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Kurzfassung

In dicser Arbeit beschiftigen wir uns mit zwei Modellgleichungen von Syste-
men geladener Teilchen: das erste Modell ist das kinetische Transportmod-
ell, das die Ablenkung von Teilchen in einem Kometenschweif behandelt,
wahrend das zweite Modell Generation und Rekombination von Elektronen
und Lochern in Halbleitern behandelt.

In Kapitel 1 untersuchen wir folgende Gleichung (die als ‘Cometary flow’-
Gleichung bekannt ist):

Of +v V. f = Quf(f)zpu;(f)_f' (1)

Die Teilchenverteilungsfunktion f(t,x,v) ist eine nichtnegative Funktion
von Zeit, Ort und Geschwindigkeit. Wir schreiben Q,,(f) fiir das Streuin-
tegral, mit einem nichtlinearen Projektionsopecrator P, auf die Menge der
isotropen Verteilungsfuntionen um die mittlere Geschwindigkeit u; (S9! ist
die Einheitskugel in R?).

PN) = g [ S+ o= wyle) do 2

Die Menge der Gleichgewichtsverteilungen mit Q(f) = 0 ist unendlichdi-
mensional und besteht aus allen isotropen Geschwindigkeitsverteilungen um
eine beliebige mittlere Geschwindigkeit. Es existiert unendlich viele Streuin-
varianten, aber nur drei von diesen ergeben makroskopische Erhaltungssétze.
Aus diesem Grund konnen Limiten von Lésungen von (1) fiir lange Zeitraume
nicht eindeutig aus den Anfangsbedingungen indentifiziert werden. Als Kon-
sequenz daraus beschranken wir uns auf die linearisierte Version der Gle-
ichung (1). Fiir den linearisierten Kometenfluss wenden wir die Entropie-
Entropie Dissipations Methode von Desvillettes und Villani (siehe [10] und
[12] von Kapitel 1) an, die starke Konvergenz mit algebraischer Rate gewahrleistet.

Fiir die linearisierte 'Cometary flow’- Gleichung folgt die Konvergenz
gegen einen eindeutigen Gleichgewichtzustand aus zwei Komponenten: einer-
seits den dissipativen Effekten des Streuoperators, der die Losung gegen einen
die Entropie minimierenden lokalen Gleichgewichtszustand streben ldsst, und



andererseits den Transportoperator und die periodischen Randbedigungen,
die die Losung von der Menge der lokalen Gleichgewichtszustinde absto8en,
solange der angestrebte lokale Gleichgewichtzustand nicht global ist.

Unser wesentliches Konvergenzresultat wird im Abschnitt 1.2 vorgestellt
und in den Abschnitten 1.3 und 1.4 bewiesen. Im Abschnitt 1.4 wird dieses
Verhalten quantifiziert in einem System von Differentialungleichungen von
relativen Entropien beziiglich verschiedener (Teil)-mengen von lokalen bzw.
globalen Gleichgewichtszustanden. Wir fiihren Projektionsoperatoren ein,
um eine handhabbare Schreibweise zu erlangen. Im Abschnitt 1.5 wird ein
Modell mit drei Geschwindigkeiten betrachtet, das einige Problemstellun-
gen der 'Cometary flow’- Gleichung reproduziert. Dieses Modell zeigt, dass
die Entropie Dissipations Methode mit einem analogen Resultat ausgefiihrt
werden kann, jedoch ergibt die Spektralanalyse eine exponentielle Konver-
genzgeschwindigkeit.

In Kapitel 2 betrachten wir e¢in Modell zur Beschreibung der Statistik
der Generation-Rekombination von Lochern und Elektronen in Halbleitern.
Dieses Modell wurde im Jahre 1952 durch Shockley und Read [22] bzw. Hall
(14] eingefithrt. Der Sprung zwischen dem Valenzband und dem Leitungs-
band ist fiir Halbleiter sehr groB, daher ist zum Ubergang von Elektronen vom
Valenzband zum Leitungsband viel Energie nétig. Dieser Prozess wird als
Generation von Elektron-Loch-Paaren bezeichnet, wiahrend der umgekehrte
Prozess als Rekombination von Elektron-Loch- Paaren bezeichnet wird. Zustande,
die durch Verunreinigungen im Kristall hervorgerufen werden, existieren in-
nerhalb des verbotenen Bandes. Da der Sprung in zwei kleineren Schritten
zuriickgelegt werden kann, wird er wahrscheinlich.

Wir betrachten zwei Verallgemeinerungen des klassischen SRH Modells:
1) Statt einem einzigen erlaubten Zustand existiert eine Vertcilung solcher
Zusténde tiber das verbotene Band, 2) ein semiklassisches kinetisches Modell
unter Beriicksichtigung der Fermionen-Natur der Ladungstrager.

Das ist (nach meinem Wissensstand) der erste Versuch ein ’kinetisches
SRH Modell’ einzufiihren, obwohl die direkte Band-zu-Band Rekombination-
Generation und Stofiionisation bereits vorher auf dem kinetischen Niveau
betrachtet wurden (siehe z.B. [20], (6], [7] von Kapitel 2). Wir zeigen Existenz
von Losungen und begriinden den quasistationdren Limes rigoros fiir des
Drift-Diftusions und das kinetische SRH Modell.



Abstract

In this work we are considering two models of charged particles; first model
is a kinetic transport model which describes wave-particle interaction in
cometary flows, and the second model describes the flow of electrons and
holes through the trapped state.

In Chapter 1 we are investigating the following cquation (called the
cometary flow equation)

atf+v‘vzf = Qu,(f) = Pu/(f) -/ (3)

The particle distribution function f(¢,z,v) is a nonnegative function,
which depends on time, space, and on velocity. We denote with Q. (f)
the collision operator, with a nonlinear projection operator P,, onto the set
of distribution functions isotropic around the mean velocity u; (S%! is the
unit sphere in R9)

Pu/(f)(v)z @/Sd_lf(u)f-f-lv—u!lw)dw, (4)

The set of equilibrium distributions satisfying Q(f) = 0 is infinite dimen-
sional, and consists of all velocity distributions isotropic around an arbitrary
mean velocity. There are infinitely many collision invariants, but out of those
only three produce macroscopic conservation laws. For this reason large time
limits of solutions of (1) can not be identified uniquely from the initial data.
As a consequence, we restrict our attention on the linearized version of (1).
For the linearized cometary flow equation we apply the entropy-entropy dissi-
pation approach developed by Desvillettes and Villani (see [10] and [12] from
Chapter 1) which provides strong convergence at algebraic rates as time tends
to infinity.

For linearized cometary flow equation, the convergence to a unique equi-
librium state is the interplay between, firstly, the dissipative effects of the
collision operator, which morphs the solution towards an entropy minimizing
local equilibrium state, and secondly, the transport operator as well as the
imposed periodic boundary conditions, which repulse the solution from the




set of local equilibria as long as the approached local equilibrium is not the
global one.

Our main convergence result is stated in section 1.2, and proved in sec-
tions 1.3 and 1.4. In section 1.4 this behaviour is quantified in a system of dif-
ferential inequalities of relative entropies with respect to different (sub)classes
of local equilibria, respectively, the global equilibrium. We introduce projec-
tion operators leading to a convenient notation. In 1.5, a three velocity model
which reproduces some of the difficulties found in the linearized cometary
flow equation is considered. This model shows that the entropy dissipation
approach can be carricd out with an analogous result, however, a spectral
analysis proves exponential convergence to equilibrium.

In Chapter 2 we are considering a model which describes the statistics
of recombination and generation of holes and electrons in semiconductors
occuring through the mechanism of trapping. This model was first introduced
in 1952 by Shockley and Read [22], and Hall [14]. The bandgap between
the valence and the conduction band is very large for semiconductors which
means that a lot of encrgy is needed to transfer electrons from valence to the
conduction band. This process is referred to as the generation of electron-hole
pairs, whereas the inverse process is termed recombination of electron-hole
pairs. Trap levels within the forbidden band are present, they are caused by
crystal impurities. Since the jump can be split into two parts, each of them
is 'cheaper’ in terms of energy.

We consider two generalizations of the classical SRH model: 1) Instead of
a single trapped state, a distribution of trapped states across the forbidden
band is allowed, 2) a semiclassical kinetic model including the fermion nature
of the charge carriers is introduced.

This is (to my knowledge) the first attempt to derive a ’kinetic SRH
model’, altough direct band-to-band recombination-gencration and impact
jionization have been done on the kinetic level before (see, e.g. [20], [6], 7]
from Chapter 2).

We prove existence of solutions, and rigorously justify the quasistationary
limit for both the drift-diffusion and the kinetic SRH model.
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Chapter 1

Convergence to Equilibrium for
the Linearized Cometary Flow
Equation

1.1 Introduction

We are interested in the following kinetic transport model called the cometary
flow equation:

Of +v-V.f = lsd—l_lI/Sd_lf(u,+|v—uf|w)dw—f=i Q(f), (LD

where f(t,z,v) is a nonnegative particle distribution function depending
on time t > 0, on position z € T¢ (the d-dimensional torus with periodic
boundary conditions), and on velocity v € R%. The collision operator Q is
used in quasi-linear plasma theory as a simplified model for wave-particle
interaction in cometary flows (see e.g. [7] and the references therein). The
first term is a projection (with $¢°! and |S%"!| denoting the unit sphere in
R? and its (d — 1)-dimensional Lebesgue measure, respectively) onto the set
of distribution functions isotropic around the mean velocity us(t, z), which
is defined as the fraction of the momentum density my(¢,z) and the mass
density ps(t, x):

pf=/ fdv, m/=pfu,=/ vf dv. (1.2)
R4 R4

Existence and uniqueness of solutions of initial value problems for (1.1)
have been investigated in {7] and in [15], where also the long time behaviour
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is investigated. A weak convergence result on compact time intervals shifted
to infinity is proven similarly to the corresponding result by Desvillettes (9]
for the gas dynamics case. By entropy dissipation arguments it is shown that
in the limit both the left hand side and the right hand side of (1.1) vanish.

The set of equilibrium distributions satisfying Q(f) = 0 is infinite dimen-
sional. 1t consists of all velocity distributions which are isotropic around an
arbitrary mean velocity. The collision invariants are the components of v as
well as all functions of the form ¢(Jv — uyl), i.e.

Qv dv = / QU W(Jv = usl) dv =0,
R R4

for all f. Out of those, only 1,v, and |v|? = |v — us|> + 2v-u; — |uy|? are
independent of f and, thus, produce macroscopic conservation laws. For this
reason it is not known how to identify large time limits of solutions of (1.1)
uniquely from the initial data. This in twin prevents the applicability of the
entropy dissipation approach for inhomogenous kinetic equations recently
developed by Desvillettes and Villani [10], [12] (sec also [14]) which provides
strong convergence at algebraic rates as time tends to infinity.

