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Abstract

This paper concerns with a compact network model combined with distributed
models for semiconductor devices. For linear RLC networks containing distributed
semiconductor devices, we construct a mathematical model that joins the differential-
algebraic initial value problem for the electric circuit with multi-dimensional parabolic-
elliptic boundary value problems for the devices. We prove an existence and unique-
ness result, and the asymptotic behavior of this mixed initial boundary value problem
of partial differential-algebraic equations.

1 Introduction

The main ingredient used in circuit simulation is the lumped network equations for the
simulation of the network designs. The application of the Modified Nodal Analysis (MNA)
formalism yields a system of differential-algebraic equations (DAEs), that can be classified
using the index concept [1]. The index determines the number of inherent derivatives that
are needed to derive the ordinary differential equation. Different index cases can only be
distinguished by structural means for the classical MNA equations. Using for instance the
tractability index [2], one decomposes the set of variables accordingly and projects parts of
the equations.
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The transition from microelectronics to nanoelectronics requires a more systematic study
of the coupling effects. These effects are particularly relevant in integrated circuit modeling,
and their relevance increases with the decreasing of the scales. Relevant examples are, e.g.,
electrothermal coupling [3-5], electromagnetic coupling [6, 7], or electric network-device
coupling [8-10].

In the modeling of the coupling effects there is a basic set of “lumped” differential-
algebraic equations, generally the electric network equations, and a set of “distributed”
partial differential equations, which model phenomena which arise at a different, finer
scale. The coupling involves an interplay between integrated quantities coming from the
distributed model, which enter the lumped equations, and lumped variables which are re-
lated to boundary data for the distributed equations. This leads directly to coupled systems
of differential-algebraic equations (DAEs) for the electric network and partial differential
equations (PDEs) for the semiconductor devices. The coupling has two parts. On the
one hand, an additional source term occurs in the current balance of the electric network.
On the other hand, the boundary conditions of the device equations depend on the time-
dependent node potentials, which are genuine unknowns of the electric network.

In this paper, we focus on the electric network-device coupling. We consider an electric
network which contains semiconductor devices, modeled by multi-dimensional, parabolic,
drift-diffusion equations.

The coupling of the drift-diffusion model with the electric network equations have been
extensively studied. The well-posedness of the resulting coupled system has been investi-
gated for the steady-state (elliptic) one-dimensional case in [3,8] and in the index-1 and
index-2 multidimensional case respectively in [11] and [12]. The uniqueness for data close
to equilibrium in the steady-state (elliptic) one-dimensional case is proved in [13]. In [14]
is given a systematical approach for the decomposition in case of index grater than 2.

Other fundamental works in the direction of the study of coupled model within the
framework of abstract differential-algebraic equations are [2,15,16]. The more recent pub-
lication [17] summarizes the state of the art of such coupled models in the simulation of
electric circuits.

We also mention that, in practical applications, the electric network-device coupled
system needs to by discretized in space for the distributed components of the system. In
this respect, the analysis of the resulting semidiscretized DAE, as done in [18], is relevant
and deeply connected to our analysis.

The present paper is strongly related to [9], where the authors prove existence and
uniqueness result for the time-dependent (parabolic—elliptic) one-dimensional case. Here,
we extend the above results to the multi-dimensional case. Namely, we establish existence
and uniqueness of solution for an multi-dimensional index-1 parabolic partial differential-
algebraic equation, and we discuss the asymptotic behaviour for long times.

The work is organized as follows. Section 2 covers the modeling of the coupled system;
both subsystems are described in detail and the coupling terms are defined. In Section 3
we state the main result. First, we prove the local existence and uniqueness of solution and
then using some a priori estimates we extend the solution globally. Section 4 deals with
the asymptotic behaviour of the solution when time tends to infinity:.



2 Coupled circuit-device model

In this section we consider an electric network which containes semiconductor devices. This
system can be described by a coupled model, which consists of the electric network equa-
tions, the semiconductor device equations, and their coupling conditions. The resulting
equations, although arising from a specific application, are susceptible of different general-
izations and extensions.

2.1 Network models for electric circuits.

An electric network is described by the electrical potentials at the nodes and by the currents
through the branches. Using the approach of Modified Nodal Analysis (MNA) [19,20], the
electric network equations can be obtained by the Kirchhoff current law, replacing the
constitutive equations for the currents through branches with capacitors and resistances,
and by the constitutive equations for the remaining components.

We consider a linear RLC network, that is, a network which connects n¢ linear capac-
itors, ny inductors and ng resistors, and n; independent voltage and ny current sources.
We assume that the network connects also semiconductor devices connected with circuit by
Ohmic contacts. We assume that the network has m nodes plus the ground node, where the
potential is zero. We denote by u(t) € R™ the node potentials, by 2.,(t) € R™ the currents
through inductors, by 2y (t) € R™ the currents through voltage sources, by vy () € R™
the independent voltage sources, and by #;(t) € R"™ the independent current sources. The
linear MNA system of equations can be written as

d
ACCATC&u + ARGA—IEL'U/ -+ ALiL + Aviv -+ ED(CU) = A[’l:[(t), (21&)
d
Ly = Alu=0, (2.1b)
—Aju = vy(t), (2.1c)

which is a differential-algebraic equation for the unknowns w, %5, ¢y. Here, Ao € R™*"¢/
Arp € R™"e A, € R™" Ay, € R™™W - A;p € R™™ | are incidence matrices, which
describe the topology of the network. Moreover C' € R"¢*"¢ G € R"¢*"¢ and L €
R™.*"L denote the capacitance matrix, the conductance matrix and the inductance matrix,
respectively, which are regular. The term £p(x) in (2.1a) represents the coupling with
semiconductor devices and it will be described in details later on.

We supplement equation (2.1) with consistent initial data

’u(to) = Uy, ZL(()) = iLO; Zv(O) = ’I:VO, (22)

this consistency will be discussed in the next section.

2.2 The d-dimensional diode model.

For simplicity we consider a network containing only one semiconductor device. The case of
circuits with many devices can be dealt using the same arguments, but the notation would



be much heavier. We consider a semiconductor device with mp + 1 terminals. The device
can be modeled by means of a domain  C R?, characterized by a doping profile N(x), with
x € ). We neglect all thermal effects, and assume that two carriers are responsible for the
diode’s output current, that is, electrons with negative charge —¢q, and holes with positive
charge ¢. The behavior of the device is described in terms of number densities of electrons
and holes, denoted by n(x,t), p(x,t), current densities for electrons and holes, denoted by
Jn(x,t), Jp(x, 1), and electrostatic potential, denoted by ¢ (x,t), t € [0,T]. These variables
satisfy the following drift-diffusion system [21,22]:

—V - (VY) =q(p—n+N), (2.3a)
—qom +V - J, = qR, (2.3b)
@O+ V- J,=—qR, (2.3¢)

for x € Q and t € [0,7]. In (2.3a), € is the semiconductor permittivity. The net re-
combination rate R(n,p) on the right-hand side of equations (2.3b) and (2.3c) describes
the generation or recombination of carriers due to various scattering effects. The current
densities in (2.3b) and (2.3c) are given by:

