7t ko) + - Vaf (76, K, b) + K - Vi f (7 1, F, b)

72 (7t o, bo)w (7, 1) (Ko, bo |k, 0)ko—Y | f(F.t, K, b)w(F,t)(k, blko, bo)d* ko,
Vbg bo Y Vbo

where 7 is the position in space, k the position in k-space, b a band-valley index, V},
the k-space of band-valley b, and w(7,t)(k, b|ko, by) is the scattering rate from point
(E, b) to (Eo, bo) (at time t and space position 7, respectively). Note that the Pauli
blocking factors (1 — f) are included in the scattering rates w. Since 0 < 1 — f <1,
they will never increase the magnitude of w. This will be of some importance below.
In the following we will work under the assumption that the Vj, are compact pairwise
disjoint subsets of R3, and w(7, ¢)(k, blko, bo) : Vi X Vb, — R is a continuous function
of k and ko. We define K := Uijio Vb, -
The scattering operator S is defined as

(32)  S(7t)(k,blko, bo) := w(7,t) (Ko, bo|k, b) — 63(k — Ko)8p.0o Wiot (7 1) (K, b),

with Wio (7, £) (K, b) := Yy, [, w(F 1) (R, bR, b) 43K > 0.

By definition, w(r,t)(ko, b0|k;, b) is a bound continuous compact operator on the
Banach space C°(K) with |||/ (see, e.g., [14, p. 70]).

In the remainder, the argument (7,t) will be omitted, and the Dirac notation
sometimes will be used for better readability (e.g., | f) := f). We will also sometimes

[39ebi

use the “o” notation

(3.3) (Ao B)(k,blky, by) := Z/ A(K, blKo, bo) B(ko, bo|k1, b1)d>ko
to avoid confusion. Using the Dirac notation, the lhs of (3.1) can be written as
(3.4) Sif) =Y /V S(F, blFo, bo)  (Fo, bo)d*Fo
bo
= Z/V F(Fo, bo)w(ko, bk, b) — f(k, b)w(E,b|E0,b0))d3ko.

Now we want to define an inverse operator H for the SO, i.e., an ISO. First of
all, one cannot define the ISO naively as H o S|f) = |f) for all f € C°(K), because S
has an eigenvector with eigenvalue 0 (indeed only one, as we will show later), namely,
the Boltzmann function f.,.! Therefore, we have to invert the SO on the space K ert
perpendicular to its kernel Ker := {\|feq) | A € R}. To do so, we define explicitly

(3.5) Kert :={Py,lg) | g € C°(K)},

LAlso in the case of degenerate systems and/or systems with two-particle scattering (e.g., e-e
collisions) the eigenvector with eigenvalue 0 exists and is unique, but it will depend on the solution
f of the BE, because the scattering operator S depends on f. This will not impact the validity of
our approach.
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where

(3.6) Py = 1= |feg)(feql,

feq is chosen such that

(3.7) (feqlfeq) =1,

and the scalar product is given by

(38) o)=Y [ SEBg(F Dk
b Ve

A trivial but important property of S is

(3.9) Slg) = So Py, |g)-

Now, the ISO H, if it exists on Ker®, can be unequivocally defined on C°(K) based
on the properties it must fulfill:

1. Ho S|g) = lg) for all g € Kert,

2. ]g|f1> = 07
with fi(k,b) := ——=L— = const, where |V} is the volume of Vj,. Using (3.9),

vV Vil

condition 1 can be rewritten as
!
(3.10) HoS|g)=HoSoPy,lg)=Py,lg) Vg € C°(K).

