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Abstract

This thesis deals with the numerical solution of the Boltzmann transport equation using an
expansion of the distribution function in spherical harmonics for the purpose of electronic
device simulation. Both the mathematical and physical backgrounds are discussed, then
the Boltzmann transport equation is projected onto spherical harmonics without posing
unnecessary restrictions on the energy band structure. From entropy principles a stabilisa-
tion is found which serves as a Scharfetter-Gummel-like stabilisation for the discretisation.
The finite volume method using a full Galerkin scheme is proposed for the discretisation of
the projected equations, which has the advantage of ensuring current continuity by virtue
of construction. To reduce computational costs and speed up the assembly of the system
matrix, analytical formulae for the integral terms in the discretised equations are derived.

Complexity analysis shows that higher order spherical harmonics expansions suffer from
huge memory requirements, especially for two and three dimensional devices. A compressed
matrix storage scheme is therefore introduced, which reduces the memory requirements for
the storage of the system matrix especially for higher order spherical expansions by up to
several orders of magnitude.

Finally, simulation results for a ntnn'-diode prove the applicability of the full Galerkin
method. Self-consistent solutions are obtained by coupling the system of projected equa-
tions with the Poisson equation. The resulting systems of linear equations turn out to be
poorly conditioned, thus preconditioners are proposed and compared.
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Notation

Different notations in the mathematics and the physics community often leads to headache
if a publication from the ’other’ community is read. The notation used in this thesis is a
compromise and tries to fit into both worlds.

Symbol Meaning

R set of real numbers

Il - | norm of the argument
[ modulus of the argument

o) Landau symbol

Q unit sphere

0 colatitude (polar angle)

® longitude (azimuth)

dQ2 unit sphere surface element, sin 6dfdy

€9, €, unit vectors w.r.t. 6 and ¢

\Y Nabla operator

V- u = div(u) divergence of u

A Laplace operator

A* Beltrami operator

A B matrices (captial letters, bold)

v, w vectors (lower case)

P Legendre polynomial of degree [

pm associated Legendre function of major index ! and minor
index m

Yim real valued spherical harmonic of major index [ and minor
index m

Xim spherical harmonics expansion coefficient to Y;,, of the
quantity X

Fo{f} spherical Fourier transform

i j Kronecker delta

5(+) delta distribution

T triangulation of the simulation domain

B dual box grid of 7

B a box from the dual box grid B

Ps space of (piecewise) polynomials of degree s

Bern (x) Bernoulli function

N number of degrees of freedom in (x, ¢)-space

L spherical harmonics expansion order

vi
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Planck constant divided by 27
permittivity (not to be confused with energy ¢)
space charge

elementary charge

effective mass

energy (not to be confused with permittivity €)
spatial coordinate within the device
wave vector

momentum vector

(group) velocity

force

electric field

scattering operator

in-scattering operator

out-scattering operator
velocity-randomising scattering operator
index of the scattering process
scattering rate

particle density

generalised density of states

current density

moment with respect to the argument
distribution function

generalised energy distribution function
entropy

entropy factor

projection of the (group) velocity
spherical harmonics coupling term
thermal voltage



Introduction

Semiconductor devices have experienced a tremendous progress in the past decades, follow-
ing Moore’s Law which states that the number of components on a chip doubles approxi-
mately every two years. Since the chip sizes are held more or less constant, Moore’s Law
also states that feature sizes shrink exponentially. At present, MOSFETs with a channel
length of only 20nm are in production.

Due to the high level of miniaturisation, computer aided design of semiconductor devices
is widely used to optimise device layouts. While in the early years of the semiconductor
industry macroscopic models such as the drift diffusion model or the hydrodynamic model
have been sufficient for device simulation, this is not the case anymore for the small feature
sizes used today. As long as quantum mechanical effects can be neglected, the microscopic
behaviour of electrons is in accordance to the Boltzmann Transport Equation (BTE), which
is considered to be the best classical description of electrons.

A direct solution of the BTE has been pursued for several decades and many ingenious
techniques have been developed for this purpose. The most commonly used is the Monte
Carlo method, primarily because the method is very flexible and allows details such as
complicated band structures to be easily incorporated. The main disadvantage of the
Monte Carlo method is its computational expense, especially when attempting to reduce
the statistical noise in the low density tails of the distribution function.

As an alternative to the Monte Carlo method, the spherical harmonics expansion (SHE)
method is considered in this thesis. In contrast to the former, the latter yields determin-
istic solutions of the BTE and is computationally less expensive. The spherical harmonics
expansion method for the simulation of one-dimensional semiconductors was pioneered in
the early 1990’s [15,17] and since then several scientists around the world have improved
the method in several ways. We mention extensions to higher expansion orders [20, 21],
higher spatial domains [16,49] and more recently a stabilisation scheme [24]. The spheri-
cal harmonics expansion has also been encountered by mathematicians who have applied
several limits to the BTE and the spherical harmonics expansion in order to derive simpler
models [1,4,10,12].

This thesis is organised as follows: In the first chapter the mathematical background of
spherical harmonics is presented. Most results are known for more than a century, except
for the modern approach of the spherical Fourier transform given in Section 1.5. The proof
of Thm. 13 is contributed by the author of this thesis, mainly because it was not given in
the referenced text-book.

In Chapter 2 the BTE is derived and the individual terms such as the scattering operator
introduced. In contrast to the first chapter, where the emphasis is the introduction of a
solid mathematical foundation, the second chapter aims at the introduction of the necessary
topics from physics. There are no additional contributions by the author in this chapter.
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The BTE is projected onto spherical harmonics in Chapter 3. Additionally, several
intrinsic properties of the BTE are shown to be conserved after the projection onto spherical
harmonics. Finally, the concept of entropies for the continuous SHE equations is introduced,
which later serves as a stabilisation scheme for the discretised equations. The projection
onto spherical harmonics follows the calculations from Jungemann et. al. [24], where several
details of the calculation are filled in. Section 3.3 is compiled from several publications by
Ringhofer [34-37].

Chapter 4 deals with the discretisation of the spherical harmonics expansion equations.
At first a short introduction to the finite volume method is given, then the Scharfetter-
Gummel scheme is briefly discussed to show the necessity of stabilisation schemes for semi-
conductor device modelling. The full Galerkin scheme for the discretisation of the spherical
harmonics expansion equation in the simulation domain as well as the analytical formulae
for simulations in two dimensions are contributed by the author of this thesis.

Based on the Galerkin scheme introduced in Chapter 4, complexity analysis is given
in Chapter 5, which is the author’s own work. On the one hand the coupling terms for
coefficients of spherical harmonics of different order are shown to be sparse for spherical
energy bands, while on the other hand it is shown that the memory requirements can be
reduced considerably if the resulting system matrix is stored in a factored form. Matrix-
vector multiplication is still possible with similar computational costs, which enables the
use of iterative solvers for the solution of the system of linear equations.

In Chapter 6 some numerical results are given. It turned out that the SHE equations
are much harder to implement than for example the drift-diffusion model, from which the
initial guess for the potential is obtained. Moreover, preconditioners are observed to be
necessary to keep the condition number of the resulting system sufficiently low.

Chapter 7 gives an outlook on further ideas for future work on this topic. This thesis
then closes with a conclusion.



Chapter 1

Spherical Harmonics

Many physical quantities such as the potential induced by a charged particle show a radial
symmetry, so that it is often convenient to use a spherical coordinate system. Thus, the
Laplace equation in spherical coordinates was investigated in the 18th century, which has
lead to so-called spherical harmonics. Conversely, spherical harmonics can be used for
the approximation of functions on the sphere, thus they can be seen as three-dimensional
extensions of sines and cosines used in Fourier analysis.

This chapter is devoted to the mathematical background of spherical harmonics and
collects all important mathematical results for later use on the numerical solution of Boltz-
mann’s transport equation using an expansion method. Most of the derivations and results
have been known for more than a century, except for the last section, where newer results
are collected. The reader is referred several times throughout this chapter to the literature
for some of the more technical or lengthy proofs.

1.1 The Laplace Equation in Polar Coordinates
Gauss’ Law states that the electric flux density D is related to the space charge density p
by

V-D=p (1.1)

Using the material equation D = eE, where ¢ is the permittivity and FE is the electric field,
one finds with £ = —V the governing equation for the electric potential ¢:

V- (V) =, (1.2)

which is commonly termed Poisson equation. If the permittivity € is a scalar, the homoge-
neous form is known as Laplace’s equation

Ap=0. (1.3)

In the following we write u instead of ¢, following mathematical conventions. The explicit
form of the Laplace operator A := V - V depends on the underlying coordinate system, in
Cartesian coordinates (x,y, z) the operator is given as

0? 0? 0?
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As mentioned at the beginning of this chapter, for a large class of problems it is of advantage
to use spherical coordinates (r,p, ) of the form

x =rsinfcosyp , (1.5)
y=rsinfsinyp ,

z=rcos0

with r € [0,00), 8 € [0,7) and ¢ € [0,27). In spherical coordinates, Laplace’s equation
then reads

1 0 (4. ,0u o (. ,0u 0 1 Ou B
A= {67“ < Smem) a0 (Smeae> "o <sin08g0>} =0. (8

We split the Laplacian into radial and angular parts by

0?2 20 1
J— 7_‘_7

= _ 4+ = A* 1.
or?2  ror r? ’ (1.9)

where the Beltrami operator A* is given as

« 1 0(. ,0 1 02
A = 7sin6% (Sln080> + 7811129@ . (110)

Note that for fixed r, e.g. r = 1, the Beltrami operator is the trace of the Laplace operator
on the surface of a sphere with radius r.

An ansatz u(r, 0, 9) = R(r)©(0)®(p) leads after substitution into (1.8) and division by
R(r)©(0)®(p) to the equation

1d [ ,dR 1 d /. de 1 20
S e = (singS2 )+ ———S— =0. 1.11
Rdr <r dr>+®sin9d9 (sm d0>+<1>sin20dg02 (1.11)

The first term is the only one which depends on r, thus it must be a constant, say k:

1d [ ,dR
S L A 1.12
Rdr (r dr) k (1.12)

The solution of this equation can be found as
R(r) = Ar' + Br='=" (1.13)

where A and B are arbitrary constants and k = [(I 4+ 1). With this we can rewrite (1.11) as

i 1 d%®
l(l+1)sin29+smed(' 9d®> e _

This time the last term on the left hand side is the only that shows a dependence on ¢,
thus

1d?® ey

- 1.1
® dp? (1.15)
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for a (possibly complex valued) constant m. The general solution of ® for real valued m is
thus

®(p) = C cos(myp) + Dsin(myp) . (1.16)

Note that a right hand side m? instead of —m? in (1.15) would lead to hyperbolic functions
in (1.16), so that ®(¢) were globally bounded only in the case C' = D = 0.
With the general solution for ®(¢y), (1.14) becomes

1 d de m?
T (sm@(w) + (n(n—i— ) sin29> 0, (1.17)

which can be recast by setting p = cos#, © = u into the form

(i[u_ﬂ%$j+[amqq—1T14u:o. (1.18)

Provided that for a particular (entirely unrestricted) choice of m and I a solution ;" of
(1.18) is found, the normal forms satisfying Laplace’s equation are then given as

rul™ cos(mep), rlul™ sin(mep),
=yl cos(mep), =Ly sin(mep).

In the following we will confine ourselves to the case in which m and [ are positive integers.

1.2 Legendre Polynomials

In this section we consider the case m = 0 and nonnegative integers [ in (1.18), thus

d du

— 1 =p?)—| +l(l+1u=0 1.19
4 |05+t =, (1.19)
which is known as Legendre’s equation. This equation is often written equivalently in the
form

d?u du

2— + 1+ 1u=0. (1.20)

1—p?)—— —

By an ansatz u = ag + aijt + asp® + ... and an ansatz v = p™ + @™ 2 + o™t + ...
the following theorem can be shown [22]:

Theorem 1. The complete solution of Legendre’s equation with positive integers [ is

u=APF(p) + BQi(n) , (1.21)

where A and B denote arbitrary constants. The expression Pj(u) is an algebraic function
of u, of degree I, and is given by

@) . ( 11-11 1

where F(-,-;-;-) denotes the hypergeometrical series. The second solution Q;() is singular
at |pl =1
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Py(p) is called Legendre polynomial of degree I, @ is called Legendre function of the
second kind; explicit formulae for @); for the cases |u| < 1 and |u| > 1 can be given [22,44].

From (1.22) it is hard to see that Pj(u) is indeed a polynomial, while it can be readily
seen from the following result:

Theorem 2 (Rodrigues’ Theorem). For Legendre polynomials P(p) with I = {0,1,2,...}
as giwven in (1.22) there holds

1 d
Pi(p) = =—(p? — 1) ~1,1] . 1.2
) =g~ mel=L (1.23)
Proof. We refer to the literature [22,44] for a proof of Rodrigues’ Theorem. O

Rodrigues’ Theorem is an important analytical result which allows to show many other
important properties of Legendre polynomials, such as orthogonality:

Theorem 3 (Orthogonality of Legendre Polynomials). For positive integer [ there holds
1
/ PG =0, k=01, 1—1. (1.24)
-1
Consequently, Legendre polynomials are orthogonal with respect to the inner product of

L2([_17 1])

! 0, k1,
/_1 Pr(p)Py(p)dp = { 22k +1), k=l Vk,l € {0,1,2,...} . (1.25)

Proof. We substitute Rodrigues’ expression for P;(u) into (1.24) and obtain for 0 < k < [
using integration by parts and the fact that all derivatives of (u? — 1)! of lower degree than
I vanish at = %1, that

/1 cpdn = — [ L2~ 1y
pFP(pydp = o | g (n® = 1) dp
1 2ll' -1 dﬂl
_ 1 _
S - | R 1 ph! d
207 dpt—1 o2ar )y dut—1

(=1)k /1 pop dt o !
S —1)ld
) dul—l(“ ) dp

(v* = 1)ldp

_ (=DF&! /_1 al-k (2 — Dl

2ll' 1 dul_k
e 1
_ (—1)k]€' dl k—1 ( ) _1)1
2l [dp R »

=0.

This shows (1.24). The orthogonality of Legendre polynomials follows immediately from
the linearity of the integral, since Py(u) is the sum of a number of terms of monomials
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in p with order smaller or equal to k each. Finally, we use again Rodrigues’ formula and
integration by parts to find

1 1 l l
2 1 d 2 1 d 2 1
P dy = —— — —1)— —1)d
/_1[ 1)) dp 22011 /_1 dul( ) dut (1 )

(=Dt I

_oepr ot N
=gy | (L) de

Setting t = (1 + u)/2, we obtain

1 1
/ [H(u)fduﬂ% /0 (1 —t)dt

-1
! 2
=20 BI LI+ ) = 5o

by the use of the beta function B(,-). O

Even though Rodrigues’ formula is a valuable analytical tool, it is not suited for numer-
ical evaluations. However, since Legendre polynomials are a set of orthogonal polynomials
with respect to the inner product of the Hilbert space L?([—1,1]), there exists a three-term
recurrence relation [14], which is highly attractive for efficient numerical evaluations:

Theorem 4. The following relation between three consecutive Legendre polynomials holds:

(i)

() — (20— DpPrs(u) + (1 —1)Pra =0 (1.26)
(i)
df;fﬁ) - - )P (L.27)

Proof. The first recursion is proved in a more general context in Thm. 6. The second
recursion is obtained either by the use of Rodrigues’ Theorem or by clever manipulation of
Legendre’s equation [14,22]. O

We note that Py(u)

=1, Pi(u) = p, so all Legendre polynomials of higher order can
now be obtained with (1.26).

1.3 Associated Legendre Functions

In Section 1.1 we have found from separation of variables that Laplace’s equation is satisfied
by functions of the form

rul™ cos(mep), rlul™ sin(mep),

= cos(mep), =Ly sin(me),
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where ;" satisfies

d oy du m?
— (1 — — (l+1)— =0. 1.28
i o= mE] e - 125w (1.28)
While Legendre polynomials are obtained as solutions in the case m = 0, we will now
consider the case that both [ and m are nonnegative integers with [ > m.

Setting u = v(u? — l)m/ 2 a brief calculation shows that v satisfies the equation

d?v

d/ﬂ—2(m—|—1)udv+(l—m)(l—|—m+1)U:O. (1.29)

1.2
(1—p%) m
On the other hand, if we differentiate Legendre’s equation (1.19) m times, we find that

dm+2u derlu my,
thus d™u/d™u? satisfies (1.29) and we have

mP m
d l+Bd Qi

= A 1.31
v=Agm T (1.31)
where A and B are free parameters. The complete solution of (1.28) is therefore
d™P, d™@
= A(p? - 1)L L B(p? - 1)"P——2 1.32
u=A(p"—1) am T B ) dm (1.32)
which motivates the following definition for real valued arguments —1 < pu <1
Definition 1. We denote with
del (_1)m dl+m
) = (D= T = S - ) (1)
the associated Legendre function of first kind and with
m m m del
Q" (1) = (~1)™(1 — p?)"P == (1.34)

du™

the associated Legendre function of second kind. We call the lower index I major index
and the upper index m minor index.

The term (—1)" results from extensions to the complex plane and is — motivated from
quantum physics — called Condon-Shortley phase.
Definition (1.33) makes sense for integers m < [ only. So far we have considered the case
m > 0 only, but changing the sign of m does not alter (1.28). Thus, with similar arguments
for (u? —1)~™/2y, we find the most general form of v as
d"™v

W = AP(p) + BQi(p) - (1.35)
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Consequently, we define for m > 0

9 9 12 12
= =) [T [T R (1.36)
m<l (=17 o e d=—m Nl

where the integrals are m-fold. The second equality has to be taken with a grain of salt:
While the integral expression on the left hand side can be extended to the case m > I
directly, the notation used on the right hand side does not. Nevertheless, we observe that
(1.33) is thus valid for all integers m with |m| <.

From the explicit form (1.33) it is not clear whether or how P/" () is related to P, (i),
0 < m < [. We can observe in a first step that for m > 0 both (1 — uz)m/Qle(,u) and
(1 — )™/ 2Pl_m(u) are polynomials of degree | + m, but we can say more:

Theorem 5. Let 0 < m <[ with nonnegative integers m and l. Then

(I —m)!

B0 = (1)

B (u) - (1.38)

Proof. The proportionality constant can be checked easily for the coefficients of p!*™ after

multiplication of (1.38) with (1—u2)™/2. For a proof of the proportionality of the remaining
coefficients, the reader is referred to the textbook of Hobson [22]. O

As for Legendre polynomials, numerical evaluation of associated Legendre functions is
carried out by the use of recursion formulae:

Theorem 6. For three consecutive Legendre polynomials the recurrence relation
(L= m+ 2Py (n) = (21 + )Pl () — ([ +m+ D" (), 0<m<l  (139)
holds. The recursion terminates with the explicit expressions

Py) = (-1 Ry (1.40)

Py (1) = (2m + VP () - (1.41)

Proof. The expression for P™(u) follows immediately from the 2m-th derivative of (2 —1)™.
Similarly, we find after differentiation

(2m +2)!

a1+ 1P W™ = (2m+ Py (p) -

Pria(p) = (=)™

To prove the recurrence relation, we differentiate (1.26) m times to obtain

d™P(p) d™Pi_1(p) d™ P () d™P_s(p)
l— Q2 -Y)py——-2Q-1m—— =+l —-1)————==0.
am ( ) qm ( )m T (=1 qm 0
Differentiating (1.27) m — 1 times, we find
dmP(p)  d™Pis(p) _ (21— 1>dm‘1Pz_1(u)
de dum d'um—l ’
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so that elimination of d™ 1 P_1(u)/du™ 1! yields

d™ P (p) d™ P (p) d™P_o(p)
l—m)———— -2 - 1)py————= l -1 =0.
(I —m) qm ( ) T (l+m—1) dm
Multiplication with (—1)™(1 — u?)™/? together with a shift of indices gives (1.39). O

We have already seen in Thm. 3 that the set {PP}_ (recall that for the case m = 0
the associated Legendre functions coincide with the Legendre polynomials) is orthogonal
with respect to L?([—1,1]). In fact, this is true for all 0 < m < I:

Theorem 7 (Orthogonality of associated Legendre functions). For fized m, I, with 0 <
m < I, and integers 0 < r,s < n, the associated Legendre functions are orthogonal with
respect to the inner product on L*([—1,1]):

! m m 0’ r 7& )
/ PPl (p)dp =< (r4m) 2 B Vr,s € {0,1,2,...} . (1.42)
—1 r—m)2rt10 T =5

Proof. All PI"(u) with 0 <m < s fulfil (1.28), thus:

L= - 2] P =0 (143

Multiplication with P™(u) and integration over [—1, 1] leads to

2

1 m m
[ orrog (a5 w mrn [sts 4 0 - 1] prode=o. g

Integration by parts of the first summand in the integrand yields

1 m m 2
dP™(p) o AP ()
- —-1)—= P™ 1) — P™(pu)dp =0 . 1.45
| = S R (s 1) = g | PG (1.45)
Interchanging r and s we find
1 m m 2
dP™(p) o AP ()
—r -1)—=2——=+P" 1) — P™(p)dp =0 1.46
| = S PG [+ 1) = g | PP Gde =0, (140
so that a subtraction of the two equations yields
1
[s(r +1) 7“(7“+1)]/ P ()P (p)dp =0, (1.47)
-1
and we immediately deduce
1
| PP Gdn =0, r#s. (1.48)

To find the value of the integral in case r = s, we first replace m by m — 1 as well as u
by the Legendre polynomial Ps(p) in (1.30):

d™ Py (p)

d™ I P(u d™P,
(1_'u2)dum+§) —2m,ud,unS'u) +({l-—m+1)({+m) d1 =0. (1.49)
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Multiplication with (1 — x2)™~! leads to

m—1 deS (:u)
dp™

mderlPS
(1—p?) duméu) —2mp(1 — %)
m—ldmilPSOj’)

+ (I —=m+1DI+m)(1—p?) Lo

=0,

which can be rewritten in the form

d [(1 _ MQ)mdeS(M)

< m1 4" Ps(p)
du dpm '

} =—(l—-m+1)(1+m)(1—p? dpm—1

With this we can manipulate using integration per parts

! m m _ ! deT(:u‘) _ mdeT(M)
/_1Pr (1) Py (u)du—/_l “a (1 —p) “am dp

LdmP(p) d [ d™ Py (p)
= | P g yym—— gy
/1 dpm=1 du( #) p

1—

d
1 ym—1
:(r—m+1)(r+m)/_1ddwfi§'u)(

1)

dum—l

mo1 4" P ()

(1.50)

(1.51)

dp

O

We note that by the use of the results from Thm. 5, Thm. 7 can be shown to hold

unaltered in the more general case —l < m <1 [3].

Instead of keeping the minor index m of P/ (y) fixed and derive recursions with respect
to [, recursions with varying minor index m can also be derived and will be used in Chapter

(1.52)

(1.53)

5:
Lemma 1. The following recurrence relations for associated Legendre functions with 0 <
m <1 hold:

()

PP () = (= m A+ 1)(1 = ) 2R () + By ()
(it)
Py () = pP™ () + (1 +m)(1 — p®)Y2Pm1 ()

(i13)

(L +m+ DuP™ () = (L —m+ )P () + (1 — p?) 2P ()

(1.54)
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(iv)
(4 m) By () = (1= p®) 2B () + (1= m)uP™ () (1.55)

(v)

(1= (1) Py ) — 1 ) (1.56)

In case that the minor index s is larger than the major index r, we set P? =0, cf. (1.33).

Proof. These recurrence relations can be verified directly by substitution of the explicit
representation (1.33) into (1.52) - (1.56) and application of suitable rules for differentiation.
O

1.4 Orthogonal Functions on the Sphere

Legendre polynomials and associated Legendre functions have been introduced to cover
the angular dependence of harmonic functions on the colatitude (or polar angle) 6. The
dependence of a harmonic function on the sphere on the longitude (or azimuth) ¢ is resolved
by sines and cosines, so that in accordance with the ansatz u(r,0,p) = R(r)0(0)®(p) we
define

Definition 2 (Real valued spherical harmonics). The real valued spherical harmonics are
defined as the space induced by the set

—m)! m
Lo precos 6) cos(mg),  m >0,

Yim(0,¢) = izgilPl(cos 0), m=0, (1.57)
L 2 P (cos B) sin(mgp), m <0,

forl=0,1,... and =l <m <.
Using the orthogonality results from the preceding sections, we obtain

Theorem 8 (Orthonormality of Spherical Harmonics). The spherical harmonics as defined
in (1.57) are orthonormal with respect to the inner product of L*(2).

Proof. Writing Nj ., for the normalisation constants in (1.57) and putting

cos(mep), m >0,

gm(p) =< 1, m =0, (1.58)
sin(mep), m <0,

we can directly show

T 2
/ / Vi (6, 0) Yo (6, 0) sin 6 dp 6 =
0 0
27

= Ny Ny g / P (cos 0) P (cos 0) sin 6 6 x / G (@) gmr (0) dip
0 0

1 , 2
— NiwNiw / R ) dp /0 9rn(©)gue () dip

= 5l,l’6m,m’ )
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(m)l=4,m=2

Figure 1.1: Selected real valued spherical harmonics Y;,, for small values of [ and m.
Evaluation is carried out over the sphere, in polar coordinates and as three-
dimensional plot over the p-6-plane.
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where 0y, ;» denotes the Kronecker delta, 1 = cos 6 and we have used the well known orthog-
onality of the set {g,,} (cf. Fourier series). O

It is also possible to define complex-valued spherical harmonics. In fact, the more
natural way even is to allow complex valued values for the associated Legendre functions
and define complex-valued spherical harmonics. The real-valued spherical harmonics can
then be obtained as restriction of the complex plane to the real axis.