Jn = q(DpVn — ponVe) and  Jp = —q(DpVp + ppVe), (2.3d)

where D,,, D,, respectively, are the electrons and holes diffusion coefficients, and p,, 1,
respectively, are the electrons and holes mobilities.
We supplement the system (2.3) with the initial conditions at time ¢ = 0

n(x,0) = no(x), p(x,0) = po(x) for x € Q. (2.4)

Since we consider a semiconductor device containing mp + 1 terminals, the boundary
082 of the domain (2 contains mp + 1 open, disconnected subsets I'p;, i = 0,1,...,mp,
representing the terminals of the device

mp
00=TpNTy, Tp=|JTp; Ty=00\Tp. (2.5)
=0

On I'p we assume Dirichlet boundary conditions, that is

n(x,t) = np(x), p(x,t) = pp(x), xelp (2.6a)
w(X, t) = ’bej(X) + UDJ'(t), X € FDJ;, Z = O, 1, ...Mp (26b)
where
Y 2+ (Y 2+
nD - 2 2 n17 pD - 2 n17
and N
Yy = Ur ln—D,

where Ur is the thermal potential. The external potentials up;,¢ = 0,...mp coincide
with the electric potentials at the nodes of the network which correspond to the terminals.
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They represent the coupling with the circuit, and will be described later. On the remaining
boundaries we assume homogeneous Neumann boundary conditions,

Vi(x,t) - v =J,(x,t) - v =J,(x,t) - v =0, x e ly, t€]0,T]. (2.6¢)

In (2.6¢), v denotes the outer normal to the boundary.

2.3 Coupling conditions

In this section we explain the coupling conditions between the network and the device.
We identify the total current through I'p; with

Jp; = —/ (—esO VY + J, +J,) - v;do, 1=0,1,...,mp, (2.7)
I'p,

which is the sum of the so-called displacement current — that is, the time derivative of the
electric field — with the currents due to carriers.
It is convenient to express the electric currents through the Ohmic contacts by using the

auxiliary functions w;, ¢ = 0,1,...,mp, defined by the following elliptic boundary value
problem:
-V - (e,Vw;) = 0, in
w; = 5ij7 on FDJ‘, j :0,1,...,7’”[), (28)
Ow;
(;'Z 0, onTy,

where d;; is Kronecker’s delta (0;; = 1 if i = j, §;; = 0 if ¢ # j). Then, we can write:
Tpa(t) = — / Vs - (=0 Vi + T + J,) dx. (2.9)
Q

Furthermore, we can make explicit the dependence of the currents on the external applied
potentials by decomposing the electric potential with the help of the auxiliary functions w;.
We introduce the stationary part ¢* of the electric potential, defined as the solution of the
problem

—V - (e,VY*) = gN, in Q,

V" = i, on I'p, (2.10)

v-Viy* =0, on ['y.
We define the linear functional £(p), which to the function p associates the function ¢ =
L(p), solution of the problem:

-V (ESVSD) =P in Qy

o =0, on I'p, (2.11)

v-Vo=0, on ['y.



Then we can write the electrostatic potential as

Y=9"+ Z wiup,; + L(gp — qn).

=0

Using this decomposition, the electric current Jp; becomes

mp

dup ; .

Toi = Coi—2? + Toilupo,ups - upmgi I), i =01 ;mp,  (212)
=0

where

Cp,ij = / esVw; - Vw;dx, i,7=0,1,...,mp, (2.13)
Q

and, for given regular functions n, p, ¥ and given data np, pp, we have introduced the
functional Jp,; which to any values up;, 1 =0,1,..., mp, associates

jDﬂ-(uD,O,uD,l,...,uD,md;J):—/Vwi~(esV£(V~J)—|—J) dX iZO,l,...,mD,
Q

(2.14)
where J = J,, + J,, and n, p, ¢, np, pp satisty (2.3), (2.6). To write (2.12) in compact
form, we introduce the vectors

JD.o Up,o JIp.o
JIp.1 Up,1 JIpa

Jp = ) , up = : , JIp= : ;
JD7mD U/D’mD jD,mD

and the matrix Cp = (Cp.ij)ij=o1...mp € ROMPFVXMD+D Then we can write

~ du
JD:CDd—tD—i-jD(uD;J). (215)

The currents satisfy the identity

mp
> Jpi=0, (2.16)
=0

which is a consequence of the equation
V(-0 VY+J,+J,) =0, (2.17)
obtained by taking the time derivative of the Poisson equation (2.3a) and using the con-

tinuity equations (2.3b) and (2.3c). Thus, the currents through the interfaces are not
independent, due to (2.16), which implies

mp
Jpo = — E JIp,i-
i=1
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Moreover, it is possible to prove that
mp
S Cpy=0, i=01...,mp. (2.18)
=0

It is convenient to introduce the vectors

JIp.1 Up,1 — Up,o Ipa
ID = 5 Up = ) ID = ) (219)

IDmp UDmp — UD,O ID.mp

and the matrices Cp = (Cpij)ij=1,..mp € R™P*™P and

(-1 -1 -+ -1
1 0 0
Ap=|0 1 0
00 1]
Then we can write R e
JD = ADIDy Up = AD’U,D, (220)
and (2.15) can be replaced by
d’UD
ID:CDT —|—ID(’UD;J>. (221)

Combining (2.20) and (2.21), and comparing the result with (2.15), we have the identity
~ ~ ~T

Cp = ApCpA,. In (2.21), Zp(up;J) has been replaced with Zp(vp;J), because the
current is invariant for translations of the electric potential. In other words, if the triple
(n, p, 1) satisfy (2.3) with boundary conditions (2.6), then also the triple (n,p, ¥ = ¥ —upy)
satisfy (2.3) with boundary conditions (2.6a) and

IZ(X,t) = @/Jbi(X), X € FD,O) ’IIJ(X, t) = ¢bi(x) + UDJ;(t), X € FD,ia 1= 1, ...Mmp,

and the current densities J,,, J, in (2.3d) are the same for both triples.

Circuit-to-device coupling conditions

To relate the potentials wp, applied at the mp + 1 contacts of the device, with the net-
work potentials u, we need to introduce a contact-to-node incidence matrix, which re-
lates the device’s contacts to the network nodes, selecting the node which corresponds to
each contact. For this reason, we will call this matrix selection matriz, and denote it by
Sp = (sps;) € R™<mpF+D) | The sifting matrix is defined by:

1, if the contact j is connected to the node 7,

SDij = {O, otherwise. (2.22)



By virtue of this definition, we can write
up = S, u. (2.23)

We refer to relation (2.23) as the circuit-to-device coupling condition, that can be also
written using the voltage drop vp defined in (2.19):

vp = Aju, (2.24)

with AD = SDAD-

Device-to-circuit coupling conditions

Using the selection matrix Sp, we can express the term £p appearing in (2.1a) as:

bp =SpJp = ADID. (225)
Using the representation (2.21), we get
T du T
ED :ADCDADE—{—ADID(AD’U/;J). (226)

We refer to this relation as the device-to-circuit coupling condition.