The appropriateness of condition 2 will now be explained in detail. First, note that
ST|f1) =0 ({f1|S = 0) by definition of W;,;. Without condition 2 we could define an
infinite number of ISOs, because if H satisfies condition 1, then H + |v)(f;| fulfills the
same condition for any |v). Let H* be an ISO fulfilling condition 1, and |h*) := H*|f1).
We can always rewrite H* as H* = H* +|h*)(f1|, where H* := H* —|h*){f1|. (Note
here that because H' fulfills conditions 1 and 2, it is unambiguously defined and,
therefore, independent of H*.) By multiplying (3.1) by (f1| we obtain 9;n+V,(r) = 0,
which is nothing but the current continuity equation. (In the case of semiconductors,
the boundary term fBVbO f k-iida always disappears due to the inversion symmetry of

the V4,.) Thus, by multiplying (3.1) by H* and using (3.10), we obtain

(3.11)  HOf) + H'F-Vul[) + H'k - Vil ) = | 1) = ([1feq) | feq)
= HY0,|f) + H T Vel ) + H k- Vi f).
The last equation shows that H' already contains the full physical information, and

that it is reasonable to define H := HL, i.e., H|f;) = 0.
We can now write an equation for the ISO:

(3.12) Ho S|g)=1g) = |feq) (feqlg) Vo,

and finally write the operator equations for H:

(313)  HoS=6k—Fko)ouny — feq(k:b) feq(Fo,b0) = 1= | fog) (feql,
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!
(3.14) H|f) S0
Next we have to solve for (3.13), (3.14). From (3.2) and (3.13) we obtain

(3.15)

HoS = Z H (K, blka, by )w(ko, bo| kg, ba)d® ko — Wior (Ko, bo) H (K, bl Ko, bo)
Viy

! - - - -
= 8°(k — ko)Ov,b, — feq(k,b) feq (Ko, bo)-

By rearranging the terms, this equation can be written as

(3.16)  H(k,b|ko, bo)

(E07b0|/22,b2)d3k _53(E— E0)5b,b0 feq(Eo,bo)

= H(k, b|ks, by) & 2 - + foq (K, b) 2 .
Z Vi, Wtot(k(b bo) Wtot(k(b bo) ! Wtot(k()a bo)
Now remember that we are interested only in MISO,
(317) Hy(Fosto) = 3 [ gl D)H(EHFo,bo)d% = (o],
b Ve

for which we can rewrite (3.16) as
(3.18) |Hy) := Hg(EO,bo)
k ,bo) — o (K b
_Z/ Hy( kz,b2 (ko,bo\kz,bz)d 3y — (9( 0,b0) (g)eqfq( o o)>’

Wit (Ko, bo) Wit (Ko, bo)

where (g).,, 1= (feql9)-

If we define
A(Eg, b0|E2, b2) = —w(k(h bO_!kQ’ b2)
Wtot(k()ab())
AT (o, bolkz, by) := —w(k%b{'ko’bo)
Wit (K2, b2)
g g(lz‘:07b0) - <g>e fe (Eo,bo)
(3.19) llg) := 1y (Ko, bo) := Leq ot ,
Wiot (Ko, bo)
we can express (3.18) as
(3.20) |Hg> = A|Hg> - |Zg>
and (3.14) as
(3.21) (Hglf1) =0
Note that
(3.22) S(k|ko) = (AT (E|ko) — 1) Wyt (Ko).

So far we found that if, for a given g, there exists one and only one solution to
(3.20) and (3.21), then this solution will have the properties we are looking for.
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3.2. Computation of the solution. One could think that by iteratively in-
serting the lhs of (3.20) into the rhs, we could solve the problem, i.e.,

n—1
(3.23) |Hg) = A" Hg) — Z Ak|lg>~
k=0

However, the way to solve (3.20) is somewhat more involved.

Before we go to the solution we discuss an additional condition we have to impose
on A. The term A(k,blko,bo) is nothing but the probability for a particle to end in
(ko, bo) after one scattering event, having started in (k,b). A™(k, blko, bo) is then the
probability of going to (ko,bp) after m scattering events. In the following we will
work under the assumption that there exists an M € N such that AM (k, blko, by) >
0 for all (k,b), (ko,bo). It means that it is possible, starting from any (k,b), to reach
any (ko, by) after M scattering events. Under this assumption, AM is a strong positive
compact operator.

