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Abstract

Two-sided estimates are derived for the approximation of solutions
to the drift-diffusion steady-state semiconductor device system which are
identified with fixed points of Gummel’s solution map. The approxima-
tions are defined in terms of fixed points of numerical finite element dis-
cretization maps. By use of a calculus developed by Krasnosel’skii and his
coworkers, it is possible, both to locate approximations near fixed points
in an “a priori” manner, as well as fixed points near approximations in an
“a posteriori” manner. These results thus establish a nonlinear approx-
imation theory, in the energy norm, with rate keyed to what is possible
in a standard linear theory. This analysis provides a convergence theory
for typical computational approaches in current use for semiconductor
simulation.

1 Introduction

The drift-diffusion model of a steady-state semiconductor device is formed by
a system of three coupled partial differential equations (PDEs.) This system
of PDEs is solved by a solution vector of three function components. A fixed
point mapping T : z — Tz can be defined by solving each of these PDEs for
its corresponding component and substituting these components in successive
PDEs in a Gauss—Seidel fashion. Fixed points of such a mapping T then coincide
with solutions to the drift diffusion model. Iteration with the mapping T defines
an algorithm for the solution of the drift-diffusion model in which the PDEs are
decoupled. The mapping T, termed Gummel’s map [5] in the literature, is
defined through solution for the potential u, for given electron and hole quasi-
Fermi levels v and w, as a fractional step, and subsequently through solution
for the electron and hole quasi-Fermi levels. This definition specifies the range
of the mapping T. For the slightly different mapping that operates in the space
of the Slotboom variables V = e~ and W = e", principal properties including
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fixed points and maximum principles, have been studied in increasing generality
in [21],[23] and [8]. For this alternative mapping, the Lipschitz constant L has
been examined in detail in [15],[9],[17],[16]. Employing either quasi-Fermi levels,
or Slotboom variables, the appropriate formulation for device applications is
the mixed Dirichlet/Neumann boundary value problem, taken over the physical
device, G, assumed to be a polyhedral domain, with possible solution gradient
singularities at boundary transition points [15],[9].

A companion approximation map is induced by piecewise linear finite ele-
ments, if the convex minimization, inherent in defining the successive gradient
equations, is taken over finite dimensional affine subspaces. The fixed points of
the companion map are clearly candidates for approximation of the fixed points
of the solution map for the original system of PDEs. In this paper, we deduce
an approximation theory, described by two-sided estimates, for this discretiza-
tion procedure. Our theory is based upon an operator calculus developed by
Krasnosel’skii and his collaborators (cf. [20]) in which both the fixed points of
the solution map are approximated “a priori” by fixed points of the numerical
map, and also fixed points of the solution map are located in an “a posteriori”
manner near fixed points or approximate fixed points of the numerical map, so
that spurious solutions are not computed. The abstract results are stated as
Theorems 4.1 and 4.2 and the semiconductor application as Corollary 4.1. Later
in the Introduction, we shall elaborate more fully on these results.

This paper does not deal with the actual algorithms for computing the fixed
points of the numerical maps, i.e., for solving the system finite element equa-
tions. This issue, or more precisely. the closely related issue of solving the
discrete equations which arise by a finite element discretization of the potential
equation and a volume element method, based upon exponential fitting and
the box method, for the continuity equations, has been intensively studied (cf.
[2],[14]). The piecewise linear finite elements of this paper reduce to an approach
of this type for properly defined quadrature rules in the finite element equations
(cf.[25]). We can distinguish two widely used basic solution methods, either
at the operator level or for the discrete system. The oldest approach proceeds
by successive substitution, and is known as Gummel’s method [5], mentioned
above. The more recent algorithm consists of a damped Newton outer iteration,
while the Jacobian is formed by linearization of the system of PDEs itself. New-
ton’s equations are then solved either by a sparse direct method, or iteratively,
employing preconditioners based on splittings of the Jacobian. The numerical
approximations introduced in this paper are canonical ones. Therefore our ap-
proximation results are valid irrespective of the computational method which is
employed for the actual solution of the system. The approximation can equiv-
alently be viewed as defined directly by the weak formulation of the system of
differential equations, rather than the fixed point mapping T. Thus our results
apply equally to results obtained through the extensively used computational
scheme that is based upon direct application of Newton’s method to the dis-
cretized system of PDEs. Newton’s method for the finite element system will
proceed differently, however, if based upon a numerical fixed point map T,
rather than the discretized system of PDEs directly. In [19],[11],[10] analytical



JOSEPH W. JEROME AND THOMAS KERKHOVEN 3

and numerical evidence is provided which indicates that to some extent this
approach is superior. Thus, although the province of our paper is decidedly
a nonlinear approximation theory, we study in detail, in the process, the very
maps, including their differential properties, which may well lead to a more ef-
fective algorithmic strategy for solving the finite dimensional systems, in such a
way that grid independent constants may characterize convergence rates. Lin-
earization based upon the differential map requires smoothing to achieve this
(cf. [7]).