As a consequence, we restrict our attention in this work to a linearized
version of (1.1), which still posseses an infinite dimensional set of equilibrium
distributions, but however also posseses enough macroscopic conservation
laws such that the limit as ¢ — oo can be uniquely determined from the
initial data. For the linearized cometary flow equation, presented in the
following section, the Desvillettes-Villani approach is carried out. Our main
convergence result is stated in section 1.2 and proved in sections 1.3 and 1.4.
In section 1.3 a system of differential inequalities is derived for a number of
relative entropies with respect to certain partial equilibria. In section 1.4 it is
proved that these inequalities imply convergence to equilibrium at arbitrary
algebraic rates.

Finally, in section 1.5, a simple three velocity model is considered which
reproduces some of the difficulties found in the linearized cometary flow equa-
tion. The entropy dissipation approach can also be carried out with an anal-
ogous result. A spectral analysis, however, proves exponential convergence
to equilibrium. This example is an extension of the two velocity model con-
sidered in [14].

1.2 The Linearized Cometary Flow Equation

We linearize (1.1) around an equilibrium steady state of the form F(|v|2/2),
normalized such that fmd Fdv = 1. Denoting the perturbation by g, the

9




cometary flow equation becomes (see e.g. [6]) -
Big +v-Veg = P(g) — g =: LQ(g), (1.3)

with thé projection

P(g) = P(g) — F'v-mg, (1.4)
and the spherical average

Po)w) = g | ovle)do. (1)

In (1.3) LQ denotes the linearized collision operator. It is easily seen that the
components of v and all functions of the form 1 (|v|) are collision invariants,
l.e.,

/Rd LQ(g)vdv = /]Rd LQ(g)w(|v]) dv =0,

providing (with ¥(|v]) = §(|v| — |vo|) ) the global conservation laws

g// vg(t,z,v)dvdz =0, (1.6)
dt Jya Jra

d
— / / 9(t, z, |vo|w) dwdz = 0, (1.7)
dt Jya Jgi-1

for every |vo| > 0.

The kernel of the collision operator LG} consists of all velocity distribu-
tions of the form G(|v|?/2) — F'(|v|?/2) v-m with an arbitrary function G
of one variable and an arbitrary vector m € R%. Thus, we assume that, as
t — 00, g converges to an cquilibrium distribution

lvl? lvl?

9oo(2,v) = Goo (:: 7) —F (—2—) V- Meo() . (1.8)

It is a consequence of the stationary version of (1.3) that g, is z-independent:

Lemma 1.2.1. Assume that G, and my, are smooth and that g, given by
(2.61), solves (1.3) subject to periodic boundary conditions in x. Then Gy
and my, are independent of x.

Proof. Substituting (2.61) into (1.3) yields
v-VeGoo — F'v'" - Vome-v=0. (1.9)
Now we set v = |v|w and obtain

W VeGoo — F'|] W - Vymee-w =0, Vwe S41, (1.10)
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implying that V,G,, = 0 holds and that V,m., is skew-symmetric. Now,
a result of Desvillettes [8] implies that my(z) = Az + C, which can only
satisfy periodic boundary conditions iff A = 0. 0O

We consider (1.3) for t > 0, z € T¢, v € R¢ subject to the initial
conditions
g(O,.’E,’U) =g](I,’U), (111)

where, without loss of generality, we assume vanishing initial total momen-

tum, i.e.
/ / vgi(z,v)dvdr =0. (1.12)
Td JRY

Then, the conservation of momentum (1.6) implies vanishing total momen-
tum for all ¢ > 0 and, together with the family of conservation laws (1.7),
uniquely determines the global equilibrium g, as

9oo(V) = G (|v|2/2) = |—,I;—dl /Td P(gr) (x, |v|2/2) dr . (1.13)

However, the smoothness assumption in lemma 1.2.1 cannot be proven in
general although it is necessary: Formally, a distribution go(z,v) = p(z)d(v)
with an arbitrary z-periodic function p(z) is also a stationary solution of
(1.3). Moreover, we conjecture that even for smooth solutions, which are close
to a delta distribution centered at the origin in velocity space, convergence
to equilibrium can be arbitrarily slow. In order to avoid this problem, we
make strong assumptions on the data :

Assumption 1.2.1. There exists a lower ”cutoff-velocity” vy > 0 such that

2
F (%) =0, gi(z,v)=0, for |v] <y, (1.14)
and
ik
F =)< 0, for |v| >vp. (1.15)

Furthermore, | F'| has moments of all orders, i.e. [pq |[v[¥|F'(Jv]?/2)|dv < o0,
for all k > 0.

It is an immediate consequence of (1.14) that g(t,z,v) = 0 for |v| <
vp, i.e., no perturbation of the nonlinear equilibrium distribution F(|v|?/2)
occurs around v = 0.

11



We remark that assumption (1.15) is needed for the definition of an en-
tropy: Introducing the measure

dzdv

W= T R2)]

(1.16)
on the phase space R = T? x {v € R¢ : |u| > v} , an easy computation
shows - provided (1.15) - the basic entropy inequality

d

G | stan=-2 [ Q@)@ <o, (1.17)

which is the starting point of our analysis below.

Our main convergence result is proven under assumptions of boundedness
and smoothness of solutions, which we are unable to prove. Nevertheless,
similar properties have been shown recently for simpler models ([14], {17]).

Assumption 1.2.2. The initial value problem (1.8), (1.11) has a unique
solution satisfying

2
l9(t,2,v)| < CV/TF o | (%)‘

fort >0 and (z,v) € R, and uniformly in t for all multiindices (k, ..., kq)
ak1+*-~+kdg 2
/ P TR Y d,u < 0.
R 6.’1:11 .. a.’l?dd

Theorem 1.2.2. Let the initial data g;(x,v) satisfy (1.12) and suppose that
the assumptions 1.2.1 and 1.2.2 hold. Let g, denote the global equilibrium
given by (1.13). Then, for every € > 0 there exists C(e,vo, F') > 0 such that
forallt >0

/(g - 900)2 dp < C(ff,’Uo, F) f,_l/s.
R

1.3 The Entropy Dissipation Approach

The basic entropy equality (1.17) suggests to introduce the scalar product

(f,9)u = /ngdu,
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and the corresponding weighted L2?-space with the induced norm || - ||,. We
also introduce the relative entropy of f with respect to g by

H(flg) = IIf = gll}-

In particular, the following entropy dissipation equality is derived analogously
to (1.17) as a consequence of the symmetry of LQ with respect to (-,-), :

d

E[:H(glgoo) = —2H(g|P(9)). (1.18)

In this context we use the terminology 'global equilibrium’ for g, and ’local
equilibrium’ for P(g). Equation (1.18) already shows the basic difficulty of
the entropy dissipation approach for inhomogenous kinetic equations: The
decay of the entropy tends to stop, whenever the solution is approaching
local equilibrium even without having reached the global equilibrium yet.
The central idea of the method introduced in [10], [12] is to quantify how
g cannot stay close to a local equilibrium as long as this is not the unique
global equilibrium.

This was done in [10], [14], [18] for models with a single conservation law
by deriving a second order differential inequality for H(g|P(g)) of the form

d2

—H(91P(9)) > ~H(gl900) — C(e)H(g| P(9))" %, (1.19)

with positive constants x and C(g). Note that, whenever g is sufficiently close
to P(g) in relative entropy, (1.19) implies convexity in time and H(g|P(g))
will return to dissipate entropy in (1.18) as long as global equilibrium is not
reached.

In the present situation, as for the Boltzmann equation [12], such an in-
equality does not hold, since (see below) an intermediate equilibrium between
P(g) and g, has to be quantified as well.

However, we start by calculating the second order time derivative of the
relative entropy with respect to the local equilibrium

d?

G 0lPl9)) = —2(LQ(v-Vug),v-Veg), + 4H (9] P(9)) (1.20)

—6(LQ(g), U'V:Q)p + 2<LQ(v:cg) ‘v, v'v:tg)#‘

Note that if g is in local equilibrium, i.c. when we set g = P(g) in the right
hand side of (1.20), then all the terms vanish, except for the first, which we
rewrite as

—<LQ(U'V:2:9): v'vzg)# = ”vxLQ(Ug)“i
= V= LQUP(9)IIL + (Vz- LQ(v(g = P(9))), V= LQ(v(g + P(g))){1.21)
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Considering the first term in the right-hand-side of (1.21), we denote the
energy eg(t,x) = [ou|v|*P(g) dv = fz. |v|?gdv and recall (1.4) to derive the
following identities :

P(vP(g)) = —%ﬁm F' - ”F’eg,

LQ(P(g)) = (v®v 'T) mgF = vP(g) — LF',, (1.22)
V,-LQ(vP(g)) = (v®v IT) AF' — ﬁ( )+ LF%,)
where
= {Vom,} = V 2y + Vomy) — d(Vx-mg)Id.

Hence, since the two terms of the last identity in (1.22) are orthogonal with

respect to (-, -),,
|v]? / ? o) ey =\ |2
v®v—7 CAF'|| + v-V,(P(g)—i———F)
m

d .

1V, LQ@P(@)] = \

(1.23)
For the first term on the right-hand side of (2.5), we use [ = fmd v,vjvk|F'| dv
and Ijje = 0 for i # j, Iy = £ fori # Ic Tk = %F, where ep = [oq [v]*Fdv:
2 2
(v®v— |—”|—):AF' =°F 32/4,, +23 AuA;+23 A2 d
d H d T i<y 1<J
= ZA,J +22Au +3" Aahy;| do
d Td 1#‘7
=7/ ;A,, +2ZA,, ZA" } dz

> = Al*dz.
—d le | x

Collecting these estimates, we have

2 2 2
FHOPW 2 2 [ [(Temp)ds+ 2[5 (Plo) + 27

(1.24)
The first term can be estimated from below by 2£ Jz4 | Vamg|dz using a Korn
inequality (see [12, proposition 11]), which shows that this term only van-
ishes for z-independent mg. The second term, instead of controlling V. P(9),

contains the projection

9= P(g)

€ . €.,
Polg) = -2F = 2|, (1.25)
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and therefore vanishes whenever (I — Py)(P(g)) is z-independent, which al-
lows still an z-dependent contribution Py(P(g)) and (1.24) is not sufficient
to conclude convergence to the equilibrium go, (1.13). A similar difficulty oc-
curs also for the Boltzmann equation in [12], which motivates the following
procedure.