PROPOSITION 3.1. The first Krein-Rutman theorem [9] ensures the existence
and uniqueness of a stationary solution in thermodynamic equilibrium (3'f € C°(K) |

S|f) = 0).

Proof. We first prove r(AM) = 1. By construction, [|A]| := sup,cco(x) {0}
”“&m”‘lx"" < 1, and A|f1) = |f1). Therefore, 7(A) > 1, and because by definition

r(A4) < ||A]], we find X/r(AM) =r(A) = ||A|| = 1. The first Krein-Rutman theorem
ensures that there is only one strict positive function v € C°(K) such that AMy =
r(AM)u = u. Of course this function is nothing but f;. Now we are interested
in (AT)M. By construction, (AT)M is a strong positive compact operator. Using
again the Krein—-Rutman theorem we find a unique v with 0 < v € C°(K) such that
(AT)MU = r((AT)M)v. Because u > 0 and v > 0, we find 0 < (ufv) = (AMulv) =
<u|(AT)Mv> = T’((AT)M)<’LL|’U>. Thus, r((AT)M) =1and (AT)MU = v. Then, because
(AT)MHU = ATy <= ATy = c*v with c real and ¢M =1, ATv = v. Using (3.22)
gives Sfeq = 0 with feq := ﬁ The function f., is the only solution. 0
To solve (3.20), we construct a sub-Banach space Q C C°(K), where the solution

is unique. Using two important properties of A,

1. Alf1) = |f1) by definition of Wi,

2. AT\Wiot feq) = |Wiot feq) because S|feq) = 0,

we can define

1 | f1){ feqWiot|
(filfeqWior)

which has the following important properties:

(3.24) P =

(3.25) P} =Py,
(326) PLOA:AOPL:PLOAOPL.

Using Pr,, we define the space Q := {Prz|r € C°(K)}. Because Wiot feq and fi are
continuous functions, () is a Banach space.

PROPOSITION 3.2. A is a linear compact operator on Q.

Proof. Let x € Q). By definition of @ and property (3.25), Prx = x. Therefore,
using property (3.26), Av = Ao Pz = P, o Az € Q. d
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Note that |l;) € Q because

(327) <fqutot|lg> = O

By multiplying (3.20) by P, we reformulate the problem on Q:
(3.28) Pr|Hy) = ProAoPL|Hy) — |l,).
Defining |H;) := Pp|H,) we obtain
(3.29) (1—A)HS) = —|ly).

PROPOSITION 3.3. (1 — AM) is invertible on Q, and, therefore, (1 — A) is also
invertible on Q.

Proof. We first prove ||[AM||, < 1 on Q. Let = be in Q. z is a continuous
function and (feqWiot|z) = 0 because (feqWiot|Pr = 0. By definition, feqWie is a
strict positive function, and therefore z must have a positive part and a negative part.
We define z4 (k) := z(k) if z(k) > 0, z4(k) = 0 else, and z_ (k) := z(k) if z(k) <0,
x_(k) = 0 else. By definition, (k) = x4 (k) + z_(k) for all k € K. Without loss
of generality, ||7||coc = ||74||oc- Then, remembering that A is strictly positive, we
have |[AMz| = | |AMz, | — |AMx_|| < |AMzy| < ||74||o- Therefore, |[AM||, < 1. Tt
means that (1 — AM) has an inverse on @ that can be written as a Neumann series:
(1—AM)=1 = 5% AM" Rewriting (1—AM) as (1— A) ozjjvigl A7 and multiplying
by (1—AM)~1 we find 1 = 372 AM o (1— A)o 3101 A7 = (1— A) o370  AM o
S ot A Thus, clearly (1—A)~' =32 AM oy MM AT =2 AL O

Multiplying (3.29) by (1 — A)~! gives the solution we were looking for:

(3.30) |Hy) = —iAi|zg>.
=0

Thus, problem (3.20) has a unique solution on @, but infinitely many of the form
H) :=H +\|f1), A € R, on C°(K). In (3.21) we imposed the condition (Hy|f1) =0

to obtain a unique solution. The only H, g>‘ fulfilling this condition is H;\ ¢ with
(3.31) Ay = —([ilH),

which is the unique solution we are looking for.