Typically, spherical harmonics are divided into three groups (cf. Fig. 1.1):

e Zonal harmonics: Spherical harmonics with m =0
e Sectoral harmonics: Spherical harmonics with |m| =1> 0
e Tesseral harmonics: All spherical harmonics which are neither zonal nor sectorial.

If a spherical harmonic Y}, is evaluated at a point p with angular coordinates (6, ¢),
it is possible to deduce the value of the spherical harmonic at the opposing point p’ with
coordinates (m — 60,7 + p):

Lemma 2 (Evaluation at the opposing point). There holds
Yim(0, ) = (_1)ZYlM(7" — 0,7+ ). (1.59)

In other words: The parity of spherical harmonics with respect to points in (x,y, z)-co-
ordinates is given by the parity of the major index [.

Proof. First we note that there holds
Yin(m — 0,7+ ) = Ny P (cos(m — 8))gm(¢) = NimP™ (— cos(8))gm() . (1.60)

where N ,,, denotes the normalisation constant and g, (¢) is a shorthand notation as defined
in (1.58). From the definition of the associated Legendre functions (1.33) it can easily be
seen that the parity is even whenever [ — m is even, thus

Vim(m — 0,7+ ¢) = (—1)""Y,0 (0,7 + ¢) . (1.61)

Since

™ cos(mep)

cos(m(m + ¢)) = cos(mm + myp) = (—1)
sin(m(m 4 ¢)) = sin(mnm 4+ my) = (—1)" sin(my) ,
we see that g(m + ¢) = (—=1)™g(¢) and thus obtain

)/l,m(ﬁ — 0,7+ 90) - <_1)limYl,m(07 T+ 30) - (_1)1}7 m(ea 90) . (1’62)

)

Similar results can be given for the partial derivatives:

Lemma 3. There holds

a}/l,m(ev (P) ay},m(ﬂ' - 67 T+ 90)

_ (_1\+1
50 =(-1) 50 , (1.63)
a}/lm(easo) lanm(wiea’n‘ng)
——— = (-1 ’ . .
L = (e (161



1.4. ORTHOGONAL FUNCTIONS ON THE SPHERE 15

Proof. The second statement is clear since derivatives of trigonometric functions are again
trigonometric functions and hence the same reasoning as for Lemma 2 applies.

To show (1.63), we have to consider the parity of the derivative of associated Legendre
functions:

dP™(u d [(-D)™ m dim
é( ):d (2”)‘ ( - 2) /2d l+m(u2_1)l
K M : M
m(—=1)™ 2ym/2—1 dim 2 l
= Wﬂ(l - 1) / dp+m (n”—1)
(_1)m o /2 di+m+1 .
T 5 (1= )™ W(N - 1)~

The parity of the addends is even whenever | + m is odd and vice versa, thus

w _ (_1)lfm+1 aYLm(ﬂ' - 9’ (ﬂ)
00 90

. (1.65)

As in the proof of the previous Lemma, changing the second argument from ¢ to ™ + ¢
leads to an additional factor (—1)™, thus we arrive at (1.63). O

Apart from orthogonality of spherical harmonics in L?(£2), we additionally obtain from
the preceding sections the following

Theorem 9 (Eigenfunctions of the Beltrami operator). Any spherical harmonic Yy ,, | =
0,1,...,m=—I,...,l is an eigenfunction of the Beltrami operator A* corresponding to the
eigenvalue —I(1 4+ 1).

Proof. We substitute an harmonic function of the form H(r,0,¢) = 7Y, (0, ) into the
Laplace equation and obtain using (1.9)

0=AH =721+ 1)V, (0, ¢) + 7' 2A* Y (0, ) |
= A"Y) 5 (0,0) = =11+ 1)Y,(0,¢) ,

hence Y} ,,, is an eigenfunction of the Beltrami operator A* with eigenvalue —{({ +1). O

Several recursion formulas for spherical harmonics can directly be derived in a straight-
forward manner from those of associated Legendre functions. A more involved result is the
following:

Theorem 10 (Addition Theorem). For two points on the unit sphere with polar angles
(0,¢) and (¢',¢"), there holds for nonnegative :

l
47 ;o
P(cosar) = A1 z;lyl,m(@a@)Yl,m(a ) (1.66)
where
cosa = cosfcos + sinfsin ' cos(p — ¢) (1.67)

1s the angle between these two points.
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Proof. For a proof we refer to the literature [22,44]. O

For later use we note that in the special case (6, ) = (6',¢’), we have

l

1= A = 50 S (Yinl09) (1.65)

m=—1

where the first equality can be seen from the recurrence (1.26).

In the second half of the twentieth century a different approach to the (formal) construc-
tion of spherical harmonics became popular among mathematicians: Let Hom;(R?) denote
the space of all homogeneous® polynomials of degree . Next, we consider all harmonic
homogeneous polynomials:

Definition 3. We denote
Harm; (R) = {pl € Homy(R%) : Ap(x) = 0, Yz € Rk} , (1.69)

where k =1,2,3, ..., the space of all polynomials of degree | that are harmonic and homo-
geneous.

Any p; € Harm;(R?) can be written in the form
pi(x) = pi(x1, 2, 3) Zq: —j(@1, z2) 963 ) (1.70)

where ¢;_; € Hom;_; (R?). By using that all polynomials of degree zero or one are homoge-
neous, we find

L/ o2 02 .
0=Ap(x Z q—j(x1, x2)x’ (1.71)

p 8m1 2
1—2 '
+ ZQI7j72(xla z2)(j +2)(5 + 1)z’ . (1.72)
=0

Hence by comparison of coefficients of z%, we find the recursion relation

0? 0? . . )
<az + a?) q@—j(r1,22) + (3 +2)(J + Dagr—j—2(21,22) =0, j=0,...1—-2. (1.73)
L1 )

Thus, all g;—; for j = 2,...,n are determined for given ¢ and ¢;_;. This recursion formula
actually allows us to find the dimension of Harm;(RR?):

Lemma 4. The dimension of Harm;(R3) is 20 + 1.

Proof. As we have just seen, every homogeneous, harmonic polynomial p(z) is determined
by homogeneous ¢; € Hom;(R?) and ¢;_; € Hom;_;(R?), thus

dim(Harml(R3)) = dim (Homy, (]R2)) + dim(HomZ_l(RQ)) (1.74)

Since the dimension of Hom;(R?) and Hom;_;(R?) can easily be directly found as [ + 1 and
I respectively, we immediately obtain the dimension of Harm;(R?) to be 21 + 1. O

' A polynomial p; of degree [ is called homogeneous if p;(Axz) = A'p;(x) for all A € R and all € R®.
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An alternative definition to Def. 2 consequently is

Definition 4 (Alternative definition of real valued spherical harmonics). Spherical har-
monics are obtained as a restriction of Harm;(R3) to the sphere €.

With the use of the trigonometric identities

1 = sin? 0 + cos? 6 (1.75)
[m/2] m
costimg) = Y- (1) (=1)* o™ (i) sin* (i) (1.76)
k=0
[m/2] m
sin(me) = > (2k+ 1)(—1)k cos™ () sin® T () | (1.77)
k=0

where [z] denotes the largest integer smaller or equal to z, in Def. 2 and transformation
of spherical coordinates back to Cartesian coordinates, cf. (1.5)-(1.7), it can be shown [19]
that each Y;,, corresponds to a homogeneous polynomial of degree [. Additionally, for
fixed [, we have exactly 2] + 1 spherical harmonics Y} ,, of degree [, because m = —I,..., 1.
Since the set {Y],,} is linearly independent and orthonormal, it is an orthonormal basis of
Harm; ().

1.5 The Spherical Fourier Transform

Since spherical harmonics form a set of orthonormal functions on the unit sphere €2, we
may ask whether and in which sense this set is complete. A completeness property will
then allow us to represent arbitrary functions as a (usually infinite) series of spherical
harmonics. For numerical simulations we consider best approximations over a finite set of
spherical harmonics, thus the question of approximation estimations arise.

Theorem 11. The following statements are equivalent:
(1) {Yim}i=01,.., m=—1,.1 15 closed in L2(9).

(ii) The orthogonal expansion of any element f € L*(Q) converges in norm to f, i.e.

k l
Jim | f = 0 (f Yim) 2e) Vi =0. (1.78)
=0 m=—1 L2(Q)
(iii) For any f € L?(2), Parseval’s identity
00 l
||f||3:2(9) =(f, Nz = Z Z |(f, Yim) 2o (1.79)
=0 m=—1

holds.

(iv) There is no strictly larger orthonormal system containing the orthonormal system
Yimbi=o1,..., m=—1,...1-
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(v) The system {Y} m}i=0.1,.... m=—1,..1 has the completeness property. That is, f € L2(2)

and (f,Yim)r2) =0 for alll =0,1,..., m= —I,...,1 implies f = 0.
(vi) An element f € L*(S) is determined uniquely by its orthogonal coefficients.
Proof. We refer to the literature (e.g. [11]) for a proof. O

If we replace spherical harmonics Y], in Thm. 11 by circular harmonics cos(me) and
sin(my) and readjust the sums appropriately, the well known results for Fourier series are
obtained. Thus, Fourier series can be seen as a projection onto circular harmonics, so that
it is natural to define the spherical Fourier transform as follows:

Definition 5 (Spherical Fourier Transform). The spherical Fourier transform Fq : f +—
Folf} for f € LY(Q) is defined by

T 27
(Fal DL m) = (. Vi) 2 = /0 /O F(6,0)Yim (6. ) sin0dipd | (1.80)

For numerical applications, one is limited to approximations over a space of finite di-
mension, where asymptotic results as in Thm. 11 are insufficient for the choice of such a
space. Additionally, one is interested in good error estimations so that in adaptive schemes
the approximation space can be extended appropriately. Since the exact solution is usually
unknown, information about the local smoothness of the true solution should be extractable
from the approximate solution.

Theorem 12. Let f € C?¢(Q) with nonnegative integer k and its expansion into spherical
harmonics be given as

o0 l [e'S)
I~ Z Z fl,m)/l,m = ZQI ) (181)
=0

=0 m=-1

where Q; is a spherical harmonic of degree | and > ;2 Q; is called the condensed spherical
harmonics expansion. Then for all l > 0 and u € §2 there holds

|Quw)| < nll(A™)* Fll 2yl (1.82)

where (A*)¥ denotes the k times iterated Beltrami operator and n is a constant.

Proof. A proof of this result can be found for example in [19]. O

In particular, if we put £ = 1 in (1.82), uniform convergence of the series (1.81) to f
follows. Additionally, the rate of decay of |@;| allows us to deduce the smoothness of the
(for our purposes unknown) function f. The drawback of Thm. 12 is that only nonnegative
integer values of k can be used. This can be resolved either by the use of interpolation
theory, or by the use of a more abstract setting. In the following, we consider the latter
and follow the exposition of Freeden et. al. [13].

We consider the linear space

A:{{Al,m}:Al’mER,ZZO,l,...,m:—l,...,l} (183)

consisting of all sequences {A; ,,} of real numbers A4; ,,. Now, let {4;,,} € A be a sequence
with A, # 0 for all [ and m.
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Definition 6. The set &€ = E({A;m}; Q) is the set of all infinitely differentiable functions
f e C>®(Q) such that

00 l
D> 1Al (f, Yim) 20y < 0 - (1.84)

n=0m=—1

We can define an inner product (-, -)H({Ahm};g) on & by

[es) l
s Draimy = 2 > Al (F, Yim)r20) (9, Yim) 12y » fr9€E (1.85)

=0 m=—1

The associated norm is then given by

1 f 1ty p0) = \/(f, Prqanye) - (1.86)
A Hilbert space can now be obtained by completion:

Definition 7. The Sobolev space H({A; ., }; Q) is the completion of E({A;m}; Q) under the
norm || |14, . 1:02)- H{Aim}; Q) equipped with the inner product (1.85) is a Hilbert space.

The next step is to use the fact that the spherical harmonics Y, ,, are eigenfunctions of
the Beltrami operator, cf. Thm. 9:

(~ar+ %)Ylm = (+n+ %)Yl,m = (1+ %)QYQm . (1.87)

Thus, we formally have

.7:9{ (o i)s/zf}(z, m) = (1+ %)ng{f}(z, m) (1.88)

for s € R. This allows us to formally handle derivatives of functions by means of convergence
properties of their spherical Fourier series. Thus, (—A* 4+ 1/4)%/2 is also referred to as
pseudodifferential operator of order s.

Definition 8. We write

Hy(Q) = H<{(z + ;)}@) (1.89)

for the spherical Sobolev space of order s.

Using Parseval’s identity, we (formally) have

1 i) = (=A% +1/4)2fll 20y (1.90)

and in particular, Ho(Q2) = L*(Q).
Similar as for Sobolev spaces defined over the whole space, the order parameter s is
tightly connected to the smoothness of functions in H(2):

Lemma 5. If f € H (), where s > k+1, then f corresponds to a function of class C*(£2).
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Proof. A proof can be found in the textbook of Freeden et. al. [13]. O

With the formal apparatus at hand, we are now ready to estimate the error induced by
truncated spherical Fourier series.

Theorem 13. For f € Hy(2), s > 1 there holds

N l
C
sSup f(ea()p) - fl,mYz,m(ev(P) < THfHHS Q) (191)
(6,9)€[0,7] % [0,27] lz:%mz::l Net @
where
fim = Fo{f}(1,m) . (1.92)

Proof. Using the Cauchy-Schwarz inequality, we obtain (function arguments omitted)

N l 9] l
‘f_z Z fl,in,m Z Z fl,myz,m

=0 m=-I I=N+1m=-I

00 I 1 1/2
< ( oD () + 2?8)

I=N+1m=—1

00 l 1 1/2
(S S

I=N+1m=—1

- ! 1/2
- < SN i)+ ;)23> £ 172 -

I=N+1m=-I

The remaining double sum can be reduced to a single sum by the use of the addition
theorem (cf. (1.68)):

00 l 1 1 00 1
DY MU= D ) (1:93)
I=N+1m=—1 I=N+1
The p-series can be estimated as follows:
= 1 —2s+1 = 1
Z 0+ 5) < Z [25—1
I=N+1 I=N+1

o0

1 1
[ e —
— N2s-1 Z (l/N)QS*l

I=N+1

1 < N
< N2s-1 Z [2s—1
=1

1 i 1 ((2s—1)
TON2s—2 [25—1 7~ N2s5—2
=1




1.5. THE SPHERICAL FOURIER TRANSFORM 21

where ((-) denotes the Riemann zeta function. Thus, altogether we have just shown

N ((2s—1) 1
sup f(0,9) - JimYim(0,0)| <A\ ——— 71 fln 0
(0,0)€[0,7] x[0,27] ; mgl or  Ns-1 (
hence the theorem holds with C' = /({(2s — 1) /2. O

An estimate for |@Q;| as in (1.82) can now be derived

Corollary 1. Let f € Hs(f2), s > 1, then for all N > 1 and u € Q there holds

QN ()] < AN fllo ) 5 (1.94)
where 1 is a constant.
Proof. We find
N N-1 N N-1
Qv => Q- > Q= (Z@—f) + (f— @)‘
1=0 1=0 1=0 1=0
N N-1
<iF=Y Qi+ |- @
1=0 1=0

C C
1

~ C+C(N/(N-1))*~
- Ns—1
<SCA+2"YN" | fllrae) -

Especially we find by setting s = k£ + 1 for continuously differentiable functions:

Corollary 2. For f € C*(Q) and N > 1, there holds

QN (W) <IN fllages ) - (1.95)



Chapter 2

The Boltzmann Transport
Equation

In this chapter we deal with the mathematical and physical properties of the Boltzmann
transport equation (BTE), which treats electrons as particles with a particular position
x(t) and momentum p(t) at time ¢. In this equation, particle (electrons) are described
by a distribution function f(x,p,t), i.e. a probability density in the (x,p)-space. This
is a classical kinetic model, since it defines both position and momentum of the particle.
However, this contradicts Heisenberg’s uncertainty principle

AzAp > g , (2.1)

so in principle it is impossible to determine both position and momentum with arbitrary
precision. Despite its limitations for the accurate description of quantum mechanical effects,
the semiclassical Boltzmann transport equation is seen as the best mathematical description
of carrier transport and carrier distributions in semiconductor device modelling provided
that the aforementioned quantum mechanical effects are negligible.

2.1 Derivation of the Transport Equation

Consider a single electron interpreted as a particle at position z(t) € R® and momentum
p € R3. These functions are a solution of Newton’s laws of motion

da d£_

— = =F t 2.2
FrCR % , t>0 (2.2)

supplemented with initial conditions x(0) = zo, p(0) = py. The force F is given by
F = qF, where the charge ¢ is negative for electrons and positive for holes. E denotes the
effective electric field acting on the particle and is typically a superposition of externally
applied fields and internal fields due to interactions among charges.

Instead of tracking a large number of electrons by Newton’s laws, we describe the state
of an electron by means of the distribution function f(x,p,t). Then,

/ f(x,p,t) dedp (2.3)
B

22
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gives the probability to find the particle at time ¢ in the volume B in the position-
momentum-space.

It is reasonable! to assume that f(z,p,t) does not change along an trajectory given by
w(t; o, Pg), so that with the initial probability distribution fo(x,p) we have

f(w(t;@o, po), t) = folz,p) VE=0. (2.4)

Differentiation with respect to t and writing & and p for the time derivatives respectively
yields
of

o7 t& Val P Vpf=0. (2.5)

Using the relation p = mv = m&, we arrive with (2.2) at Liouwville’s equation

%Jr%vmﬂpvpfzo. (2.6)

Liouville’s equation considers only a single particle, whereas in semiconductors many

particles interact simultaneously. Hence, we consider a generalisation to an ensemble of,

say M, particles. The position and momentum vectors are then 3M-dimensional each.

Additionally, the force field F = (F,...Fys) is a 3M-dimensional vector and in general

each entry depends on the 6 M position and momentum coordinates and on time ¢. The
classical (ensemble) Liouville equation then reads

%:+Z-me+F~fo—0, (2.7)
but is now posed for € R3M p € R3M. The joint particle density f(z,p,t) can be
interpreted similarly as in (2.3).

Up to now we described to motion of particles in vacuum. In semiconductors, however,
there are interactions with the crystal lattice potential, which influences the motion of holes
and electrons considerably. A classical description of such interactions cannot be used due
to the small lattice constants, thus quantum mechanics has to be used to model the influence
of the lattice potential. In the following we use the term ’electrons’ instead of ’particles’,
even though the equations are valid for holes as well.

We will not go into all the details of quantum mechanics in semiconductors and refer
to the literature [7,29] for further information. One of the main results is that electrons
occupy states within the energy bands. The energy of an electron in the [-th band is related
with the wave vector k € R3 of the electron by € = ¢;(k) and the corresponding electron
velocity is given by

1
oi(k) = 2 Vei(k) (2.8)
The energy bands are a material property and can only be obtained from experiments or
sophisticated numerical simulations. Sufficiently accurate approximations can be found in
the literature and are discussed for silicon in more detail in Sec. 2.3.

!This can also be justified from the mathematics point of view, cf. Liouville’s Theorem. [25]
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After taking quantum mechanics into account, the equations of motion for the i-th
electron are given by

da;

dp dk
— h —
dt

dt ~— dt

= ’U(k’l) , F,, t>0. (2.9)
In the following it is more convenient to use the wave vector k instead of the momentum p as
argument of the distribution function, thus we formally set f(z, k,t) := f(z, hk,t), but keep
writing f instead of f. Writing v(k) := (v(k1),...,v(kas)), we obtain the semiclassical
electron ensemble Liouville equation for the electron distribution function f(x,k,t) as

0 1
O\ o(k) - Vaf + LF-Vif =0, (2.10)
ot h

where again € R3M  but k; € B for i = 1,..., M, where B denotes the Brillouin zone of

the semiconductor. It is interesting to note that in the case of parabolic energy bands

_ h2|k|2
T 2m

e(k) ) (2.11)
we obtain v = p/m = hk/m and the semiclassical Liouville equation reduces to its classical
counterpart (2.7). Due to symmetry considerations at the construction of the Brillouin zone
B it is natural to supplement (2.10) with periodic boundary conditions in k;, i = 1,..., M

on the boundary 9B:
f(ac,k:l,...,k:i,.. . ,kM,t) = f(m,k:l,...,—ki,...,kM,t) . (212)

For numerical simulations, Liouville’s equation cannot be solved for problems considered
in practise due to its high dimensionality. In the following, we will consider the formal limit
of the particle number M tending to infinity. Thus, we obtain a distribution function
that describes an ensemble of many electrons while preserving the simpler mathematical
structure (i.e. one space variable in R?, one momentum variable in R? and one time variable
in R) of the single-particle distribution function. Since there are several technical steps
involved, only the cornerstones in the derivation will be given in the following. More details
on the derivations can again be found in the literature (e.g. [30]).

We assume that the force acting on electron j can by superposition be written as

M
Fj(x,t) = qFex(xj,t) + g Z Ein(xj, ) , (2.13)
I=114j

where Eey denotes an externally applied field and Ejy is due to (long-range) two-particle
interactions. The second main assumption is that the initial sub-ensemble particle density

I(d) for d electrons can be factorised:

d
1Y =Tl Piles k), d=1,...,M 1. (2.14)
j=1

Thus, along with some further technical assumptions and symmetry considerations, it turns
out that the sub-ensemble particle density can be factorised at all times ¢t > 0, thus the
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electron distribution for a large number of electrons can be reduced to the distribution
function of a single electron, which fulfils the Viasov equation
of

E—Fv(k)-vwf—k%Eeﬁ-ka:O, (2.15)

where the effective electric field is given by

Eg(x,t) = Eeoxi(x,t) —i—/ f(y,k,t)Eip(x, y)dydk
RixB (2.16)
= Boal@.t)+ [ (4. Bun(e.u)dy
with electron density n(-,-), cf. Sec. 2.4. The macroscopic electric field (2.16) can readily
be seen as the continuous extension of (2.13) taking the probability of finding electrons at a
particular location into account. As for Liouville’s equation, periodic boundary conditions
as in (2.12) at the Brillouin zone boundaries are assumed.
For the common case that the interior electric field F;,; results from Coulomb forces in
the form
q Y

_—— 2.1
dre |x —y|? 7 (2.17)

Eint(:Ba y) =

with permittivity e, it can be shown [30] that the Vlasov-Poisson system is obtained:

O o(k) Vaf ~ WVt Vaf =0, (2.18)

ot
Agheg =qn—C), zeR} keB, t>0, (2.19)

where 1o is the (effective) electrostatic potential and C refers to the doping concentration.

So far we have only considered particle interactions through their induced (long-range)
forces. However, if we consider electrons as (classical) particles, collisions among these
particles occur, especially if the particle density is very high. At each collision event, the
involved particles change their momentum, but not their location in space for a given point
in time. We present a phenomenological derivation here, for more stringent derivations the
reader is referred to the literature, e.g. [30].

In the derivation of Liouville’s equation the only driving force for the electron was given
by the externally applied electric field. The resulting trajectories are due to convection and
we have assumed that there is no change of the probability density along trajectories, hence

df B
(dt)conv -v (2.20)

For reasons of symmetry of collision events it is postulated that the rate of change of f due
to convection equals the rate of change due to collisions

df _(df
<dt>coll a <dt>c0nv ' (221)

By convention, scattering is described by an operator Q{ f}, so that we have finally arrived
at the semiclassical Boltzmann transport equation (BTE)
of

o u(k) - Vaf + 1 F - Vaf = Q{f} (222
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where the force is given as F = qE.g. The collision operator Q{f} is discussed in the
next section and is in the most general form a nonlinear integral operator. Additionally,
using Coulomb forces for long-range particle interactions, one obtains in analogy to the
Vlasov-Poisson system the Boltzmann-Poisson system:

O 4 o) - Vaf — IVt Vil = QU1 (2.23)

ot
Agtheg =q(n—C), xzeR} keB, t>0. (2.24)

A solution of the Boltzmann-Poisson system is often referred to as self consistent solution of
the BTE. In addition to the nonlinearity of the scattering operator, this system is coupled in
the position variable due to the self-consistent field Eog = —V¥eg. The initial conditions
are given as for the Vlasov equation and the single-electron Liouville equation by

f(x,k,t) = f(x,~k,t), x€R® kcdB,t>0, (2.25)
f(x,k,0) = fo(z, k) , xeR® keB. (2.26)

2.2 Collision Events

Even though it is not apparent at first sight, several physical effects strongly depend on
how the collision operator Q{f} in the BTE (2.22) is modelled. In this section we consider
different models for Q{f}, starting from the most general one. Clearly, only the most im-
portant scattering mechanisms can be discussed, so that we advise to consult the literature
for more detailed information [29].

The first assumption on scattering events is that they occur instantaneously and only
change the crystal momentum of the particles involved (cf. Fig. 2.1). The rate S(x,k —
k', t) at which a particle at (x,t) changes its wave vector (and hence its momentum) from
k to k' is proportional to two quantities:

(i) The rate is proportional to the occupation probability f(x,k,t). In terms of prob-
abilities this means that a scattering event is more likely the higher the occupation
probability for the initial state given by k is.

(ii) Electrons consider the Pauli principle: The final state k' has to be vacant, thus the
scattering rate is assumed to be proportional to 1 — f(x, k', t).