Our strategy is to decompose P(g) as

P(g) = Po(9) + Pi(9), (1.26)

and then to introduce an intermediate (between local and global) equilibrium,
defined as

P(g) = Py(9) + Pi(900) , (1.27)
which can alternatively be written as
P(g) = Po(9) + P(900) = Po(9c) = oo + Po(g — 950) (1.28)
which will be used below.
Lemma 1.3.1.
H(P(g)lge0) 2 5 Hslee) ~ H(5l (). (1.29)

Proof. The proof is immediate from the fact that

H(P(g)|go0) = H(glgoo) + H(9IP(9)) ~ 2(9 — go0r 9 — P(9))s-

O
We now estimate the second term on the right hand side of (1.24)
VP PO = 3 [ o033 (P = @) 5= (P = R)(a)
i,j=1 xJ
2
= Z/ <8_x, - Po)(g )> dp
= 3 [WPIV(P - P)@)P (1.30

At this point we need assumption 1.2.1 in order to prevent that (1.30)
vanishes in case of g concentrating around v = 0. By the lower bound |v| > vg
on the phase space R, we continue to cstimate

lv-Va(P = Po)(9)llZ = ClIVa(P = Po)(9)llZ = ClIV=(P = Po)(9 — goo)lIZ
CI(P — Po)(g — go0)lI5 » (1.31)

v
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by a Poincare inequality on T¢, using that [.(P ~ Py)(g — geo) dz = 0, point-
wise in v. Similarly, [r, |Vomg|?dz > C [y, |m,|? dz holds since [, mgdz =
0 by the conservation of momentum. Thus, from (1.24) and (1.31) it follows
with Pi(g) = (P — Py)(g) — m,-vF’ (and these two terms being orthogonal)
for a constant x; depending on vy and F' that

> k1l Pi(g = goo)lI2 = %1 H(glP(9)), (1.32)

9=P(g)

L HlP(e)

since, for g = P(g), we have by (1.28) that g — P(g) = g — goo — Po(g — goo) =

Pi(9 — goo)-
In the following, we apply the same strategy as for (1.18): first compute

the second derivative of the relative entropy with respect to P,

L H(glBlg)) = 2 - Po)(v-Vag — LO()), (I — Po)(v-Vig) — LQG)),

di?
+2(g — P(g), Vo (v(v-V2g) — vLQ(9)) (1.33)
—LQ(v-Vzg) + LQ(g) + Vi Po(—v(v-Vz9) + vLQ(9))),

and then consider (1.33) for g = P(g) with P(g)(z,v,t) = E"%F’(|v|2/2) +
Pi(9s0)(Iv*/2)

d_d;H(glﬁ(g))t:f,(g) = %”(1 - Po)(U'VzegF')”i = %”U'VzegF'IIZ
= %;/Rvivj%%m'ldvdx = 3/Td|vxeg|2dx
- mumegﬂni
iy MAGOETSI (134

Finally by the Poincare inequality on T¢, we obtain

L HGP)| > CHP)gw). (1.35)

dt? 9=P(g)

Thus, at least formally, the entropy equation (1.18) and the inequalities
(1.32) and (1.35) imply that the decay of H(g|goo) can only stop when global
equilibrium is reached. In order to quantify this formal information, we
generalize (1.32) and (1.35) to all g # P(g) and g # P(g), respectively.
Herein, we will use the following lemma :
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Lemma 1.3.2. Let Assumption 1.2.1 be satisfied. Then the operators P, Py, P,,
and, consequently, P - defined in (1.5), (1.25), (1.26), and (1.4) - are
bounded with respect to ||.|| ..

Proof. The operator P(g) is bounded by Jensen’s inequality:

IB(9)I2 < /R Plo?) du = /R gt dp = gll2. (1.36)

As for the opcrator Py,

7o = Bl [ ([ o)) s

we obtain the desired estimate with the Cauchy-Schwartz inequality

F'|dv P(g)’
P 2 .[]RdI / / 4 F/ / d
” 0(9)”# = _(P ¢ Jpa |U| | |d’U Rd |F'/| vdz
= ClIPI2 < Cligllz.

A

In order to show that P is bounded, we apply again the Cauchy-Schwartz

inequality :
2
IFomy? < / | o]y |2 dv dz = C (/ vgdv) dz
R Td Rd
2
< / WPl Fdv [ - dvdz = C g2 (1.37)
R4 rIF|
Finally, the cquations (1.36) and (1.37) bound P, and, thus, P;. a

Theorem 1.3.3. Let assumptions 1.2.1 and 1.2.2 be satisfied. Then,
d? ~ -
221 (91P(9)) 2 x1H (g1 P(9)) = 6H (gl9e0) — C1(e) 87" H(g|P(g))'™* (1.38)

holds for arbitrarily small1 > € > 0, and é > 0, and for positive constants
K1, and C](E).

Proof. From (1.20) und (1.21),

2

SSHGIP() = 20Ve LQWP()IE - 6(LQ(9), v Vuo)

—2(Vz-LQ(LQ(9)), V= LQ(v(g + P(g))),,
+4H(g|P(9)) + 2(v- LQ(Vzg),v- Vzg)u
= h+bL+L+1,+ 1.
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For the first term, it follows from (1.32) that I, > &, H(g|P(g)).

As for the remaining terms, we begin by estimating /3, and for the other
integrals similar arguments will apply. For I3, the z-independence of g., and
integration by parts yields

Iy = 2(Ve(Vz- LQ(vLQ(9))), LRI + P)(g — goo)))u - (1.39)

Before we are going to apply Holder’s incquality for (1.39), we estimate the
two factors as (with V2 denoting the gradient tensor product)

ILQVELQ)I S Iol (U + P)(IV:LQUs)))
+2PIIVELQWIL) . (140)
ILQM(I + P)(g = ge))| < ol (T + P)(T + P)(lg ~ 9ool)

% plg -
2P lg - geollu) - (1:41)

Note that for the right hand side of (1.41) assumption 1.2.2 implies |g|, |goo| <

C+/1+ |v|2|F'|, and, thus, (I+P)(I+P)(|g~ goo|) < C/1 + |[v]2|F’|. There-
fore, splitting (1.41) = (1.41)'(1.41)'~¢ forall 1 > ¢’ > 0 :

Il < C / 2(1+ [o?) 5| |5
R

1-¢’

< [P (7 +P)T + P)(lg = geol) + 2 1Fllg = geel,)
x [F'|75 (1 + PYIVZLQU)N) + 2IFIIVILQ()I,) dvda

and Holder’s inequality with the exponents 52;, I_LE,, and 2 yields (with

f [v|# (1 + |v]?)]F'| dv < 0o by assumption 1.2.2) :

'

1] < C(e)

—_ (4 ’
|1+ P)T + P)(lg = 90o) + 21Flllg = gl

||+ Pr1v2LQOD + ZIFINVLQU)IL|

1-
n

Furthermore, by lemma 1.3.2 and Young’s inequality with exponents 1%/
and %

|13

IA

CENNg ~ gooll™ IVELQ)
T+e

< (ammgm) + CE)STH IVLQ)IF ) ,
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for all 6 > 0. Finally, the global smoothness assumption 1.2.2 permits (com-
pare [10]) to control the derivatives of LQ(g) = P(g) — g by the interpolation

—e! ’ 2
192l 200y < CE ullziga lullincray, for > =,

and with

1-¢' _ .
1+§,=1—5.

13| < 6H (glgeo) + C(e)6° " H(g| P(9))"~*.

In the same manner, we estimate the terms I, and /5 as

L] < CE) (vl V=LQ(9): 19 = goolus»
151 < CE) (WPIVZLQ9) 19 — goolie

and we interpolate the derivatives as above for /3 to match (1.38).
Finally for I;, we note that H(g|P(g) < CH(g|P(g))! ¢ holds by the
bounds of assumption 1.2.2. O

Theorem 1.3.4. Let assumptions 1.2.1 and 1.2.2 be satisfied. Then,

d?

T3 H1(01P(9) > m2H (glgw) = Ca(e) H(glP()'™*  (142)

holds for arbitrarily small1 > £ > 0, and for positive constants ko and Cq(e).

Proof. We rewrite (1.33) with respect to (1.34) as

d_QH(gu?(g)) = 2| - Py)(v-V=P(g))II?

dt?
+2(v-VzPo(g = geo). (I = Fo) (v V(g = P(9)))u
+2<(1 - PO)('U'VI(g - P(g))))vvxg - vz'PO(vg»#
+2H (g P(g)) — 4((I ~ Po)(v-Vzg), LQ(g)),

+2(g — P(g), V- (v(v-Vzg)) — Vz-(vLQ(g))
—LQ(v-V.g) + LQ(g) — V- Po(v(v-Vo9) — vLQ(9))),

10
= > L. (1.43)
=1
and estimate I; with (1.35) and lemma 1.3.1 as :

I > C(H(glgeo) — H(g|P(g))) -
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Analogously to the previous proof we estimate I5:

| o]

IN

c / 21 Py(g — 9uo)lIVs2(g — P))]di,
R —
§H(glgeo) + C(e)65~ H(g| P(g))'¢. (1.44)

IA

For I3, we apply Holder’s inequality similarily to (1.41) and (1.40) after
estimating the factors

I = Ro)(VEg - Plo)w)l < C(IvlIV:*(g - P(g))
+1P) [ 1920 - PO)P )

dv

IA

[(1 = Po)(v(g ~ gw0))l

and the second order derivatives are controlled using the same interpolation
idea with the global smoothness assumption 1.2.2 as in the previous proof.
Moreover, |I;] < H(g|P(g)) is a consequence of lemma 1.3.5 below. All
the remaining terms Is—I;o are estimated with similar arguments as in the
proof of the previous theorem and yield bounds of the form (1.44). The proof
is completed by choosing 4 small enough. a

Lemma 1.3.5. Let assumptions 1.2.1 and 1.2.2 be satisfied. Then, the in-
equalities

H(g|P(g)) — H(g|P(g)) 0, (1.45)

2 (HIP@) - HlP@)) < CE Higlaw)™, (140

v

hold for arbitrarily small 1 > € > 0 with a positive constant C(¢).

Proof. The identity H(g|P(g)) — H(g|P(9)) = || Pi(g — geo)||2 = 0 proves the
first inequality. Differentiation with respect to time gives

%le(g — 9oo)II% = 2(P1(g — goo), Pi{—v- V(g — goo) + LQ(g — Goo)))s,

which is estimated in the same way as in the previous two proofs. O

20




1.4 A System of Ordinary Differential Inequal-
ities

We introduce = := H(9|9x0), ¥ := H(g|P(9)), z := H(glﬁ(g)), and w = z—y

in (1.18), (1.38), (1.42), (1.45), and (1.46), and denote time-derivatives by
d ’.
4 -

' = oy, (1.47)
"> kiz =8z -8 Ci(ey) YT, (1.48)
2" > kox — Cole,) 2' 752, (1.49)
lw| < Csley) z' ™, (1.50)

where 1 > ¢, €,, €, > 0 and ¢ > 0 are arbitrarily small, z, y, z, w > 0, and
K1, Ko, C1, Cy, and Cj are positive constants.