Equation (3.30) represents an iterative method for computing Hy', i.e., for finding
an exact solution of (3.13), (3.14) for any g € C°(K).

As (Hy| = (g|H exists for all g € C°(K), H also exists and is unique. Thus,
(3.13) together with (3.14) also has a unique solution.

3.3. Connection between H and S—!. We show the connection between H
and S~!, as well as between H,; and Sg_l. If we let the operator H act on both sides
of (3.1), we find with (3.13)

(3.32) HOF) + H7 - Vol £) + HE - Vil £) = |£) = (ffeg) | Fea)-

We want to dispose of the term (f|f.,) and replace it with a term containing the
density. By computing the Oth moment of (3.32), we obtain

(3.33)  (HL|OW|f) + (L7~ Vel £) + (HL[E - Vil £) = 0 = (F1Feq) Meq

& (lfeg) = = = {HOUIS) — —(HLJF Vil ) — — (HE - Vil ),
eq eq €eq €q
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where H, (ko, bo) :== 2, v, 2 (k, b|ko, bo)d3k and 1, := 3, Jy, fea( (k,b)d®k. Inserting
(3.33) into (3.32) results in

(3.34)
<H . 'fn><H1') aulf) + <H— 'fn><H) VL) + (H— 'fn?“fl') vl
1) V) 2

Neq

With the definition S~ (k, blko, bo) := H (K, blko,bo) — feq(k,b)Hy (Ko, bo)/neq we find
(2.4). Finally, one obtains for the g-moment

(9)cy H1 (o o)

Negq

(3.35) Sy (Ko, bo) := Hy(Ko, bo) —

Note that S, 1(Eo, bo) fulfills by definition the equations

R R W
(336) ASg = Sg (]i@b) + W = ‘Sg > = A|Sg > — |hg>,
(3.37) (St f1) =

where hg(l;7 b) := (g(k,b) — %)/Wt"t(g’ b) (compare with (3.20) and (3.21)).
The proof of the existence and of the uniqueness of S I up to a constant is

herewith completed.
Putting (3.30) and (3.35) together leads to

(3.38)
1Sy 1y == (@ —1f){fi)) oY (ProAoPrL)|hg) =— (1 —|fi)(f1]) ZA%
1=0

which is an iterative method for computing S - ! for any given operator S and function
g.

3.4. The Dirac delta distribution. Before going to the applications we would
like to discuss the hypothesis on w(E, b|k7, b'). At the beginning of this section we
chose w(E, b\l;/, b') to be a continuous function of its arguments k and K. In many
“physical” models, however, the function w(E, b\k_; , ') is replaced with a distribution
(usually a sum of Dirac’s delta “functions” of a continuous function of k and &). In
the following we argue against delta distributions (functions) based on the concept of
regularization of the delta distribution. A function belonging to a family of continuous
functions 6, (e) depending on a continuous parameter vy is called a regularization of
the delta function iff lim,_ f * 6,(e)f(e)de = f(0) for all continuous functions
of the energy f(e), and f d€ = 1 for all 4. Now, remember that the delta
distributions contained in the ubual scattering rates arise from Fermi’s golden rule, i.e.,
from the regularization 6§F)(E) := (sin(e)?)/(yme?). Replacing in the scattering rate
w the delta distributions with 6£,F)(5) for any v < oo, the hypotheses on w are again
fulfilled. This fact can be interpreted physically, mathematically, and numerically.
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Physically, a simple argument can be found for why + should be smaller than co:
From the Heisenberg uncertainty principle there is no exact energy conservation in
a finite amount of time. Thus, the delta distribution is just a useful approximation.
Mathematically, the situation is quite different if one considers the limit v — oo
before or after computing the MISO. Taking the limit before the computation of
the MISO leads to an operator A, which is not compact and, even worse, leads to
infinitely many solutions to the BE at thermodynamic equilibrium (see [11]). Taking
the limit after the computation of the MISO trivially leads to a single well-defined
solution for each g € C°(K). Numerically, a computer using double arithmetic cannot