2.4 Circuit unknowns decomposition and topological conditions

The device-to-circuit coupling condition (2.26) can be used in the circuit equations (2.1a),
obtaining

d
(AcC AL + ADCDA})d—? + ApGALu+ Ayip + Aviy + ApTp(Alu; J) = Agig(t).
Then, the circuit equations (2.1)-(2.2) can be written in the compact form
dx
EE = Az + Fp(x; J) + s(t), (2.27)
x(0) = o, (2.28)

which is a differential-algebraic equation for the unknown

u
x=|t,| €ER™, ny,=m+np+ny.
Ly

The matrices in (2.27) are given by

AcCAlL +ApCp O O —~ARGA, —-A;, —Ay
E = o L O], A= A} o o |,
(0] O O A, (0] 0]
Arif(t)
Fp(x;J) = - ApZp(ALmx; J), s(t) = o |, (2.29)
vy (t)



where ™ = [I 0 O} € R™*" is a projection matrix which selects the first block of the
circuit unknown @, so that u = wa.

Using a well-established procedure [23], we decompose the circuit’s unknowns into a
differential component and an algebraic component. We describe the decomposition pro-
cedure and, at the same time, introduce index-1 topological conditions. First we write the
system in the equivalent form:

E, <P%+Qz) = Ay + Fp(Py+ Qz;J) + s(t), (2.30)

where y = Pz, z = Qx, with Q projector onto ker(E), P = I — Q the complementary
projector of @, and

E,=FE—-AQ, A =AP. (2.31)
We have explicitly
Qcp O O Pcp O O
Q=10 O O|, P=| 0O 1 0O}, (2.32)
O O 1 O O O

with Q. p projector onto ker [Ac AD]T, and Pop = I — Qyp. Then the index-1 condi-
tions should ensure that FE; is invertible and Fp depends only on y. If this is the case, we
can decompose (2.30) as follows:

Y~ PE (At Fo(Py:J) 4 (1)), (2.33)
z = QE;'(Ay+ Fp(Py;J)+s(t)). (2.34)

We can see that the first equation is decoupled from the second and can be solved for y.

It is possible to characterize the invertibility of E; in terms of network topological
conditions, involving only incidence matrices, as done for DAEs [23]. In this way we obtain
the following PDAE index-1 conditions:

keI‘(Aijc,AR,Av)T = {0}, (235)
ker Qi.p Ay = {0}. (2.36)

These conditions also ensure that Fp depends only on y, since we have
Fp(Py+ Qz;J) = - ApIp(Apw(Py + Qz); J),

and A wQ = [AEQCD 0 O] = O by construction.
The index-1 conditions affects also the algebraic equation. In fact, we have

QE'=E,'Q", E\=E-Q'AQ, (2.37)
which implies QE;'m" Ap = 0, and thus
QE;'Fp(Py;J) =0. (2.38)
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In turns, this yields a simplification of the decomposition (2.34), that is,
z2=QE;"' (Ajy+s(t)). (2.39)

Finally, we discuss the consistency of the initial data (2.28). From the above discussion,
we see that we can only supplement the (2.27) with the initial data

y(to) = yo = Pxo. (2.40)

Then the algebraic part zo = Q¢ of the initial data (2.28) must satisfy the consistency
condition
zZo = QEIl (AIPy() + S(to)) . (241)

3 Global existence and uniqueness

The main results of this paper is the existence and uniqueness of the solution of the problem
(2.1)-(2.3) with boundary and initial conditions (2.6) and (2.4) and coupling conditions
(2.23) and (2.26). We summarize here the equations for the reader’s convenience:

d
Ed—‘f = Az + Fp(x; J) + s(t),  in (0,7, (3.1a)
x(0) = x, (3.1b)
-V (&VY)=q(p—n+N), (3.1¢)
—qom+V - J,, =qR, Jn=q(D,Vn — p,nVi), in (0,7] x €, (3.1d)
qOp +V - J,=—qR, J,=—q(DyVp+ 11,pV), (3.1e)
n=np, P =pp, in (0,7] x I'p, (3.1f)
Y = Y +upy, in (0,T)xpy, i=0,1,...mp, (3.1g)
V- v=Jd, v=J, r=0 in (0,7] x Iy, (3.1h)
TL(X, 0) = nO(X)7 p(X, 0) = pO(X) n Q7 (311)
up = S)me, (3.1j)
Fp(x;J) = - ApZp(ALmx; J), J=J,+J,. (3.1k)

In the first subsection we state the main problem in a formal way, in the next subsection
we prove local existence and uniqueness, and in the final subsection we prove the a-priori
estimates that allow to extend to solution globally in time.

3.1 Notations and assumptions

Let us start introducing the notation on functional spaces. We denote by L" = L"(2) and
WHT = WHr(Q) the usual spaces of functions, with norms ||-||, and ||-||, ., respectively, and

we denote H¥ = W*?2 [25]. We also use the space L2 of all functions in L? which are
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nonnegative almost everywhere. Let [0, 7] be a bounded time interval. For any Banach
space V, we denote by C([0,T];V), L"([0,T]; V), and H*([0,T];V) the usual spaces of
functions defined on [0, 7] with values in V. For the purposes of this paper, we introduce
the following Banach spaces:

WOQ’T = {u e War ‘ ulr, =0, v-Vulr, = 0},

X ={ueH"|ulr, =0},

Y = C([0,T}; L) N L*([0,T]; X) N H'([0, T]; X™),

W =Y xY x {C([0,T);Wg*)n L*([0,T); Wg") n H*([0,T); X)},
CrL= C([O>T];Rm+nL>7

Cy = C([0, T]|; R™™),

where X* is the dual space of X.
We make the following assumptions on (3.1):

(A1) For the network equations, we assume index-1 topological conditions (2.35)-(2.36),
and consistent initial conditions x,

Qxy = QE;' (A, Pxy + s(ty)); (3.2)

(A2) For the source terms in the network equations, we assume s(t) € C((0,T1]);
(A3) For the doping profile, we assume N € L™, d < r < 6;
(A4) We assume constant mobilities and diffusivities, related by the Einstein relations:
D,, = Urpy, Dy, = Urpy, (3.3)
where Uy is the thermal voltage;

(A5) We assume that net recombination rate R(n,p) has the Shockley-Read-Hall form

1
TP(” + i) + Tp(p + ns) ’

R(n,p) =r(n,p)(np —n?), r(n,p)= (3.4)

where n; is the constant intrinsic concentration, and 7,,, 7, are positive constants. In
particular, R(n,p) is Lipschitz continuous, that is, there exists Lr > 0 such that for
all positive ny, ng, p1, p2, we have

|R(n1,p1) — R(ng, p2)| < Le(|n1 —na| + |p1 — pa2|); (3.5)

(A6) For the initial data, we assume ng, po € L7 ;

(A7) For the boundary 0Q = |74 Tp,; Uy, we assume that I'p; is closed in 0%,
meas(I'p;) > 0, j = 0,1,...,mp. Moreover, 0Q2 is such that the auxiliary func-
tions wj, j = 0,1,...,mp, are well-defined by (2.8), and the map L(p) defined by
(2.11) is an isomorphism from L" onto Wy

11



Assumption (A7) ensures that all the terms in equation (3.1a) are well-defined. The
index-1 topological conditions in assumption (A1) allows to replace (3.1a)-(3.1b) with:

dy

y(0) = y, = Pz, (3.6b)
z=QE;" (Ajy+s(t)), (3.6¢)

with y = Px, z = Q.