We want to deduce decay of z(t) with an arbitrarily high algebraic rate
according to arbitrarily small €, €., £, > 0. Note that the first three in-
equalities could be seen as a ’'closed’ system for z, y, and 2. However, the:
additional information contained in the fourth inequality shall be needed.

The presented proof is quite particular in quantifing different regimes of
(1.47)-(1.49) and using (1.50) to prevent rapid oscillations inbetween.

As a preliminary technical result on second-order differential inequalities,
we reformulate [12, Lemma 12], which discusses time-averages of the entropy
production :

Lemma 1.4.1. Let h € C*(|0, L]) be nonnegative and satisfy
R'(t) + Ch(t)' ¢ > «, for 0<t< L,

with positive constants C, a and € € (0, 5). Then,

1

110
1 4

e cither L is small : L < 50C™ -9 20-9 |

1

e or h is large on the average : (h)o L) = %fOL h(t)dt > 155 (&)7 .
Proof. By introducing the rescaling 7 = tV/A, « = %, we obtain

2
% + hl—e Z Cl’,

where 7 € [0, LvVA] and LVVA = L. 1t then follows from [12, Lemma 12]
that
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e either L’ is small, .
L' < 50a’'7-9

e or h is large on the average,

1 1
oy > —a'T=.
(Yo, = 1000“

The result now follows by returning to the original variables.

Our main result thcorem 1.2.2 is a direct consequence of

Theorem 1.4.2. Let z, y, 2, and w = z — y > 0 be smooth and, fort > 0,
satisfy (1.47)-(1.50), where 1 > €y, €,, €, > 0, and § > 0 are arbitrarily
small. Then, for every sufficiently smalle > 0, there ezists a constant C(e) >
0 such that

z(t) < Cle) tVe. (1.51)

Proof. We view (1.51) in the following way: let tg > 0 be arbitrary with
ag = z(tp). The aim is to find an upper bound of the form

Ty < Cop™ (1.52)

on a time Ty such that z(tg + To) = yag, where v < 1 is given.
Once such a bound is proven, (1.51) follows as in [10], [12].
At first, we consider (1.48) using z=w+y > w:

y' > kow — 6z — 5T Cy Yyt o, (1.53)

The idea of the following is to deduce ’big’ (y),1)-averages from lemma 2.81,
where we distinguish between the cases where w is 'big’ in (1.53), and the
cases where w is 'small’ but y is close to z = y + w and lemma 1.4.1 is used
for (1.49). However, the realization of this concept requires some care.

Step 1: We define the set 2, (quantifying w ’small’) by
teQ, &dist(t,{to <7 <to+ To:w(7) > W()}) > pu(ag), (1.54)

where w(oag) and p(ag) are to be chosen later. On the interval [to, to + Tp),
the set €2, and its complement devide into unions of intervals : , = UI, and
(o, to + To]\2, = UI, (where w is ’'big’), and lemma 1.4.1 will be applied to
(1.48) and (1.49) for I, and I, respectively.
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Moreover on [I,, we quantify w ’big’ using (1.50), which controls the
derivative |w’| in terms of z < z(tp) = ap (by (1.47))

w > w(a) - p(ag) sup |w'(r)|
to<r<tg+Tp
Z 127(010) - Cg aol_e"’ ,u(ao) = QT)(CY()) > 0. (155)

Step 2: For nonempty intervals I, we have by construction of Q, (1.54)
that the length £(1,) > min{u(ao), To}. The following three cases are possi-
ble :

Case 1) [to,t0 + To) = 2, and there are no intervals I,
Case 2) Ty < p(ap) will satisfy (1.52) for suitable u(ag) to be chosen below,

Case 3) /(I,) > p(ap) : Firstly, we consider § = &(ag) to be fixed below,
for which estimate with a(ag) to be chosen below

Kiw — 6z > kK1W(og) — 6(ap)ap =: a(ag) > 0. (1.56)

Then, for (1.48), lemma 1.4.1 applies with C = C,/6(ap)!™ %, a =
a(ag), and L = £(1,). Moreover, due to 4(/,) > p(ag), we rule out the
first case in lemma 2.81 by setting

ulao) > 50 (Cib(ao)*™") T a(ag) TH . (157)

Therefore, the second case of lemma 1.4.1 yields

1 _1 1
(:I/)[y > m (0156"_1) 1-ey (l'(ao)l‘tu .

Step 3: Next, for the intervals I, C Q,, it follows by (1.47) that
Ko 2 Ko .’L‘(to + To) = KoYQp.

Then, applying lemma 1.4.1 to (1.49) yields

— 1 I’
e cither : e(lz) S 50 C2 0-ez) (/{I2fya0)ﬂl_—‘a’

1
. 1 [ royao \ !¢
® Or : <Z>12 > 106 ( o ) .
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In the second case, equation (1.54) implies with the constant a; = 355 (%’}) e

. a J
Wi, = (z—w)r, > aap™% — Bag) > —ad =,
z z 2 0

1

where we have chosen w(ap) = %ay™**. Moreover, we set in the definition

of ©, (1.54) and in (1.56) the choices

a1 - tew ~ a1 12
#eo) = 7570 = W(ao) = g
ay - a 1
8(a0) = “al ™ = afao) = Frmiad . (1.58)

By inserting (1.58) into (1.57) we get the constraint

e e =
agTe " T T < OF % g, (y, k) kg, Cy, Ca) (1.59)

where - for small ¢y, €., and ¢, - the constant a; can be chosen to depend
only on 7, ki, k2, Co, and Cs. In the following, we choose ¢, < % and
€; = € = 541 Thus the exponent on the right-hand-side of (1.59) is positive,
and (1.59) can be satisfy for all possible values of ag € [0, z(¢ = 0)] by making
C bigger if necessary (which does not conflict with (1.48)).

We summarize step 2 and step 3 that for every I,

1

<y>1y 2 a3(’y; K1, K/?)Cb C2) a0&+ 1mey)(i-e: ) (160)

and for every I, that either

£(1,) < 50 o™= or @hz%%du (1.61)

Step 4: We continue by combining pairs of intervals (1, /,) to their union
T:=I,UI,, where we restrict to the above case 3) : £(I,) > pu(ao). Then,

_ g(’y)(?])ly + e([z)(yz)lz _ e(ly) e([z)
W= BRI AR TR R IR
(1.62)

and we consider the two cases according to (1.61) :
1. In the first case in (1.61), £(1,) < 50 o1~ implies

(
(1)
€(12)

> a4(7y, k2, Co, C3) ap - Tew )
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with a constant a4 (and all constants a;=s_. from now on) being inde-
pendent from ay, €y, €., and €,,. Consequently,

g(ly) T Erya e
TN Ty 2 A5 0t Y
€(1y) + (1)
and, neglecting the last term in (1.62), we obtain with an exponent
1€y, €2,€w) > 0 tending to zero as €y, €,,&,, — 0 that

(y)7 > ag'*e! . (1.63)

2. For the second casc in (1.61) and (1.60), both the mean values on I,
and I, satisfy already estimates of the form (1.63).

Step 5: Finally, we regard the complete interval [to,to + Tp], where we
detail further the cases 1) — 3) from step 2 :

la) [t(), tO + TO] = Qz al'ld TO S 50 aoﬂlz"czj‘
lb) [to, to + To] =, and
a _l 14+¢€;
(U)(to,to+T0] = 5 apT-e) = azap (1.64)

Integration of (1.47) yields ap(1 — ) = 2To(y)0,to+70) @0d, thus, for an
€2(€y, €2, €w) > 0 tending to zero as €y, €,,64 — 0,

To < Cl,gao_E2 . (165)
2) Ty < p(ap) immediately implies an estimate of the form (1.65).

3a) ¢(1,) > p(ag) for all I, and #1I, > #I,, (where #I, and #I, denote
the numbers of I, and, respectively, I,). We can split [to, to + Tp] into
intervals I =T = I,ul, or I =1, where

(y)1 > ag o',

holds by (1.60) and (1.63), which further implies (1.64) and, thus,
(1.65).

3b) ¢(1,) > plap) for all I, and #1, = #1I, + 1. According to the two cases
in (1.61) for the one extra I,, we either have the situation of case 3a),

o Ty — o(I
0 — ( z) Z a
0
since To —€(1,) > p(ao). By splitting [to, to+ To] = ([to, to+ To]\I.) U1,
as in (1.62) we again obtain (1.64).
Thus, all cases lead to estimates of the form (1.65), which completes the
proof. O

0(1,) < 50 apTi-e

€1
109 ,
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1.5 A Discrete Velocity Model

In this section, we introduce a one-dimensional linear discrete velocity model,
for which the entropy dissipation approach leads to the same system of or-
dinary differential inequalities as for the linearized cometary flow equation.
However, the discrete velocity model can be solved explicitly by Fourier ex-
pansion, which proves actually exponential convergence to equilibrium. It
1s interesting to compare the three-velocity model below to the two-velocity
model discussed in [?], in which the entropy dissipation approach controls
local equilibria already by one second order differential inequality like (1.19).
We consider the equation

of of

o TV =L (1.66)
with

f = (f-Hvaf—)a (167)

periodic boundary conditions in z € [0, 1), and initial condition f(t = 0) =
fi- We use a matrix-vector notation, and collect the discrete velocities 1,0
and —1 in the diagonal matrix

0
0
-1

(1.68)

o OO

1

v=| 0

0

For the collision operator L, we choose

~1/6 1/3 -1/6
L=| 173 -2/3 1/3 |, (1.69)
~1/6 1/3 -1/6

which can be written as L = Py+ P, — I = 1)y ® o + ¥1 @ ¥, — I, with

] TARE!
1/)0=7§(1>1,1), P0=§ i i i ,

] [ 1 0 -1
¢‘=ﬁ(1’0’_1)’ Pi=3 _01 g (1)
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Pointing out the similarities between (1.66) and the linearized cometary flow
equation, we define - in analogy to section 1.3 - the entropy for (1.66)

H(flg) = IIf - gII*,

where || - || denotes the norm induced by the scalar product

1
(9= [ f9ds.
0
Note that 3y and 1, are collision invariants since
’l/}itrL=0<:> L‘(/Ll =0.

Multiplying (1.66) by ;, ¢ = 0,1 yields the conservation laws

(zb, N+35; (d)"vf) =0,

where ¢ = 0 corresponds to the conservation of mass, and ¢ = 1 to the
conservation of momentum.
The global equilibrium f. is given by

foo = {f1,00)o + {f1, 1)1 .