digitize the difference between a delta distribution and, e.g., the regularization 5’(;1) (e)

such that supp(&g,a)) = [~y 1,y7! and v > 10%°7. This means that when solving
the BE on a computer, one is actually working with a delta distribution. For these
reasons we conclude that a delta distribution contained in the scattering rates can
and should be replaced with a well-chosen regularization. Metaphorically speaking,
delta distributions give birth to operators which are a bit like monsters (due to their
noncompactness) and, although they are interesting objects from a mathematical
point of view (see, e.g., [2] and [11]), they create artificial problems from a physical
point of view.

4. Applications.

4.1. Introduction. The knowledge of the MISO and of the solution f of the
BE is necessary and sufficient to compute all transport parameters next to and far
from thermodynamic equilibrium. In this section, five important applications are
presented.

4.2. Low-field solution to the BE. The space-homogeneous, stationary BE
(4.1) —2E-Vilf) = q(@ A B) - Vilf) = SIf)
can be solved for small electric and magnetic fields using the ansatz (see, e.g., [10])
(12)  JF) = fealelR)) + a B8 (R B - B (R) + 2222 (e 1 B - BO(R).

Inserting (4.2) into (4.1) and taking into account only the first order terms in the
magnetic and electric fields leads to

(4.3) (TAB)-A" =0,
because (7 A B) - 7 = 0, and
(4.4) (1= o) (@il = =((A),)|S.

It is important that (4.4) be derived only by using the principle of detailed balance.
The solution to (4.4) is trivially

(4.5) (A%);(k) = -S5t feq)vi(i%').

Therefore, the solution to the low-field BE is

(4.6) F(F) = feq (1 + kBLT(l ~ fed) E - S(_ll—feq)17>
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in the case of Fermi—Dirac statistics, and

7 49 2 q-1
4.7 k)= feq |1+ —=FE-S;
(@7 1) = oo (14 7B 57)
in the case of Boltzmann statistics.
In the low-field case the solution of the BE is therefore determined only by the
equilibrium distribution f., and by S(jifgq)ﬁ (resp., Sgl).

4.3. Transport parameters. As already mentioned in section 2, tensorial trans-
port parameters can be exactly computed using MISO. For example, the mobility is
given by

q -1 3
4. = —— .
( 8) ,uz] nh /}{sz 6]<;de k'

and the diffusivity tensor by
1

(4.9) Djj = —7/ Syt fdk.
nJK

Note that in the case of Boltzmann statistics, setting f = f., in (4.8) and (4.9) yields
the well-known Einstein relation for all components of the tensors

kT

These transport coefficients are exact and unique. Their definition does not re-
quire any restrictions except those already contained in the BE. If they are used in the
associated TM, its solution will reproduce the corresponding moment(s) of the BE. In
two and three dimensions this is, to the authors’ knowledge, the first generally valid
scheme ever described which can be used to compute tensorial transport coeflicients
for all possible geometries and configurations.

A straightforward application is the customization of the model for the transport
coefficients for a given device. Using (4.8) and (4.9), transport coefficients can be
computed in a device for different bias points (using, e.g., the MC method), especially
in the parts of the device where the usual bulk models for the transport coefficients
are no longer valid. Then, a customized model for the device can be extracted by
choosing a proper local parametrization. In the case of the DD model the transport
coefficients can be parametrized using, e.g., the local electric field or the local current
density. This custom model will be, of course, valid only for the considered device,
but nevertheless, it will enable us to compute the direct current (DC), alternating
current (AC), and noise characteristics of the device in a much simpler way than by
directly working with the BE.