We introduce a special steady-state solution (n¢ p® ¥°) of (3.1c¢)-(3.1e) which corre-
sponds to zero external electric voltage source vy and electric current source ¢;, where
the potentials applied to the diode vanish. Furthermore, this solution shall satisfy the
conditions

n® = n;exp(y°/Ur), p° = niexp(—y°/Ur). (3.7)

A steady-state solution corresponding to these constraints represents a physical state in
total thermodynamic equilibrium. Assumption (A7) ensures that the equilibrium voltage
Y° € W?" is uniquely determined by the following nonlinear elliptic problem:

— V- (V) = gN — gqni (exp(¥/Ur) — exp(—¢/Ur)) ,

3.8
w(X,t) :wbi(X), XGFDJ', i:O,l,...mD. ( )
Moreover, we have n¢, p¢ € W,

Definition 1 (Solution to the coupled system) A solution of the system of equation
(3.1) is a tuple (n,p, ¢, x) such that:

i) x =y + z, with y € Cy, satisfying (3.6a)-(3.6b), and z € Cy given by (3.6¢);
i) (n—ncp—p¢Y—9°) ey, npe C(0,T); L%) satisfy the initial conditions (3.1i);
iii) the triple (n,p, ) satisfies the Poisson equation (3.1c) for all t > 0;

w) for all test functions &,,&, € Y, n and p satisfy the weak formulation
T
/ [(0in, &) + (D VR — ponV, VE,) + (R, )] dE = 0, (3.9a)
0

T
/0 (0, &,) + (DyVp + ppVes, VE,) + (R, &,)]dt =0, (3.9b)

where (-, ) is the usual pairing between X* and X.

3.2 Local existence and uniqueness

We start by proving the following result.

Theorem 1 (Local existence and uniqueness) Under the assumptions (A1)-(A7) the
problem (3.1) admits a unique solution, provided T' > 0 is sufficiently small.

12



Proof. We introduce the Banach space
Z = (n°,p°) + C([0,T); L* x L*) n L*([0,T]; X?)

and fix the pair of functions (n,p) € Z and gy € Cr, with a(-,0) = ng(+), p(+,0) = po(+), and
y(0) = y,. We consider the following linearized problem for (n,p):

T
/ (0, &) + (D Vi + "B, VE) + (BT, 6,)]dt = 0, (3.10a)
0
T
/0 (0w, &) + (D, Vp — 1,p E, V&) + (RT,&,)]dt =0, (3.10b)

for all test functions &,, & € Y. We have indicated with R*=R(A*, 7), in which we have
used the notation the notation g™:=max(g,0), for all function g and E = —V¢ where 1)
is the solution of the Poisson equation with source term ¢(p* — ™ + N) and boundary
conditions

I/J(X,Zf) :wbi(x)"i‘ﬁD,i(t); X € FD,i, i:O,l,...mD,
up = S, wPy.

We consider also the problem for y

d . .
d—"t’ - PE;! <A1y 4 Fo(Py J) + s(t)) (3.10¢)

with

J = q(D,Vi— D,Np+ (pnn + p,p)E).
The system of decoupled equations (3.10) admits a unique solution (n, p,y) which satisfies
(n,p) € (n®,p°)+Y? y € Cr, and have the initial data n(-,0) = ny(-), p(-,0) = po(-), y(0) =
Yo, the same initial data (3.6b) and (3.1i) of the original problem. In fact, the existence of
a unique solution y to (3.10c) follows immediately by time integration of the equation over
[0,]. Because of the continuous embedding of H' into L* and the Poisson equation [26],
we have the following estimates

I Ellz < cllaflal[Ells < el 2l Elliz < cllall2(1+ [g] + I7]l2 + [15]12)-

A similar estimates follows for the hole distribution. This means the terms ,unﬁﬂé and
,upﬁ+é are in L? so we can apply the standard results, see for example [25], for linear
parabolic equations with discontinuous coefficients to get the existence of a unique solution
(n,p,y) to (3.10a)—(3.10b). We define an operator Q from Z x C, to Z x Cy, which, to any
(n,p,y) € Z x Cyp, associates the solution (n, p,y) of the problem (3.10)

(7, 0,9) = (n,p,y) = Q1, b, Y).

For all (n,p,y) € Z x Cr, we introduce the norm

it p. )" = max ([n( )5+ lIp( )3 + [y(@)) +/0 IVl 01z + 1Ve(, )l2) dr.

0<t<T
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We prove that Q is is strictly contractive with respect to this norm, for 7" small enough, in
the set

Sa={(n,p,y) € ZxCp:n(-,t) =no("),p(-.t) = po("), y(0) = yy, l(n, p, Y)||I* < a}

where the constant a is such that a > ||nol|3 + |lpoll3 + |yol>. We consider two triples
(e, Do, Yy) € S, for £ =1,2 and we set

(n€7p€>y£) = Q(ﬁ‘bﬁf?@”v EE = E(ﬁﬁvﬁéa@£)7 for £ = 172

where E, = —V@Z)g depends on the solution zﬂg of the Poisson equation with source term
q(p; — 1y + N) and the boundary term is related to g,. We write (3.10a), with n = ny
and n = ny, both with test function &, = ny — n,. Subtracting the two equations and
integrating over the time interval [0, t], we obtain

1 t
sl = sl D [ 19 (s = na)
0
t t
== —,U%/ (’ICLTEl — ’TAL;_EQ, V(m - n2)> dr — / (Reii- - é;, ny — TLQ) dr (311)
0 0
t t
<o [y = A Ealll| V(01— na)lodr + [ IRE = Rffalpn — nalladr
0 0

in which R} = R(af,pf), £ =1,2.

To estimate the first term on the right-hand side of (3.11), we first observe that, using
the Gagliardo-Nierenberg inequality and the weighted Young inequality, for any function
u € H' we have

1—
Jullr < cllully™[[wllfy + cllull < c()[[ull2 + 6ffull.2, (3.12)
1

where 6 > 0 can be chosen arbitrarily small, and n = d (5 — %) € (0,1), if we choose
2 < r < 6. Moreover, for r > d, we can write

|1 — Exlloo < ¢l[Ex = Eslliy < (1§ — 9ol + (17 = fial, + B2 — Boll,)-

and
|E2lls < cllEalliz < c(1+ |go| + [[R2]|2 + [[P2]]2) < c(a).
Then we have
17 By — 713 Ealla < ||t [|2[|Ex — Ealeo + [|Ezll6]ltr — 725
< c(a)[cly, — Yol + c(6)(|y — Ral2 + ||P1 — P2ll2) (3.13)
+ 6(||fy — Rz + 151 — Palli2)]-
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So, we can estimate
t A~ ~
o [ By = Balla [V — ) 0
0
t
< c(a.8) [ 1= ol + s = il + 11— pal) dr
0
t t
48 [ (i = iy + s = lF) dr 6 [ [0 = o)
0 0
t
< wmax{ela, T, 5Y(§, — Gy — iz — po)l| +5 | [90 = o) 3.
0
For the second term on the right-hand side of (3.11), using assumption (A5), we get
t N N t
JIRE = R ol = nalladr < [ Ll = alla + 1 = pal) s = s dr
0 0
t
< [ 00 = ol + 1n = palB) + s = ] ar
0
t
< OV G = G — iz =l 46 [ s =
0
Combining the previous estimates, we get