The local equilibrium is denoted by Pf, where Pf = Pyf + P, f.
The time-derivative of the relative entropies with respect to the global
equilibrium

L (1f) = —2H(JIPS),

leads, as in section 1.3, to consider the second time-derivatives of the relative
entropies with respect to the local equilibrium

%H(ﬂpf) = <Lv% vgf>+4H( |Pf)
of of of
<Lfv >+2<1La U >, (1.70)

which has the same structure as (1.20) for cometary flow equation.
If we assume that f is in local equilibrium (i.e., f = Pf), only the first
term on the right hand side of (1.70) contributes, since v(—L)v = 3P, :

= 1Py H—Hf

dt? f Pr
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However, as for the linearized cometary flow equation, this term may vanish
without f = f., and we introduce the projection Pf = Pyf + P foo, with the
matrix represcntation P = Py+ Py + P, Py. Note that (P—P)f = Pi(f ~ fx),

whence
2
- 2<Pla—f 22f-> . (1711)

d2
dt? oz’ " Bz

HUIPY) = SH(1PD) +2 [P S

By sctting f = ]~3f in (1.71), it immediately follows that

Y ‘(9 2 48
WHU!Pf)I,:,.,f/O <a—$(f++f_)> dz = = | =Fof

2

> CH(f|fw)
(1.72)

which vanishes if and only if f is in global equilibrium. Now, arbitraily fast
algebraic convergence to equilibrium follows from theorems analog to 1.3.3
and 1.3.4 as well as lemma 1.3.5, which can be proven analog to section 1.4.

On the other hand, exponential convergence is shown directly by Fourier
expansion,

o0

flmt)= > clt)e?™=. (1.73)

k=—o00

Substituting (1.73) into (1.66), the coefficients compare to
Oer = (L — i2wkv)cy,,

and it follows from the definition of L and v that

~1/6 —i2nk  1/3 ~1/6
L - i2nkv = 1/3 ~2/3 1/3 . (1.74)
~1/6 1/3  —1/6 +i2nk

The characteristic polynomial of (1.74) is given by
pe(A) = A% + A2+ 4n?k% (X + 2/3).

For £k = 0 (and, thus, p; = 0) we recover the double zcro eigenvalue cor-
responding to the two dimensional set of equilibrium distributions. The
third eigenvalue for k = 0 is A = —1. For k # 0, an application of the
Routh-Hurwitz criterion shows that all remaining eigenvalues have negative
real parts. It is easily shown that, as |k| — oo, the three zeroes of py are
approximated by

2 1 1
/\klz—g, ,\k22—6+27rki, /\ksz—g—%’ki.

This proves the existence of a spectral gap and, thus, exponential convergence
to equilibrium for (1.66).
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Chapter 2

On the Shockley-Read-Hall

Model:
Generation-Recombination in

Semiconductors

2.1 Introduction

The Shockley-Read-Hall (SRH-)model was introduced in 1952 [22], [14] to
describe the statistics of recombination and generation of holes and electrons
in semiconductors occurring through the mechanism of trapping.

The transfer of electrons from the valence band to the conduction band
is referred to as the generation of clectron-hole pairs (or pair-generation pro-
cess), since not only a free electron is created in the conduction band, but also
a hole in the valence band which can contribute to the charge current. The
inverse process is termed recombination of electron-hole pairs. The bandgap
between the upper edge of the valence band and the lower edge of the conuc-
tion band is very large in semiconductors, which means that a big amount
of energy is needed for a direct band-to-band generation event. The pres-
ence of trap levels within the forbidden band caused by crystal impurities
facilitates this process, sincc the jump can be split into two parts, each of
them ’cheaper’ in terms of energy. The basic mechanisms are illustrated in
Figure 2.1: (a) hole emission (an electron jumps from the valence band to the
trapped level), (b) hole capture (an electron moves from an occupied trap
to the valence band, a hole disappears), (c) clectron emission (an electron
jumps from trapped level to the conduction band), (d) electron capture (an
electron moves from the conduction band to an unoccupied trap).
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Figure 2.1: The four basic processes of electron-hole recombination.

Modecls for this process involve equations for the densities of electrons in
the conduction band, holes in the valence band, and trapped electrons. Basic
for the SRH model are the drift-diffusion assumption for the transport of elec-
trons and holes, the assumption of one trap level in the forbidden band, and
the assumption that the dynamics of the trapped electrons is quasistation-
ary, which can be motivated by the smallness of the density of trapped states
compared to typical carrier densities. This last assumption leads to the elim-
ination of the density of trapped electrons from the system and to a nonlinear
effective recombination-generation rate, reminiscent of Michaelis-Menten ki-
netics in chemistry. This model is an important ingredient of simulation
models for semiconductor devices (see, e.g., [16], [21]).

In this work, two generalizations of the classical SRH model are con-
sidered: Instead of a single trapped state, a distribution of trapped states
across the forbidden band is allowed and, in a second step, a semiclassical ki-
netic model including the fermion nature of the charge carriers is introduced.
Although direct band-to-band recombination-generation (sec, e.g., [20]) and
impact ionization (e.g., [6], [7]) have been modelled on the kinetic level be-
fore, this is (to the knowledge of the authors) the first attempt to derive a
’kinetic SRH model’.

For both the drift-diffusion and the kinetic models with self consistent
electric fields existence results and rigorous results concerning the quasis-
tationary limit are proven. For the drift-diffusion problem, the essential
estimate is derived similarly to [12], where the quasineutral limit has been
carried out. For the kinetic model Degond’s approach (8] for the existence of
solutions of the Vlasov-Poisson problem is extended. Actually, the existence
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theory already provides the uniform estimates necessary for passing to the
quasistationary limit.

In the following section, the drift-diffusion based model is formulated
and nondimensionalized, and the SRH-model is formally derived. Section 3
contains the rigorous justification of the passage to the quasistationary limit.
Section 4 corresponds to Secction 2, dealing with the kinetic model, and in
Section 5 existence of global solutions for the kinetic model is proven and the
quasistationary limit is justified.

2.2 The drift-diffusion Shockley-Read-Hall model

We consider a semiconductor crystal with a forbidden band represented by
the energy interval (E,, E.) with the valence band edge F, and the conduc-
tion band edge E.. The constant (in space) number density of trap states
Ny is obtained by summing up contributions across the forbidden band:

E.
Ny = [  M,(E)dE. (2.1)
E,

Here M,.(E) is the energy dependent density of available trapped states. The
position density of occupied traps is given by

Ec
ntr(ftr)(x’t)= E Mtr(E)ftr(x)E»,’)dE» (22)

where fi.(z, E, t) is the fraction of occupied trapped states at position z € €2,
energy E € (E,, E.), and time t > 0. Note that 0 < f,; < 1 should hold
from a physical point of view.

The governing equations are given by

1 1
6tftr = Sp - Sn; Sp = TpNtr [pO(l - ftr) - pftr]a Sn = N, [nOftr - n(l - f"‘)}
(2.3)
E.
on=V-J,+ Ry, Jo=p(UrVn-nVV), R,= S, M. dE
E,
(2.4)
E.
op=-V-J,+ R, Jpy=—pp,(UrVp+pVV), R,= SpM,. dE
’ (2.5)
esAV =q(n+ e (for) —p = C). (2.6)
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Here n(z,t) > 0 denotes the density of electrons in the conduction band,
whereas p(z,t) > 0 is the density of holes in the valence band, with electrons
and holes being oppositely charged. For the current densities J,, J, we use the
simplest possible model, the drift diffusion ansatz, with constant mobilities
tn, Hp, and with thermal voltage Ur. Moreover, since the trapped states
have fixed positions, no flux appears in (2.3).

By R, and R, we denote the recombination-generation rates for n and
p, respectively. The rate constants are 7,(E), 1,(E), no(E), po(E), where
no(E)po(E) = n;? with the encrgy independent intrinsic density n;.

In the Poisson equation (2.6), V(z,t) is the electrostatic potential, €, the
permittivity of the semiconductor material, ¢ the elementary charge, and
C = C(z) the given doping profile.

Note that if 7, 7,, ng, po are independent from E, or if there exists only one
trap level E,. with M,.(E) = N, 6(F— Ey), then R,, = ;1:[%-1%%—7’1(1— 1%':5)],

R, = é[pg(l — X=) — p3&], and the system for n,p, and n,, is closed by

integration of (2.3):
Onir = Ry — R (2.7)
By adding equations (2.4),(2.5),(2.7), we obtain the continuity cquation
A(p—n—nu)+V-(Jo+Jp) =0, (2.8)

with the total charge density p —n —n,, and the total current density J, + J,.
We now introduce a scaling of n, p, and f;, in order to render the equations
(2.4)-(2.6) dimensionless:

Scaling of parameters:

1. M, — %%M"'

ii. 7,p — T7,p, where 7 is a typical value for 7, and 7,.

iii. pnp — fiptnp, Where fi is a typical value for p,, ,.

iv. (ng, po,ns, C) = C(ng, po, i, C), where C is a typical value of C.
Scaling of unknowns:

v. (n,p) = C(n,p).

vi. Ny — Nypng,.

vii. V - UrV.

vill. fir = fir.
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Scaling of independent variables:
ix. F— E,+ (E.— E,)E.

x. £ — /pUrT z, where the reference length is a typical diffusion length
before recombination.

xi. ¢t — 7t, where the reference time is a typical carrier life time.

Dimensionless parameters:

xii. A=/t = i, /‘;—'él is the scaled Debye length.

xiii. ¢ = Lvé-ﬂ is the ratio of the density of traps to the typical doping density,
and will be assumed to be small: ¢ <« 1.

The scaled system reads:

€0 fir = Sp(p; ftr) - Sn(n; ftr)) Sp = Tl[pO(l - ftr) - p.[tr]: Sp = ’;‘[nOftr - n(]- - ftr)],
p n
(2.9)

1
O =V - Ju+ Ra(n, fu), Jn= (VR —nVV), Ry = / SuMy dE,
0

(2.10)
1
o=V Syt Ryl fu). o= ~iplTp+59V), By [ S,MidE,
0
(2.11)
1
MNMAV =n+en, —p—C, N (for) = / forMy dE (2.12)
0
with no(E)po(E) = n? and [, M,dE = 1.
By letting € — 0 in (2.9) formally, we obtain f;, = Tn(p+7;:)°:;”(:+no), and
the reduced system has the following form
On =V - Jn+ R(n,p), (2.13)
Op=-V-J,+ R(n,p), (2.14)
1
M, (E)
R=(n®—np / dE, (215
)y B+ ro(B) + (Bt o) A1)
MAV =n-p-C. (2.16)

Note that if 7,,7,, no, po are independent from E or if there exists only one
trap level, then we would have the standard Shockley-Read-Hall model, with
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R = T"(p+;:;)2;;;’(’n+no). Existence and uniqueness of solutions of the limiting
system (2.13)—(2.16) under the assumptions (2.21)-(2.25) stated below is a
standard result in semiconductor modelling. A proof can be found in, e.g.,

[16).