Altogether the rate of transition events from state k to state k' thus is
S(x,k — K t) = s(x,k, k) f(z, k, t)(1 — f(z,k 1)), (2.27)

where s(zx, k, k') denotes the scattering rate. The rate of change of the distribution function
f for a particular wave vector k is then the sum over all differences of in-scattering and
out-scattering rates, taken over all possible wave vectors (Bloch states):

(Q{f ) (x, k,t) = /BS(m,k’ — k,t) — S(x, k — k' t)dk’
= As(m,k’,k)f(a:,k’,t)(l — f(z, k,t))dK (2.28)

—/Bs(:p,k,k’)f(w,k,t)(l—f(:c,k:’,t))dk’.
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Figure 2.1: Illustration of trajectories in position-momentum space. Carriers move along
a trajectory according to Newton’s Laws. Occasionally they scatter to an-
other trajectory. Scatting instantly changes the carrier’s momentum, but
does not affect its position.

The first integral is often referred to as in-scattering term, while the second is called out-
scattering term, cf. Fig. 2.1. This general form of the collision operator induces a nonlocal
quadratic nonlinearity into the BTE (2.22).

At first sight one might be tempted to assume symmetry of the scattering rates with
respect to the wave vectors: s(x,k’, k) z s(x, k,k’). However, this is not true in general,
but a different statement holds in thermal equilibrium: By the principle of detailed balance,
the local scattering probabilities vanish, hence

(@, K ) foq (0,5, ) (1 — foq(@, K, 1)) — (2, &, k') foq(, Ky t)(1 — foq(m, K1) = 0( ”
2.29

Since the equilibrium occupation number density is given by the Fermi-Dirac distribution

1

feq(x, k) = — , (2.30)
a 1+ exp(“ELer)
we have
(k)—er
exp(* )
1~ foq(®, k) = e (2.31)
14+ exp(ikBT )

Substitution of (2.30) and (2.31) into (2.29) and cancelling the common denominator leads
to

ok ke k(L)
S(a:,k/,k) kBT .

(2.32)
= exp(

The scattering rate s(-,-,-) is determined from the type of the scattering mechanism.
We briefly discuss the most important ones:



2.2. COLLISION EVENTS 28

e Phonon scattering: The atoms in the crystal lattice vibrate at nonzero tempera-
ture about their fixed equilibrium locations. These vibrations are quantised and the
quantum of lattice vibrations is called phonon, carrying the energy Awphon. Thus an
electron that collides with a phonon either increases or decreases its energy by hwphon-
With the phonon occupation number Nppo, given by the Bose-Einstein statistics

1
Nphon = i ; (2.33)
exp(Tp7) — 1
the scattering rate for initial state k and final state k' can be written as
Sphon(ma k, k/) = Uphon(ma k, k/) [Nphon 5(5(k) - S(k/) + hwphon) (2 34)
+(1 + Nphon)d(e(k) — e(k') — hwphon)] '

where oppon (T, k, k') is symmetric in k and k' and 6(-) denotes the delta distribution.
From the physics point of view one can additionally distinguish between acoustic
phonons and optical phonons, but in both cases the scattering rate is given by (2.34).
From the mathematics point of view it has to be emphasised that (2.34) is highly
non-smooth, which further complicates numerical solutions of the BTE.

e Jonised impurity scattering: Dopants in a semiconductor are incorporated into the
lattice as fixed charges. Since electrons also carry a charge, their trajectories are
influenced by these fixed charges due to dopants, changing their momentum. This
scattering process is elastic, i.e. the electron energy (k') after the collision equals
the electron energy (k) before interaction. Thus, the scattering rate simp is given
similarly to (2.34) by

Simp (T, k, k') = oimp (2, k, K')0(c(x) — e(2')) | (2.35)

where oimp(x, K, K ) is symmetric in k and k'. Due to the symmetry of Oimp there
holds

Simp (T, k' k) f(x, K, t) f (2, k,t) — s(x, k, k') f(x, k,t) f(z, k', 1) =
= Uimp(ma k, k,)é(g(m) - 5(m,)) [f(ma klvt)f(mv k’t) - f(ma k?ﬂf(wa k/at)] =0,

hence the collision operator (2.28) can be simplified to

(Qimp{/})(x, k. 1) = /BCTimp(w,k,k/)5(5(ac) —e(x'))
[f(z, K t) — f(z, k,t)] dK’ .

(2.36)

o Carrier-carrier scattering: Apart from electron-phonon and electron-impurity inter-
action, electron-electron interaction is one of the most important scattering mecha-
nisms. Since both electrons and holes are carriers, also electron-hole scattering can be
considered, but only electron-electron scattering is considered here. For two electrons
in Bloch states k and k, energy has to be conserved, hence

(k) +e(k) = (k) + (k) , (2.37)
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where k' and k denote the Bloch states after the scattering event. The scattering
rate can now be written as

~/

Seo(@, kK I, k) = 0co(@, b, K e, k)5 (c(k) + e(k) —e(K) —e(k)),  (2.38)

with parameter Uee(m,k,k',k, I~c/). We obtain the collision operator by taking into
account that both initial states have to be occupied and that both final states have
to be vacant:

(Qeel 1) (@ k1) = /B Secl, e, B R, )

|:f($7 k,7 t)f(m7 I:il, t)(l - f(ma ka t))(l - f(wa ];:7 t))_
Flz k) f(z, ke, t)(1 — f(z, K, ) (1 — f(z, K, t))| dk/dkdk .
(2.39)
We observe that this collision operator has a nonlocal nonlinearity of fourth order.

Typically the scattering mechanisms are assumed to be independent from each other.
The full collision operator is then taken as the sum of all individual scattering mechanisms:

Q{f} = Qphon{f} + Qimp{f} + Qee{f} . (2-40)

Such a combination of individual scattering effects is often computationally too complicated
or too expensive, thus simplifications are desired. We will discuss two of the most commonly
used approximations:

e Low density approximation: Assuming that 0 < f(x,k,t) < 1 and hence 1 —
f(x,k,t) =~ 1 almost everywhere, the collision operator as given in (2.28) simplifies
using (2.32) to

o(z, k, k) [exp(icfg)f(m,k',t) — exp(iBI;z)f(az, k,t)} dk’

Qo(f) (@, o, ) ~ / etk)
(2.41)

B

where o(x, k, k') = s(x, k', k) exp(—e(k’)/(kgT)) is called collision cross-section. It
is important to note that the collision cross-section is symmetric in k and k' because
of (2.32). With this approximation the collision operator becomes linear, but the
unknown distribution function f(x,k,t) still appears in the integrand, so that the
Boltzmann transport equation is still an integro-differential equation.

e Relazation time approzimation: In the case that the initial distribution is close to a
Maxwell distribution, one can approximate

flz, K t) ~ n() exp(e k/)) (2.42)

in (2.41) and obtain

QT{f}(w’kvw = T wl
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where

-1
T(x, k) = (/ s(m,k,k:’)dk:’) (2.44)
B
is called relaxation time and
n(z) = / folw, ')Ak’ (2.45)
B

is some given density. While the low density approximation removes the nonlinearity
of the collision operator, the relaxation time approximation additionally transforms
the integro-differential Boltzmann equation into a (hyperbolic) partial differential
equation.

Although these simplifications of the collision operator ease numerical simulations con-
siderably, an accurate simulation of several physical effects requires the full nonlinearity of
the collision operator. In particular, the relaxation time approximation cannot be used if
the equilibrium distribution is unknown. The low density approximation cannot be used in
highly doped or degenerate semiconductors, where many electrons populate the conduction
band and thus 1 — f(x, k,t) % 1.

2.3 Multi-Band Structures

So far we have considered the BTE for a single energy band only. For predictive device
simulation, the band structure of the semiconductor has to be closely approximated, thus
more complicated energy band structures than the simplistic parabolic single-band structure
have to be considered. In this section we first discuss the parabolic band approximation,
then cover non-parabolicity and finally extended the scheme to cover multiple (spherical)
bands. Ultimately, the most commonly used analytical multi-band structure is discussed
and we hint at the necessary extensions to the BTE to cover multi-band effects.

In an idealised setting such as the infinitely deep quantum well, the solution of Schro-
dinger’s equation yields a parabolic dependence of the energy on the wave vector:

B h2’k’2
2m*

e(k)

where h is the scaled Planck constant and m* is the effective mass. Such a quadratic
relationship is termed parabolic band approrimation.

In a crystal lattice, the potential distribution deviates from such ideal quantum wells,
hence the parabolic band approximation is indeed only an approximation of the real band
structure. Nevertheless, the band structures observed in practise show only small deviations
from the ideal parabolic shape. Empirical models suggest an analytic band model of the

(2.46)

Y

form
h2k?

om* "’

() (2.47)

where typically

v(e) = (1 + ae) (2.48)
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Figure 2.2: Multi-band structure of silicon. Bands 1 and 3 are electron like (increasing
density of states), bands 2 and 4 are hole-like (decreasing density of states).

is used. The parameter « is called non-parabolicity factor; in case a = 0 we readily fall
back to (2.46). One can think of more complicated dependencies of the energy on the wave
vector, but (2.48) already provides very good results in the low-energy regime.

For silicon, four energy bands have been proposed by Brunetti et. al. [8] given by

h2k72
ctast= LT (Band 1) (2.49)
2k52
£ = 5532)1)( - 27:”*(2) ) (Band 2) (250)
21.2
= Efgi)n 22?(3) ) (Band 3) (251)
21.2
ey K (Band 4) (2.52)

max o2m*4)
with energy limits eﬁﬁ&x, 5531)11 and 5E§;X of the respective bands. The specific form of each
band is

YD (e) = e+ ae? , (Band 1) (2.53)
YA (e)=eB) —¢, (Band 2) (2.54)
A (e) = ¢ — 51(1?1)11 , (Band 3) (2.55)
ABDE)=eW) —¢, (Band 4) (2.56)

and we obtain the relationships between the energy and the wave vector in a compact form
known as dispersion relation as

h2k>

:m 3 l/::l,273747 (257)
m*Ww

7¥)(e)
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Band | m*/mg | €min | Emax

1 0.320 0 1.75 | 6 | 0.35
0.712 1.75 | 3.02 | 6
0.750 | 2.60 | 3.00 | 12
0.750 | 3.00 | 3.40 | 12 0

- W N

Table 2.1: Parameters for the analytical band structure proposed by Brunetti et. al. [8].
mg denotes the electron mass. Each band extends from e,in t0 €max.

shown in Fig. 2.2.

For later use in the next section we briefly mention that the total density of states g(¢),
that is the number of states per unit volume in energy space for a particular energy, is
computed from the individual density of states for each energy band by a weighted sum:

g(e) = 2WgW(e) + 2PgP(e) + 20 g (e) + ZWgW(e) (2.58)

where the band multiplicities ZW), v = 1,2,3,4 account for the number of equivalent
symmetrical bands of the v-th band. These band multiplicities and other band structure
parameters can be found in Tab. 2.1.

For a multi-band structure, the BTE has in principle to be solved in each band for
the band distribution function f*) separately and the scattering operator has to consider
scattering events between these bands. For the analytical band structure presented here,
this would result in 6 + 6 + 12 + 12 = 36 coupled equations. However, since electrons in
equivalent valleys of the same band behave identically, one equation per band is sufficient,
thus four equations remain. Additionally, it is possible to treat the first and the second
band as a single band by

A12)(g) = { e(l+ae), 0eV<e<175eV, (2.50)

B~ 1.75eV<e<3.02eV.

Similarly, the third and forth band can be collected to obtain v34). If only small fields
occur, it is typically sufficient to consider the first and second band only, so that only a
single distribution function has to be computed [16,48]. We note that (12 (¢) is neither
differentiable nor even continuous at € = 1.75 eV in a classical sense, thus in the following
derivatives of v(1:?)(¢) have to be understood in a weak sense.

For the remainder of this thesis we omit the band index v in all expressions to avoid no-
tational clutter. Hence, whenever band-specific quantities such as the distribution function
occur, the band index v is implicitly included but not written explicitly.

2.4 Average Quantities and Moments

A solution of the BTE yields the distribution function f(x, k,t). For engineering purposes,
macroscopic quantities such as the carrier density and the current density in the device are
of interest. The computation of these macroscopic quantities from the distribution function
is described in this section.
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We start with the calculation of the carrier concentration N(V,t) in a small volume V.
On average, N(V,t) is proportional (for brevity we assume the proportionality factor to be
unity) to the sum over all occupation probabilities of the energy states in that volume:

N(V,t) = /V > flakt)de (2.60)

all states at @

An evaluation of this sum is avoided by taking the formal limit of a continuous distribution
of states:

NV, 1) = (;)g /V [ fak ke (2.61)

where the prefactor 1/(27)3 arises due to different metrics in the k-space and the z-space

and the additional factor of two is due to the fact that each state can be occupied by two

electrons with different spin. The carrier density n(x,t) is then obtained in the limit
N(V,t) 2

n(x,t) = l‘l/igo V] = ) e f(x, k,t)dk . (2.62)

In case that spherical coordinates (g, 8, @) are used in k-space, integrals over the whole
k-space have to be transformed appropriately. For the carrier density as given in (2.62), a
change of coordinates using k = |k| yields

2 ) oo pm 2w ) ok
W - f(z, k,t)dk = (27T)3/0 /0 /0 f(x, k(e,0,¢),t)k" sin 9% dy df de
2

(2.63)
= , Ok
(gﬂ):a/o /Qf(m,k(&@,go),t)k ng de,

where ) denotes the unit sphere and d{2 = sin € dy df. We define the generalised density
of states as

k% Ok

g(e) == (273 0z (2.64)

so that we can now write
oo [ S@koak=2 [ [ k0000600 a0 (269
(2m)? Jps o Jo

If a spherical relation (2.57) between energy and wave vector holds, the triple integral
can be further simplified to a single integral over energy: Let f(x,k,t) depend on the
modulus k& = |k| only (or in this case equivalently depend on e only, but not on the angles
6 and @), then we immediately obtain from (2.57)

k= k(e) = ,/27";;3(5) (2.66)

dk h? m*

= )’y’(s) T (2.67)

de 2m*y (e
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where +/(€) denotes the derivative of y(g) with respect to e. Consequently, g(e, 6, ¢) = g(¢)
and we obtain

2/000 /Q fx, k(2,0,0),t)g(e,0,p) dQ2de = 87 /OOO f(x, k(e),t)g(e)de (2.68)

The physical density of states is then be found as

m* 3/2
gonn(e) = m9(6) = YU S e (2:69

and we thus have for spherical bands the relationship

(;)3 /]R F(k)dk = /0 P ((E))gonys (2)d (2.70)

for any function F' that depends on the modulus k of the wave vector k only. The carrier
density (2.62) for spherical bands can then be written in compact form as

n(x, 1) = /0 " F (@, k(). ) gomys(€)de (2.71)

Macroscopic quantities depend on the location and time, thus the additional wave vector
information in the distribution function has to be interpreted appropriately. The concept
used for the calculation of the carrier density in (2.62) can be generalised for a small volume
V and a weight function W as

(NW) ;:/V > Wi k. t)f(x, k t)d (2.72)

all states at «

— (2727)3/1/ - W(x, k,t)f(x, k,t)dkde , (2.73)

where N denotes the number of electrons in V' and we have taken the limit of a continuous
distribution of states. Again, an average quantity in the limit |V| — 0 can be obtained as

) = lim QL (2.74)

Since (nW) still depends on the carrier density, a normalised quantity for each particle is
obtained as

(2.75)

Typically, the weight function is chosen such that it depends on the wave vector only
(W =W (k)). In case W,(k) := k", where powers of k are defined by means of the vector
scalar product, the quantities (nW,) and (W,) are called r-th moment and r-th normalised
moment of f(x, k,t) respectively. Note that for even values of r the resulting moments are
scalar valued, while they are vector valued for odd r; the integrals then have to be taken
component-wise.

With this new notation, the mean electron velocity is (ug4), where

uy (k) = %Vks(k) (2.76)
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is the group velocity. For spherical bands as in (2.57) it can be expressed by means of the
chain rule:

dy dyde
== =1,2

dki de dk‘i ’ ’ ’3 ’

with k = (k‘l, ko, ]{3) to find
h
Ug(k) = m*'}/(E)
L 2m*y(e) 1 27(¢)
RTEC] B RO ETa

where 7/(¢) denotes the derivative with respect to € and e. the radial unit vector. With
the average group velocity at hand, the current density 7 can be directly obtained from

j=(nu) . (2.77)

Another important quantity of interest is the average energy, which is in our notation given
by (e). If we assume parabolic bands, then we immediately obtain from (2.46) that the
average energy is proportional to the second moment. More precisely,

(Wa) . (2.78)



Chapter 3

Spherical Projection of the
Boltzmann Transport Equation

In Chapter 1 it has been shown that spherical harmonics are orthonormal and complete
on the sphere (Thm. 8 and Thm. 11). In Chapter 2, a distribution function for electrons
was introduced, whose arguments are the spatial location, the wave vector and time. Thus,
governing equation for the distribution function, the Boltzmann transport equation (BTE),
is seven-dimensional. However, since the electron energy depends in good approximation
on the modulus of the wave vector only, this spherical symmetry can be exploited to reduce
the three-dimensional momentum space to a one-dimensional energy space. This idea has
led to an expansion of the wave vector dependence in spherical harmonics for the purpose of
numerical simulation in the early 1990s [15,17]. For analytical investigations, first spherical
harmonics expansions (SHE) of the distribution function already date back to the 1950s.

3.1 The Spherical Harmonics Expansion Equations

In this section we aim to express the distribution function as a series of spherical harmonics
in the form

00 l
f(mv k’t) = Z Z fl,m(ma 5>t)le,m(97 (10) ) (3'1)

=0 m=-1
Only a finite number of terms can be considered in a numerical simulation, thus

L l

f(mv k’t) ~ Z Z fl,m(ma 5>t)Yl7m(9> SO) ) (3'2)

=0 m=-—1

which is for smooth f fully justified when looking at Thm. 13 and taking the finite precision
of computers into account. In first publications only expansions up to first order have been
considered. In spite of the low order expansion, satisfactory results from the physics point
of view have been obtained in the low field regime [15,16,28,43,45-47,49].

Before any numerical simulation can be carried out, equations for the unknown coeffi-
cients fi,(x,¢,t) need to be derived from the BTE. There are two ways to proceed: One
is to substitute (3.2) into the BTE and balance terms of similar order of magnitude. Such

36
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an approach was used for example by Ventura, Gnudi and Baccarani [15,16,48,49], which
suffers from a lot of book-keeping and requires good reasoning on the balancing of terms.
Additionally, this approach is limited to low-order expansions. We follow the second ap-
proach, where the BTE is projected onto each spherical harmonic and from this conditions
for the expansion coefficients are deduced [20, 21,24, 27, 33]

Before we proceed with a projection of the full BTE, we recall (2.65) for an integration
over surfaces of constant energy e:

(e — e(0) Vi (008), 9(k)) (2, e, )k =
(@n)? / l (3.3)

9 / Vi (6, 0)f (@, (e, 6, 9), )g(. 6, 0)dS2 |
Q

Here, §(-) denotes the delta distribution. Note that since Y{ ¢ is constant, the carrier density
(2.71) can be obtained from an expansion of f into spherical harmonics in case of spherical
bands as

2 o0
n(x,t) = Y/ foo(x,e,t)g(e)de . (3.4)
0,0 Jo
Consequently, a projection of the distribution function onto Y; ., (6, ¢) reads
Jrm(z,€,1) :2/QYz,m(&so)f(ka(&9#),75)9(8,9790)(19 (3.5)
= [ Vinl0.0)f (@ k(e.0.9). 009 (3.6)

where we introduced the generalised energy distribution function f(x,k(e,0,¢),t). Thus,
in the framework of spherical projections presented in Chapter 1, the expansion coefficients
fim(z,e,t) correspond in fact to the expansion coefficients of the generalised energy distri-
bution function f. In the following the dependence of k on (,0, ) is implicitly assumed
as well as the dependence of Y] ,,, on (0, ¢) to keep the expressions clear.
For reference, we repeat the BTE (2.22)
of

o+ o(k) Vo + 2 F - Vaf = Q) (3.7)

and proceed with a projection onto spherical harmonics term by term.

e Term Of/0t: The time derivative is the simplest term to handle, since interchanging
integration and differentiation immediately yields

/ Vi L@ g aa =2 / Vi f (., )92, 0, 0)d0
o T ot Jo 't

_ 8fl,m(a:7 €, t)
B ot '

(3.8)

° Term v - Vg f: Since the velocity v does not show a spatial dependence, vV, f =
V- (vf) holds and the derivative can be pulled in front of the integral again:

/ Yimv(k) - Vof (@, k,£)3()dQ = Vo - /Q Yimv(k) (@, t)g(e, 0,0)d2 . (3.9)
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Since v(k) = v(k(e, 8, ¢)), the group velocity cannot be pulled out of the integrand,
thus we cannot find a direct relation with f;,,(x,¢,t). Instead, the definition (2.77)
suggests to define the generalised current density

Gim(@,e,t) = /Q Yimv(k) f (. k, D)g (2,0, )dS | (3.10)

The particle current density j can then by definition directly be obtained from the
zeroth order term in the expansion of the generalised current density as

1 o
i) = g / Goolm., t)de (3.11)

Thus, we arrive at
/ Yimv(k) - Vaf(z, k,t)g(e,0,0)d2 = Vg - §; (6, 1) (3.12)

e Term F'/h-Vif: The transformation of the integral over the whole k-space to an
integral over energy requires an additional transformation of the gradient with re-
spect to k. Before the integral is transformed to equi-energy-surfaces, an integration
by parts is carried out. To avoid formal difficulties with the delta distribution, we
multiply the projection integral with a test function v (e) and integrate over energy:

/mzp(e);g [ 8=, <711F Vif(a, k:,t)> dkde

/ Y(e(k))YmVif(z, k,t)dk
(3.13)
(27r)3h /]1%3 Vk(lb( (k) z,m)f(a:,k,t)dk
2
2m)°h /R3 [V (e(k))Vie(k)Yim + ¥(e(k)ViYim] f(z, k, t)dk
Recalling the expression for the gradient in spherical coordinates (k, 6, ¢) in k-space,
a}/l,me +38Y27me + 1 a}ﬁ’me
ok "k 06 " ksind op °

where ey, ey, e, denote the unit vectors in k, 6 and ¢-direction respectively, we use
the invariance of spherical harmonics in radial direction to obtain with v = Vie/h

/ Y(e 271' /5 (hF ka(ﬂ:kﬂ)dkde

—(2)F/ / d(e —e(k)Yimvf(x, k,t)dkde

L (OYim 1 0Yim
—2F . / /hk( 20 e€+sin9 5 e¢> fx, k,t)g(e, 6, p)dQde

(3.14)

kai,m(ea ¢) =

- F. / GEim(@se,t) + ()T de
0

. oo jl,m(mvgat)
= F-/O P(e) (85 —I‘Lm) de ,
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where we have used the definition of the generalised current density (3.10) and set

1 ay},m 1 8m,m r
L= hk/g( 20 ey + — e¢> flx, k,t)dQ . (3.15)

sinf Oy
Since the test function v was arbitrary, we obtain

2
(27T)3 R3

1 9T 1m
d(e —e(k)Ym (ﬁF Vi f(x, k,t)) dk =F - < Jalg — I‘l,m> . (3.16)
e Term Q{f}: We consider the scattering operator in low density approximation:

Q{f} = /Bs(az, kK k)f(x,k' t)—s(x, kK f(x, k,t)dE . (3.17)

To allow for several different scattering processes like acoustic and optical phonon
scattering, the index 7 is used and the scattering rate for a small volume V is written
as

s(x, k, k') = v Zan x, k, k')o(c(k) — e(k) £ hwy) (3.18)
where k is the initial state and k' is the final state. The minus sign stands for
emission of energy and the plus sign for absorption. In case of multiple energy bands,
summation over all energy bands has to be added to (3.18) (cf. [24]). In the following

we consider a single band only, a generalisation to multiple bands mainly consists of
summation over all energy bands.

The scattering integral is split into an in-scattering term
in 14
QI = s [ @ K)o ) K (319)
and an out-scattering term
Qo™ _ Vv k,t k, k") dk’ 3.20
{f}_Wf(w7 7) Rss(wa 9 ) ) ( )

which we project onto spherical harmonics one after another. Projection of the in-
scattering term (3.19) yields

Q) = o / 5(c — (k) ¥im(O(k), o(K)Q"(f) dk

_ZZ Z Q' gt gt (@ €) fir it (€ + iy, 1)

n UV=0m'=-U

(3.21)

where

n,nml’ mg /}/lm 50790)

x / 0@, k(e £ T, 0, &), k(e, 0, 0)) Yo (6, ') QD .
Q
(3.22)
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Similarly, the out-scattering term is evaluated as

out{f} — Z Z lel’ m g)fl/ (:U,é,t) s (323)

=0 m/=—1'

where

lml’ al'E /mm le/ ’ 7@)[2/09(5:':%”’0,’@/)
n

(3.24)
X op(x, k(g,0,0), k(e F hw,, 0, ¢)) dQ’} dQ .

A considerable simplification can be achieved if the transition rate is assumed to be
velocity randomising, i.e. the coefficient o, in (3.18) depends only on the initial and
final energy, but no longer on the angles. This allows us to rewrite (3.22) as follows:

an,m,l,7m,(m,s) = op(x, e £ hwy, €) x / Yimg(e, 8, 0)dS2 x / Yy d€Y
@ @ (3.25)

1
o-n(m E:l: ﬁwn,E)glm( )6071/5077)7/ )
" Yoo

where g;.,(¢) denotes the projection of the generalised density of states onto the
spherical harmonic Y;,,. In case of spherical bands, only foo is coupled into the
balance equation for [ = m = 0 since then g;,,(¢) = 0 for (I,m) # (0,0). The
out-scattering term can under the assumption of velocity-randomisation be simplified
to

Q}f%l,’m/(m,e) = Zan(m,s,e T hwn)/ Yim Y1 dS2 X /Qg(s F hwy) QY

Y Zan w g, €:Fhu) )goo(&ZFhw )5ll’5mm .
0,0

(3.26)

Thus, the out-scattering term is proportional to fi .