1 t
Sliny = nsl3 + D [ IV (01 = o) [3d7
2 0

. (3.14)
<max{c(a,0)T, 6}[|(g1 — Yo, 11 — N2, pr — Po) [ + 5/ [0 — nalf3 5 dr.
0
An analogous estimate holds for p; — po, that is,
1 2 ' 2
slpr=p2llz + Dy [ [IV(pr = p2)l2dr
0 (3.15)

t
<max{c(a,0)T, 0}[[(91 — Yz, 711 — g, p1 — D)l + 5/ o1 = 272 dr.
0

Next, we write (3.6a) for y = y,,y = y,, subtract the resulting equations, and multiply
the result by y; — y,. We note that

P'E,P=P"E]P, 3.16
1

which, together with y, — y, = P(y, — y,), implies

d /1 d
o (§(y1 — ) Ei(y; — yz)) = (W —¥:) B (Y1 — )
= (1~ 92) B {PE (Mg + Fo(Pyy 1)) — PE (g + Fo(Pigs; J2) ) |
= (1 —v2) {E:PET AL (9, — ) + Fo(Py 1) = Fo(Pigai o)

15



with
Jo = q(D, V1 + €y — DyNpe + pppeEr), €=1,2.
After integrating with respect to time, we find

1

§(y1 - yz)TEl(y1 —Yy)

t
— [ - ) {(BPE 4@, - 90) + FolPi T0) — FolPini ) fdr
0
t t . R
< [w-wParre [ (19 9P + 1FolPosT0) ~ Fo(Pgy Ja)P) dr
0 0

From the definition of Fp, we have

mp
\Fo(Py;J1) = Fo(Phy; )P < ¢y |Tpi(Ph; J1) — T s(Pgs; Jo)|.

i=1
We notice that since n; —ng =0 on I'p and v - V(n; — ng) = 0 on I'y we have that

. . ny—"n
L(A(y — ig)) = ———2,

€s

where £ is defined in (2.11). Using the linearity of Jp;(up;J) with respect to J, we find
Ipi(P(Y1 — Y3); DnV (11 — 112)) = Tpi(P(Y1 — Y5); DV (p1 — p2)) =0,
and then
[T i(Pyy; J1) = To i(Pai J2)|
< qun| Ip,i(P (Y, — @2)?ﬁ1é1 - ﬁ2é2)| + qpp| Ip i (P(Yy — @2)3]51E1 —ﬁ2é2)|- (3.17)

Moreover, for any vector function J(x) such that v - J = 0 on I'y, we have

\TIp,i(up; J)| =
< Vw2 ([[e VLV - D2 + 1T ]l2) < el T2 (3.18)

/ Vi - (VLY - J) + J) dx
Q

In fact, if we pose ¢ = L(V - J), we have by definition

—/QOV'(ESVQO)CIX:/QOV-JCIX,
Q Q

which, integrating by parts and using the boundary conditions for ¢, and the condition for
J, yields

[ edvelax=— [ (Vo) T dx < 81Vl + o)1 13
Choosing the positive constant ¢ small enough, we get

IVepllz < cfl T2, (3.19)
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which implies the last inequality in (3.18). We can apply this result to (3.17), obtaining
|Tpi(PYy; J1) = Tp (P J)* < el By — nsBall3 + [[51Er — poEslf3), (3.20)
which, in turns, yields

\Fo(Piyy; J1) — Fp(Pys; Jo)P < cla)(clgy — §a)* + c(0) (|l — all2 + [Ip1 — polf3)
+5(||fy — Rall o + 151 — P2llT2))-

Since the matrix F is positive definite, there exist a constant cgp > 0 such that
y' Eiy > cplyl®.
Then, using the previous estimates, we find

(y; — y2>TE1(y1 —Ys)

< max{c(a, O)T, 6} [[(41 — Y, 1 — fiz, pr = P2) | + T max |y, —,[*.  (3.21)

CE|?J1 - y2’2 <

N |

Finally, we can combine (3.14), (3.15) and (3.21), and choose T and ¢ small enough so
that

(Y1 — Y2, m1 — n2, 1 — P2l < colll(Uy — Yo, 11 — 72z, D1 — P2)|ll,

for some positive constant cg < 1. So we have proved that there exists a time 7" > 0, such
that Q becomes a contraction on S,, then the existence of a unique fixed point (n., ps, y,) €
S, it is ensured by the Banach’s fixed point theorem. To show that this fixed point is the
unique solution to (2.1)-(2.3), it is sufficient to prove the nonnegativity of n, and p.. To
this end, we consider n; = min(n,,0) € Y . Writing (3.10a), for the test function &, = n;
, we obtain

1 t t
Sl (O] + D / IVns 2dr = / / (—pun?E. - Yy — R(n?, p?yny)dwdr

t
= / /T(ni,pf)n?n*dxdrgo,
0 Q

This means that n, vanishes almost everywhere; that is, n, is nonnegative almost every-
where. In the same way we can prove the nonnegativity of p,. [ ]

To prove the general existence and uniqueness of solution of the problem (3.1) we need to
ensure that it is possible to prolong to arbitrary time intervals the solution, whose existence
is proved in theorem 1.

3.3 A-priori estimates and global existence

In this section we prove some a priori estimates which allow for the prolongation of solution
of problem (3.1). The a priori estimates are based on a modification of the energy functional
associated to the coupled system, which is the sum of the energy associated to the device
and the energy associated to the circuit.
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The physical energy associated to the device is defined as

Wp = /Q {qUT [n(lognﬁi — 1) —|—p(log§i - 1)} + %\VMQ}dX. (3.22)

Using equation (3.1), we obtain

J: T
%:_/< n_y “p )dx_/qUTRlogn—Z;dx

dt qpnT Gy Q n; (3.23)
+ Z (€ VY) vido + uhJp.
D,
The energy associated to the circuit is
We = %yTEly — 2 TADC’DADTry = —uTAcCACu + 2zLLzL (3.24)
Using equation (3.1), we get
dzzc —y E\PE;{'(Ayy+s(t)) —upJp. (3.25)

Here, recalling (2.38), we have used the identity
E\PE;'Fp(Py) = E\(P + Q)E, ' Fp(Py) = Fp(Py).
Combining (3.23) and (3.25), for the total energy of the system W = Wp 4+ We we

obtain
d 2 J?
_W:—/< I + 2 )dx—/qUTRlog%;dx
dt qinm QP Q n;

(3.26)
+ Z Vi€, V) - v;do +y  E;PET (Ajy + s(t)).