2.3 Rigorous derivation of the drift-diffusion
Shockley-Read-Hall model

We consider the system (2.9)-(2.12) with the position z varying in a bounded
domain 2 € R3 (all our results are easily extended to the one- and two-
dimensional situations), the energy £ € (0,1), and time ¢ > 0, subject to
initial conditions

n(z,0) =n/(z), p(z,0)=pi(z), fol(z, E,0)= fii(z, E) (2.17)
and mixed Dirichlet-Neumann boundary conditions

n(z,t) = np(x,t), plz,t) =pp(z,t), Vi(z,t)=Vp(z,t) z € Ip C N
(2.18)

and

-g—g—(x, t) = %(x,t) = aa—‘:(x, t)=0 z €Oy :=00\00p, (2.19)

where v is the unit outward normal vector along 9§y. We permit the special
cases that either df2p or 92y are empty. More precisely, we assume that
cither dQ2p has positive (d — 1)-dimensional measure, or it is empty. In the
second situation (0€!p empty) we have to assume total charge neutrality, i.e.,

/(n+entr—p—C)dx=O, if 80 = A0 (2.20)
1]

The potential is then only determined up to a (physically irrelevant) additive
constant.
The following assumptions on the data will be used: For the boundary
data
np,pp € WoX(Q x RY), Vp € LL(Rf, WS(Q)), (2.21)

loc

for the initial data

ni,pr € HH{(Q)NL®(Q), 0L fir <1, (2.22)
fQ(TLl + 5ncr(ftr,l) — pr — C) dr = 0, if 092 = 8QN , (223)
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for the doping profile
Ce L*(Q), (2.24)

for the recombination-generation rate constants
10,00, Tn, Tp € L((0,1)),  Tn, Tp > Trmin > 0. (2.25)

We shall first prove local existence of solutions for fixed positive € by a
contraction argument, following the lines of [11], [16]. We define the fixed
point map F: {n,p, fi.} — {u,v,u,} by the following:

Step 1: For n,p, fir given (satisfying (2.20) if 0 = 09n), we obtain V
by solving the problem (2.12),(2.18), (2.19); if 9Qp has a positive measure,
the solution exists and it is unique for all t. For empty 0Q2p the assumption
(2.20) implies solvability and uniqueness up to a constant, whose valuc is
unimportant for the following.

Step 2: We obtain the new trap occupancy u, from

e0yuy = ;1; [Po(l - Uzr) - putr] - % [nouzr - n(l - Uzr)] ) (2~26)

utrlt:O - ftr,l )
the new electron density u from

Ou =V - (tn(Vu —nVV)) + R,(n, uy) , (2.27)

— o — —
U|BQD = np, a_::l(?QN - 0) u|t=0 =ny,
and the new hole density v from

at'U = v . (/J'P(Vv + pvv) + R’p(p) utr) )

v|aa, = PD, %bn,v =0, Y=0o=pr1-

For the fixed point argument we shall use the following norm:

l(n,p, fir)llr = max {||n(®)llL2@) + P20y + I fer )] L2201 }

o<t<T
(2.28)
T 1/2
| [ (19Ol + 1990 x) ) - (229)

0

Note that the property (2.20) is preserved in case of a pure Neumann problem.
We now show that the map F is contractive for a sufficiently small time
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interval (0,T) on a ball with sufficiently large radius a around the initial
data (considered as constant functions of time):

Ma. = {(n,P, ftr) : 0 S ftr S 1) ”(n_nl,P“Pl,ftr - ft'r,l)”T S G,}. (230)

First, let us show that F maps M, into itself. We observe that the equa-

tion for u,. preserves the natural bounds for the initial data: 0 < u;, < 1.

Multiplication of (2.26) by ui — firs and straightforward estimation gives
T(a)

max || Fort |l < <2
Ugr — =
0.T] 2 tr,I 1 L2(Q%(0,1)) = c =5

(2.31)

for any a by choosing T small enough.
Multiplication of (2.27) by u—~np (np = 0 for the pure Neumann problem)
and integration by parts gives
1d
—— [ (u—np)idx = —un/ |Vul|? dz + un/ Vu- (nVV + Vnp)
2dt Jo Q Q
— /Ln/ nVV -Vnpdr + /(u —np)(R, — Onp)dz
Q Q

(2.32)
For estimating the right hand side we use the Cauchy-Schwarz inequality,

the assumptions on boundary and initial data, the estimate |R,(n,w,)| <
C(n + 1), and the fact that (n,p, fi,) € M,:

1d 7
== |lu - nD“i?(n) < _7n||v(u - nl)”?ﬂ(n) + C(v(a) + ||"VV”?,2(Q) + [Ju - nD“iz(n)) :

2 dt
(2.33)

For estimating the nonlinear term nVV we employ the Hoélder inequality,
the Gagliardo-Nirenberg inequality, the Poisson equation, and the Sobolev
imbedding theorem:
InVVIxey < lInlleyIVVIiLe@
< (CO)lnllzzm + 81 Vnllx)(ln + pllos@ + e ls@xioay + 1) (2:34)

for any 4 > 0, which leads to the estimate (using the definition of M,)

T
/0 IRVV (220t < ¥(@)(TC(3) +6). (2.35)

As a consequence, the Gronwall lemma applied to (2.33) implies
max llu = nollZ2() < llns = npliZeg) +¥(a)(r(T)C(6) +6),  (2:36)
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with 7(T) — 0 for T — 0, and, therefore,

2
a
maxlu — nillzaq) < 2lins = nollixg) + Y(@)(7(T)C(8) +6) < 5z, (237)

w

where the last inequality is achieved by first choosing a big enough, then é
small enough, and then T small cnough.
Analogously, we prove

a
max |lv — pyfl L2 < (2.38)

(0.7 5

As for the integral terms in the norm, we obtain from (2.33) after inte-
gration with respect to time

[ = )t < 2 2o+ Ta) < 222
2 Jy u-—n; ||L2(Q) =3 n; — ol mne) = 5 25’
such that 2
T
a
([ 196 rlamr) <3 (2.39)

Note that again a has to be chosen big enough, and T small enough. The
same estimate holds for V(v — p,). Combining it with (2.31), (2.37), (2.38),
and (2.39), F: M, — M, has been proven.

The next step is to prove that F is a contraction. For the components of
the difference

(0u, 6v, 0usy) = F(n1,p1, fir1) — Fna, p2, fir2) (2.40)
we obtain the problems

68,511" = —ndu,r + Aan + Apép, (241)

6utr|t=0 = 0)

: _ potpr ng+n _ l-w2 . Ur2 _
with K = LT,,P—“*'"QTL’ An =02 A= — =, dn = n; — ng ete., for duy,,

0,6u =V - (ua(Vou — VOV — nV VL)) + Ru(ny, uiry) — Ra(no, uer2)  (2.42)

Sulon, =0, Z|ay =0, Sul=0=0,

for du, and

016v =V - (up(Vév + p; VV + 6pVV3)) + Ry(p1, uer1) — Rp(p2, uer2)  (2.43)

5U|8§lp = 0) %IBQN = O) 6U|t=0 = 0)
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for dv.
The following estimates are very similar to the above. Multiplication of
(2.41) by éu,r and a simple estimation shows that

"Dyom,op. 00, (249

Sugr <
rlg‘aTLfll utr || L2 (x(0,1)) <

with limr_or(T) = 0.
Multiplying (2.42) with du, integrating with respect to = and ¢, we obtain

1 i [t
Iy + 5 [ 198U

t
< C/ (IIJnVVzHie(Q) + |11 V8V |72y + 16012200y + 116 fer 20y + ||5U||i2(n)) ds.
0
(2.45)

The first two terms on the right hand side we estimate analogously to (2.34),
leading to

t
/0 (||5”VV2”22(Q) + ||n1V5V||§,2(Q) + ||5n||i2(n) + ||5fzr||iz(n)) ds
< (r(T)C(8) + 9)|I(6m, 0p, 8 fur) T -

Application of the Gronwall lemma to (2.45), the analogous estimate for dv,
and a combination of these results with (2.44) finally lead to

(6, 6, 6us) 17 < (@ﬂ@ " a)>n(6n, spdflr.  (246)

By choosing first § and then T sufficiently small, F' can be made contractive
in M,. Summarizing, the following local existence result has been proven.

Theorem 2.3.1. Let the assumptions (2.21)-(2.25) hold. Then there exists
T > 0, such that the problem (2.9)-(2.12), (2.17)-(2.19) has a unique solu-
tion with n,p € C([0, T}, L3(82)) N L2((0,T), H'()), fer € C((0,T), L} x
(0: 1))): 0 S ftr S 1.

It is obvious from (2.46) that the local existence result does not come with
a uniform in ¢ estimate. Even the guaranteed existence time tends to zero
with €. The following global existence result with uniform (in €) bounds is a
gencralization of [12, Lemma 3.1], where the case of homogeneous Neumann
boundary conditions and vanishing recombination was treated. Our proof
uses a similar approach.

40



Lemma 2.3.2. Let the assumptions of Theorem 2.3.1 be satisfied. Then,
the solution of (2.9)-(2.12), (2.17)-(2.19) exists for all times and satisfies
n,p € L2.((0,00), L=®(Q)) N L2 ((0,00), H(Q))) uniformly in€ ase — 0 as
well as 0 < f;, < 1.

Proof. Global existence will be a consequence of the following estimates.

Introducing the new variables n = n—np,p=p—pp, C = C—eng,—np+pp

the equations (2.10)—(2.12) take the following form:
on=V-J,+R,—90np, Jn=un [Vﬁ +Vnp - (n+ nD)VV] , (2.47)
&p=-VIy+ R, - 8pp, Jp=—1p[VP+Vpp+ (P+pp)VV], (248)
MNAV=n-5-C. (2.49)

As a consequence of 0 < f,, <1, Ce L*((0,00) x ) holds. For ¢ > 2 and

even, we multiply (2.47) by n97!/p,, (2.48) by p7~!/u,, and add:

d n? P ~g-20= -2

— —+—|dz=-(q—1) [ n7°VnaVndz - (¢g—1) | p?" *VpVpdz

dt Jo lqmrn  qup Q Q

+ (¢ — 1)/ [ﬁq_znVﬁ - " ?pVp| VV dz
Q

~q-1 ~g-1
N / Y (Ra-8mp)+ [ P—(R, - 8pp)

Hn Q Hp
=: 11+12+]3+I4+I5.
(2.50)

Using the assumptions on np, pp and |R,| < C(n+ 1), |R,| < C(p+ 1), we
estimate

14SC/lﬁlq‘l(n+1)dz§C(/ﬁ"dx+l), ]5§C</i)"dz+l>.
Q Q Q

The term I3 can be rewritten as follows:

I — / (A9 V7 - 577 VB VV dz
Q
+/ [A72VA] (npVV) dx —/ [(7"2VD] (ppVV) da
Q Q

1 ~
e [ - (-5 —
/\Qq/n[n pPl(n—-p-C)dex
1 ~
- post b N
/\2(q—1)/9n (VnpVV+ np(n—p C)) dz
1

g1 = _=_ 0
+ X -1 /Qp (VppVV+ pp(m—p C')) dz.
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The second equality uses integration by parts and (2.49). The first term on
the right hand side is the only term of degree ¢+ 1. It reflects the quadratic
nonlinearity of the problem. Fortunately, it can be written as the sum of
a term of degree ¢ and a nonnegative term. By estimation of the terms
of degree ¢ using the assumptions on np and pp as well as ||[VV|| qq) <

CI7ll agy + 1Bl 2oy + ICllzacey), we obtain

135—%}/ﬂ[ﬁ"—?](ﬁ—mdx+C(L(ﬁq+?)dx+1)

sc(/ﬂ(ﬁuﬁv)dzﬂ).