Summing up, the full projected scattering operator using velocity randomisation (VR)
is thus given by

R{f} = [le )Zan(m,sihwn,s)fog(m,ej:hwn,t)
n

(3.27)
- fl,m(:c? g, t) Z O'n(.’L', £, F hwn)go,o(ﬁ + hwn)
n

Even though the scattering operator after projection is not an integral operator any-
more, deviated arguments on the right hand side show up whenever inelastic collisions
with hw, # 0 are considered. This complicates analytical investigations even more,
but as we will see in the next chapter, a discretisation can still be obtained in a rather
straight-forward fashion.
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Collecting all individual terms, we obtain for the SHE of the BTE the system of coupled
balance equations under the assumption of velocity randomisation

afl,m . 8jl’m J—
5 + Ve Jim(x,et)+ F- ( 9 _Fl,m) =
1
= — m 5 :l:hw s 5 :l:hw ,t
Kw@(@%@@e n€)fool®, e+ hw, ) (3.29

- fl,m(xveat) Zaﬁ(mveag + mn)QO,O(E + hwn)] :
n

Finally, we can collect the derivatives on the left hand side to obtain a single divergence in

the (x, €)-space:
= Vm = jl )
V= R m 3.29
( % ) I < F “Jim ( )

and rewrite (3.28) as

afl =

IV G5 t) = Ty = QYRS (3:0)
In this divergence form, the derivation of a discretisation scheme is simplified. However,
it has been observed that a direct discretisation of (3.30) suffers from similar numerical
instabilities similar to those observed at the drift-diffusion model [43]. The remainder of
this chapter is thus devoted to the construction of a suitable (continuous) stabilisation.

3.2 Parity Splitting

Average quantities defined as moments of the distribution function as described in Section
2.4 suggest to consider even and odd parts of the distribution function with respect to the
wave vector k:

flx, k. t) + f(x, —k,t)
2 )
f(.’IJ, kvt) — f(wa _k7t)

el ke t) = 5 . (3.32)

£ @, k) = (3.31)

The even part fV°" then carries information about scalar valued macroscopic quantities
such as the carrier density or average energy! (the zeroth and second moment respectively),
while the odd part determines vector valued macroscopic quantities such as the current
density.

With the shorthand notation

Lif} = v-Vaf + %kaf (3.33)

for the free streaming operator and the assumption that the velocity v is an even function
of the wave vector k (which can always be assumed for reasons of symmetry of the physical
processes), we observe the following:

Lunder the assumption of spherical bands
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Lemma 6. Let f(x,k,t) € C® := C®(R3 x R? x R) and C**" and C° be the subspaces
of even and odd functions of C°° with respect to k. Then

feCm —= L{f} e Cd (3.34)
feCc = L{f} e, (3.35)

Proof. First we note that the gradient of an even function is an odd function and vice versa.
Now, let feve™ € C'°V°", then

1
L{feven} — \11_, . waeven +ﬁF . kaeven c Codd ) (336)
odd in k  even in k odd in k

Similarly, for f°44 € C*V*" we obtain

1
L{fo} — v . meOdd —|—%F . kaodd e geven (337)
odd in k odd in k even in k
O

Similar considerations for the collision operator Q{f} in the low density approximation
(2.41) need assumptions for the parity of the scattering cross section o(x, k, k). Again, we
may assume from symmetry of the physical processes that ¢ is even in its wave vectors,
which allows to extract parity information from the collision operator:

Lemma 7. For even scattering cross sections o(x,k, k') with respect to the wave vectors
in the low density approximation (2.41) of the collision operator Q, parity with respect to
the wave vector k is conserved, i.e.

feom = Q{f} e Cv | (3.38)
fecd = Q{f} ecodd, (3.39)

Proof. This statement follows immediately from the low density approximation (2.41). [

Due to the parity properties of the free streaming operator, the BTE for the distribution
function f = fev*" 4+ £°dd can be written for the even and odd part separately:

8f6VeIl

o+ LMY = @y (3.40)
8f0dd
o LUy = Qo) (3.41)

where Q°V°" and Q% denote the even and odd part of a general collision operator Q{f}.
If we additionally assume a low density approximation with even collision cross sections as
in Lemma 7, we can write

L L) = Qe (3.42)
8f0dd
+ L{f) = QM) (3.43)

ot
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Thus, a natural requirement on expansion methods for the solution of the BTE is that the
parity coupling due to the free streaming operator is preserved. More precisely, we expect
that the drift term couples even spherical harmonics Y] ,,, to odd ones, but does not couple
harmonics of the same parity.

Since the (generalised) density of states ¢ is an even function of the wave vector, the
distribution function f is of the same parity as the generalised energy distribution function
f . Moreover, from Lemma 2 we deduce that the even and the odd part (with respect to
the wave vector) of f are given as

00 21
feven(wvf':?ea(pvt) = Z Z f?l,m(w7€7t)y2l,m(97§0) ’ (344)
=0 m=—2
~ o) 2141
ded(:B,E,G, (p,t) = Z Z f2l+1,m(ma57t)Y21+1,m(9>§0) . (3‘45)
=0 m=-2i—1

The drift operator in the SHE equation (3.30) consists of the the two terms j; ,, and T’y p,,
which should consequently couple spherical harmonics of different parity only. Inserting
the expansion of f into j; ,, yields

Gim(@ e 1) = / Yimo(k) (@, e, 0, 0, 1)
(9]

—ZZfl/ x&t/Yim’U Y}/ dQ .

=0m/=-1l

(3.46)

=V m!

Since the velocity v(k) = Vie(k)/h is an odd function of k, we obtain for reasons of parity
with Lemma 2 that

Voymorm =0 and  voi1moryim =0 . (3.47)

On the other hand, for the term I';,, we obtain

1 aiflm 1 a}/l,m r3
Fl,m / Bk < 90 ey + Slﬁ 830 e‘P) f(w7kvt)dQ

1 (0Yim 1 Y, (3.48)
= / m’ t ’ . Yy e d€) .
z%mzl,fl e / hk ( 96 <" 56 oy e@) v,
:Tl,:r:z/,m/
For parity considerations, the unit vectors must not be left unconsidered:
cos(m — ) cos(m + ) cos(0) cos(y)
ep(m— 0,1+ )= cos(m—0)sin(r+¢) | = | cos(0)sin(p) | =es(d,p), (3.49)
—sin(m — ) —sin(0)
—sin(m + ¢)
e (mr—0,m+¢) = cos(m + ) =—ey(0,p) . (3.50)

0
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Since k = |k| is an even function, it does not enter into further parity considerations for
(3.48). From Lemma 3 together with the parity of the unit vectors (3.49) and (3.50) we see
that the term

Wi, 1 im
90 " sing dp 7

is of opposite parity than Y ,,, thus
Loymorm =0 and Toppmariim =0 . (3.51)

We therefore conclude that the odd/even coupling of the free streaming operator is preserved
under SHE.

3.3 Entropy Considerations

The hyperbolic nature of the BTE leads to numerical difficulties that have been reported and
investigated in several publications [9,34-37,43]. In this section a stabilisation scheme based
on entropies pioneered by Ringhofer [34,35,37] is discussed. For the sake of conciseness,
the opposite sign of the collision operator in the works of Ringhofer has been adjusted to
meet the notational conventions used in this thesis.

Even though entropy is a concept tightly related with physics, we start with a mathe-
matical definition:

Definition 9. An entropy is a function H(f,x, k) satisfying the following properties:

(i) The entropy is dissipated by the collision operator:
OH( k)
/ / f"”" OH 2. k) o oy dda < 0 . (3.52)
R3 JR3

(i) The entropy is preserved by the free streaming operator, so

/ / OH ( f,fck [ -wa+1F(w)'ka dkdx = 0 (3.53)
R3 JR3 h

holds.

(iii) For fized  and k the function H(f,x, k) is a strictly convex function of the variable
f, e

H(itf+(1—-t)g,x k) <tH(f,z,k)+ (1—t)H(g,z, k) VYte (0,1), f#g, (3.54)

and the entropy functional

= / H(f, x, k) dzdk (3.55)
R3 JR3

is a convex functional of f.

We can directly deduce the following property of the entropy functional:
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Lemma 8. The functional 1 is non-increasing in time.

Proof. We multiply the BTE (2.22) with 0H (f,z,k)/Jf and integrate:

//8Hf,:1:k:8fdkd
r3 JR3 ot
+/Rg/RSv(k)-me+;F-kadkdm:/ /Rg OH( f"” OH( 2.k) o 4y ke dee . (399)

=0

I/\

Consequently, we obtain

0>/ / 9OH( f’“’ k) O 4 de = / H(f k) dkdz = So() ., (3.57)
R3 JR3 8t t R3 JR3 dt

hence the functional 7 is non-increasing in time. O

An entropy based Galerkin method can now be constructed as follows: We first introduce
the inverse of OH (f,x,k)/0f with respect to the variable f by

OH(f,x, k)
of

which exists since OH (f, z,k)/0f is a strictly monotone function in f. The Galerkin proce-
dure is now applied to the entropy variable f, which is expanded in a set of basis functions

{om(k),m =0,1,... M} as

f~:: — [f= M(f?w7k;) ) (358)

M
a:k:t;z (z,t)om(k) , (3.59)

and the distribution function f can be obtained from this expansion of f as

M
f@,kt) = (> (@ ) om(k),z,t) . (3.60)

m=0

Writing the BTE in the entropy variable f (x,k,t), a projection onto each of the basis
functions yields a system of partial differential equations of first order (this system is given
explicitly e.g. in [37]). By virtue of construction, such a system automatically satisfies

i(F) <0 (3.61)

dt
where F' is the coefficient vector of the system and 7 is the discrete analogue of the entropy
functional (3.55). The actual form of the resulting system depends on two choices:

e The set of basis functions.

e The entropy function H(f,z, k).
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The basis used in this thesis was a-priori already chosen to be the set of spherical harmonics
to account for certain symmetries of the dispersion relation. Thus, we will further investigate
possible entropy functions.

In classical physics the entropy is given as the natural logarithm:

OH(f,x, k)
of

However, since the collision operator is often simplified in one way or another and we are
additionally considering particles driven by an external field, there is a much larger degree
of freedom in the choice of the entropy.

In the following formal derivation, we assume a low density approximation (2.41) of the
collision operator Q{ f} with symmetric collision cross-sections. This assumption allows the
following statement [18]:

=Inf <= H(fix,k)=f(Inf—-1). (3.62)

Lemma 9. A sufficient condition on the entropy H(f,x, k) is that its derivative is a non-
decreasing function of f(x,k,t)exp(e(k)/(ksT)), i.e.

OH(f,x, k) e(k) .. Ohi(u,x)
o - hl(f ex (k‘ T) :1:) WlthTZO, (3.63)

the dissipation property (3.52) is fulfilled.

Proof. We consider the dissipation property (3.52). For brevity, we omit function arguments
and write H, f if evaluated at k and H’, f’ if evaluated at k’. With shorthand notation
£ = exp(s(k)/(kBT)) and & := exp(a(k’)/(kBT)) we find

Q{f}dk // [Ef —&'f'] dk'dk

/RB /RS Ef = E&'f] dk'dk
/RS /R3 [£f = &'f'] dK'dk
- /Ra /Rg Ef = &'f'] dK'dk
2 /RS /RS aH/ [Ef =€ f] dk'dk
/Ra /R PH aHl} [£f - & f) dk/dk

where we used that the collision cross-section is symmetric with respect to k and k’ and
that interchanging the roles of k and k' in the double integral changes the sign.

Since the collision cross-section ¢ is nonnegative, any entropy H whose derivative is a
non-decreasing function of £f, i.e.

W (fexp(k(kT)) a:) with W >0, (3.64)

satisfies the dissipation property, because the term [0H/df — OH'/Of][Ef — &' f'] in the
integrand is then always nonnegative. O
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Before we proceed with a closer look at the entropy conservation (3.53), some prepara-
tory work is required:

Lemma 10. Let H(f,x, k) be an entropy, where f satisfies the BTE (2.22). Provided that
H(f,x, k) goes sufficiently fast to zero as |x|,|k| — oo, there holds

1
/ Ve - (0H) + SVg - (FH) dk da = 0 . (3.65)
R3 JR3 h

Proof. We select a cube C; in R? x R? with edge length [ centered at the origin and consider
the limit [ — co. With Gauss’ Law we obtain

v

Vo (vH) + Vi - (FH)AV = < ) >HdA, (3.66)
oo, \ 5 E

o

where A is the area element perpendicular to the surface of the cube. In the limit [ — oo
we see that (3.66) reduces to (3.65), since by assumption H(f,z, k) decays sufficiently fast
to zero. ]

Note that because of the definition of the entropy functional n(f) in (3.55), H(f, z, k) is
required to go to zero as x and k grow in magnitude, otherwise the entropy functional would
be infinity and thus be useless. However, H(f,x, k) is additionally required to dominate v
and F in (3.66), where at least the former is known to be unbounded as |k| goes to infinity.

In order to obtain entropy conservation by the free streaming operator given in (3.53),
the integrand is written as

0H

o v(k) Vaf + %F(w) . ka} = [v(k) -VH + 1F(:v) . VkH]

h (3.67)

_ ['v(k) Vo H + %F(m) - VgH] ,

where Vg and V3 denote partial derivatives with respect to the second and third argument
of H(f,x, k) respectively. The integral over the phase space over the term in the first
bracket on the right hand side vanishes due to Lemma 10. Thus, if

1 1
v(k) - VaH + 3 F - V3H = - Vie(k) - VaH — %de}(az) VsH =0, (3.68)
entropy conservation is fulfilled. The general solution of this first order partial differential
equation is given by all functions of the total energy e(k) + qip(x). Together with the first
requirement in Lemma 9 we therefore conclude that

OH(f, xz. k) _ e(k) + q¥(x) -
The physical entropy, the logarithm, now corresponds to the choice
h(u) =Inu, H(f, @ k)= f(In f—1+e(k)+ qi(z)) (3.70)

and the connection between f and its entropy variable f is given as

(k) + av(e)y

3.71
T (3.71)

f = /’L(g7x7k) = eXp(
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However, the exponential dependence of f on f causes problems both from the numerical
point of view and the analytic point of view [26,37]. For numerical applications, the simplest
possible entropy is chosen:

f2

) = s H(fy, k) = 2 exp((ELELAD)) (3.72)

so that the connection between f and its entropy variable f is now of the form

(k) + avie))

f = u(g,w,k) = fexp(_ k}BT

(3.73)

The crucial point is that f is now linearly related to f, which means that a Galerkin scheme
for the entropy variable leads to a system of linear equations for a given external potential
and a linear scattering operator. Additionally, the entropy functional n(f) collapses to an
L? estimate with weight function exp((¢(k) + qu(x))/(ksT)).



Chapter 4

Discretisation

Up to now we have dealt with the continuous form of the Boltzmann transport equation
(BTE) and derived a spherical harmonics expansion (SHE) in an analytic way. For an
implementation in a computer, the continuous formulation has to be transferred to a dis-
crete representation, which is often more complicated than the formulation of a suitable
mathematical representation. In this chapter the transition from the continuous formula-
tion as given in the preceding chapter to a full discretisation is described, where we start
with a rather wide-spread numerical method, the finite volume method. After that, the
Scharfetter-Gummel discretisation is introduced as a stabilisation technique to circumvent
instabilities that otherwise arise in the drift-diffusion model. After that, we turn towards a
suitable and stable discretisation of the SHE of the BTE.

4.1 The Finite Volume Method

Besides differencing schemes and the finite element method (FEM), the finite volume method
(FVM, often also referred to as box integration method or spectral volume method) has be-
come a wide-spread discretisation scheme, especially in the fields of semiconductor device
simulation and fluid dynamics. The main advantage of the FVM is its local conservation
property, thus the method is particularly suited for the discretisation of conservation equa-
tions such as the drift-diffusion equations. In this section we briefly give the basic concepts
and summarise the main results. Several remarks on the differences to the typically more
familiar FEM are given. More details on the mathematical background can for example be
found in the textbook of Bey [5].
We consider the problem

V- (-DVu+bu)=f in=cCR", (4.1)

u=0 on 0= (4.2)

which we will refer to as strong formulation. We assume that the diffusion matrix D is
symmetric and positive definite and that each entry of D and the vector b lies in L (Z)
as well as V - b € L>°(Z). The right hand side f is assumed to lie in H~(Z) to guarantee
well-posedness of the problem. The weak formulation of this problem is found in the typical
way by multiplication with a test function v € H}(E), integration over the whole domain

49
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and integration by parts: We then seek u € HE(Z) such that

/Vv~DVud:c—/Vv-budm:/fvdw (4.3)

for all v € H}(Z).

While the FEM directly applies a Galerkin method to the weak formulation (4.3), the
FVM includes a decomposition of the problem domain by a tessellation B = {Bj,... B}
before partial integration is carried out, hence the left hand side of the strong formulation
(4.1) can be cast into a weak form as follows:

/vv (—=DVu + bu) dw—Z/vV —~DVu + bu) dz
= BeB

—Z [/ Vo - DVubu)d:c/aBU(DVUbU)'dn] ;

BeB
(4.4)

where n denotes the unit, outward-pointing normal vector. We thus arrive at a generalised
weak formulation: Find u in a suitable solution space such that

{/ Vv - (DVu — bu) de — /BB v(DVu — bu) - dn] = fv dx (4.5)

(1]

BeB

for all v € HE(B), where H}(B) is the space of all functions of L?(Z) that are piecewise
H'-regular with respect to the tessellation B and vanish on 0Z in the sense of a trace.
For a discussion of solution spaces we refer to the literature [5], for simplicity we assume
u € H%(Z) N H(Z). For the discretisation we choose v to be piecewise constant, so that
we obtain the weak form

=>" | v(DVu-bu)-dn = / foda =: L(v) . (4.6)

BeB 9B

The tessellation B of the problem domain = is typically based on a triangulation 7 of
=. We mention two wide-spread methods (cf. Fig. 4.1):

e A commonly used technique in two dimensions is to use so-called Voronoi diagrams
(aka. circumcenter method) [31], where the boxes are convex sets associated with a
given set of disjoint points P = {p,,...,p,,}. Each box B; € B is then given as the
set of points that are closer to p; than to any other point of P, i.e.

Bi={zeZ |llz—pll <lz—p;| Vj#ije{l,....m}} (4.7)

An interesting fact is that each Voronoi diagram in two dimensions is the dual of a
triangulation where the vertices are exactly the points of P. The converse is not true,
since if any of the triangular angles exceeds /2, the circumcenter is located outside
the triangle (and hence may also be located outside the problem domain), so the
resulting Voronoi diagram is not the dual of the triangulation anymore. Conversely,
triangulations that are duals of Voronoi diagrams have inner angles smaller or equal
to m/2 and are called Delaunay triangulations. The advantage of Voronoi diagrams
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(a) Circumcenter method (Voronoi dia- (b) Barycenter method.
gram).

Figure 4.1: Two methods for the construction of a dual box tessellation from a triangu-
lation.

is that the interfaces between boxes are perpendicular to the connections between
the vertices centered in the boxes. However, the requirement of underlying Delaunay
triangulations results in additional effort needed for mesh generation and adaptive
refinement. Additionally, generalisations to higher dimensions become rather hard
especially from the programmer’s point of view.

e In the barycenter method [5] the barycenters of the triangles are connected with the
midpoint of the edges to obtain the dual box tessellation (cf. Fig. 4.1(b)). An advan-
tage is that the method can be, unlike others, algorithmically generalised to higher
dimensions with reasonable effort and without further requirements on the mesh.
However, in comparison to the circumcenter method the number of facets of each box
is larger and the boxes are not necessarily convex.

Let us assume that the problem space = is triangulated by a set 7 and that the tessel-
lation B is a dual grid of 7 constructed by one of the two methods described above. To
proceed with a discretisation, we introduce appropriate nomenclature:

Ps(B) := {v € L*(B)| v is a polynomial of degree s on B} (4.8)
Ps(B) := {ve L*(Z) | v|p € Ps(B) VB € B}

Analogous definitions apply for a triangulation 7.
In the following we consider the cases s = 0 and s = 1 only. A basis X (B) of Py(B) is
given by the characteristic functions for each box:

X; € Po(B), xjlp,=6i; 1<i,j<m. (4.10)

In a similar manner a basis for piecewise linear functions on 7 with the set of vertices
P={py,...,p,,} is given by

;i€ PI(T), ¢jp)=10; 1<d,j5<m. (4.11)

Note that this basis is the most commonly used basis in FEM.
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The finite volume discretisation then is to apply a non-conforming ansatz for v and v
in (4.6):

uh:ZuZ-(pi , @i e®(T) Vi=A{1,...,m}, (4.12)
=1

vh=Y vixi, X€EX(B) Vi={l,...,m}. (4.13)
i=1

The discrete formulation thus is to find uy € Py (7) such that
a(up,vp) = L(vn)  Vou € Po(B) , (4.14)

which can — by the use of linearity of the weak formulation and linear independence of the
basis functions — be written in matrix-vector form as

Apup =1 , (4.15)

where the (7, j)-th entry of the system matrix Ay, is given by a(y;, x;) and the i-th entry
of the load vector 1, by L(x;).

It can be shown (see e.g. [5]) that similar convergence estimates as for FEM with piece-
wise linear basis functions hold. In particular, if the solution u is in H?(Z), one obtains
linear convergence in the H'-norm and quadratic convergence in the L2-norm with re-
spect to the mesh parameter h. However, due to the non-conformity of the test and trial
spaces the FVM cannot be generalised to higher polynomial degrees of the ansatz spaces
on unstructured grids in a straightforward manner as it is the case for FEM.

4.2 The Scharfetter-Gummel Discretisation

In problems of the form (4.1), where convection is dominant, stabilisation schemes are
necessary to avoid spurious oscillations of the numerical solution. In the area of device
simulation by means of the FVM, the most prominent technique is the Scharfetter-Gummel
scheme [41]. Tt is an upwind-scheme, which means that it takes the direction of convective
transport into account. In this section the Scharfetter-Gummel scheme is derived and we
will see in the next section that the entropy considerations for the SHE of the BTE leads
to a stabilisation scheme that can be seen as a generalisation of the Scharfetter-Gummel
scheme.
We consider

V- (Vu+uVey)=0, (4.16)

equipped with homogeneous Neumann boundary conditions for a given scalar quantity .
The standard FVM transforms this equation into

Z/é)Bv(Vu—i—qu/J) nds=0 YvePyB). (4.17)
BeB

The assembly of the system of discretised equation requires the value of the integrand at
the interface dB. However, typically both 1 and u are discretised using a triangulation 7,
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Figure 4.2: The length between vertices «; and «; is labelled d;;, while the area of the
interface between boxes B; and Bj is A;j.

hence the values at the interfaces have to be interpolated from values known at the vertices
of the triangulation 7. To be more precise, let us introduce the following notation for a
dual grid constructed using the barycenter method (cf. Fig. 4.2):

Aij = VOI(@BZ' N 83]) R (4.18)
dij = |.’131 — zcj\ . (4.19)

Hence, if we consider (4.16) along the edge connecting «; and x; with arc length pa-
rameter £ along the edge, we have

du(§) + u(g)% = cij (4.20)

dg d¢
with boundary conditions u(0) = u(x;) =: u; and u(d;j) = u(x;) =: u;. The constant
c;j arises from integration of the (now one-dimensional) divergence. Note that since c¢;;
provides an additional degree of freedom, it is not contradictory to specify two boundary
conditions for the first-order ordinary differential equation (4.20). If we assume ¢’ := dv/d¢
to be constant along the edge with value ng # 0, the solution of (4.20) is given as

u(€) = L + Aexp(—v}€) | (4.21)

where A and ¢;; have to be chosen such that the boundary conditions are fulfilled. Some
calculations lead to the simple form

u(€) = (1 = gi;(§))us + 94 (€)u; (4.22)
with growth function

1 —exp(—¢;§)
1 —exp(—=y; dig)

9i5 () (4.23)
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Since we assumed that the interface between B; and Bj lies on the perpendicular bisector
of the edge connecting x; and x;, we need to evaluate (4.22) and its derivative at £ = d;;/2
for an evaluation of (4.17):
Uq Uj
u(d;i/2) = + , 4.24
( U/ ) 1+6Xp( ;jdw/2) l—i—exp(— ;JdZJ/Q) ( )
du(dij/2) _ ¥y uj—ui
d& 2 sinh(yldy/2)

(4.25)

Thus, the contribution of the interface 0B; N 0B; to (4.17) using the midpoint rule for
integration can be written as

/BBmaBj o(Vu+ uVy) - nds ~ Aijv(ﬂfi ; :cj) [Vu(mz + iBj) +u<:c7; +mj)v¢]

2 2

N R
~ Y 2 sinh(¢;dij/2)

Wi Uj /
- + w]
(1 + exp( gjdij/2) 1+ exp(— éjdij/2)> J
Ay
- di; [u]-Bern(—ngdij) —uiBern(@b;jdij)} , (4.26)
where
x
Bern(z) = W (4.27)

is the Bernoulli function depicted in Fig. 4.3. The term ngj, which has been assumed
constant along the edge, is approximated by a simple discrete derivative of the form
P(aj) — (i)

4.2
. (4.28)

%j ~

The appealing property of the Scharfetter-Gummel scheme is the following: Depending

on the sign and magnitude of the term ngdij, either u; or u; is primarily used for the

approximation of the convective flux through the interface between the two boxes B; and

Bj in (4.26). In case that ¢§jdij ~ 0, equal weight is assigned to u; and w;, thus we obtain

the usual central difference scheme for (4.16) with negligible convection term. Thus, the

Scharfetter-Gummel scheme is an upwind scheme that takes the hyperbolic nature of the
convective term in (4.16) into account.