FDL

Finally, to take care of the energy associated to the electric potential, we use the equi-
librium solution (n, p°, ¥°) defined by (3.7), (3.8), to define a shifted device energy W:

Wp = /Q {qUT [n(log% — 1) +n° +p<logz% — 1) +pe] + %S|V(@Z) — we)|2}dx. (3.27)

We get
d d d 2
o _ WD / V - (4°€,0,Vp)dx = o _ Y| (0 V) - vdx,
dt dt = Jr,,

thus, the shifted total energy W* = W}, + W satisfies

dw g
W = _/ ( 4 )dX—/QUTRIOgn—é)dX+yTE1PE1_1 (Ary +s(t)).
dt qpn qppp Q %
(3.28)
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We are now ready to modify the functional W*, in order to control the possible degen-
eracy for n =0 or p = 0. For any a > 0, we define the Liapunov functional

Ha /qUT n+a)(log —L—Loz 1>+ne}dx
—l—/{quT{(p—i-a)(log;)—:_&

The parameter « is needed to ensure that H, is well defined, since n and p may vanish
locally. Formally, as « tends to zero, the Liapunov functional H,, tends to the total physical
energy W* of the coupled system. This assertion can be stated in a precise way by observing

that the function
zlog z if 2 >0,
= 3.30
9(2) {o if 2 = 0 (3.30)

(3.29)

— 1) +pe}dx+/Q%\V(w—we)|2dx+WC.

is continuous for z € [0,00). Then the functional H = lim,_,o H, is well defined, and we
have H = W*. We define the following functions 1, (x, ), 1,(x,t), 5, (x) and 9§(x):

n+a Yp = w—i-UTlogp+

i i

mta 48 = ¢ + Uplog 2 T2

i nl

Yn =1 — Urlog (3.31)

Y, = ¢° = Urlog

(3.32)

Lemma 1 For the functional H, defined in (3.29), we have

Halt) = Ha(0) + / t / (Jo - V(0 — 1) + T, - VW, — 05)) dxdr

t
/ / rRlog (n+0)(p+ O‘)) dxdr + / y E\PE; (Ayy + s(r)) dr.
0

“+a)(pe+
(3.33)
Proof. Using (3.1) we compute the time derivative of the functional H,:
dH, n—+a P+«
_[lu (1 T, —1 J )d
dt /Q T8 +ozv nge—l—av r)
(n+a)p+a) (3.34)

— /Q qUrRlog (" T+ o) (7 + a)dX + g e,V (1 — ¥°) - 8,V dx

+y E\PET' (Ayy + s(t)) —ubJp.

We integrate by parts the first term on the right-hand side of (3.34), and using the defini-
tions (3.31) and (3.32) we obtain:

n—+ o P+
Ur (1 cJ, =1 -J, | d
/Q T(og +04V ogpe+av p) X

- / (T Tt — 65) + T, V(8 — 15)) dx — / (Jut J,) - V(6 — ) dx
Q Q
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Inserting this in (3.34) we get

dH,

+a)(p+
dt _/Q(J”'V(w”_m**]p'v(%—@b;)) dx‘/QQUTRlog n+a)ota) 4

(n® 4 a)(p® + «)
- /(—esﬁtW} +Jn+Jp) V(i —¢9°)dx+y Bt PE;! (Ayy + s(t) —upJp.
Q

Integrating by parts the last integral and using (2.17) and the definition of Jp, we obtain

dH, . .
i = [ (V=00 T+ V0, = ) T,) b
3 (ntapta) | o (8.5
— UrR1 dx+y E,PE; (Ajy+s(t)).
R e a0 BB (v i)
Integrating on time, we get the thesis. [ ]

Next, we prove the a priori bounds for the solution.

Lemma 2 Under the assumptions (A1)-(A7), there exist constants Cy,Cy independent of
t such that for any solution (n,p,v,x) of the system (3.1) it holds that

InC )l + oGl + Vo5 + [Pe)]? < Cre™', ¢ > 0. (3.36)

Proof. We estimate all the terms on the right-hand side of (3.33). We start observing
that, thanks to (3.31), we have n = n; exp (%) — o, which leads to

n—+a

o ¢ B wn 1 —
Vn = nyexp () V(W — ) = TV~ )
Then, the electron current can be written as
JIn = qua(UrVn —nVe) = qun(—(n + @) Vip, + aVe), (3.37)

which implies that
[ 2090, = v ax = [ (=t @)V +a¥0) - T, = ) dx
= [ (= 00+ IV + (0 + 00T, - V5 + 0T (T, = Vi) ) dx
< [ (= - QITB + (-4 @Vl V05] + alTUI(T0] + 965 dx
g

< [ o ((n+ @)IVUFE + S VPR dx < 1+ s + 1)

In a similar way, we can estimate

/Q Ty V(W — 8) dx < (1 + |[plls + [[¢][2).
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For the recombination term, we have

(n+a)(p+ «)
(n® +a)(p® + a)

= /QqUTr(n,p) (np — n?) log (

dx

/ qUrR(n, p)log
Q

(n+a)(p+a) "
n® + a)(p® + )

Observing that n°p® = n?, we have the identity:
np—ni = (n+a)(p+a) = (n°+a)(p° +a) —aln+p—n°—p°), (3.38)
which leads to

(n+a)(p+ a)
— /QqUTRlog (" + o) (7* + a) dx

:_qUT/Qr<(n+04)(p+oé)—(ne+a)(pe+a)> log<

(n+a)(p+a)

d
n® + a)(p® + «) x

(n+a)(p+ a)
(n° + ) + a)
(n+a)(p+a)
(n° + a)(p® + @)

+ qUT/ ar(n+p—n°—p°) log dx
Q

§qUT/ ar(n+p—n®—p°) log
Q

SC/Q (o) + o)

<c(1+[Infl + llpll)-

In+p+n°+p°ldx

The last inequality follows from assumption (A5), and from the inequality

log(z + a) < ma loga

(1
X\ -,
zZ4+a e

Finally, for the last term, recalling (3.6¢), we have immediately

), Vz>0,a > 0.

a

y' E\PE;" (Ayy +s(t)) < c(1+[yf*),

where y = Px.
Combining the previous estimates, we get

t
Halt) <crtea [ (14 Il o+ Dol + V013 + Paf)ds. (3:39)
0
The thesis follows after noting that
Ha(t) 2 c(1+ Il + ol + [ VE]3 + [P2f),

with the help of Gronwall’s lemma. (]
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Lemma 3 Under the assumptions (A1)-(A7), there exists a constant ¢ = ¢(T') such that
for allt <T we have

I, )13 + lIpC-, )13 + / (190, )13 + 1Vp(-5)[13) dr <. (3.40)

Proof. We consider the weak formulation (3.9a) with &, = n — n® and integrate with
respect to time

1 e [§] ! e
5 (1) =l = n,0) = wl8) + Do [ [ 900 = ) Pdaar
0 JQ

=-D, /Ot /Q Vn®-V(n —n®)dxdr + /Ot(,unnvw, V(n—n®))dr — /t(R,n — n®)dr.