4.4. Hall factor. When a constant voltage is applied between A and B (see
Figure 4.1), and a constant magnetic field B, is present in the 2z’ direction, then two
Hall factors can be defined,

Va1
4.11 =2
(4.11) Ry 4. B
(4.12) Ry i — V13

H-= 4. J. B,
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)
A y, 4 B
2
., AZ
- A y X

F1a. 4.1. Piece of bulk material.

where V51 is the voltage between the points 1 and 2, V3 is the voltage between the
points 3 and 4, and J, is the current density in z’-direction. Under the assumption
that the electric fields E,/ in the y’-direction and E./ in the z’-direction are constant,
the definitions can be rewritten as

El
4.13 Ry = —2
(4.13) =

El
4.14 R = =
( ) H Jz’Bz/

To obtain expressions for Ry and Rj;, the current density equation in the space-
homogeneous case can be written as

g
n

(4.15) = puE + oB,

s}

where p is defined in (4.8), and « is defined as
1 -1 (= 3
(416) Cvij = - Svi (’U N ka)j d’k.
nJk

For better readability, only the case of Boltzmann statistics will be considered.
In the low-field case, f can be replaced with (4.7), leading to

1 q

417 ==
(4.17) YT kT i

St (m Vk(fquSgl)>j &k,

where the field-independent term disappeared because U AU = 0. Taking advantage
of the linearity of (4.17) in E, (4.15) can be rewritten as

J = - _ .
(4.18) v =BE+ BBt Byyy B+ B,
with
(4.19) ()i = ——L [ s (71 ViclfeaS2,)) &k
. m 1) T nkBT K Vi k\Jeq vj 1 :
Therefore,

=

ﬁ L J
(4.20) E = (i + Boya + Byyy + Bovyz) g
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If R is the matrix that transforms the (z, y, z)-coordinate system into the (z’,y', 2’)-
coordinate system, then the Hall factors can be written as

(R (e + Buve + Byyy + Bovz) " R™Y)ye
4.21 Ry =
( ) H anz’ )

(R (i + Boye + Byyy + Bov.) "RV,

4.22 Ry =
(422) H s

Equation (4.21) is more general than the formula given in [7] and reduces to the
formula given in [10] in special cases. In the case of unstrained bulk silicon, e.g.,
because of the symmetries of the crystal, (4.18) takes the form

J .

4.23 = tegE — VBN E,
( ) Meqd Heq Yeq
where
q -1 3
4.24 eq i= S0k feqdk,
(121) oo = 2 [ 7008
(4.25) O (mvk(fe 5—1)) k.
q neq kBT % Vg = vy p

The Hall factors are then

1 Ve
4.26 Ry = 4 ,
( ) " qMeq ﬂgq + VEqBE’

(4.27) Ry =0,

where Ry and Rj; are independent of the transformation matrix R, i.e., of the crystal
orientation.

4.5. RTs. The RT for the g-moments of the space-homogeneous BE is usually
computed using the formula (see [8, p. 136])

(4.28) 7y = _Aolf = Jea)

(glS1f)
At least in all semiconductors (strained and unstrained), (4.28) is fully inappropriate,
because in the low-field limit (4.28) reduces to the singular expression 3 in the case of
even functions g, such as, e.g., ¢, €2, v?, and v*. To solve this problem, the alternative
expression

it [ (Vief)S; ' d%k
i [ (Vif)gdk
can be used, where 7 is the vector pointing in the direction of the electric field.

Equation (4.29) never becomes singular in the limit of vanishingly small electric fields.
An extensive application of this theory to silicon can be found in [4].

(4.29) Ty = —
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4.6. Langevin noise sources. We are interested in the BE with an additional
Langevin term, the so-called “Boltzmann-Langevin” equation (BLE)

(4.30) O (7t b) + 7+ Vo f(F 6, B b) + K - Vi f (7 t, ko b) = Sf + 85(7, £, K, b).