4.3 Discretisation of the SHE of the BTE

In this section a discretisation scheme for the SHE equation (3.30) is derived. A natural
requirement on a discretisation scheme is that it reflects mathematical and physical prop-
erties included in the continuous model. For the purpose of predictive device simulation,
local charge conservation is such a major requirement. Additionally, entropy considerations
in Section 3.3 have lead to the requirement that entropy is preserved by the free streaming
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f(x) = Bern(x) = =——
f(x)=0
f(x)=1-x/2 e
f)=-x e
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X

Figure 4.3: The Bernoulli function Bern(z).

operator. Unfortunately, these two requirements are somewhat contradictory: Building the
zero order moment of the steady-state BTE with respect to the wave vector yields

af 1

v, k) f) + SV (Ff) dk = / Qf} dk . (4.29)
r3 Ot h R3
We assume that the collision operator is charge-conserving, thus the integral on the right
hand side vanishes. The third term on the left hand side can be cast into an integral over the
boundary of the k-space due to Gauss’ theorem and thus vanishes since the distribution
function f decays to zero as |k| goes to infinity. Therefore we arrive at the continuity
equation

0

— (x,k,t)dk + Vg - v(k)f(x,k,t)dk =0 . (4.30)
ot Jgr3 R3

~n(x,t) ~j(x,t)

This equation should hold locally such that we are able to apply a discrete version of Gauss’
theorem locally over every sub-mesh. However, if we apply a finite element discretisation
in spatial direction, entropy considerations suggest a discretisation using a weighted scalar
product, which would automatically not be locally conservative. Similar problems arise
with difference schemes.

As a compromise between entropy preservation and charge conservation, the following
strategy was suggested by Ringhofer [37]: The BTE is formally split into even and odd parts
as in Section 3.2. Discretisation schemes for the even part are designed in such a way that
even momenta are locally conserved. The scheme for the odd part is then chosen such that
the whole scheme possesses entropy properties as derived in Section 3.3. Such a compromise
is acceptable, since odd order moments are not conserved anyway. Consequently, they have
to be viewed rather as constitutive relations [37].
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We now turn to the SHE equations (3.30) and show that charge is conserved: Integration
of (3.30) over energy leads to

OOaflm . 8JZm
LTS v F (2 1,) de=0, 431
| St P (S - T ) (4.31)

where we have used that the collision operator is charge conserving. Since according to
(3.4) the current density is obtained from j, g, it is sufficient to consider the case | = m = 0
only. Since Ypo is constant, Ty m (cf. (3.48)) vanishes. Moreover, the integral over
F - 05,/0¢ is zero, because jg vanishes at zero and infinite energy [33]. Thus, with the
charge density (3.4) and the particle current density (3.11) we obtain

on

4V, 1=0 4.32

ot + Vg ( )
and therefore the discrete system of equations will conserve the particle density exactly if
a discretisation is carried out using FVM for even values of [.

For the discretisation of the SHE equations for odd [, we multiply the BTE with

e (ER) + qt ()
H(.’L',E) = exp(ij—T) s (433)
to obtain
of 1
H(x, 5)5 + H(xz,e)v(k)Vef + H(x, E)ﬁkaf = H(x,e)Q{f} . (4.34)
For notational convenience, we write H instead of H(x,¢) in the following. Since
1 1
v(k)V(Hf) + ﬁFVk(Hf) = Hv(k)Vaf + HﬁFka , (4.35)
and H depends on k only over the energy ¢, one obtains the SHE equation
Afim : OH G m
H 277'; + V:p . (Hjl7m) + F - < a;’ — Hrl’m> = HQLm{f} y (436)

which can now be discretised using finite volumes or finite differences.
To unify the treatment of even and odd parts of the distribution function, we define

1 for even [ |

Hi(x,¢e) = { eXp(e(k)}j}—;}#}(m)) for odd 1 , (4.37)

so that we arrive at the system of equations

O fim : 93 1m
Hl 'gé + Vm . (Hl.]l,m) + F. (Hl L — lelﬂ”) = HlQl,m{f} N (438)
for[=0,1,... and m = —I[,...,l, or in divergence form
6fl7m = ~ .
H, +V - (Hijym) — HiF Ty = HQuum{f} (4.39)

ot
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A finite volume scheme can now be obtained as outlined in Section 4.1: Multiplication with
a test function v € Py(B) (which is not be confused with the velocity v(k)), integration over
the problem domain G and application of Gauss’ theorem locally for each box B; yields

/ H, f“" d€+/aB. Hjp v dA—/B_FH,Pl,mv dg—/B HQum{fvde,  (4.40)

for all v € 790(15’), where € = (x, €) is the position vector in the four-dimensional spatial/en-
ergy space. The expansion of the generalised current continuity j;,, in (3.46) and the
expansion of I'; ,, in (3.48) can now be inserted into (4.40) to obtain a system of equations
in the unknown variables f; ,,,. For a triangulation 7 of the problem domain, a discretisation
of f1m is carried out in the form

N
m — Z fl,m;i(t)wi(g) ) (441)
i=1

where N denotes the number of vertices of the triangulation and the basis ¢; was introduced

n (4.11). The coefficients fj,.i(t) are the unknowns of the resulting system of equations
without discretisation of the time variable. Time discretisation is not further considered in
this thesis, however a straight-forward backward Euler scheme can be derived in the usual
way. Substitution of the expressions for j;,, and I';;,, use of the velocity randomising
scattering operator (3.27) and a substitution of (4.41) on the left hand side of (4.40) yields
for a box B;

+/ HZZZ Z <Fvl,:l"rl;7/m/ )fl',m';i'%'(ﬁ) dA

N L
_/ FHZZZ Z I‘lml’ ’fl/m 1901(5) S (4'42)

=1U=0m'=-U

:YQOZ/ Hi | gim( )Un(a: E:I:hwn,a ZfOOz’SOZ ﬁ:tﬁwn)

- Z Jimsir i (&)oy(x, e, F Iwy)goo(e F ﬁwn)} dg ,

(1) (2)

and we have dropped the test function v, since by the use of linear independence of the
basis X in (4.10) it suffices to consider the single basis function which evaluates to one in
the box B;. The coefficients

Vim,l!m’ = Vlm,l'm' (E) = /QYi,mv (k(&@vﬂp))y',m’ dQ ) (443)

1 Y m, 1 Ym
T m.ll.m! = T m.l'.m/ = ;
Im,l’, Im,l’, (5) /Q h|k(€,9,<,0)\ < 06 €+ sin 6 (9g0

where

) e dQ (4.44)
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depend on energy, thus either numerical quadrature or a projection onto lower order poly-
nomials is necessary for the assembly of the system (4.42). This energy dependence stems
from the band structure under consideration. In the case of spherical bands such as the
multi-band structure presented in Section 2.3, the energy depends on the modulus of the
wave vector only, thus we can write

Vim,1r,m (€) = 0(€) / Vime:Yy m dS2 (4.45)
Q

~~

::a’l,m,l/,m/

1 Y, 1 9Y,
Fl,m,l’,m’ (5) e - / ( l,m 69 + n,m e@) }/l/’m/ dQ (446)
Q

hk(e) 00 sinf Oy

5:bl,m,l’,m’

and the energy dependence is fully decoupled from the dependence on the spherical har-
monics. Moreover, the coefficients a; , 1 and by, 7y can be evaluated algebraically,
which is done in the next chapter. For the inclusion of full-band effects, a numerical inte-
gration is necessary to obtain vy, 7y and Iy, 7 . Since these quantities do not depend
on the selected triangulation of the problem domain of (4.42), they can again be evaluated
in a preprocessing step, leading to no additional effort during the assembly of the sys-
tem. Jungemann et. al. [24] suggested a projection of the dependence on the wave vector
onto spherical harmonics; as we will see later on, such a projection is an attractive way to
approximate the integrals in (4.43) and (4.44).

4.4 Rectangular Grids in Two Dimensions

Coming back to (4.42), we notice that the integrands of the discretised system carry an
exponential in case that the major index [ is odd. This complicates the numerical integration
of the integrals, especially in the presence of a large electric field. It is therefore appealing
to consider structured grids, especially rectangular grids, where the dual grid is again a
rectangular grid, and derive analytical expressions for the integral terms. A similar approach
was used by Jungemann et. al. [24], which additionally incorporates some simplifications
of the integrands in (4.42). In the following we derive such analytical expressions for the
Galerkin method that has lead to the system (4.42).

In one spatial dimension and one energy dimension, a Cartesian product grid (z;, ;)
with N, and N grid points in z- and e-direction respectively can be used. The dual grid
of this rectangular grid is again a rectangular grid with nodes located at

$'+1/2 Ti+Tit1

(3 . .

= mgiﬂ , i=1,...,N,—1,5=1,...,N. —1. (4.47)
€j+1/2 2

The electrostatic potential v is linearly interpolated between the grid nodes:

¢i+1/2=%, i=1,... ,No—1. (4.48)
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Figure 4.4: Labels associated with a rectangular box B; ; centered at (z;,¢;).
A nodal basis on the reference rectangle with opposite corners at (0,0) and (1,1) is
prle,e) = (L—2)(1—¢) (4.49)
pa(z,e) =z(1—¢), (4.50)
p3(w,e) = (1 —2)e, (4.51)
w4z, €) = xe (4.52)

By affine transformations these functions can be mapped to the rectangle of interest. Even
though these nodal basis functions are not linear functions per se, they are linear along
parameter lines. On structured grids, this means that each basis function is linear along

interfaces between rectangles.

To investigate the discretisation on rectangular grids further, let us introduce the fol-

lowing notations (cf. Fig. 4.4):
e B;;: Box centered at (z;,¢;)

++ pt- p—+
Bij» Bij» Bij

points (z;11/2,€j+1/2) respectively.

12,J2.
Fihjl'

Arc between (x;,,5,) and (24,,€5,).

©;,j: Nodal basis function associated with (z;, ;).

fi,msi,j: Spherical harmonics expansion term of Y; ,,, and ¢; ;.

B, "+ Decomposition of B;; into boxes spanned by (z;,¢;) and
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Before we derive analytical formulas for the integrals in (4.42) one after another, we first
consider the integral

b
/ exp(yz) dz (4.53)

for arbitrary values of a, b and v # 0. With integration per parts one finds

b
/ exp(yz) de = i’ [exp(vb) — exp(ya)] . (4.54)

While the integral on the left hand side also allows for an evaluation in case v = 0, the right
hand side does not. A numerical evaluation of the right hand side is also dangerous for
|7] < 1, because numerical noise enters due to the subtraction of the two exponential terms
of similar magnitude, which is then amplified by a factor of 1/v. By use of the Bernoulli
function (4.27) we rewrite

( )eXp(v

1 = (b—a)exp(a b=a)) -
S [exp(7b) — exp(ya)] = (b — a) exp ~v(b—a) (4.55)

— (b— a) exp(a)Bern(y(b — a))

and have now obtained a numerically stable expression, because the continuous extension
of the Bernoulli function Bern(-) at £ = 0 can be included in the program code. Similar
numerical stabilisations have been applied to the formulae given in the following. The full
calculations are often tedious but follow a common pattern similar to (4.55) and are thus
omitted.

0 . . . .
o | B, H; Z ]\,[E 1 T = i gpl /(&) d€: In case that [ is even, the integrand is piece-
w1se quadratlc Wlth respect to the integration variables and the integral can be eval-

uated easily for each box. For BJFJr and a factorisation of the basis function of the
form ¢(z,e) = @ (z)pe(e) (c.f. (4 49) (4.52)) we find

z+1/2 Cit1/2
/ pd€ = / (x) dz x / e(e) de
B‘L+ & (4.56)

= VOI(B;?) [80:::(1‘@') + SDm(iL"z'+1/2)] [@s(ﬁj) + 908(5]'-1—1/2)] /4,

where vol(BifjJr) = (Tit1/2 — Ti)(€j41/2 — €j). For the boxes B:rj , B;j and B; -~
similar expressions are obtained.

For odd [ the integrand is made up from a polynomial times an exponential due to the
stabilisation term H;. A standard technique is now to rely on numerical quadrature
rules, but one can also evaluate the resulting integrals analytically: Integration over
the box ij with the shorthand notations 27 := Tip1/2, T 1= T, et = Eit1/2 and



4.4. RECTANGULAR GRIDS IN TWO DIMENSIONS 61

€~ 1= ¢g; yields
Tird [Ci+3 e+ q(x)
Hyp dé = LA
. o [ oS et ae
[T qy(z) “i+h £
= /x, exp( T )gox(a;) dz x g exp(—kBT)goa(e) de
_ b))\, o+ 1ea(@h) + (wae(@) — a(7))C(Ay)
N exp( Vi >($ “ )[ Bern(Ay) }
€j + - Pe(er) + (pe(e®) — we(e7))C(AL)
X eXp(kBT) (7 —e7) [ Bern(A,) }
(4.57)
where
B —1 — 1
Cla) = ern(z) =z exp(x) + (4.58)
x z(exp(z) — 1)
and the labels
kgT Yiv12 — Yi €j+1/2 — €j
Vr q ) P Vi ) € kT
were used. Let us have a closer look at the stabilisation function C(x):
— 1
Cla) = x —exp(r) +
z(exp(z) — 1)
N (4.59)
_ ka2 /K] '
Do @/ (k —1)!
Thus, we deduce the following asymptotic behaviour:
-1/, Tz >1
Clx)~< —1/2+z/12, |z|<1 . (4.60)
-1, r < -1
If we use these asymptotics for the numerator of the z-dependent part of (4.57), we
obtain
Oz(Tzt) Ay >1
0a(2") + (ol(@er) = 0a(27))C(Ay) ~ 1 (pa(a®) +pu(27))/2, |Ayl<1
Pu(z7) Ay < —1

which can be interpreted as a selection of an appropriate integration weight for o,
depending on the variation of .

F - " g

o [o5 Hi ( vvl’m’l o > Jvr i jri 2 (€) dA (summed over ¢/, j/, I and m/): The
J I,m,l’ m’

first observation is that test functions are linear along each edge of the rectangular

grid. Moreover, since the rectangular grid has edges aligned to the coordinate direc-

tions, the e- and z-component of the result can be obtained by integration along x
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and ¢ respectively. Let us consider the € component on one boundary segment, say
F;j;i/f/’éﬂ/ 2, first, where we keep only those terms that depend on the integration

variable. In case that [ is even, we have
xi_‘_l mi+l
/ “HFpdx = —qw/ Todr= —Q(%Jr% — ) (SOH% —¢i)/2, (4.61)
x; T4

il and x; and
similarly for the electrostatic potential ¢. Note that, since the electrostatic potential
is interpolated linearly, the gradient is constant along the integration interval.

with ¢, 1 and @; being the values of the test function evaluated at x

For odd [ a calculation similar to (4.57) using the shorthand notation 1 ; := (¢ —
Yir) [V yields

/;H% H Fpdx =—qVv exp(@%) /;H% exp(@) dz

oy [P b e
Wil P kgT B(31r1r1(¢§+l Z) T
2’
where we have used the notation ¢, := p(z;) as well as the Bernoulli function and

(4.58) to avoid numerical instabilities. The contribution of other edges can be obtained
by replacing the indices i and ¢ + 1/2 appropriately.

Integration along edges in energy direction is carried out similarly: We interpolate
the energy-dependence of the velocity v piecewise linearly!. For even [ the integrand
then is a product of two linear functions and can be conveniently evaluated using
Simpson’s rule:

i+ de — €j+1 — & A
: vpde = ——— (UJSOJ + (Wit )(p+e1) + Uj+%s0j+%> , (4.63)
where we have set vy :=v(ej).

In case that [ is odd, the integrand consists of a product of an exponential and two
linear functions. Another lengthy calculation gives

/EH% exp<€+qw>v<ﬂd5:exp<€j+q¢i) us-h
€j kBT k‘BT Bern(e} ’.)

1
3]

/ /
[exp(sﬁé’j)vﬁ%gpﬁ% — Uj%} Bern(sﬁé’j)

(4.64)
/
- Q(Uj—i-% - Uj)(@j_t,_% - (Pj)c(gj_i_%d‘)
= (W1 =)@ — (e = %‘)UH;} 7
with €, ., := (gjo — ;) /(kgT). Similar expressions for the remaining edge segments

are again obtained by replacing the indices appropriately.

'Note that in case of parabolic bands we have v ~ /€, thus a linear interpolation can only be justified
away from e = 0.
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The integral over the full boundary of the box can now be assembled by summing the
individual contributions appropriately. Some care has to be taken because some edges
have a surface normal pointing into negative x- or e-direction, thus these contributions
have to be taken with a minus sign.

° fB HF - T 0 s fr it jrpir,j» A€ (summed over 4/, 5, I and m’): We decompose
the box into four sub-boxes Bf;r, ij_, B, + and B . Since F' is a function of the
spatial variable x, I' is a function of the energy varlable and ¢ can be written as a
product of a function that depends on x and a function that depends on e (cf. (4.49)-
(4.52)), the double-integral over the box can be rewritten as a product of two single

integrals. More explicitly, writing ¢(z, &) = ¢z (z)pe(g), then

xi 1 Ei 1
F(x) T(e)pdé = _/ "2 Vi, da x / "2 Dy, de (4.65)
Ty 01

++
Bi;

for even I. We interpolate I' linearly?, hence the first integral on the right hand side
was evaluated in (4.61) and the second in (4.63) where one has to replace v with T.

In case that [ is odd,

/B++exp<5;‘3§1}/’>F.l"g0d§:_/xi+ qvweXp(kq?>wzdx
W, i

o Ty d
></ exp(k — )T de .

Again, the first term on the right hand side was already given by (4.62) and the
second by (4. 64) after relabelling v with I'. Expressions for integration over B

(4.66)

2,7
B and B are obtained in the same way and finally the integral over the full box
is obtalned by summation.

o | B HZQ { f} d&: First we assume that the energies fw, are multiples of the grid
spacing Ae so that final scattering states are located at grld nodes. We additionally
assume constant collision cross sections 07, hence we have to evaluate integrals of the
form

/ Hig(e)p(€) d¢  and / Hig(e £ hw)p(€) d€ .

Again, we approximate the generalised density of states ¢ piecewise linearly3, so that
the shift by hw does not need to be considered separately. With a factorisation of the
basis function ¢ the integral over the box B;rj+ becomes

Tit1/2 €j4+1/2
Hig(e)p(§) d§ = / Hypg(z) dz x / Hig(e)pe(e)de . (4.67)

++ ,
Bij g

We can use again (4.61) and (4.63) in case of even [ and (4.62) and (4.64) for odd I,
where appropriate relabelling of v with g is required.

2In case of parabolic bands, T ~ 1/4/€, thus a linear interpolation can only be justified away from £ = 0
3In case of parabolic bands, g ~ \ﬂa) and the piecewise linear approximation is poor near zero energy
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The piecewise linear interpolation of the quantities v, I" and ¢ is not a good approx-
imation near zero energy, because the derivatives of all three quantities is singular there.
Moreover, I' is unbounded near zero energy, but integrable. Thus, a hybrid strategy should
be chosen: Near zero energy a computationally demanding numerical quadrature is carried
out, while away from the singularities the piecewise linear interpolation is quite accurate
and thus analytic formulae can be used to speed up the assembly process.

4.5 Boundary Conditions

Now that we are able to compute all integral terms by explicit formulae, the system of
linear equations with unknowns coefficients f ;,,.; (or fi m: ; in the case of rectangular grids
in two dimensions) can be set up. The system matrix consists of all terms evaluated in the
previous section, while the right hand side vector appears - at least at first sight - to be
zero, since there are no terms in (4.42) that do not depend on the unknowns. However,
nonzero entries on the right hand side vector show up due to boundary conditions:

e At cells near the boundary of the energy domain, out-scattering coefficients with
final energies and in-scattering coefficients with initial energies outside the discretised
energy interval are set to zero (cf. for example (3.25) and (3.26)). At the energy
boundary € = epax, homogeneous Neumann boundary conditions are applied in the
sense that in parts of a cell energies larger than e, are ignored.

At zero energy, there are in fact two possible boundary conditions: If the generalised
energy distribution function f is discretised, then all coefficients fi,m are zero at
zero energy provided that the density of states is zero at zero energy. Even if the
distribution function is discretised directly, the coefficients of the odd harmonics are
zero at zero energy, provided that the wave vector vanishes there. This can be reasoned
at follows: Consider the SHE of the distribution function at zero energy. Since k at
zero energy is the same as —k, there holds (arguments @ and ¢ omitted)

00 l 0o l
oY fimOYim(0:0) =D > frm(0)Yim(r — 0,7 + ) . (4.68)

The even terms cancel, while for the odd terms we get

e’} 21+1

2 Z Z f2l+1,m(0)Y2l+1,m(9a QO) = 0 . (469)

=0 m=-2[{-1

Since the spherical harmonics are linearly independent and the angles 6 and ¢ are
arbitrary, we deduce f;11,,(0) = 0 for all integers [ > 0 and m = —I,...,L.

e At the device boundary, one can either model ohmic contacts with a generation term
[24], or prescribe a certain electron concentration ncontact in the form of Dirichlet
boundary conditions and assume a Maxwell distribution with respect to energy. Since
the zeroth order harmonic carries the charge, we thus have

g
= TNcontac kgT <_ 7) . 4.70
fO’O(E) contact " tactFB- OXP ,ICBT ( )
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In case that the generalised energy distribution function is discretised, the above
expression has to be multiplied with the density of states. The other coefficients of
even order harmonics are set to zero at the contact, while the coefficients of the odd
order harmonics are left floating at the contact. For low-order spherical harmonics
there boundary conditions have a physical interpretation: The zeroth- and second-
order harmonics specify the electron concentration and the electron temperature,
while the first and third order are equivalent to the electron current and the heat
flux [33].

Note that the specification of two boundary conditions for the zeroth order coeflicient
is at first sight contradictory, since the equations for the coefficients f,,(x,¢) are
partial differential equations of first order. However, this is resolved due to the fact
that we are dealing with a system of partial differential equations where coefficients
of odd order harmonics are unspecified everywhere along the device.



Chapter 5

Reduction of Memory
Requirements

In the previous chapter we have dealt with the discretisation of the spherical harmonics
expansion (SHE) equations of the Boltzmann transport equation (BTE). Implementation
details have not been addressed in order to have a clear view on the calculations and
manipulations which have lead to the system of linear equations (4.42). The rather com-
plicated structure of this system makes an implementation difficult and as we shall see in
this chapter, a naive programming approach can lead to memory requirements that are up
to several orders of magnitude larger than actually necessary. Consequently, in this chap-
ter the computational complexity of the discretised system (4.42) is analysed and methods
are developed that reduce the overall computational complexity and memory requirements.
The huge memory requirements for higher order expansions have been mentioned in a few
publications [23,24], but to the knowledge of the author of this thesis only one publication
includes a short discussion on how memory requirements can be lowered [23].

5.1 The Naive Approach

When it comes to the setup of the discrete linear system (4.42) in a computer, a straight-
forward method is to (arbitrarily) enumerate the coefficients fj ,,,; in the expansion (4.41),
whose total number depends on the number of degrees freedom in the (z,e)-space and the
number of spherical harmonics. Then, the system matrix can be assembled as described in
the previous section.

In the following, L denotes the maximum degree of the SHE and N denotes the number
of degrees of freedom in the (z,e)-space. We recall that there are (L + 1) spherical
harmonics of degree smaller or equal to L. It has to be emphasised that the balance
equations (4.42) lead at first sight to a dense coupling of the harmonics at a given point in
the (x,e)-space, i.e. in the balance equation for fj,,.; the coefficient of fy .. is expected
to be nonzero if [ and !’ are of different parity (cf. (3.47) and (3.51)).

In case that we do not distinguish between a coupling of unknowns due to spherical
harmonics and a coupling due to the discretisation in the (z,¢)-space (to which we will
refer to as the naive method), the complexity of the problem can be estimated rather easily.
Since we are especially interested in the asymptotic complexity for large SHE order L and
number of grid nodes N, the Landau symbol O(-) will be used repeatedly. We also assume

66
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that a sparse matrix format is used and that the coupling coefficients vy, 17y and I'y 17
are evaluated numerically. Thus, we assume that the coupling coefficients are nonzero for
different parities of [ and {’, which is justified by taking numerical noise during the numerical
integration into account.

To cover the general case of unstructured grids in (x, €) space, we introduce the following
sparsity indicators for the use in complexity estimates later on:

Definition 10. Given a triangulation T and its dual grid B with basis P1(T) and Py(B)
as introduced in (4.10) and (4.11), we define the sparsity indicator by

HeeP(T) |3 G : [p&)x(&) #0 V (5.1)
I (€ £ hwy)x(€) #0] }

where the notation |A| denotes the number of elements of the set A and G is the simulation
domain in (x,€)-space. The terms hw, are due to the collision processes with index n that
show up in the balance equations (4.42).

Csparse := Max
x€Po(B)

, (5.2)

We note that in the case of a structured rectangular grid in the two-dimensional (z, ¢)
plane and hw, = 0, we find Cyparse = 9, since the box around node (i, j) couples with nodes
(i,7), i £1,7), (1,7 £1) and (i £ 1,5 £1). We note that in case of inelastic scattering,
various energy displacements hw, can lead to much larger values of Csparse = 9 even for
rectangular grids.

