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Spin-resolved drift-diffusion model

consider spin-resolved carriers ey, ey, ht, h|

spin-resolved densities for electrons and holes

N., N, effective densities of state

N. —FEeotqge ntl +
ny = 7exp[ k;qu ] [‘P 1 qw]

E.o, Eq0 band edge energies

kBT i Ived i-Fermi i
©ntls spin-resolved quasi-Fermi energies
N, Ev0Fqgu —Qpi1 — qi) il PpiL SP q 9 .
= —eX ex q, Y elementary charge, electrostatic potential
Py 2 P knT p knT

des gu splitting of carrier bands due to magnetic
impurities or an applied magnetic field
T, kp Temperature, Boltzmann constant

spin relaxation reactions
er — €|, hT = hl
recombination/generation of electrons and holes
et +hy =0, et+h =0
ei+hT:07 el-i-hlﬁo
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Spin-resolved drift-diffusion model

charge current densities
Jnil = Mty Vny,

Jp1l = HpnP1LVPpil,
> system of 4 continuity equations containing spin-relaxation as well as
generation-recombination terms
coupled with a Poisson equation
completed by boundary from device simulation and initial conditions
obtain a generalization of the classical van Roosbroeck system

v VvV VvV V

introduce scaled variables
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Model equations in scaled variables

X; species: ey, €|, hy, hy i charge numbers v = (—1,-1,1,1)
u;  densities u; reference densities
v;  chemical potentials Vo electrostatic potential

G =wvi +vivo  electrochemical potentials
state equation for species X; u; = u;e%
particle flux densitiy for species X;
Ji = —Du;V(§ = —D; (Eivg + Ui%V’UO)
U;

—R; net production rate of species X;

Ry =r13(€”7 — 1) +r1a(€ " — 1) + r12(e™ — "),
Ry = 723(€"27"8 — 1) + 1r24(€"1" — 1) — ri2(e™ — &™),
Rs =r13(€"" " — 1) + r23(€21"3 — 1) + r3s(e”® — &™),
Ry =r14(€"""* — 1) + r24(€”21"* — 1) — r34(e™ — &™)
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Model equations

continuity equations

8ui
ot

+VJl:—R1 inR+XQ,
v-Ji=0onRy xI'n, wvi=v" onRy xTI'p,

ul(O):Uz inQ, 1=1,...,4.

Poisson equation

4
—V - (eVuo) = f+ > wu inRy xQ,

i=1

v-(evg) =0 onR4 x Ty, vo=vy onRy xT'p

4
use vectors v = (vo,...,v4), u= (Uo,...,Us), Uo = Z%‘Uz‘
1=1
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Assumptions

(A1)  Q c R? bounded Lipschitzian domain, I'p, I'x are disjoint open subsets of 99,
0N =TpuUl'yU(TpnTx), mesI'p >0, T'p NIy consists of finitely many

points (2 U T x is regular in the sense of Groger);
(A2) D;eL>®(Q),D;>c>0ae.onQ,i=1,...,4;

(A3) 7 : Q2 x R x Ry — Ry, r45(x, -) Lipschitzian uniformly w.r.t. = € €,
r:;(+,y) measurable for all y € R x R%, r:;(-,0) € L(Q), 45 = 13,14, 23, 24,
ri; € L(Q), i = 12, 34;

(Ad) e €L>®(),e>c>0,uw >c>0aeo0nQ,i=1,....4, f € L*(Q),
vl e Whe(Q),i=0,...,4,v=(-1,-1,1,1);

(A5)  wf € L®(Q),u) >c>0ae.0nQ,i=1,...,4,u) = Zle ~yiud.
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Weak formulation

V=H}(QUTIN)?, U={ueV" :u; € L), mu; e L(Q), i = 1,...,4}

define operators E:V 4P - V* A: U x (V4oP) — V*

4
(Ew,T) = (Eovo, To) +/ > ue'vide, TEV,
2 =1
<E01]0,@0> = / {&'VUO - Vg — fﬁo}d.’lﬁ, Vo € H&(Q UFN),
Q

(A(u,v),v) = /Q { ZD;‘U«;VQ V¢, + Z ri; (€7 —e")(v; — vy)

ij=12,34
+ ) e = 1) ([ +@j)} dz, (; =70i+7ivo.
ij=13,14,23,24

Problem (P):
u' + A(u,v) =0, u=FEvae. onRy, u(0)=1u’,
u € Hléc(R+7 V*)7 v — UD S L%C(R+7 V) N L%%(R+7 LOO(QaR5))
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Energy functionals

E is a strict monotone potential operator with potential G : V +v” — R,

/{2|Vvo| —7|V f(vo — o8 +Zu1 'l—eviD)}dx.