0

We have the estimate

t 1 [t
~ [ [tV wydsdr < 5 [ (190003 + |9l )ar
0 Ja 2 Jo

Furthermore, integrating by parts and using the Poisson equation, we obtain

/Ot /anw'V(n—ne) dadr
—/t/(n—ne)(v-V@b)(n—ne)dxdT—/Ot/QneV@b-V(n—ne)dasdT
N / L =)= dadr + [ (el90l+ ST =) 1F) e
< — 5 / / p—n) dxdT—l-/tcHVwH%dT—l—&/tHV(n—ne)Hng

<M1+ nl3+ Ipl3} +—// p—n dxd7+—/ IV (n — n°)|[3dr.

| /\

We have used Lemma 2 to estimate all linear terms in n and p and the L?-norm of V1.
Using assumption (A5), we have

(Ron—n')| < / (. p) (np — n2)(n — )| < e (1 -+ [nfl2 + Ipl2)

Finally, we get the estimate

D, t
In(t) —ne2 + 22 / / V(n - n®)Pdedr
2 0 Q

t
Sc(T){lJr/ (Il + p12) @ } // p—n) dudr,
0
which leads to
t
oo+ [ 1valar <e fus [ i+ arf +e [ [ - asan

22



for some positive constant c,. Similarly for p we have

t t t
IR + / 19012 drécm{u / <|rn|r%+r|pu§)d7}—cp / / P2(p — n) dadr,

for some positive constant ¢,. Summing up we get

t
In(®)ll3 + ||p(t)|\§+/0 (Ivallz + 1Vpl3) dr

<o) {1+ [l + i) o+ { [ ] @520 - ) doar )
<o) {1+ [ (lalf + 1) ar

in which we applied (n? — p?)(p —n) = —(n+p)(n —p)? < 0. Using Gronwall’s lemma, we
get the thesis. [ ]
Combining the results in the previous Lemmas we have:

Lemma 4 There exists a constant ¢ = ¢(T') such that for all t < T we have

IO + I 01 + 1 Pa)F + [ (IVaC. o)+ Vo)) dr <. @)

The main result of this paper is the following global existence and uniqueness theorem.

Theorem 2 [Global existence and uniqueness] Under the assumptions (A1)—(A7), problem
(3.1) admits a unique solution on the time interval [0, T] for any T € (0, 00).

Proof. The local, unique solution established by Theorem 1 can be prolonged up to an
arbitrary time 7' by using the results in Lemmas 2, 3 and 4. [ ]

4 Asymptotic behaviour of the solution

In this section, we study the asymptotic behaviour of the solution to (3.1) as ¢ tends to
infinity. For a single device without coupling with an electric circuit, it is known that all
solutions relax to equilibrium [27] if the applied potential vanishes. Therefore, in the coupled
system, we need to demand appropriate topological conditions on the electric network to
enable such a result. We derive sufficient conditions on the network topology during the
development of this section.

Theorem 3 (Asymptotic behaviour of the solution) Under the assumptions (A1)-
(A7), let the network system satisfy the additional topological conditions

ker A}, C ker AL, C ker A] . (4.1)

Moreover, let the sources satisfy the decay conditions

t
lim [s(#)|2 = 0, / 8(r)|2dr < K for allt > 0. (4.2)
0

t—o00
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Then, as time tends to infinity, the solution of the problem (3.1) approaches the equi-
librium state, meaning that there exists 15, € ker Ap, C R™: such that

n—nt p—p° in L,
P — P°, in H', (4.3)
u — 0, 1y — 0, iy — i, in Euclidean norm.

Proof. The proof follows along the line of Gajewski’s analogous result in [27], modified to
take into account the coupling of the device with the circuit.

Summing and subtracting the term qu,(n + a)Ve¢ in the definition of the current
densities J,, rewritten as in (3.37), we get

In = —qun(n + )V (¢, —1by) — qﬂnazelna VY + qunaV (¥ — ¥°).

Similarly, for J, we get

Jp = —qup(p + )V (¥, — ¥p) — qup WJe + qupaV (Y — 9°).

P +
In the above identities we have used (3.32) to obtain Vi/i = -5~V and Vi, = o VU©
Then, for an arbitrary time t; >ty > 0, we find
t1 t1
|3 —uaxdr == [ [ g+ )V, - v axar
to to Q
n—nc . .
# [ [ {9 -0 - 2wk v, - v axar
t1 (44)
<=5 [ [ mnt v - viRaxar
—i—qa/ / i |G — e — V¥ = 1) )| dxdr,
ne® + «a
and, similarly,
t1 q t1
/ /Jp-V(wp—wg)dxdrg ——/ up(p+a)|V(¢p—1/);)|2dxdT
o (4.5)

Vi) — Ve — We(p )|’ dx dr.

o [ [

Using (4.4) and (4.5) in Lemma 1, considering (A5) and (3.38), for arbitrary time

24



t1 > tg > 0, we can write

- 4 / 1 / (:un(n + Oz)|V(1/)n - 7/)2)|2 + Mp(p + a)|V(¢p _ ¢;)|2) dx dr

(n+a)(p+a)

vaf [ )= (0 + )" + )] log 0T B aar
< Ha(to) + / y' E\PET' (Ayy+s)dr (4.6)
e _ e ) |2
+aq/ / [un Vo We_vwngzam y W_We_wpe(ziam
Urr (n+a)(p + )
+ 2 (n+p—n°—p°lo g(ne—i—a)(pe%—a)} dxdr,

with y = Px. The last integral term in (4.6) is bounded, so we can pass to the limit for
a — 0 and find

g " o 4e)]|2 2
+2/t0 /Q(unnlv(cbn )7 + ppp| V(9 — 6)[7) dx dr

" (4.7)
< H(ty) + /to y' E\PE;' (Ay +s)dr
where ¢, ¢,, ¢, and ¢, are the physical quasi-Fermi levels,
Gn =1~ Urlog . bp =1+ Urlog . (4.8)
@5, = Y° — Urlog Z—j, ¢, = ° + Urlog i—j, (4.9)
and
H(t) = /QqUT ln (log% — 1) +n®+p <log£e — 1) —I—pe] dx
+ /Q 6—23]E — E°|2dx + 1MACCACu + 2zLLzL (4.10)

— W)+ %uT(t)ACCATCu(t) + %i}@)LiL(t).

Using Definition 1, and definition (2.31) of E; and A4, for y = Pz, z = Qx, we can write
y' E\PE;' (Aiy+s)
= yTEl(P +Q)ET! (Aiy + s) y' E\QE;' (Aiy + s)
y' (Ay+s) - yTElz =y' (Ay+s)+y' Az
On the other hand, we have
—2"Az=2"Ez = zTElQE’1 (A1y + s)
= zTEl(P +Q)E;' (Ay + s) — 2 E\PE;{'(Ajy +s)
z' (Ayy+s) - ZTEly =z (Ay +s),
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since Q"E1P = Q" (E — AQ)P = O. Summing up, we obtain the identity

y' E\PE;' (Aiy+s)=(y+2) [Aly+2)+ s

= —’U/TARGA;'U; + i‘T/vV + ’Ll,TA[’I:[.