Backed up from observations in practise, it is commonly assumed that Cgsparse does not
depend on the number of mesh elements, consequently we also assume Cgparse = O(1). With
the sparsity indicator we immediately obtain:

Theorem 14. The following statements for the resulting system matriz S of (4.42) using
spherical harmonics up to degree L in the naive method hold:

(i) S is a sparse matriz of size N(L +1)? x N(L +1)2.
(i) The number of nonzero entries in each row of S is at most Csparse(L +1)* = O(L?).
(i4i) The storage requirements for S are O(NL?).

(iv) Matriz-vector multiplication can be realised with at most (Csparse(L+1)2—1)N(L+1)?
additions and CyparseN (L + 1)4 multiplications.

Proof. (i) On each of the N grid points (L 4 1)? unknowns are associated, hence it follows
immediately that S is of size N(L + 1)? x N(L + 1)2. The sparsity follows from (ii).

(ii) Consider the rows in S associated with the basis function y; with support only on
box B;. A nonzero entry in the columns associated with ¢; requires that ¢; and x; have
common support. There are by definition at most Csparse such basis functions from P; (7))
and since there are (L 4 1)? unknowns per basis function in the (z,¢)-space with dense
coupling, there are at most Cgparse(L + 1)2 = O(L?) nonzero entries per row.

(iii) According to (i) and (ii), S consists of N(L + 1)? rows with O(L?) entries each.
Therefore, O(N L*) memory is needed to store S.

(iv) From (ii) we know that there are at most Cyparse (L+1)? nonzero entries per row of S.
Thus, each entry of the result vector requires Cyparse (L + 1)2—1 additions and C’sparse(L+1)2
multiplications. This effort is required for each of the N (L +1)? rows, thus we have in total
(Csparse(L + 1) — 1) N (L + 1)? additions and Csparse N (L + 1)* multiplications. O
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Remark 1. Note that due to the parity splitting properties discussed in Section 3.2 the
estimates (i) and (iv) in Thm. 14 can be further improved by a factor of almost two,
depending on L. However, since we are interested in the asymptotic behaviour as a function
of L and N only, there is no need to consider this factor.

Let us briefly estimate the memory requirements for S in the case of a rectangular grid
and elastic scattering only (hence Cyparse = 9) with N = 10.000 nodes, i.e. 100 grid points
along each coordinate axis. If we choose L = 9, about 5 x 100 nonzero entries in each row
have to be stored (where we already accounted for additional zeros due to parity splitting
by the reduction of the sparsity indicator 9 to 5 in (ii)) for each of the 1.000.000 unknowns.
We therefore have to store 500.000.000 entries, which results in 5 GB of memory assuming
ten bytes per entry. However, if we select L = 4, only 310 MB are required. We conclude
that the naive approach has huge memory requirements which more or less prohibits higher
order expansions (say, L > 20) and/or extensions to higher spatial dimensions on computers
available today.

Remark 2. In one spatial dimension it is for reasons of symmetry of the k-space in the
absence of magnetic fields sufficient to expand the distribution function into Legendre poly-
nomials, i. e. consider only Y, o with 0 <1 < L . This results in reduced storage requirements
of O(NL?) for the system matriz S. However, as soon as a two-dimensional spatial domain
is considered, the full set of spherical harmonics is required [29], falling back to O(NL*)
memory requirements for S.

5.2 Sparsity of Coupling Matrices

Up to now we have assumed that the coupling among coefficients of different spherical
harmonics at a given location in the (x,¢)-space is dense. From parity considerations in
Sec. 3.2 we deduced that in fact only coefficients of spherical harmonics with different parity
couple (cf. (3.47) and (3.51)). In this section we consider spherical bands and show that in
this case only a sparse coupling among coefficients of different spherical harmonics occurs.
For spherical bands, the coupling is determined by the terms a; ,, iy and by, 7 s as
defined in (4.45) and (4.46). Before we proceed, some preparatory results are needed:

Lemma 11. There holds

(1)

o cos(myp), m >0 cos(m’p), m' >0
/ cos(p) R 1, m=0 px<g 1, m' =0 pdp=
0 sin(mey), m <0 sin(m’p), m' <0
(5m,m’—1 + 5m,m’+1)/2u m > O,m' >0, (53)
O 15 m=0,m >0,
=7 X 5m,17 m>0,m/:O,

(5m,m’71 + 6m,m’+1)/2, m < O,m' <0,
0, else .
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(ii)
o —sin(mep), m >0 cos(m’p), m' >0
msin(y) ¢ 0, m=0 px< 1 m' =0 »>dp=
0 cos(mp), m <0 sin(m’), m' <0
(Bl fmrl—1 = Ol for1)/2, M > 0,m' >0, (5:4)
— |mlr % —0m,1, m>0,m =0,

Gl | -1 = Opm] +1)/2, M < 0,m! <0,
0, else.

Proof. We start with the evaluation of

2m
/ cos(p) cos(mep) cos(m’p) de, m >0, m >0.
0
Using the second of the trigonometric identities
0—p)— 0 6 — 0
in sin o = cos(6 — ) . cos(f + ) | cosfeos g — cos(f — ) —;—COS( + ) 7
5.5
) sin(@ + ¢) + sin(0 — ¢) . sin(f + ¢) — sin(6 — ) (5:5)
sin @ cos p = 5 , cosfsinp = 5 ,
we obtain

2T
2/0 cos(¢p)[cos((m — m')p) + cos((m +m')p)] de .

The Fourier orthogonalities (k > 0, [ > 0)

sin(ky) cos(lp)dy =0,

sin(ky) sin(le)dy = 7y, ,

cos(kyp) cos(lo)dyp = oy,

thus yield

2w
/ cos(¢p) cos(mp) cos(m’p) dp = g((sm_ml’l + O/ —1) -
0
Note that the symmetries
cos(f) = cos(—0) , sin(f) = —sin(—40) .

have to be taken into account, since m —m’ may have arbitrary sign.

In exactly the same way the remaining expressions can be evaluated using one of the
identities (5.5), the Fourier orthogonalities and taking parity into account. We skip these

repetitive calculations, since they do not provide any further insight.

O
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Note that the negative sign in (ii) occurs whenever |m/| =

sign appears whenever |m/| = |m| + 1.
Similarly, a second preparatory Lemma is necessary:

Lemma 12. There holds

(i)

|m| — 1, while the positive

on cos(myp), m >0 cos(m'y), m' >0
/ sin(p) ¢ 1, m=0 px<q 1, m =0 pdp=
0 sin(my), m <0 sin(m’p), m' <0
(=Opml (=1 + Ol f42)/2, > 0,m" <05
—Om/ -1, m:O,m/<O,
=7 X _5m,—17 m<0,m’:0,
Ol fmrl—1 = O 1) /2, om0 < 0,m” >0,
0, else .
(ii)
o —sin(mgy), m >0 cos(m'y), m' >0
mcos(¢) g 0, m=0 »x< 1, m' =0 jdp=
0 cos(mp), m<O0 sin(m/p), m' <0
Gl s =1 + O jmr41)/2,  m>0,m' <0, (5.7)
= |m|m x —%m,—1, m <0,m'=0,

(_5|m|,\m’\71 — 5\m\,|m/|+1)/27 m < O,m’ >0 s
0, else.

Proof. This Lemma is proved in exactly the same was as the previous one, using one of the
identities (5.5), the Fourier orthogonalities and taking parity into account. O

We are now ready to prove the sparsity of the coupling term a; y, i/ yn:

Theorem 15. For

1
al,m,l’,m’

a|m,l'm' = AL it m! = / Yl,mes}/l’,m’ dQ
Q

al,m,l’,m’
as introduced in (4.45), the following statements hold:
(1)

Wiy 0=V €{l—=1, 141}, M e{m—1, m+1}. (5.8)

(i)
a%’m,l/m/ £0=0e{l-1,1+1}, me{-m—-1, —m+1}. (5.9)
(iii)

a?,m,l’,m’ 7&0:>l/€ {t—-1, I+1}, m =m . (5.10)
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Proof. (i) Substitution of the definition of spherical harmonics (cf. (1.57)) into (4.45) and
splitting the integral leads to

s
1 — Im| [m/|
Aty = Nl,le/m//O P singp, ' do

o cos(mgp), m >0 cos(mgp), m >0
x/ cos(p) x ¢ 1, m=0 p x4 1, m=0 »dp.
0 sin(my), m <0 sin(my), m <0

From Lemma 11 we deduce that m’ = m £ 1 is required in order to have all .1y Unequal
to zero.

e |m/| = |m|— 1: In this case we have to consider

iy
_ m| . m|—1
all,m,l’,m’ = Cl,m,l’ /0 Pl| | s GPZ" | dog

1
=Cp v / 1 Pl|m|(1 - M2>1/2Pz|'m|_1 dp,

where

1, m=0vm=1,

Crmpr = TN N jmj—1 X { 1

U else (5.11)

and N, is the normalisation constant of the spherical harmonic Y;. s (cf. (1.57)). With
(1.55) we find

1
- m|—1
U/},m,l”m/ = Cl,m,l’ /1 |:<l + ‘m’ - 1)Pl‘_1‘ (//L)
m|—1 m|—
~ 0=l P! )|

Using (1.39) for the second term, we thus obtain

_(=Jm[+1)

1
_ —1
bt =iy [0+l = DR ) = 5

((l — |m| +2)P 7 () + (1 + |l — 1)13)3"1(#)) :|F>l/m—1 du

—c[a+mvwmly

= Limr

l—|m[+1
a (2|l‘i’|1) ((l h ‘m| + 2)6l+17l/ + (l + |m’ - 1)61—1,l’):| )

I __ : : 1
Therefore, I' =1 4+ 1 is required for nonzero At/ !

e |m/| = |m|+ 1: In this case we have to consider

s
1 _ Im| . Im|+1
a’l,m,l/,m’ = CLm’l//O P)l Sin 9Pl’ d9

1
+1
= Gl [ B0 2R

) 110y
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where
_ 1,
Cz,m,l' = 7TNl,|m|Nl',\m\+1 { 1 (5.12)
27
Setting k := |m| + 1, we have

™
1 m| . m|+1
ALl m! = Cl+m I /0 Pll | s QPZ|, | dg

lml’/ PF(L— ) 2P dp,

thus we can conclude just as in the case |m/| = |m| — 1 that I’ = [ £+ 1 is required for
1
nonzero a;Lm’l/’m/-

(ii) Substitution of the definition of spherical harmonics (cf. (1.57)) into (4.46) and
splitting the integral leads to
02t = NinNpr / P sinop™! do
0

cos(mep), m >0 cos(mep), m >0

2
></ sin(p) x ¢ 1, m=0 px< 1, m=0 »dp.
0 sin(mep), m <0 sin(mg), m <0
From Lemma 11 we deduce that m’ = —m %1 is required in order to have a%m 1y Unequal

to zero. Similar as in the proof of (i) we conclude that additionally I" € {l — 1,1 + 1} is
needed for nonzero a?, ;..

(iii) Substitution of the definition of spherical harmonics (cf. (1.57)) into (4.46) and
splitting the integral leads to

7T i
et = Nign N s / PI™ cosoP™! do

0
or [ cos(me), m >0 cos(myp), m >0
X / 1, m=0 » X 1, m=0 »dp.
0 sin(mep), m <0 sin(mep), m <0

The Fourier orthogonalities enforce m’ = m, hence

™ !
@}t = Clomy /0 P cosoP™! a6 (5.13)
with
2, m=0
Clompr = TN | N1 |m| { 1 else . (5.14)

Using (1.39), we arrive at
Tl ml L il ple) L | ]
1 m m m m
1 r = Clmu —— PP —— P 'P, ' do
A m,l'm Im,l /0 20 +1 I+1 2l—|-1 -1+1

I—|m|+1 l+\m|(S
I,m,l 721+1 1+1,1 Y -1,




5.2. SPARSITY OF COUPLING MATRICES 73

Thus, I’ € {I — 1,1+ 1} and m/ = m is necessary to have nonzero a}_ ..
O

It would be of no big use if only @y, 1, Were sparse, but by, ., Were dense. Even
though the explicit expression (4.46) does not suggest sparsity, it is nevertheless the case:

Theorem 16. For

bllml/ m/
ST, aYl 1 aY
bimia = | Ot | = e "M ey ) Y dQ
Lm,l'm bé,m,z m /Q< a0 ee+sin9 D e, | Yrm
IL,m,l’,m’

as introduced in (4.46), the following statements for each component of by, 17 m hold:

(i)

Oy 0= €{l=1, 141}, m € {m—1, m+1} . (5.15)

(1)
Oy Z0=1€{l=1, 141}, M €{-m—1, —-m+1} . (5.16)

(iii)
By 0= €{l=1, 1+1}, m'=m. (5.17)

Proof. (i) As in the proof of the previous theorem, the first step is to substitute the definition
of spherical harmonics (cf. (1.57)) into (4.46):

cos(mep), m >0
cosfcosp x ¢ 1, m=0

1
bl,m,l’,m’ = Nl,le’,m’/
sin(my), m <0

Q

dPl|m| (cos @)
de

—sin(mep), m >0
sin&Pllml(COS 0)sin(p) x ¢ 0, m =0
cos(mp), m <0

m

/ cos(my), m >0
><Pl|,m|(cose) x {1, m=0 3dQ
sin(me), m <0
Next, we rewrite the integral over the sphere {2 into integrals over the angles and separate
the two integrals:

™ dP™ (cos 0 ,
Bttt =Nim Nir [ /0 ld(ecos)cosesin 0P (cos 0) df
o cos(myp), m >0 cos(m'y), m' >0
X / cos(p) R 1, m=0 »x<q 1, m' =0 pdp
0 sin(mep), m <0 sin(m’p), m' <0

—/ Pl‘m‘(cosﬁ)Pl‘,m/‘(cosﬁ) dé
0

o —sin(mep), m >0 cos(m’p), m' >0
X msin(p) ¢ 0, m=0 »x<q 1, m' =0 »dep
0 cos(my), m<0 sin(m’p), m' <0
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The integrals over the angle ¢ have already been evaluated in Lemma 11. It follows that

for bll7m7l,7m, to be nonzero, m’ € {m + 1,m — 1} is required.
o |m/| =|m| —1: We have
™ [dP™(cos 0 m e
bll,m,l',m' =C v / [ld(;os) cosfsin 6 + ]m\Pll |(cos 6’)] Pl‘, | 1(Cos 6) do
Y4B ()
I,m,l 71 d,u ( )
B 1= )2 B )
(5.18)
Using (1.56) to resolve the derivative yields
1
Wi = Cora [ |0P ) = @+ P20
bl )| )0 = )
To use the orthogonality of associated Legendre functions, the term (1 — u2)_1/ 2 has

to be eliminated and the upper index of associated Legendre functions has to be equal.
With (1.52) we obtain

1
QWWWZCWW/}M%%mH4MﬁW1@X®#ﬂ””ﬁmmﬂZW)
+vmﬂMwﬂﬂWF%ma—u%*ﬂdu

Applying the recursions (1.39) to the first term and (1.53) to the remaining terms,

we find
1 2
_ (Il —|m + 1 ml—1
bl{m,l/’m/ = CLm’l,/l |:(">Pl|+1| (,LL)

2041
U= ||+ 1)+ m]) w1
+ |ml( + m| — )P () | PV () dpe
_ U1 = |m|] +1)?
= Yml a1 I4+1,1'
(1= |m|+ 1)+ |m|) + (2L + 1)|m|(l + |m| — 1)
* 21+1 O

with

(5.19)

_ 1, m=0vm=1,

where N, , is the normalisation constant of the spherical harmonic Y, ¢ (cf. (1.57)).
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e |m/| = |m|+ 1: Starting from

T [ml
dP, 0 m m
bll,m,l',m’ =Cl oy /0 [ld(;os) cosfsinf — ]m|Pl| |(cos 9)] Pl‘, Hl(cos 6) dé
A
:C_m’/ [—lul—u21/2
I,m,l , d,LL ( )

Il 0 3272 B G
(5.20)

we arrive in analogy to the first steps in the previous case at
1
bl = / | [llﬂpzm(u) — (1 + [m)uP/") (1)
1 _
_ |m|Pl|m|(,u)} })l|lm|+ (M)(l _ MQ) 1/2 d,u
With the recursion (1.54) applied to the first and the second term we find
1
l
1 _ Ot 2\1/2 |m|+1
o =i [ |20 0

[ — 1 im
m|+1 pimi

m|+1
mﬂ l+1(ﬂ) —(1- M2)1/2Pz‘_1‘ ()

= (= DB ) = | B ) | P ) (1 - ) dp

! l
—Cr 1 — u2\1/2, plmi+l
Com /1 [Z—HmH—l( W BT )

(1 — 2 1/2P\m\+1 I
( 2 ) —1 (M)+ l+’m|+1lu’ I+1

(1)

120 P )1 )

The recurrence (1.39) applied to the first term and (1.55) applied to the last two
terms yields

1
Panitant = Cilmr /_1 [l n !nll\ 1 : 2‘171’ ;r - i) 2P ()
l [+ |m]|
l+|m|+120+1
— (1= p®)V2P T ()

I
L

l I—|m|+1
= + / ]. (5 /

N l l—i—|m]_1 5
I+ |m[+120+1 .

(1— @) 2P ()

(1- ml/?zﬁ”l“(m] P () (1 = u2)~12 dp
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with
1, m=0vm=-1
+ —
Cl,m,l’ - 7TNl7le/’m+1 { %’7 else ’ ’
where N, , is the normalisation constant of the spherical harmonic Y, ; (cf. (1.57)).

Summing up, I’ € {{ — 1,1+ 1} and m’ € {m + 1,m — 1} is required for nonzero b/, ,/ ..

(ii) Similar to (i), the first step is to substitute the definition of spherical harmonics
(cf. (1.57)) into (4.46):

dPl‘m‘(cos 0) cos(myp), m >0

bl2,m,l’,m’ = Nim Ny / [de cosfsinp x ¢ 1, m =0
Q sin(my), m <0

—sin(mep), m >0

+ - Pllml(cos ) cos(p) x ¢ 0, m =0
sin 0
cos(mp), m<O0
/ cos(mep), m >0
X Pl|,m ‘(cos 0) x < 1, m=0 »dQ

sin(mep), m <0

Next, we rewrite the integral over the sphere €2 into integrals over the angles and separate
the two integrals:

bzz,m,zf,m/ =Ny m Ny [/0 dF, " (cosb) cos @ sin 0 d6

de
o cos(mep), m >0 cos(m’p), m' >0
X / sin(p) 1, m=0 p»x< 1, m' =0 »dep
0 sin(my), m <0 sin(m’p), m' <0
+ / P (cos ) 6
0
o —sin(me), m >0 cos(m’p), m' >0
X mecos(p) < 0, m=0 »x<q 1, m' =0 pdep
0 cos(mp), m<O0 sin(m/p), m' <0

The integrals in ¢ have already been evaluated in Lemma 12. It follows that nonzero values

of blz,m,l’,m’ require m’ € {—m +1,—m — 1}.

Unlike in the proof of (i), four instead of two cases have to be considered separately:
e m > 0,|m/| =|m|—1: We obtain

s Im|
. dP™(cos ) .
le,m,l’,m’ = Cl,m,l’(sImI,\m’\fl /0 [ld@ cos 0 sin 6

+ ]m\Pllml(cos g) Pl‘,m‘_l(cos 6)de ,

which is just (5.18). Thus, nonnegative values of b7 ., ., require I’ € {l — 1,1+ 1}.
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e m > 0,|m/| = |m|+ 1: We obtain

bﬂmwmu=zcﬁmy®mLm/—{/ [—l(ifm)amegne
0

+ ]m|Pl|m|(cos 0) Pl‘,m‘ﬂ(cos 0)deo ,

2

vyhic{h is (5.20) }up to a factor (—1). Thus, nonnegative values of bj,, ., require
Ule{l-1,1+1}.
e m < 0,|m/| =|m|—1: We obtain
_ T dP‘m‘(cos 0) .
b%mw:Qmﬁmmw4A[—lm96%%m9
— \m|Pl|m|(cos 0) Pl‘,m‘_l(cos 0)de ,
which is (5.18) up to a factor (—1). Thus, nonnegative values of b? , ., require

Ve{l—1,1+1}.

e m < 0,|m| = |m|+ 1: We obtain

g Im|

dP™(cos §) .

bl27m7l/,ml = Cl—f_m,l/5|m|,\m’\fl / |:ld¢9 cos 6 sin 6
0

— \m\Pllml(cos 0) Pl‘,m‘ﬂ(cos ) de ,

which is exactly (5.20). Thus, nonnegative values of b7, ., require I € {l—1,1+1}.

Summing up, I’ € {{ =1, +1} and m' € {—m + 1,—m — 1} is required for nonzero

! A
Im,’m

(iii) Substitution of the definition of spherical harmonics (cf. (1.57)) into the third
component of (4.46) yields

0 (—sinf) x ¢ 1, m =0

[dP)m'(cos 0) cos(my), m >0
sin(me), m <0

3
bp ot ms = Nlﬂan’,m’/
Q

cos(myp), m >0

X Pl|,m/|(cos 0) x ¢ 1, m=0 ,dQ.
sin(mey), m <0

From the orthogonality of trigonometric functions in ¢ it follows that nonzero values of
bg’ ity induce m = m/. Hence, proceeding as in (i) without y-derivative we obtain

1

3
bl,m,l’,m’ = Cl,m,l’(sm,m’/

[ | b = el o] R0
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The recurrence relation (1.39) applied to the second term of the integrand leads to

1
m I—Im[+1 _jm
B =y O I Py — =M T p
Lym,'m Cl, N/ , /_1 |:( + |m|) l—1(lu’) 2l+1 l+1(:u)
~ gy e | B du

l [—|m|+1
= 18y | (1 1— —— |y —l—————96 /
Clom i/ Om,m [( +|m|)< 2l+1> [ 11 Ol

The numerical constant is given by

2, m=0,
Ciompr = TN m Ny m { 1 else
Thus, nonzero values of b? , induce I’ =1+ 1 and m' = m. O]

/
Lm,’'m

Due to the sparsity of a1 m/ and by, 17, Thm. 14 can be improved as follows:

Theorem 17. In case of spherical energy bands, the following improved statements for the
resulting system matriz S of (4.42) using spherical harmonics up to degree L hold:

(i) The number of nonzero entries in each row of S is at most 9YCsparse = O(1).
(ii) The storage requirements for S are O(NL?).

(iii) Matriz-vector multiplication can be realised with at most O(QCsparseNL2) = O(NL?)
additions and multiplications.

Proof. (i) Each unknown fj ,,.; is coupled for fixed I and m with Csparse Other unknowns in
(z,e)-space. Additionally, from Thm. 15 and 16 we deduce that for each spatial coupling,
coupling of the SHE coefficients with index (I +1,+m + 1) and (I, m) occurs, leading to at
most 9Csparse entries in each row.

(i) Since each row of S consists of at most 9Csparse entries, S consists of at most
9CSparseN(L + 1)2 = O(NL2) entries.

(ili) Since there are at most CsparseN (L + 1)2 = O(NL?) nonzero entries in the system
matrix S, O(9CsparseN L?) additions and multiplications are needed for a matrix-vector
multiplication. O

We note again that one has to be careful with an implementation in software: In most
sparse matrix implementations, an entry is allocated even if only the value zero is assigned
to it. Thus, careless iteration over @y, i/ s and by, 17y for all I, m, I’ and m’ during matrix
assembly may still lead to a sparse matrix object S with memory requirements O(NL*).

5.3 Matrix Factorisation

SHE can be seen as a Galerkin method in k-space, whereas the discretisation (4.41) can be
seen as a Galerkin method in (, £)-space for each of the coefficients of the Galerkin method
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in the k-space. In this section we investigate how these two Galerkin methods are linked.
Consider (4.42) and assume spherical bands, thus the coefficients v, 17y and Ty, 17
are given by (4.45) and (4.46). Pulling all terms that do not depend on the integration
variables out of the integral, we obtain with

M v
o bl2ml, , FO ()
i = | a® s | s B = bggul,,m,  F=F(z) = Fg;(:v)
al,m,l’,m’ ILm,l’,m/ g (w)
(5.21)

the balance equations (function arguments omitted whenever appropriate)

0 mei’
fgt, /Bi Hypir(§) d€

vV N U 3 (»),,(P)
> Z fr i / H,(Zp=1F”“l?wm’ )W)w(ﬁ) dA

i=11'=0m'=—1' Qi m i’ m
_ZZ Z Jvm i Orm e - / HF% ©) d§ (5.22)
i=10U=0m/=-1' 6
1
1 N
H
Y'O()Zflmz an/ 1017 (€)go,0(e F hwy) d€

n

where we have additionally assumed that o, is constant!. Note that due to the assumption
of spherical bands, the generalised density of states coefficients g; ,, are identically zero for
(I,m) # (0,0). Furthermore, we rearrange the second term as

V. N U 3 (), (P)
> Z frami / l<2p=1F”“lf;wm' )ﬁ(em/(s) dA

i'=11'=0m'=—1 Ay m,l’m
a PO\
_ZZ Z Zfl’m’z’alml/ // H, 0 U(E)gOZ/(g)dA (523)
id=11= —U p=1 0B;
I 0 )
+zz 3 e (4,0 ) [, eI 0
i=11'= ol i

!This assumption can be relaxed considerably as we shall see later on.
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Thus, substituting (5.23) into (5.22) yields the balance equations

af m;i’

: /Hl@z
/=1

LAGELIEL A )

Y S S il [ 1 Fy )00 04
=10U'=0m'=-1' p=1 0B;
vV N 4 0

+>.0. > fzam/n-/<a > Hii(e)pu (€) dA
i'=11=0m'=—1 L,m,l’,m’ oB;

(5.24)

_ZZ Z fl’m Zlblml’ / HIFSsz £

/ 1l/

50.180.m
B Oil/io Zfovoﬂ’szn/B Hygoo(e)pir (€ + hwy) d§

Y Zfl”“ Jn/ Hipir(€)g0,0(e F hwy) d€
0,0 !