+ Q C R?, Trudingers imbedding result = dom G = V + v
» G is continuous, strictly convex, Gateaux differentiable, subdifferentiable, 0G = E

freeenergy F:V* - R,

F(u) = G*(u) = sup {(u,w) - G(w +vD)}.

weV

« Fis proper, lower semicontinuous, convex
e ifu=Fv= F(u) = (u,v —v?) = G(v), v—ovP € dF(u)
. if’uev*and’uiELQ(Q),’U”;20,i21,...,4,E01}o:Uo:>

/{Q\V vofvo | +Z{ul jzfu 71)+HieviD}}dx.
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Energy estimates

Theorem. Let (A1) — (A5) be satisfied. Then there exists a ¢; > 0 depending only on
the data such that
F(u(t)) < (F(u’) +1)et"  Vte Ry

for any solution (u, v) to (P). If
Vit mod) =0, k=1,..,4, v = v, ij = 12,34, v/’ +v} =0, ij = 13,14,23,24,

then F(u(t)) is bounded and decays monotonously (and exponentially).

Idea of the proof: v(t) — v® € dF(u(t)) a.e. on R, Brézis formula =
t t
F(u(®) = Fu(s) = [ (/().0(r) = 0"y or = = [ (AGuw,0),0() — o) dr
t 4
<e [ Sl D{IVGE N+ 3 0P = oPlumt 3 0P+ 0P by
S k=1 ij=12,34 ij=13,14,23,24

s = 0: since |lug| 1 < F(u) +c, Gronwalls lemma = F(u(t)) < (F(u°) + ct) e
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Existence and uniqueness result

Theorem. We assume (A1) — (A5). Then there exists a unique solution to Problem (P).

Guideline for the proof
 regularized problem (Py) on arbitrarily chosen finite time interval S = [0, T
regularize state equations, reaction terms (parameter M)

+ solvability of (Pw)
by time discretization, passing to the limit

« apriori estimates
O energy estimates (Fr)
O Moser techniques to get upper and lower bounds
independent of M

+ solution to (Pw) is a solution to (P) if M is chosen sufficiently large
* uniqueness result
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Regularized problem (Py) on a finite time interval
Problem (Py):
u + Ap(u,v) =0, u=Eyv faa.tes,
u(0) =u’, v—o” e L*(S,V), ueH'(S,V").

where

4
(Ervv,v) = (Eovo, Vo) +/ E we™MVig,dz, TEV,
Q -

(A (u,v) / {ZD uiVGi - V(; + Z 7'][ et — E*J)E - (&

U u
ij=12,34 J v

+ Z Tij(’,u) (eP2M(v7‘,+vj) _ 1)(@2, +ﬁj)} dl‘,

ij=13,14,23,24

with
k, ify>k
Ci = vi + yivo, Zizﬁi‘F’YiEOa Pi(y) =<, if ly] <k
-k, ify<-—k

ePM“J)ﬁ]]

eV,

Analysis of Spin-Polarized Drift-Diffusion Models April 2008 11(13)

[wliTals



Upper and lower bounds

Estimates from above

testing v’ + A (u,v) = 0 (or v’ + A(u,v) = 0) by
° ? — K)+
Usj

2t
2e (0,21,22,,237,24) 2 = (
where K > K := max (1,ema"i:1 ~~~~~ allvPllzee max,_q 4
e
2

0
| 21| L ) suitable chosen
Uj

-1 1 -1 -1 Ujg >\ +
. pept((),zf AT AT, = (2 —-K)T, p=2", n>1

U;

+ Moser iteration

Estimates from below
fix some i € {1, 2, 3,4}, testing by

. 7pept(0,...,0,zp71%, Lo, 0), z;:(ln?Jrf()‘, p=2" n>1
0
0

where [? = Z?:l (Hln( =+ 1)HL°°(S Loo) + HUI HLOO) + max;— 1,. (ln ?) ||L°C

+ Moser iteration
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