The integral I, can be written as

L =- / 7972 Vn|’dz + / n'"*VnpVndz. (2.51)
Q Q

By rewriting the integrand in the second integral as
—~ _~gq-2 ~q—2
A9 °YnpVn = iz VnngTVnD

and applying the Cauchy-Schwarz inequality, we have the following estimate
for (2.51):

I < —/ﬁq_2|Vn|2dx+ /ﬁq‘QIVnPdm/ﬁq‘2|VnD|2d:1:
Q Q Q
1 [ ~ g 1 [ ~
< ———/ 72| Vn|2dz + C||7)|%% < ——/n"'2|Vn|2da:+C (/ nldr + 1> .
2 Ja 2 Ja Q

(2.52)

For I, the same reasoning (with n and np replaced by p and pp, respectively)
yields an analogous estimate. Collecting our results, we obtain

d/l:ﬁq i,‘qJ 1/‘,,_2 2 1/ —2 2
— — 4+ —|dz < —= | n9¢|Vn|°dz — = | p"°|Vp|°dx
dt Jo lqpua  app 2 Ja Vel 2 Jo? v

+C</Q(7z"+if’)dx+l).

Since g > 2 is even, the first two terms on the right hand side are nonpositive
and the Gronwall lemma gives

(2.53)

/Q('ﬁ" +p%)dz < e (/Q(;z(z = 0)? + 5(t = 0)%)dz + 1) .
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A uniform-in-g-and-¢ estimate for ||n||Lq, ||p| e follows, and the uniform-in-e
bound in L§2 ((0,00), L*(§)) is obtained in the limit ¢ — co. The estimate
in L} _.((0,00), H(Q)) is then derived by returning to (2.53) with ¢ = 2. O

Now we are ready for proving the main result of this section.

Theorem 2.3.3. Let the assumptions of Theorem 2.3.1 be satisfied. Then,
ase — 0, for every T > 0, the solution (fi-,n,p,V) of (2.9)-(2.12), (2.17)-
(2.19) converges with convergence of fir in L°°((0,T) x 2 x (0,1)) weak* n
and p in L*((0,T) x Q), and V in L2((0,T), H'(?)). The limits of n, p, and
V satisfy (2.13)-(2.19)

Proof. The L*™-bounds for fi, n, and p, and the Poisson equation (2.12)
imply VV € L?((0,T) x Q). From the definition of Jn,,J, ( see (2.4),(2.5) ),
it then follows that J,, J, € L?((0,T) x Q). Then (2.10) and (2.11) togecther
with R,, R, € L®((0,T) x Q) imply 9n,0p € L?((0,T), H"(Q)). The
previous result and the Aubin lemma (see, e.g., Simon [23, Corollary 4, p.

85]) gives compactness of n and p in L2((0,T) x ).
We already know from the Poisson equation that VV € L*((0,T), H(f)).

By taking the time derivative of (2.12), one obtains
AV =V - (J, + Jp)

h

with the consequence that 8,VV is bounded in L%((0,T) x §2). Therefore,
the Aubin lemma can again be applied as above to prove compactness of VV
in L2((0,T) x £).

These results and the weak compactness of f. are sufficient for passing
to the limit in the nonlinear terms nVV, pVV, nfy, and pf,. By the
uniqueness result for the limiting problem (mentioned at the end of Section
2), the convergence is not restricted to subsequences. O

2.4 A kinetic Shockley-Read-Hall model

In this section we replace the drift-diffusion model for electrons and holes by
a semiclassical kinetic transport model. It is governed by the system

Ouln A valk) - Vafu + V2V - Vicfa = Qulf) + Qo fir),

Buty+volk) - Vafy = 1YV - Vify = Qo) + Qprfin f),  (255)

(

(
8tftr = Qtr,r = Qtr,p(fp; ftr) - Qtr,n(fn) ftr)) (256)
€AV =g(n+n, —p—C), (2.57)

2.54)
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where f;(z, k,t) represents the particle distribution function (with i = n for
electrons and ¢ = p for holes) at time ¢ > 0, at the position z € R3, and
at the wave vector (or generalized momentum) k € R3. All functions of k
have the periodicity of the reciprocal lattice of the semiconductor crystal.
Equivalently, we shall consider only £ € B, where B is the Brillouin zone,
i.e., the set of all £ which are closer to the origin than to any other lattice
point, with periodic boundary conditions on 0B.

The coefficient functions v,(k) and v,(k) denote the electron and hole
velocities, respectively, which are related to the electron and hole band dia-
grams by

Un(k) = Vien(k)/R, vp(k) = —Viep(k)/h, (2.58)

where h is the reduced Planck constant. The elementary charge is denoted
by gq.

The collision operators @, and @, describe the interactions between the
particles and the crystal lattice. They involve several physical phenomena
and can be written in the general form

@n(fn) = fB (k, KN Mofl(1 = fo) = MLf.(1 = fD)]dK',  (2.59)
Qp(fp) = fB (k, k") [Mp fo(1 = f) — M, fo(1 = f)]dK, (2.60)

with the primes denoting evaluation at k', with the nonnegative, symmetric
scattering cross sections ®,(k, k') and ®,(k, k'), and with the Maxwellians

Mo (k) = cnexp(—en(k)/ksT), Mp(k) = c, exp(—ey(k)/k5T),

where kgT is the thermal energy of the semiconductor crystal lattice and the
constants cy, ¢, are chosen such that

/Mndk=/Mpdk=1.
B B

The remaining collision operators Qy ,(fa, fir) and Qp(fp, fir) model the
generation and recombination processes and are given by

Ec
Qn,r(fmftr) = Sn(fmftr)Mtr dE, (261)
with E)
(fmftr) - 5\, [noM ftr 1 - fn) - fn(l - ftr)] )
and E
Qp,r(fpa ftr) = Sp(fprftr)jwtr dE, (2-62)

v

44




with o.(k. E)
Sp(fp; ftr) = _p—]_V;_— [pOMp(l - fp)(l — for) — fpftr] ;

and where M,.(z, F) is the density of available trapped states as for the
drift diffusion model, except that we allow for a position dependence now.
This will be commented on below. The parameter Ny is now determined as
Nir = sup,egs fol M, (z, E)dE.

The right hand side in the equation for the occupancy fi.(z, E,t) of the
trapped states is defined by

Qtr,n(fn,ftr) = ,/.;Sﬂ dk = /\n[nOMn(l - fn)]ftr - /\n[fn](]- - ftr), (263)

with A,[g] = [, Pngdk, and

Qtr,p(fpvftr) = /BSp dk = )‘p[poMp(l - fp)](l - ftr) - ’\p[fp]ftr, (2-64)

with A[g] = [, ®pgdk.

The factors (1 — f,) and (1 — f,) take into account the Pauli exclusion
principle, which therefore manifests itself in the requirement that the values
of the distribution function have to respect the bounds 0 < f,, f, < 1.

The position densitics on the right hand side of the Poisson equation
(2.57) are given by

E.
n(z,t) = / fadk, p(z,t) = / fodk,  ny(z,t) = fuMy dE .
B B

E,

The following scaling, which is strongly related to the one used for the drift-
diffusion model, will render the equations (2.54)- (2.57) dimensionless:

Scaling of parameters:
i. My — 'ET‘N_'%CMU;
ii. (€n,€p) — kBT (€n,€p), with the thermal energy kgT,

iii. (9, <I>,,,<5n, 3),,) — 7T YD, $,, o, Ef),,), where 7 is a typical carrier life
time,

iv. (ng,po, C) — C(ng, po, C), where C is a typical value of |C|,

v. (Mp, M) > T (My, M,,).
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Scaling of independent variables:

vi. z - kgT7C °h11,

vil. | — Tt,

viii. £ — 61/316,

ix. E— E,+ (E. - E,)FE,

Scaling of unknowns:

X. (fa, for fir) = (fas fo» fir)s

xi. V — UrV, with the thermal voltage Ur = kgT'/q.
Dimensionless parameters:

xii. A= %r\/g

xiil. € =

<
S|

, where again we shall study the situation € < 1.

alf

Finally, the scaled system reads

atfn + Un(k) : vzfn. + va : kan = Qn(fn) + Qn,r(fm ftr)) (2 65)
3tfp + vp(k) . v:z:fp - vxv : kap = Qp(fp) + QP,T(fP) ftr)) (2 66)
€0ifir = Qirr = Qurp — Qtrn, (2.67)
NAV =n+en, —p—C=—p, (2.68

)
with v, = Vien, v, = —Viep, with @, and @, still having the form (2.59)
and, respectively, (2.60), with the scaled Maxwellians M, (k) = ¢, exp(—en(k)),
M, (k) = ¢, exp(—e,(k)), and with the recombination-generation terms

1 1
Qs (s fir) = /0 SaMwdE,  Qurlfyr fur) = /0 S,My dE, (2.69)
with
Sn=(I)n[nOMnftr(l_fn)—fn(l—ftr)]a S —‘I)p[Po (1 ftr)(l fp) fpftr]~
(2.70)

The right hand side of (2.67) still has the form (2.63), (2.64). The position
densities are given by

1
n=/fndku P=/fpdk, ntr:/ fgrdE. (271)
B B 0
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The system (2.65)-(2.67) conserves the total charge p = p+ C — n — en,,.
With the definition

In = —/vnfndk, Jp=/vpf,,dk,
B B
of the current densities, the following continuity equation holds formally:
Gp+ Ve (Jn+Jp)=0.
Setting formally € = 0 in (2.67) we obtain

Podp[Mp(1 = f)] + An[fn]
pO’\p[Mp(l - fp)] + ’\p[fp] + )\n[fn] + nO’\n[Mn(l - fn)]

Substitution f,. into (2.69) leads to the kinetic Shockley-Read-Hall recombination-
generation operators