The crucial observation now is that there are no more terms in the integrals that depend
on either I, m, I’ or m/, except for H;. However, there are only two possibilities for H,
independent of the order L of SHE: It is either unity or an exponential independent of the
spherical harmonics indices. Hence, the Galerkin method in (x, ¢)-space is fully decoupled
from the Galerkin method in k-space.

To account for the decoupled Galerkin methods, we propose the following enumeration
strategy for the unknowns: Given a numbering of the boxes B; with ¢ = 1,..., N, and
spherical harmonics up to degree L, we number all unknowns f; ,,.; for fixed 7 within the
range [(i — 1)(L + 1)2 + 1,...,i(L + 1)?]. The index pair (I,m) with [ = 0,...,L and
m = —I,...,l is mapped one-to-one onto the interval [1, (L + 1)2] by a function r = 7(I,m).
There are no further restrictions to 7, but typically one will choose r as simple as possible.
With this enumeration of unknowns, f;,,; carries the index (i — 1)(L + 1)? + r(I,m).

The proposed numbering scheme induces a block structure of the system matrix S. Let
us introduce the matrix-valued bilinear form for the steady-state (i.e. set the time derivative
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n (5.24) to zero):

a : Pi(T) x Py(B) — REFD*x(L+1)? (5.25)
N 3 (P) F(p) N
(@@ X))r(tm) ey = D [Zal,m,l/,m’/ H, ( 0 )v(é)so(ﬁ)x(&) dA
i=1 Lp=1 9B;
0 }
ol ) i@ aa
l’mal,’m, 8B~L
- bl,m,l',m"/ HZF§£f>)X(£) d¢
6[ JA'Om, m’(s[) l50 m
Yoo Zan/ Higoo(e)p(€ + hwy)x(§) d€
6l l’ém m/

7y [ Hip(@male F hon)x(@) dé
! (5.26)

With this bilinear form the system matrix S can be written compactly in block structure
as

a(pi,x1)  a(p2,x1) .- alen,x1)
S — a’((plzv XQ) a(SOQ:7 X2) . a’(sof\fa X2) , (527)
a(er,xn) alwaxw) o alenxn)

which is the common matrix structure for Galerkin methods such as the finite element
method. Moreover, the sparsity of S can now clearly be seen: If the intersection of the
support of ¢; and x; (taking shifts due to the scattering operator by +hw, along the energy
axis into account) is empty, a(y;, x;) is zero. Note that, in general, a(y;, x;) # a(p;, xi)
and therefore S is not symmetric.

To eliminate the weak dependence on [ of the integrands via H;, we rewrite (5.25) as

a(p,x) = a® (¢, x) + a®(y, x) , (5.28)

where

even , , [ even 5
(aeven(SD,X)) L= ( (SO X)>r(l,m),r(l’,m’) (5‘29)
r(l,m),r(l,m’) 0, [ odd ,
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and
3
even _ F(p) ~
(80), ) = 2o [z; Ay B N ECFENGE
0 -
() [ seretene aa
3 ‘ e(§)
bl,m,l ,m /BZ Fhl;‘({-:)X(g) d£
5 ! mm’5 0 ,m
e Zan/ 900()(€ % oy )X(€) d&
5 "Om,m’
”Yoo Z%/ €)90,0(¢ F hwy)x(€) d€
(5.30)
as well as
W 0, [ even ,
o — o 5.31
(@), 0 { (a000), oy Todde O
with
N
~odd _
(CL (LP’X)>r(l,m),r(l/,m’) - ; |:
3
(») e(k) +ay(x)\ [ F® \
>l [ e (FELEEE) (£ ) sepetonie) aa
0 e(k) + qy(x)\ -
(g, ) [, e (R e)er ) 04
e(k) + av(®)\ ., ¢(§)
- bl,m,l’,m’ : /Bl eXp( ]{IBT )F ~( )X(g) dé
5 ! mm’(S 0, m
B T / exp( LD gy et + o n(€) g
NG m,m’
+ ”Yoo Un/ exp w( )>@(€)90,0(5:Fhwn)X(€) d¢
(5.32)
On closer inspection it can now be seen that both a®"*® and a3 are a linear combination

of matrices with row and column indices r(I,m) and r(I',m’) respectively. There are eight
matrices for a®®® and eight matrices for a®d. Note that the matrices in a®¥*® have empty
rows identified by odd I, while a®dd has empty rows identified by even I. More explicitly,
there holds

even((p7 X) Z a;ven(gp, X)A;ven 7 odd((p’ X) Z agdd(@’ X)Agdd , (533)
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with scalar valued functions aOdd(

N
(@, x) = /

¢, x) and o

even (

©,X), p=1,...,8, the latter given by

s ) H)e(€) dA

K3

N (5.34)
)
+ (¢) dA P =123,
S ([, rerwteaa)”
N
ovcn 3)90 ) I
al 2/3sz e dE, p=4,56, (5.35)
N
av (o, YOOZZ%/ 90.0(€)p(& & hw,)x (&) d€ | (5.36)
=1
N n
o (p, x) = YOOZZ%/ Go0(= T Feon)p(€)x(€) A€ . (5.37)
i=1 n

where the vector decomposition (5.21) was used and the notation (-)#) in the first expres-
sion denotes the p’-th component of the vector. The expressions for ocOdd(go, X) carry only
the additional exponential due to the entropy term (4.37) in the integrand and thus will
not be repeated here. The matrices are given by

even/o v l [even/odd]

Algren/odd] o= S '=1,2,3 5.38
( P )T(l’m)’r(l ) 0, otherwise P T (5:38)
b3 [ [even/odd]

Aleven/odd] L= mll ' —4,5,6 5.39
( P )T(l’m)’r(l ) 0, otherwise P B (5:39)

[even/odd] _ 5l,l’5m,m’ , [even/odd]
S ) (Lm),r(tsm") { 0, otherwise ' (5.40)

[even/odd] . 5171/5m,m/55,05m70 , [even/odd]
(Ag )r(l m)r (' m!) { (5.41)

0, otherwise

Here, the notation [a/b] means that either a or b can be substituted consistently within the
whole expression. We note that in an implementation, A" and A;ﬁid are stored in the
same matrix, since their nonzero entries are located at disjoint locations.

Summing up, the block structure (5.27) allows to write S as a sum of Kronecker products
in the form

8
ven n dd dd
S = Z p TR ATT + o) @AY ] (5.42)
p=1
where ® denotes the Kronecker product and the coefficient matrices az[f ven/odd o given
by
(afprnron) = alevenrost(ps, ) (5.43)

This decoupling allows another reduction of memory requirements for the matrix S
compared to Thm. 17:
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Theorem 18. Assume spherical energy bands such that the coupling coefficients v 1/ m
and Ly, e are given by (4.45) and (4.46). Then

(i) The system matriz S can be stored with memory requirements O(N + L?).
(ii) Matriz-vector multiplication (still) requires O(NL?) additions and multiplications.

Proof. (i) From (5.27) and the sparsity of the block pattern, we conclude that at most
O(CsparseN) = O(N) blocks have to be stored. From (5.28) and (5.33) we see that each
block a(yp, x) requires the storage of 16 = O(1) coefficients. Additionally, the sparse ma-
trices A" and Agfid have to be stored for p’ = 1,...,8 independent of the degrees of
freedom in (z,€)-space, thus an additional memory of O(L?) is required. Thus, the total
memory requirements are O(N + L?).

(ii) Due to the block structure (5.27), we consider a matrix-vector multiplication locally
on a block first. If we decompose the vector x into blocks of length (L + 1)? as

x
i)
x = : , (5.44)
TN-1
TN

we obtain with (5.33)

Dl Yt 05 M (s X1) AP s + apt (s, 1) Ap e
S S a8 (s, X2) AT + a8 (0, x2) AS M,
Sz = : . (5.45)
Zé\le Zzzl agven((ps,XN_l)A;venxs + agdd(‘PmXN—l)Agddws
S ) a8 (s, XN) AT T + a5 (ps, xv) AS
Each of the 16N different matrix vector products Az[f ven/ Odd}ws has to be computed only
once. Since A" and Agfid can be stored together in a single matrix for each p’, only 8 N
matrix-vector products are needed, each requiring at most O(4L?) additions and O(4L?)
multiplications. The factor of four is due to the number of nonzero entries per row, which
is according to Thm. 15 and Thm. 16 at most four. These 8 N intermediate result vectors
are then linearly combined. Since S is sparse, only up O(8Csparse) additions of vectors are
required per row. Before addition, 8Csparse multiplications with either a®V" or aedd (with
appropriate arguments) are required in each of the N(L + 1)? rows.
Collecting all numbers, we have in total

O(32NL? + 8Csparse NL?) = O(NL?)
additions and multiplications. O

Some words from the implementation point of view have to be spent on the 8 N matrix-
vector products mentioned in the proof of (ii): It is in no way necessary to store all 8N
result vectors of size (L 4 1)2. Instead, in an iteration over s =1,...,N and p = 1,...,8,
each entry of the result of the matrix vector product (A" + Agdd)ws can directly be
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multiplied with appropriate coefficients and written to the result vector of Sx. Hence, even
though we have compressed the global system matrix S, there is no additional memory
required for a matrix vector multiplication.

Let us discuss some of the implications of Thm. 18:

e Even though the matrix can now be stored with memory requirements O(N + L?),
there are still N(L + 1)?2 = O(NL?) unknowns in the linear system. Thus, the total
memory requirements are still O(NL?). However, these N(L + 1)? entries for each
vector can be stored without extra overhead in a linear memory sequence, thus the
proportionality constant is 1.

e Due to the block structure of S, the matrix-vector multiplication can be fully paral-
lelised, both on shared and distributed memory computers. However, further details
on parallelisation are beyond the scope of this thesis.

e Even though the system matrix is stored in a compressed form, there is no extra
computational effort during the assembly required. Consequently, the numerical effort
for the assembly of S is again O(N + L?).

e It is interesting to compare the effort for matrix-vector multiplication in the com-
pressed (Thm. 18) and in the uncompressed (Thm. 17) case: First, the coefficient of
N(L+1)?is 9Csparse in the uncompressed case and 32 4 8Cgparse in the compressed
case. For rectangles, Csparse > 9, hence the compressed matrix-vector multiplication is
only slightly slower then the uncompressed one. In higher spatial dimensions and/or
on unstructured grids, Csparse can be much larger such that the theoretical limit for
the computational effort of the compressed matrix-vector multiplication is actually
lower, because the prefactor of Csparse is smaller. In our estimations we have not
considered matrix access times for the uncompressed matrix, which further influence
the resulting performance.

e For spatial dimensions smaller than three, some of the coefficients a[even/ odd] 4 n (5.33)

are zero due to symmetry considerations. This allows to reduce the number of matrices
Aéeven/ °oddl o four in one spatial dimension and six in two spatial dimensions. The
constants in the complexity estimates for matrix-vector multiplication can then be
improved appropriately.

To handle full-band structures, the functions v;,,  m/(€) and I'y,, p () cannot be
factorised as in (4.45) and (4.46), because they generally depend on the energy and on the
angles 6, p. As already suggested by Jungemann et. al. [24], a projection onto spherical
harmonics of up to degree L’ is convenient:

5 97@ Z Z vlm lem(g ) ) (546)

=0 m=—n

et ~3 3 {h,k} Vim0, 0) (5.47)

=0 m=—n
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where

vim(e) = /Qv(s, 6,0)Y1m(0,p)d2, (5.48)

L _ [ Yim(0.0)
{ﬁlkl }z,m €)= /Q hlk(e, 0, )] ds. (5.49)

Inserting these expansions into the expressions for v,y (c.f. (4.43)) and Ty,
(c.f. (4.44)), we obtain

L 1
Ul,m,l’,m’ (5) = Z Z Ul”,m” (5)al,m,l’,m’,l”,m”a (550)
'=0m/'"==1"
L/ l/l 1
NACEDS {h - } ()81, (5.51)
=0 m!=—1" ‘ | U m'
where
al,m,l’,m’,l”,m” = / le,mYE’,m’le”,m” dQ (552)
Q
b P T 2 2 Yi. . Y 0 dSY . 5.53
L,m, " m/ 1" m /Q< 90 ey + sin @ 8()0 €y U'm/ X m ( )

Note that in case that L’ = 0 is sufficient to describe the velocity vector v(e, 0, p) and the
wave vector k(e,0, ), i.e. |v(e,0,p)| = 0(e) and |k(e, 8, p)| = k(e), we fall back to (4.45)
and (4.46) as expected.

Theorem 19. With an approzimation of v(e,0,p) and T'(e,0, ) by a SHE up to degree L'
as given in (5.46) and (5.47), there holds

(i) The memory required for the storage of the system matriz S is at most O(N(L')? +
(L')2LY).

(1) The matriz-vector product then requires O(N(L')?L*) operations.

Thus, it is possible to achieve a memory reduction by a factor O(L*/(L')?) (typically
N(L')?) > (L')2L* holds) even in the case of fullband structures compared to the naive
scheme of storing each nonzero entry separately. However, in contrast to Thm. 18 for
spherical bands, this reduction comes at the expense of increased computational effort for
matrix-vector multiplication compared to the naive scheme analysed in Thm. 14.

Proof. A rigorous proof of Thm. 19 requires the generalisation of the steps that have lead
to Thm. 18. These generalisations mainly consist of an additional summation over I” and
m”, so that we only outline the necessary steps here:

(i) Substitution of (5.50) and (5.51) into (4.42) and repeating the steps that have lead
to the bilinear form af(-,-) in (5.26), then splitting into contributions from even and odd

spherical harmonics as in (5.28), one obtains that a®"*"(y, x) and a®d(¢p, x) can be written
as a sum of 6(L' + 1)? + 2 matrices Al[fven/ °dd] each. These matrices require at most

(6(L' +1)2 +2)(L +1)* = O((L)2L*) memory in total. Presumably it is possible to prove
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a sparsity pattern for each of these AI[,e ven/ Odd}, but for the moment we assume that at each

of them is densely populated.

Additionally, the storage are 12(L' + 1) + 2 coefficients a5*"(p,x) and a5%(p, x)
needed, resulting in the need for O(N(L')?) memory. Therefore, in total O(N(L')? +
(L")?L*) memory is needed.

(ii) The costs of matrix-vector multiplication are obtained as in Thm. 18, taking into
account that there are now 6(L' + 1)? + 2 block matrices ALG ven/odd] i tead of eight: One
entry of the result vector of the matrix-vector product now requires 6(L’ + 1) 4 2 vector
products with O(L?) operations each, hence the computation of all N(L + 1)? entries of
the result vector require O(N(L')2L*) operations. Again, if there is a sparsity pattern for
each of the matrices Al[f ven/ Odd], the estimate improves to O(N(L')2L?) operations. O



Chapter 6

Implementation and Results

In this chapter we discuss the results obtained from the numerical solution of the spheri-
cal harmonics expansion (SHE) equations derived from the Boltzmann transport equation
(BTE) in the preceding chapters. However, due to the hyperbolic nature of the underlying
continuous system of first-order partial differential equations, several numerical challenges
have to passed. We first discuss the main problems that inherently show up due to the
mathematical structure of the equations. After that we give all the parameters used for
the simulations and point at pitfalls that have shown up during the development of the
program code. Finally, the results for a ntnn™ diode are discussed.

6.1 Problem Setup

In this thesis a n™nn™ diode as shown in Fig. 6.1 is simulated. Even though such a device is
of no use in practise, it serves as model for a MOSFET in inversion: The highly doped source
and drain contacts are then identified with the n™-regions in the diode, while the channel in
inversion corresponds to the n-region with lower doping. This simplification, however, does
not allow for a full characterisation of the MOSFET, but provides a qualitative analysis of
quantities such as carrier velocities in the channel.

The diode is divided into three parts of equal size. The left and the right parts are the
nT regions, while the lower doped n region is located in the centre. The length of the diode
is 200nm. The voltage at the right contact was set to 0.3, 1.0 and 3.0 Volt, while the left
contact is grounded. The band structure was assumed to be parabolic, thus the following
relationships hold:

217,12
€= Pkl (6.1)

2m*
1 hk
v = ﬁng = % = \/ 25/m* (62)
hlk| = V2m*e (6.3)

The scattering operator is assumed to consist of acoustic and optical phonon scattering
[27,33]. The former is assumed to be isotropic and completely elastic, thus the scattering
term is given by

Sac(T, k, k') = 0..0(c(K') — e(k)) , where o,c = 7hVu12p O

(6.4)

88
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Oxide
Gate
ntant e
Diode  Source n* P n™  Drain
(a) Schematics of a MOSFET. The n*nn"-diode is indicated with a dashed line.
V+
+ n nJr J\

o |

(b) The ntnn*-diode.

Figure 6.1: The investigation of an nTnnT-diode is motivated from the channel of a MOS-
FET in inversion, where the p-region close the the gate oxide accumulates
electrons and thus becomes a thin n-channel.

The quantity V is the volume, which cancels after appropriate scaling. The other quantities
are explained in Tab. 6.1. Optical phonon scattering is modelled by the inelastic term

e = s, i 09
where the number of optical phonons N, is given by Bose-Einstein statistics
Nyp= —— (6.6)
exp(7#) — 1

Note that the above scattering terms have to be transformed from momentum-space (k-
space) to energy space, which adds a multiplication with the density of states to the scat-
tering rates (cf. (2.65)). We use these two scattering mechanisms only, others are described
in the literature and can be included in the context of SHE similarly [24,27,29,33,48].

6.2 Pitfalls

During implementation and testing of the simulator, several issues had to be dealt with.
Such pitfalls are often mentioned — if at all — only in a single sentence in publications, even
though a lot of time was spent on dealing with them. In this section we discuss the pitfalls
observed.

6.2.1 Initial Guess for the Potential

A glimpse on the SHE equation (3.30) reveals that the force term F' and thus the potential
within the device must be given. Since it is very hard or even impossible to write the
potential even in a simple one-dimensional nnnT-diode in closed form, we compute the
potential v in the device by numerical solution of the drift-diffusion model in its simplest
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Parameter Symbol Value
Elementary charge lq] 1.6022 x 107 C
Planck constant h 6.626 x 10734 Js
Boltzmann constant kg 1.381 x 10723 J/K
Lattice temperature T 300 K
Sound speed u 9000 m/s
Mass density p 2330 kg m~3
Effective mass m* 0.26 x my
Electron rest mass mg 9.1094 x 10731 kg
Lattice deformation potential D 9.00 eV
Optical phonon coupling constant DK 500 eV /m
Optical phonon energy hwep 0.05 eV

Table 6.1: Input parameters for the simulation of an n™nn* diode. Note that 1 eV equals
1.6022 x 10~1? Joules.

form:
~aw =), (6.7
V- (Vi — VenVe) =0 (6.8)
V- (Vp+VrpVy) =0, (6.9)

where the thermal voltage Vi = kpT/|q| is approximately 26mV at room temperature,
Np is the net doping concentration and n and p are the unknown electron and hole con-
centrations respectively. The dielectric constant ¢ is not to be confused with the energy
€. This minimalistic set of equations neglects many additional physical effects, but pro-
vides a sufficiently accurate initial guess for the potential. For numerical stabilisation the
Scharfetter-Gummel scheme as described in Sec. 4.2 was used. Due to the exponential de-
pendence of the carrier concentrations on the potential, a direct linearisation of the system
typically fails to converge. Thus, we rely on the so-called Gummel scheme (see e.g. [42]),
where we successively solve the three equations, but use the relations

n:niexp(w ‘—/TSOn) , p:niexp(gopv;w> (6.10)

in the Poisson equation (6.7). The linearised equation for the update §i* at the k-th
iteration step with A := |q|/e then is

k k
A + A%(&/J’“) — AYF 4 A(PE — P — Np) . (6.11)

For further details on the numerical solution of the drift diffusion model we refer to the
literature, e.g. [42].
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6.2.2 Degenerate or Decoupled System

Let us consider a first-order SHE of the BTE for spherical bands in one spatial dimension
aligned along the z-direction. Due to the symmetry of the problem we can conclude that
the coefficient of Y] ,, is zero in case that m # 0. The coupling matrices (4.45) and (4.46)

can then be computed as
0 1/V3
Py = 12
Qi m,l'm < 1/\/3 0 ) ) (6 )

0 0
bttt = < o’ O) , (6.13)

so that the resulting system of equations in steady state becomes

(6.14)

. fo | 0fo 2F  0fo
’U(z’:‘)/\/g(az +F8€> - m% - Ql{f} )

where ©(¢) and 1/(hk) stem from (4.45) and (4.46). We observe the following:

e In a parabolic band approximation, |k| ~ /g, thus the coefficient 2F/(v/3hk(e))
is singular at zero energy. Consequently, extra care has to taken there: Since the
singularity is integrable, a higher order numerical quadrature should be sufficient.
Additionally, there are boundary-conditions at zero energy which allow to circumvent
these problems.

e If the force F' is zero at some point, then all energy derivatives vanish. Conversely,
if the force is very large, the prefactor of the z-derivative can become very small
compared to the prefactor of the energy derivatives.

e The equations are coupled via the collision operator ) only. Thus, if Q = 0, the
system decouples into two separate equations. Such a decoupling is not desired:
Since boundary conditions are defined for the even harmonics only (cf. Sec. 4.5), the
decoupled equation for the odd harmonics would then be underdetermined, while
the equation for the even harmonics were overdetermined due to the presence of two
boundary conditions for a first order partial differential equation. Thus, it is not
possible to investigate the numerical behaviour of the left hand side of (6.14) by
setting () = 0, which complicates any analysis considerably.

6.2.3 Linear Solver and Preconditioner
Let us consider a uniformly doped semiconductor in equilibrium. The distribution function
is then given by a Maxwellian:

f(a:, 5) = ndopinngT eXP<— (615)

7)
kgT /)’
where ngoping is the concentration of dopands. We denote with M(e) := exp(—¢/(kT))
the exponential term. Choosing the simulation domain to range from zero to one electron
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volt, evaluation of M at the extremal values yields
M(@OeV)=1, M(leV)~6.2x101°. (6.16)

While such a large variation in magnitude does not pose any analytical problems, it cer-
tainly does in computer with finite precision floating point units. For example, the IEEE
Standard for Floating-Point Arithmetic (IEEE 754) specifies a double precision format of
64 bit with a mantissa length of 53 bits, thus a relative accuracy of about 16 decimal digits
can be obtained. However, since the spherical harmonics coefficients have values of simi-
lar magnitude when evaluated at neighbouring grid points, the finite precision arithmetic
is sufficient to perform a matrix-vector multiplication of good accuracy with the system
matrix.

Consider now the linear system Ax = b with initial guess g and initial residual ry =
b — Axq. If this system is solved using a Krylov subspace method, a solution is sought in
the m-dimensional subspace

K = span {To, Arg, A2rg, . .. ,Am_lm} . (6.17)

The next iterate a,, is then chosen from the affine subspace x4+ K,,,, where different Krylov
methods lead to different choices of x,,. For demonstration purposes, let us continue with
the Generalised Minimum Residual Method (GMRES) [40], where @, is chosen to be the
vector that minimises the residual among all vectors from x¢ + K,,. However, since small
relative deviations of the approximate solution f; near zero energy lead to variations in the
residual of, say, &, the same relative variations at energies of 1eV lead to variations in the
residual of size § x 10716 only. Thus, the numerical solution fj, will suffer from increased
numerical noise at higher energies, because deviations from the true solution at zero energy
have a much higher weight than deviations at high energies.

A method to reduce these oscillations is the following: Given an unknown f, ,,.; located
at location (x;,¢;), we expect due to reasons of physics at equilibrium that f, ;. is by a
factor of approximately exp(e;/(kgT)) smaller than the unknown f,, ,,,.;7 located at (x;,0).
Thus, we replace

X &q
fn,m;i = f:; 7pnz = fn,m;i eXp( : ) (6.18)
B kT

and repeat this procedure for all unknowns. In case that the true distribution function is
close the equilibrium given by (6.15), the discrete solution is then given by

fexp ;X Qnm Vi, (619)

n,m;i

where o, ,, depends only on the indices n and m of the respective spherical harmonic. In
a purely mathematical view, the rescaling of unknowns corresponds to an application of a
left- and a right-preconditioner P: If we write the unscaled system as Ax = b, denote the
scaled vector of unknowns with ' and the identity matrix with I, then the substitution
(6.18) is equivalent to

Ax =b+— Alx =b (6.20)
& AP 'Px=b (6.21)
& AP 2’ =b, (6.22)
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where
exp(eo/(kpT)) 0 0
P = (,) eXp(gl/,(kBT)) ,0 o (,) e RN | (6.23)
0 0 exp(z?N—‘l/(kBT))

Since the boundary conditions at the device contacts are of Dirichlet type and given by
a Maxwellian, the right hand side vector b also consists of entries of different orders of
magnitude. Additionally, since A has entries varying by a few orders of magnitude only,
the rescaled matrix AP~! consists of entries with a much larger variation in magnitude.
This issue can be resolved by a left-multiplication with P, which reverses the scaling induced
by P! and additionally leads to right hand side entries of similar magnitude:

Ax=b & AP '2’=b < PAP '2/=Pb. (6.24)

This combined left- and right-preconditioner, which we refer to as exponential precon-
ditioner, was tested and compared with two other basic preconditioners:

(i) A diagonal left-preconditioner D, which scales the diagonal of A to consist of ones

only, thus
agp O 0
D = 0 a?& ’ 0 e RNV (6.25)
0 ... ... 0 ay iy,

Here, 0; ; denotes the Kronecker delta. We will refer to this preconditioner as diagonal
preconditioner.