Next, recalling the definition (2.32) of Q and P, we write

vy Pqopu 2 Qopu
y=|y" | = ir , z=10]:= 0
0 0 2" iy

The condition ker A; C ker Ag, and the positive-definiteness of G, imply
u' ARG Au > cq|Prul? > co|Poul? = coly)?.

Also, we have

ivvy +u' Arip =y T Apip+ 2T Arip + zg vy < |y/||s| + |2|]s].

Recalling the expression (2.39) of z in terms of y, and (2.37), we find
2=QE; (Aiy+s)=F, Q' (Aiy+s).
Using the condition ker Ag C ker Az, we can compute explicitly

~QopArGAy
Q Ay = (0] Pl,u= My,
AT
v
which implies
2| < c(ly'] + [s]).
In conclusion, we find
y' E\PET' (Aiy+s) < —caly'|’ + [yls| +c(ly'| +s))]s]
Ca
< ~ZlyP+dsP,

(4.11)

(4.12)

where we have used the weighted Schwarz’s inequality. Inserting (4.12) in (4.7), we obtain

t1
e+ 5 [ [ (V0= 0P + (0, — 6 dxdr
to
Ca h 12 h 2
+ L [MPar <) e [ lstopdr
to to

which implies for all t; > tq > 0 that
t1 to
H(t) —c/ s(r)2dr < H(to) —c/ Is(r)|2dr,
0 0
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(4.14)



and, using (4.2), that

g " _ge |2 _en(2
+2/0 /Q(MnnW(% D)+ ppp|V(0p — ¢5)]7) dx dr

. L (4.15)
—|—7G ly'[?dr < H(0) + cK.
0
This means that there exists a sequence t; — oo such that
lim U (n|Vonl* + p|V,|*) dx} = 0. (4.16)
J—00 Q t=t,

vnl|?

We show that (4.16) yields a bound on the norm of Vy/n and V,/p, thanks to the identity
\Y
V@ZJ UT— p —V'l/f + UT?

/(n|V¢n|2+p|V¢p|2) dx=/< p2> dx
0 Q (4.17)
:/ﬂ((n+p)|V¢|2+2UTW-V(n—p)+4U% (\vﬁyzﬂvmz)) dx

Rearranging the terms in (4.17), we find, for ¢t = ¢;,
W (I9VAI+ [V VAIR) + [ 0+ p)ITuf ax
Q
— / (n|Von|* + p|Ve,|?) dx /ZUTW/J Vin—p)dx<c,  (4.18)
Q

since, integrating by parts, considering the boundary conditions (3.1f)-(3.1h) and the Pois-
son equation for the electrostatic potential, we have

—/Qw-wn—p)dx:i QN(n—p)dx—g/(n—p)zdx+AD(n—P)v¢'VdU

€s
< LN = Lo —pf2 4 [ o pol*do a7l
= 9. 9, n—p 15 np — Pp| do L2(09)

3q 5 1
< N — — do.
< IV 5 [ o poltde

Here, we have used ||V@/)||L2(aQ < c||¢)3: < c(||N||P+||n—p|*), and chosen § small enough,
so that ¢ < ;&-. Then from (4.15) we can write

/()2 + [/ ()2 + [[0(E)]h2 < e (4.19)

Following [27], we use the compactness of the embeddings of W3 into Ly with 2 < 8 < 3

and Lo, (0Q2) with 1 <y < 2, to assert the existence of two functions n and p belonging to
Lg and L. (99) such that v/n, /b € W3 and

lim n(t;) =n, lim p(t;) =p in Lz and L,(09). (4.20)

]—}OO J—00
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Next, we prove the convergence of y and z. Using (4.15), we can write
1 1 t
SuT (1) AcCALur) + il (0 Din (1) + 2 / /P dr < H(0) + cK. (4.21)
0

Since C' is positive definite, and y’ does not belong to the nullspace of Ag, we have
u' AcC Aru > coly'|?, which yields

t
c c
ClwP+ Y [ lyPar<Ho)+ ek
2 2 J;
Gronwal’s lemma implies that y'(t) — 0, with asymptotic decay as t — oo. Then, recalling
assumption (4.2), estimate (4.11) implies that z(¢) — 0 as ¢ — oco. In particular, we have
shown that u = ¢y’ + 2’ tends to zero, that is,
lim u(t;) = 0. (4.22)
j—o00
Finally, (4.21) implies the boundedness of y” = iy, due to the positive definiteness of L,

which implies the convergence of iy (t) — ir.
From (4.20) and (4.22), recalling the definition (2.11) of £, it follows that

lim ¥(t;)) =Y =qL(P-n+N) in W}, (4.23)

Jj—00

and, since W5 C C, also that

J—00 UT

lim n(t;) exp (—M) = pe /Ut lim p(t;) exp (¢(t])> = pe?/UT in Lg.

Moreover, recalling (4.8), we have the identities

n exp <_Ui> = n; exp (—%) ,  pexp <Ui> = n; exp (%) )
T T T T

which imply

_ n  _ P
V(ne w/UT) — _U_Te w/UTV%, V(pe¢/UT) _ U_Te¢/UTv¢p'
Then, using (4.16) and (4.20), it is possible to show that ne~%/Ur and pe?/UT are constant,

and from the boundary conditions (3.1f) and (3.1g), written with up = 0, because of (4.22),

we find ) )
Ae /U — nDewa/UT =, pew/UT — pDedJD/UT = n;.

This shows that

n = niei/UT, D= nie_lz/UT,

and, thanks to (4.23), v satisfies the defining equations for the equilibrium potential, with
the same boundary conditions, thus



In particular, this implies that the limit current from the device to the circuit becomes zero
as t goes to infinity. Thus, from the cicuit equations (2.1), recalling that y’ and z tend to
zero as time increases, the limit value i, for y” = 4, satisfies the condition A 4, = 0, that
is, 1, € ker Aj.

We can finally pass from the sequence {¢;} to the continuous limit for ¢ — oo, by
recalling that the function H(t) — ¢ [y |s(r)[2d7 is decreasing, as shown in (4.14). Then, we
have

t t; t
lim {’H(t) —c/ |s(T)|2dT} ~ fim {H(tj) —c/ ys(T)y%lT} — ctim [ |s(r)2dr,
t—00 0 Jj—oo 0 J=% Jo
which yields

lim H(t) = 0.

t—o00

The estimates (4.3) follow as in [27]. u

5 Conclusions

In this paper, we have investigated a coupled system of differential-algebraic equations
for an electric network and partial differential equations for a semiconductor device. The
semiconductor device is modeled by multi-dimensional, parabolic, drift-diffusion equations.

We have proposed a reasonable index concept for the resulting partial differential-
algebraic equation, which extends the usual tractability index for differential-algebraic
equations.

In the index-1 case, for the above-described multi-dimensional parabolic partial differ-
ential-algebraic equation, we have established existence and uniqueness of solutions up to
an arbitrary final time.

Finally, under more restrictive assumptions on the topology of the electric network and
the circuit sources, we have discussed the asymptotic behaviour of the solution for long
times, proving that it relaxes to an equilibrium solution.
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