Qnr(fns fo) = Galfos Sl A= Fa)=Tulfos flfns Qe o) = Gplfns So) (A=) =Tl S, Sl S

7tr(fn: fp) =

(2.72)
with

L @aMamo(pod[Mp(1 = Sp)] + Anlfa]) Mir
9, = dE,
o A pO/\p[Mp(l - fp)] + ’\p[fp] + ’\n[fn] + nO/\n[Mn(l - fn)]
o @u (Kplfp] + noA[Ma(1 - fa)) Mer .
™= /0 PO’\p[A’Ip(l - fp)] + ’\p[fp] + ’\n[fn] + nof\n[Mn(l - fn)] ’

U D Mypo (oMl Ma(1 = fa)] + Xplfy]) Mir
9, = dE,

P /0 Podp[My(1 = fp)] + Aplfp] + Anlfn] + noAa[Ma(1 ~ f))

o D, (Ml + oAl M1 = £5)]) M "
= /0 pO’\p[A’Ip(l - fp)] + ’\p[fp] + ’\n[fn] + nO’\n[Mn(l - fn)] '

Of course, the limiting model still conserves charge, which is expressed by

the identity
/ Q. dk = / Q,. dk.
B B

Pairs of electrons and holes are generated or recombine, however, in general
not with the same wave vector. This absence of momentum conservation is
reasonable since the process involves an interaction with the trapped states
fixed within the crystal lattice.
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2.5 Rigorous derivation of the kinetic Shockley-
Read-Hall model

The limit ¢ — 0 will be carried out rigorously in an initial value problem
for the kinetic model with z € R3. Concerning the behaviour for |z| — oo,
we shall require the densities to be in L! and use the Newtonian potential
solution of the Poisson equation, i.e., (2.68) will be replaced by

E(z) = —V,V = x?/ ==Yy, 1) dy. (2.73)
R |7 — Yl

We define Problem (K) as the system (2.65)-(2.67), (2.73) with (2.59),

(2.60), (2.69)-(2.71), (2.63), and (2.64), subject to the initial conditions

fn(I,k,O) :fn./(x)k)’ fp(x)kao) :fp,l(ka): ftT(I) E’O)—_-ftr,l(x’E)‘

We start by stating our assumptions on the data. For the velocities we
assume
Un, Up € WE(B), (2.74)
where here and in the following, the subscript per denotes Sobolev spaces
of functions of k satisfying periodic boundary conditions on dB. Further we
assume that the cross sections satisfy
&,,8,>0, &,,cWie(Bx B), (2.75)

per
and
®,,0,>0, &,,eWL2(Bx(0,1)). (2.76)

per

A finite total number of trapped states is assumed:
My, >0, M,eW"R3x(0,1)nW'(R>x(0,1)). (2.77)

The L'-assumption with respect to z is needed for controlling the total num-
ber of generated particles. For the initial data we assume

0 S fn,lafp,l S 1) fn,l)fp,l € WI'OO(RS X B) n Wl,l(R3 X B)a

. per per 2'78

0< for <1, fs € WERR x (0,1)). 279
We also assume

no, o€ LX((0,1), Ce W' R)NWM®RY).  (279)

Finally, we need an upper bound for the life time of trapped electrons:

/ (®, min{1,ngM,} + ®, min{1,poM,})dk > v > 0. (2.80)
B

48



The reason for the various differentiability assumptions above is that we shall
construct smooth solutions by an approach along the lines of [20], which goes
back to [8]. '
An essential tool are the following potential theory estimates [24]:
2/3
”E”L°°(IR3) < C“p”z/l:zkii)”plll,{m(lzli) y (281)
IV2E|lo@s) < C(1 + [lpllrgsy + llpllLeosy [1 + log(1 + [ Vapll Lowa))]) - (2.82)

We start by rewriting the collision and recombination generation operators
as

Qi(fi) = ai[fi](l - fi) - bi[fi]fi) 1=n,p, (2-83)
and
Qir(fi, fr) = @ilferl(1 = fi) = il firl fiy i=n,p, (2.84)

with
alfi] = /B BM S, blf) = /B BM(1- f)dk, i=np (285)

1 1
gn[ftr] = / (bnnOMnflthT dEa gp[fl‘r‘] = / ‘I)pPOMp(l - ftr)Mtr dEa
0 0
(2.86)

1

1
Tn[ftr] = / (I)n(l - ftr)]\4tr dE: rp[ftr] = / (I)pftthr dE . (287)
0 0
In order to construct an approximating sequence (f7, g , f{r, E7) we begin
with
2z k) = fir(z, k), i=n,p, [2z,E,t)= fpi(z, E) (2.88)

The field always satisfies
Bt = [ Z=lpwod (2.89)
r |z —yl?

Let (f1, f2, f., E?) be given. Then the f;’*' are defined as the solutions of
the following problem:
Bfi! + va(k) - Vo fit — E7 -V, i+
= (an[frjz] + gn[ft]r])(l - fr{+l) - (bn[fi] + "'n[fz]r])fr{+l )
B + up(k) - Vo fIt + B - Vi [
= (ap[f3] + gl fZD) (X = £371) = Bulf3) + ral D F37
€0 f7T = (PodpMp(1 = )]+ MalFAD (L = F537) = (noda[Ma(1 — )] + M S,
(2.90)
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subject to the initial conditions

SN, k,0) = fus(z, k), f27(2,k,0) = fou(z, k), fi(z,E,0) = fuilz, E).
(2.91)

For the iterative sequence we state the following lemma, which is very similar

to the Proposition 3.1 from [20]:

Lemma 2.5.1. Let the assumptions (2.74)-(2.79) be satisfied. Then the
sequence (f3, f1, fi., E?), defined by (2.88)-(2.91) satisfies for any time T > 0

a) 0 S flJ S 1: ) =Tl,p,t7'.

b) fI and f,{ are uniformly bounded with respect to j — oo and e — 0 in
L*((0,T), L}(R® x B).

c) E7 is uniformly bounded with respect to j and € in L=°((0,T) x R®).

Proof. The first two equations in (2.90) are standard linear transport equa-
tions, and the third equation is a linear ODE. Existence and uniqueness for
the initial value problems are thereforc standard results.

Note that the a;, b;, g;, 75, and A; in (2.90) are nonnegative if we assume
that a) holds for j. Then a) for j + 1 is an immediate consequence of the
maximum principle.

To estimate the L'-norms of the distributions, we integrate the first equa-
tion in (2.90) and obtain

t
/2 v woxy < ||fn,l||L‘(R3xB)+/ llan[ 2]+ gl f ]| L1 r3x BY(S) ds . (2.92)
0

The boundedness of ;I;n, &, and f{;, and the integrability of M,, imply

lanlfilll @oxsy < Clfilliwoxsy,  NgnlfLllliwexsy < C. (2.93)

Now this is used in (2.92). Then an estimate is derived for f] by replacing
j + 1 by j and using the Gronwall inequality. Finally, it is easily since that
this estimate is passed from j to 7+ 1 by (2.92). An analogous argument for
f7 completes the proof of b).

A uniform-in-¢ (L' N L*=)-bound for the total charge density p’ = n’ +
enl, —p? — C follows from b) and from the integrability of M,,. The statement
c) of the lemma is now a consequence of (2.81). O

For passing to the limit in the nonlinear terms some compactness is
needed. Therefore we prove uniform smoothness of the approximating se-
quence.
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Lemma 2.5.2. Let the assumptions (2.74)-(2.80) be satisfied. Then for any
time T > 0:

a) fi and f] are uniformly bounded with respect to j and e in L>((0,T), Wt(R®x
B)NWL*(R? x B)),

per

b) f7 is uniformly bounded with respect to j and e in L=((0, T), W (R3 x
(0,1))),

c) E7 is uniformly bounded with respect to j and € in L*=((0,T), W1 (R3)).

Proof. We start by introducing v/ = Veifl = (vi,1]), nf = Vouf! =
(mi,m]), ¢ = V.fi and by differentiating the last equation in (2.90) with
respect to z:

53t¢j+1 = (_pO’\p[Mp"ri] + ’\n[”i])(l - tJ;—H) - (—nO’\n[MnVi] + MWi])fi“
—(Porp[Mp(1 — f2)] + Anlf2] + nodn[Mn(1 = F)] + M2+

The coefficient of ¢'*! on the right hand side is bounded below by the term
appearing in assumption (2.80) and, thus, bounded away from zero. The
maximum principle implies

sup |¢"lo < C (Sup 1¥ lloo + sup 172 ]lco + 1) :
(0,t) (0,t) (0,t)

where here and in the following we use the symbol || - || for the L®-norm
on R3 on R3 x B and on R® x (0,1). The gradient of the first equation in
(2.90) with respect to z and k can be written as

Ot + v, Vit — EF Vit 4 (an + by + go + o) = ST
where it is easily seen that, using our assumptions,
1S3lleo < C (1 + ¥ ]loo + 18 lloo + 17 Hloo(L + V2 E|leo))

holds. The analogous treatment of the second equation in (2.90), the poten-
tial theory inequality (2.82), and the definition

of () = ?élg(”l/j“oo + 1770 + 167 lloo)

lead to ,
Wt < C (1 +/ (o + o*'(1 + log(1 + aj))ds)
0
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implying boundedness of o/ on arbitrary bounded time intervals (as in [8]).
This proves ¢) and the L®-part of a). The equation for dg f1*' can be treated
as above completing the proof of b).

By [psmurdz < [os Mipdz, it is trivial that the total number of trapped
electrons is bounded. Therefore, the L!-estimates in a) follow the line of [20])
since no coupling with the equation for the trapped electrons is necessary. [

With the previous results, the first two equations in (2.90) also give uni-
form bounds for the time derivatives of fJ and fJ. Thus, subscquences con-
verge strongly locally in z and ¢. In the same way, the right hand side of
the time derivative of the Poisson equation is bounded in L! and in L*, and
(2.81) implies boundedness of the time derivative of the field. So the field
also converges strongly. This and the (obvious) weak convergence of f,’r are
sufficient for passing to the limit in the quadratic nonlinearities. Existence
of a global solution of Problem (K) follows. By the same argument, however,
the limit ¢ — 0 can be justified, since all estimates are also uniform in €.

Theorem 2.5.3. Let the assumptions (2.74)-(2.80) be satisfied. Then Prob-
lem (K) has a global solution (fr, fp, fir, E) with fn, f, € L§5.((0, 00), W)s*(R? x
B)), fir € L5.((0,00), Wh(R® x (0,1))), E € L§5.((0,00), Wh(R®)). For
e — 0, a subsequence of solutions converges to the formal limit problem.
The convergence of fn, and f, is in L.((0,00) x R? x B), that of E in
L2 ((0,00) x R3) and that of fi.? in L2.((0,00) x R3 x (0,1)) weak*.
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