(ii) A diagonal left-preconditioner R, which scales the largest element in modulus of each
row to one, thus

(max; |ag,;|)~* 0 0
. . _1
R— 0 (max; |'a17]\) .0 : 0 c RNXN
0 o 0 (maxjlan—1,4))7"

(6.26)

Again, §; ; denotes the Kronecker delta. We will refer to this preconditioner as row
scaling preconditioner.

The comparison of preconditioners shown in Tab. 6.2 shows some interesting results:
Most notably, the condition number of the system matrix without preconditioner is too
large for double precision arithmetic, thus it is required to use either high-precision arith-
metic or to use a preconditioner. Surprisingly, the diagonal preconditioner leads to an even
higher condition number of about 10'. However, it has been observed that the diagonal
preconditioner performs better if lower scattering rates are chosen. In contrast, the row scal-
ing preconditioner reduces the condition number by several order of magnitude to 107 and
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DOF /axis ‘ No precond. ‘ Diagonal ‘ Row scaling ‘ Exponential
30 \ 2.1914 x 1017 \ 1.8352 x 109 \ 9.9286 x 106 \ 1.9107 x 10

Table 6.2: Comparison of condition numbers with different preconditioners for the system
matrix resulting from the simulation of a n*nn*-diode on a uniform grid with
a SHE of first order.

performed best even at lower scattering rates. Interestingly, the exponential preconditioner
does not perform as well and leads to condition numbers in the range 10!, even though
the unknowns are scaled such that they are of similar order of magnitude. Nevertheless,
the exponential preconditioner yields better results than the diagonal preconditioner.

The action of the preconditioners on the eigenvalue spectrum of the system matrix
is shown in Fig. 6.2. The row scaling and the exponential preconditioners transform the
eigenvalues of the original matrix A to a cluster of eigenvalues with both real and imaginary
part between —1 and 1. The diagonal preconditioner also clusters most eigenvalues in that
interval except for a few large eigenvalues that lead to high condition numbers. These few
large eigenvalues most likely stem from the discretisation near zero energy, where diagonal
entries are smaller than the off-diagonal entries. Interestingly, even though the exponential
preconditioner possesses an eigenvalue spectrum similar to the row scaling preconditioner,
the matrix condition numbers differ by several orders of magnitude. Hence, we can conclude
that the antisymmetric part of the system matrix is not just a small perturbation of the
system matrix.

Another important thing to note in Fig. 6.2 is that eigenvalues with both positive
and negative sign occur. The unpleasant consequence is that many iterative solvers like
the conjugate gradient method cannot be used and more general variants like GMRES
have to be used. The alternative is to rely on direct solvers, which do not allow for very
large numbers of unknowns. The solver package PETSc [2] was used to benchmark several
different iterative solvers. The result for low scattering rates is disappointing: None of
the iterative solver was able to solve the system matrix arising from 25 grid points in
each coordinate direction, no matter which preconditioner was chosen. This is especially
surprising since the matrix condition number is moderate if row scaling is used. For this
reason, a direct Gauss solver with pivoting was used in the following. Since simulations
with higher scattering rates have been carried out only after this change of the linear solver,
iterative solvers have not been tested with higher scattering rates.

Another improvement used by Jungemann et. al. [24] is to eliminate all unknown ex-
pansion coefficients of odd order in a preprocessing step. Such an elimination is numerically
cheap due to the results from Chapter 5, since odd order coefficients couple with even order
coefficients only. Such a reduction reduces the number of unknowns by a factor of two in
the case of one-dimensional devices, while the benefit is even higher in higher dimensions.
Consequently, the resulting system matrix is smaller and a direct solver is by a factor of
eight faster!. In Fig. 6.3 the action of the elimination process on the eigenvalues of the sys-
tem matrix is depicted. Eigenvalues larger than 0.5 do not appear anymore (apart from the
eigenvalues 1 due to boundary conditions) and the remaining eigenvalue spectrum remains

1Under the assumption that for a matrix of size N x N the computational effort for the solution process
is O(N3)
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Figure 6.2: Eigenvalues of the system matrix resulting from the simulation of an n*nn*-
diode with different preconditioners. Note that due to the inclusion of bound-
ary conditions in the matrix there is an eigenvalue 1 in all four cases.
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Figure 6.3: Comparison of eigenvalues of the system matrix before and after elimina-
tion of odd order unknowns. Prior to the elimination step, a row scaling
preconditioner has been applied.

almost unchanged. The condition number decreases by another factor of approximately
five. However, there are still several negative eigenvalues present, thus excluding many
iterative solvers that require a positive definite matrix.

6.3 Results for a n™nn"™ Diode

Even though physical quantities have been written explicitly throughout this thesis, one
must not expect highly accurate results in terms of physics at this point, because the
simulation results are not fitted to measurement data from a real device. In particular, since
a thorough investigation and quantitative comparison with existing models was beyond the
scope of this thesis, one simply cannot expect that the obtained simulation results provide
an accurate description of a real device. In particular, a consideration of acoustical and
optical phonon scattering only turned out to yield unphysical small scattering rates in total.
Therefore, the acoustical phonon scattering rate (6.4) was increased by a factor of 100 in
order to obtain physically more meaningful results. Nevertheless, one has to bear in mind
that a lot more parameter tweaking is needed for reliable and predictive simulation results.

The expansion coefficients fo o, f1,0 of the generalised energy distribution function f as
well as the computed electron densities and the resulting potential for a n*tnn™* diode of
200nm length and SHE up to first order are shown and compared with the results obtained
from a simplistic drift-diffusion model (DDM) in Fig. 6.4. As can be seen from the grid, the
mesh was refined near the transition regions where the electric field is large, whereas the
grid spacing in energy direction is uniform. Both the electron concentration as well as the
potential inside the device computed by DDM and SHE are very similar. In fact, this is not
surprising, since only a low external field is applied and the internal fields due to differences
in doping concentrations are small. The distribution function does not have any spurious
oscillations and one can see that at £ =~ 130nm a local maximum of the distribution function
coefficients with respect to the spatial variable = develops. In a physical interpretation this
means that the electrons are accelerated in the lower doped centre region and thus gain
energy. As soon as they hit the higher doped n™-region on the right, scattering dominates
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Figure 6.4: Self-consistent solution of SHE equations at an applied voltage of 0.3 V.

such that electrons lose energy. Near the contact the distribution function with respect to
energy is already close to a Maxwell-distribution again.

At higher applied fields the situation the so-called high energy tail of the distribution
function can readily be seen around z =

~

130nm in Fig. 6.5. Moreover, the plot for the
zeroth-order coefficient fpo shows that the choice of Dirichlet boundary data is not the

best: At higher energies the distribution function near the contact at x = 200nm is too far
away from the equilibrium Maxwell distribution, thus there are jumps in the solution. Thus,
a generation/recombination term at the contact as discussed in Sec. 4.5 is of advantage.
Moreover, the numerical solution tends to produce spurious oscillations near the contact in
such cases. The oscillations in the coefficients of the distribution function near z = 60nm
in Fig. 6.5 are due to artefacts from the energy boundary at € = €5« and do not influence
the computed macroscopic quantities.

The norm of the potential update vector at step s, ||[Avs||, of the Gummel iteration
scheme for the solution of the coupled Boltzmann-Poisson system is shown in Fig. 6.6.
While convergence is fast for small voltages and a small number of iteration steps suffice,
convergence is very slow for higher voltages of several Volts. The same is true for the

Gummel iteration used in the drift-diffusion model which severs as a first initial guess for
the potential.



6.3. RESULTS FOR A N*NN* DIODE

98

n(m~(-3))

Distribution Function f_0

Distribution function

le+25 - - - : T r T
let+24 |+ e e
[
/i1
"\ f
/
| St
4 ., #
le+23 it S
1 {
i /
| /
4 J SHE ———
“ / Doping ———
\ Drift-Diffusion ——+—
le+22 .
0

(a) fo.0, not normalised

Electron Concentration in Diode by SHE

20 40 60 80 100 120 140

x (nm)

(c) Electron density.

160 180

200

Volts

Distribution Function f_1

Distribution function

100000
10000

(b) f1,0, not normalised

Potential in Diode

Potential SHE —— !
Potential DD x
0.8
0.6
0.4
0.2
el
o e ‘ ‘
o 20 40 60 80 100 120 140 160 180 200

x (nm)

(d) Potential.

Figure 6.5: Self-consistent solution of SHE equations at an applied voltage of 1.0 V.
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Figure 6.6: Norm of the potential update vector ||Awg|| after each Gummel iteration step
for different externally applied voltages.

The high number of Gummel iterations required for large externally applied voltages
typically come with the need for a larger number of degrees of freedom due to the higher
forces in the device. Thus, not only is the number of iterations higher, but also the time
required for each iteration step. Faster convergence can be obtained by the use of the
Newton method on the full coupled system as was observed recently [32]. In Fig. 6.7 the
potential update A, according to the correction

Qps—l—l = 77/}5 + dAle (627)

with damping factor d set to 0.8 is shown. One can see that another gain in convergence
speed could be obtained by the use of multigrid methods for the nonlinear iteration: High
frequency errors in the potential are eliminated through the Gummel iteration much faster
than it is the case for low frequency errors. In particular, the potential updates are smooth
functions, thus it is of advantage to start with a coarse mesh, perform several (fast) Gummel
iterations to resolve low frequency updates of the potential and then interpolate the coarse
numerical approximation to a finer mesh. Clearly, this requires stable discretisations in
order to be able to obtain meaningful results on coarse meshes. For such a coarse mesh
with only 30 grid points in each coordinate direction, the obtained simulation results are
shown in Fig. 6.8. While the solution obtained from a 40 x 40 grid shows some numerical
oscillations at higher energies only, the solution obtained from the 30 x 30 grid oscillates even
at low energies and thus does not provide reliable numbers for the electron concentration.

To close this chapter, the importance of self consistent simulations, i.e. a full solution
of the Boltzmann-Poisson system, is depicted in Fig. 6.9. The applied potential is 1 Volt,
hence the associated potential can be found in Fig. 6.5. One can clearly see that small
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Figure 6.7: The potential and its correction at different Gummel iteration steps.
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Figure 6.8: Coarse grid solutions for a nTnn™ diode at an applied voltage of 1.0 V.
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Figure 6.9: Comparison between electron concentrations obtained from self consistent,
non self consistent and drift-diffusion simulations.

deviations of the potential in the order of a few percent lead to electron concentrations that
differ by a factor of two in the case of a simple nTnn™ diode. For more complex devices such
as bipolar transistors or MOSFETSs, the difference is even higher. Consequently, one cannot
rely on simpler (macroscopic) models for the computation of the potential and abandon the
nonlinear iterations.



Chapter 7

Outlook and Conclusion

Several hints have already been dropped throughout this thesis on future investigations
and possible extensions. Within this final chapter we sketch possible future work on the
spherical harmonics expansion (SHE) of the Boltzmann transport equation (BTE) in a little
more detail. The following sections give a brief overview of current ideas and hint at certain
challenges which have to be met. However, one must not expect to find any fully developed
theory or even results on the next pages. A conclusion is finally drawn in the closing section
of this work.

7.1 Unstructured and Adaptive Grids

The simulation of the ntnn™ diode from Chapter 6 was carried out using a non-equidistant
Cartesian tensor product grid with the different number of grid points in x and ¢ direction.
The results show that there is only a minor deviation from the Maxwellian shape of the
solution near the contacts, thus it would be sufficient to have a lower grid point density
there. On the other hand, in the transition region between the highly doped n™ region and
the lightly doped n regions, a much higher density of grid points is desirable to obtain a
good accuracy of the numerical solution.

A good indication of strong variations in the solution is given by the force term F': In
regions where the force is relatively small, electrons hardly respond to the force, whereas
in areas of large forces electrons are accelerated and gain a considerable amount of energy.
Such large forces typically show up at the border of regions with different doping levels,
hence we expect to see a strong variation of the distribution function in @-direction, while
there the variation in energy is typically lower than for the Maxwellian shape at the contacts.
The reason is that electrons do not gain energy instantly, they rather gain energy while they
travel across the regions with high forces. This energy is then lost in the regions with lower
forces due to scattering.

For a cell T' with characteristic length hr and centre at (xr,e7) one may set

€o ter
Fy+ |F(zr)|

where g9 and Fy are positive parameters that have to be chosen appropriately. With this
choice of cell sizes, the cells are smallest near zero energy in regions where the force is
largest, which coincides with the observations from the simulation results of an n™nn™
diode.

hr (7.1)
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It is possible to choose cell sizes according to (7.1) on both structured and unstructured
grids. This allows the construction of a sufficiently fine initial mesh, where each cell T
can then be adaptively refined according to an error estimator n(T, f,) based on the initial
numerical solution f;. However, due to the typically exponential decay of f, with energy,
the use of simple standard error estimators based on the gradient of f; are not expected
to yield good results. Thus, using standard error estimators on fj, the mesh is likely
to be refined near zero energy only. Better results can be expected when standard error
estimators are applied to In(fy), fnexp((e +qv)/(ksT)) or In(fp) + (¢ + q¥)/(ksT’). Such
an adaptive mesh refinement leads to unstructured grids in a natural way, which comes at
the cost of additional memory needed for mesh data structures. However, since for a SHE
of order L, (L + 1)? unknowns are associated with each mesh node, the amount of memory
needed for mesh handling is small compared to the memory needed for the unknowns as
soon as L exceeds, say, five.

Another reduction of unknowns can be achieved by a clever selection of the energy
boundary. We recall that macroscopic quantities such as electron concentration, average
electron velocity or current density within the device are obtained from an integration over
energy. For example, the macroscopic density u is computed by

u(m,t):/OOO/QU(s,G,cp)f(:c,s,@,go,t)dee. (7.2)

In case U = Yj o one obtains the electron concentration, whereas the average energy can be
obtained from the choice U = €Y 9. Since the integral along energy can only be evaluated
numerically between zero and ey,,x due to the finite simulation domain, one can choose
€max = €max(®) in such a way that the resulting error is below a prescribed error. This
is always possible, because the distribution function decays exponentially (at least for suf-
ficiently large energies), while the function U is of polynomial growth for all microscopic
quantities of interest. A potential pitfall is the specification of appropriate boundary con-
ditions at € = epax(x), because then the normal vectors of the boundary of the simulation
domain do not point into energy direction only.

7.2 Adaptive Control of the Expansion Order

In Chapter 1 we have seen that the magnitude of the coefficients of the SHE decreases
with increasing order. According to (1.94) the rate of decay is the larger the smoother the
distribution function is. In terms of physics, a faster decay of the coefficients can be expected
if only small voltages are applied to the device. This corresponds to results reported in the
literature, where higher order expansions up to about degree nine are required to obtain
good agreement with reference solutions computed using the Monte-Carlo method [24].

The decay of the coefficients of higher order harmonics can also be seen in results for
a nnn™ diode reported by Rahmat et. al. [33]. The crucial observation is that the higher
order coefficients are largest in high-field regions, thus it may be sufficient to include these
higher order coefficients only there and set them to zero in the low-field regions, where the
distribution function is close to a Maxwellian. More explicitly, for

L n
F@kt) = " fum(®,6)Yim (7.3)

=0 m=—n
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Figure 7.1: A three-dimensional prismatic mesh can be obtained from a two-
dimensional mesh by appropriate translations. The two-dimensional
cells are then facets of the three-dimensional prism. Here, the remain-
ing facets are obtained by joining corresponding vertices.

and a given force F', we set a-priori
fom(®,€) =0, Vo eE:={ye=:|F(y)| < W}, (7.4)

where Z denotes the simulation domain. It is to be expected that the threshold ﬂrf;ln has to
be chosen for each [ and m independently and that abrupt changes of the expanéion order
have to be avoided. At present it is not clear in what way the quality of the numerical
solution will suffer from forcing coefficients to zero in the low-field region. Additionally,
extra care has to be taken in order to preserve current continuity.

7.3 Higher Spatial Dimensions

The simulation of one-dimensional devices is certainly unsatisfactory considering the state
of the art in device manufacture. A natural requirement thus is to simulate full three-
dimensional devices, which actually requires the solution in a four-dimensional coordinate
system, namely three spatial coordinates and one energy coordinate. In such a four-
dimensional space, several obstacles pop up:

e Meshing: While a lot is known about meshing in two and three dimensions, hardly
any concepts or software exist for meshing in four dimensions. Nevertheless it is still
possible to obtain a full four-dimensional mesh by embedding a three-dimensional
mesh of the the device into the four-dimensional space. In particular, every mesh node
located at @ in the three-dimensional mesh is embedded in the four-dimensional space
at location (x,0). A four-dimensional mesh of prismatic cells can then be obtained
by repeatedly shifting the three-dimensional mesh along the energy axis to obtain
the points (x, Ae), (x,2A¢), (x,3A¢), ..., (€, max). This procedure is illustrated in
Fig. 7.1 for the case of a transition from two to three dimensions.

e Visualisation: The visualisation of scalar quantities within a three-dimensional de-
vice often requires the use of iso-surfaces and other tools because of visibility prob-
lems. The visualisation of a four-dimensional energy distribution function is already
a problem for the human perception, thus it will only be possible to visualise aver-
aged quantities such as the particle concentration or the average energy of electrons
at a certain point in the device. However, since the characteristic relationship of an
electronic device is the current at various applied voltages, the inability to visualise
the full four-dimensional energy distribution function should be a minor concern.
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o Computational Complexity: The numerical example of a simplistic one-dimensional
nTnnt diode already showed that the system matrix carries some unpleasant prop-
erties such as a very high condition number. It is not clear whether the situation gets
even worse in higher dimensions. Some authors already reported successful simula-
tions of two-dimensional devices [16,20,23], but there have not been any publications
on the simulation of full three-dimensional devices using SHE. Moreover, computa-
tional resources might (at present) be insufficient to use expansions of higher order.
In a four-dimensional simulation domain, a uniform mesh refinement increases the
number of unknowns by a factor of 16, therefore unstructured, adaptive grids as well
as an adaptive control of the expansion order appear to be necessary to keep the
number of unknowns to the absolute minimum.

7.4 Mathematical Modelling

The numerical simulation of an electronic device by SHE of different order has been the
topic of this thesis. Early publications covered first order expansions only, which have
then found their way into the world of mathematical modelling. There, the mathematical
SHE model has been derived from scaling arguments and an Hilbert expansion of the
distribution function [4]: The scattering operator @ is split into an elastic part Qo and a
small perturbation Q)1 as

Q{f*} = Qo{f*} + *Qu{f} (7.5)

where f® denotes the scaled distribution function with respect to the substitutions ' = ax
and t' = at. With this scaling, the BTE becomes

8fa o o\ 1 o o
Substitution of a Hilbert expansion of the form
o= fo+afi+a’fo+... (7.7)
and balancing terms of the same order in « leads to
Qo{fo} =0, (7.8)
Qo{fi} =v Vafo+ FVifo, (7.9)
Qo2 = 2L v Vufi 4+ FVH — Qi) (7.10)

Without going into the details, under suitable assumptions one can show that the above
system is solvable if fy fulfils

0 aj

éf()+VwJ+F——_SU} (7.11)

where

i= [ vhgde=-Di@.o)(Vafo+ FVuA) | (7.12)

st = [ @, (7.13)
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with the density of states g(¢) and the diffusion matrix D(x,e). A comparison of (7.11)
with (3.28) shows that the latter carries an extra term F'-T'. The reason for this difference
can be traced back to the partial integration with respect to k in (3.13): While the spherical
harmonic Y}, is a function of the angles, the scaling parameter o was assumed to be a
scalar.

From the numerical point of view, (7.11) is easier to handle than (3.13), because after
substitution of (7.12) into (7.11) one obtains a (parabolic) second-order partial differential
equation, where the drift and diffusion terms can be clearly identified. We note that it
is also possible to recast (6.14) into a second order PDE under some assumptions on the
scattering operator: If we assume in (6.14) that Qo{f} = cofo and Qi{f} = cifi, then
elimination of f; leads to a PDE of second order for fj.

In contrast to the SHE model derived by scaling arguments, the set of equations (3.30)
for the coefficients f,(,¢) still represent the full series expansion of the solution of the
BTE. From the mathematical point of view it is interesting to ask in which sense the
series expansion converges to the true solution f. For the diffusion matrix D(x,¢) used in
(7.12) the non-negativity has already been shown [4], thus one can check whether similar
statements for the arbitrary-order equation (3.30) can be derived.

By different scaling arguments it is possible to derive the energy transport model, the
hydrodynamic model and the drift-diffusion model from the BTE [4]. If we suppose that
the set of equations (3.30) is only a recast BTE, then it might also be possible to derive
macroscopic models from it. In particular, a closer investigation of the third-order model
might lead to a new macroscopic model superior to for example the energy transport model.

7.5 Appropriate Linear Solver

Due to the additional energy coordinate, the discretisation of the SHE equations leads to
a high number of unknowns. The resulting system matrix, however, is extremely sparse,
hence iterative solvers should be chosen. Unfortunately, iterative solvers failed to converge
for SHE in the low-scattering regime as reported in Chapter 6, thus a direct Gauss solver
was used to obtain the results shown in the preceding chapter. However, direct solvers are
inferior to iterative methods (provided that they converge) for sparse matrices with large
numbers of unknowns, say, more than a million, thus it is absolutely mandatory to find a
suitable iterative solver for SHE.

Tightly connected with the choice of an iterative solver is the choice of an appropriate
preconditioner. Jungemann et. al. [24] reported the successful use of GMRES with a rather
advanced incomplete LU-preconditioner, but also mentioned failure of convergence if the
preconditioner was too rough.

An open question is the use of the block structure (5.33) for preconditioners. If the full
system matrix S € R*"*" had a (Kronecker) block structure in the form

S=URV (7.14)

with U € R*** V € R"*Y, then a preconditioner could be obtained from approximate
. ~ 1 ~ 1
inverses U ~ € R*** and V = € R"*? as

-1 -1 -1

S =U oV (7.15)
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because of

1

SlS=U eV HUeV) =0 'U)e(V V) xI, oI, ~1I. (7.16)

Unfortunately, S is according to (5.42) only a linear combination of matrices that are
Kronecker products:

1
S=)6U;aV;, (7.17)
=1

o : . . -1 ~ 1 g
thus it is insufficient to compute the approximate inverses U, and V, . One possibility
to design a preconditioner is to select §* € R**%™W with §* = U* @ V*, U* € R*"*¥,

V* € R"*Y such that
S* = argmin| S — §’|| for §' € R*** @ RV*" . (7.18)

Then, the approximate inverse of S* can be assembled from the approximate inverses of
U* and V*. However, it is not clear whether on the one hand a suitable S* exists at
all, i.e. whether the error ||S — §’|| can be made sufficiently small, and on the other hand
whether S* can be computed in an inexpensive way.

7.6 Finite Element Methods

In order to ensure current continuity, the Finite Volume Method was chosen for the discreti-
sation. However, current continuity came at the price of dropping the maximum entropy
dissipation scheme (MEDS) for the even order equations. Hence, if current continuity is
not of utmost importance, MEDS can also be applied to even order equations and dif-
ferent discretisation methods such as the Finite Element Method (FEM) [6,50] can be
applied. Moreover, a previously created finite element programming framework of the au-
thor [38,39] can immediately provide features like higher order discretisations, multigrid
methods or adaptivity.

One has to keep in mind that FEM works typically well for second-order elliptic or
parabolic partial differential equations, while hyperbolic problems cause several additional
problems. Some have been addressed and solved over the past decades, but remedies have
often been tailored to a particular set of equations. Since the SHE equations are a system of
(degenerate) first order hyperbolic partial differential equations, spurious oscillations may
occur if the mesh is too coarse.

7.7 Conclusion

The numerical solution of the BTE using SHE was considered and extensively documented
within this thesis. Both the mathematical and physical background was presented and the
projection onto spherical harmonics was carried out in a general form. A Galerkin scheme
was used for the discretisation and analytical formulae for the resulting integrals have been
derived. Additionally, it was shown that higher order expansions suffer from high memory
requirements unless the system matrix is stored in a compressed form proposed in this
thesis.
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Both the assembly and the solution of the resulting linear system turned out to be
challenging: While the former required the evaluation of complicated integrals, the correct
handling of several unknowns per mesh point and preprocessing steps such as the solution
of the drift-diffusion model, the latter requires an advanced preconditioner. Standard pre-
conditioners shipped with general purpose solver libraries did not converge. As a remedy,
a direct Gauss solver was used in one spatial dimension to obtain the simulation results for
a ntnnt-diode. Unlike the Monte Carlo method, a solution of the SHE equations provides
a deterministic way to compute the electron distribution function in a device but comes at
the price of higher algorithmic and implementation complexity.

Even though the SHE of the BTE is mathematically much harder to handle than for ex-
ample elliptic partial differential equations of second order, it offers many links for advanced
numerical techniques such as adaptive or automatic mesh refinement and an adaptive con-
trol of the expansion order. With such advanced numerical methods and the ever-increasing
computational resources, the SHE method can complement or even replace other macro-
scopic models such as the energy transport model or the hydrodynamic model for device
simulation in the future.
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