The BE describes the average state of an infinite number of systems with identical
initial conditions, whereas the BLE describes the evolution of one of these systems.
The Langevin source term is responsible for the deviation from the average state.

By multiplying (4.30) by S;*, we obtain

n

— 4 (S, [6s).
eq

9n

(4.31)  (S7Y0S) + (S5 Vaf) + (S5 K - Vief) = (g) — (g).

We want to derive an expression for the Fourier transform of correlation functions of
(Sg 116s) around a stationary state for the homogeneous BLE with constant density
n; i.e., we want to compute

(4.32)
00 T
Co () = / anW% / ((S574163))(£)((S1185)) (£ + s)dte*ds for constant .

—o00 -T
We define the correlation function

(4.33)
C(w)(F. blFo, bo) = /

— 00

o0

1 (T o - ,
limp_, o —/ 6s(t)(k,b)os(t + s)(ko, bo)dte "“?ds.
2T —-T
Note that

(4.34) Cyy () :Z/ S, (k, b) S (Ko, bo)C(w) (K, bl o, bo)d* kd*ko.
b,by ¥ Vo 7 Voo

We know from [5, eq. (1.55a), p. 21], that for a homogeneous nondegenerate system
with given density, we obtain

(4.35)  C(w)(k, blko, bo)
= 6%(k — Ko)bp.5, Z/ w(k, blky, by) f (K, b)dky
by Vo,
+ 6%(k — ko)Ob.p, Z/ w(ky, by |k, b) f (K1, by)d>ky
b1 Vi,
— w(Eo, b0|E, b)f(];(), b()) — ’LU(];, b|]go, bo)f(E, b),

where f(k,b) is the stationary homogeneous solution to (3.1).2
By plugging (4.35) into (4.34) and rearranging terms, we obtain

(4.36) o) =3 / Ky (F.B) (R D)0 = (Kppr)
b Ve

2In the case of particle-particle scattering the corresponding additional contribution to the cor-
relation function has to be added (see [5, eq. (1.55b), p. 21]).



MISO: THEORY AND APPLICATIONS 1225

where
Syt (k,b)S . (k. b)
- P 51 E b)Sil I;/:O bo)
4.37 K,y (k,b) := / w(k, bk, b 2 e A d3k
( ) 99( ) %.: Vi ( | 0 0) *Sil(/f»o,b())sg/l(li,b) 0
+5, (Ko, bo) S, " (Ko, bo)

Note that (4.37) is invariant under the transformation Sg’l(E, b) — S;l(E, b) +
ag f1. Therefore, Cyy (w) is independent of condition (3.14), as it should be.

Thus, the function Cyg(w) is nothing but the expectancy of Ky4. Since we
can compute Kgq, we can also compute (K,y) in a very efficient way with an MC
simulation. We call Cyy(w) the Langevin noise source of the functions g, ¢’. It
describes white noise because it does not depend on w.

5. Conclusion. The formalism developed in section 3 cannot only be used for
studying interesting systems like strained semiconductors, where the SO is fully de-
pendent on the band-valley index, but also for studying electron-hole systems. To do
so we have only to formally replace the distribution function f; of the holes in the
valence bands by f. := 1 — fj, i.e., the distribution function for the electrons in the
valence bands.

We have described a method based on exact S, ' moments of the inverse scattering
operator (MISO) of the Boltzmann equation (BE). This formalism is therefore free
of any relaxation time approximation (RTA). We have shown under what sufficient
conditions the S ! exist, and we gave an explicit algorithm to compute them.

We have demonstrated that the knowledge of the S I enables the exact com-
putation of transport parameters, correlation functions, and Langevin noise sources.
Moreover, the important assumptions underlying the transport models (TMs) and
method such as, e.g., the impedance field method (IFM) can be critically examined
by our approach.

In forthcoming papers, we will give a general discretization scheme to numerically
compute any MISO and extend the method to time-dependent scattering operators
(SOs).
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