We briefly describe now the basis for the major results. Given a fixed point
xg of a smooth mapping T, a numerical approximation map T,,, and a projector
map P, a theory is constructed to estimate ||z, — P,xo|, where Ty, z,, = z,,.
In fact, the authors of [20] characterize the map P, T as the ” Galerkin” approx-
imate map, and T,, as a "perturbed Galerkin” map. Since z( is a fixed point
of T, the estimates represent precisely the dispersion between these two meth-
ods. We should stress that the mapping P, T cannot actually be implemented
numerically. However, the convergence rate is readily estimated. Now, the “a
priori” estimates are derived by deducing a root of the map A =1— T, in a
ball centered at P, xq, through construction of an equivalent contraction map:
The methodology involves derivative inversion and a mean value calculus. A
similar approach is employed for the a posteriori estimates. We shall single out
the essential hypotheses which emerge:

1. invertibility of I — T

2. uniform convergence of T, to T and T;L to T' on bounded sets;
3. continuity of Tl;

4. continuity (uniform in n) of T/ ;

5. convergence of P, to I uniformly on appropriate bounded subsets of com-
pactly embedded subspaces.

In our application of this theory, we shall work with energy norms and T will
be compact, so that (i) above reduces to an eigenvalue hypothesis. This is the
only "nonverifiable” hypothesis made in the a priori theory, and guarantees that
solutions are isolated. The relation to the Babuska—Brezzi inf-sup condition was
described in [11]. Hypothesis (v) is related to a regularization hypothesis we
must make concerning the solution map for the mixed boundary value problem,
i.e., T and T (z) are bounded maps into H'*t? § = §(N) > 0, for Euclidean
dimension N. The usual results in the literature for the mixed boundary value
problem are stated in terms of LP-gradient properties (cf. [22]). The applica-
tion of this theory to the current continuity equations is discussed in [15]. Our
assumption is consistent with these results, though not implied by them. It
turns out, however, since T is defined via decoupling, that the hypothesis is
directed toward single linear equations (albeit uniformly) and, at least for N=2,
asymptotic estimates already exist in the literature (cf. [26],[1]). The verifica-
tion of (ii)—(iv) is left largely to the appendix because of the heavily detailed
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calculations involved. The reader may consult Appendix D for a summary of
these properties and the chain of results used for their proof. For reasons of
space, we have given only the statements of the technical results employed in
Appendices A-C. Proofs can be found in the authors’ monograph [12].

We introduce the discretization in §3, along with a review of the discrete
maximum principles derived in [18]. The latter are essential to the interplay
between T and T,. A convergence theory for T, is also developed in §3,
and the major results are stated and derived in §4. Section 2 is devoted to a
statement of the continuous problem and a precise development of the map T.
Note that the current continuity equations are discretized in terms of piecewise
linear Slotboom variables. However, in the rest of the paper we make use of the
quasi-Fermi levels. For the reader’s convenience we have adopted a notational
device whereby mappings are indicated in boldface, whereas the images of the
mappings are in ordinary italics or upper case. These are the symbols associated
with the basic dependent variables of the system.

2 The model and the fixed point map

2.1 The system

The electrostatic potential and the quasi-Fermi levels are scaled by the thermal
voltage, Ur = kpT/q, and the length by [ = \/Ur/n;q, where ¢ denotes the size
of the electron charge, T' is the temperature which is assumed to be constant, kg
is Boltzmann’s constant. The concentrations n and p of the electron and hole
carriers are scaled by the intrinsic concentration n; and represented in terms
of the quasi Fermi levels v and w and the dimensionless electrostatic potential
u through the relations n = e*~%, p = e¥~*. Thus we obtain the following
steady-state system:

—V-(eVu)+ e’ =" = ki,
—V-(Dpe"""Vv) — R(u,v,w) = 0,
—V- (Dpe " “Vw) + R(u,v,w) = 0,

where € is the dielectric permittivity. Here, Einstein’s relations have been em-
ployed, the bounded function k; denotes the net ion impurity concentration,
and R denotes a scaled recombination term. In order to expedite the com-
plicated technical analysis, we shall consider the case of vanishing generation-
recombination, constant diffusivity (and mobility). in the current continuity
equations, The system can then be written

-V (eVu) +e' TV =T = Ky, (2.1)
V-(e*Ve™) = 0,
—V-(e7"Ve") = 0,

subject to mixed Dirichlet/homogeneous Neumann boundary conditions, taken
on the Dirichlet part, ¥Xp, of the device boundary, and on its complement, 3y,
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respectively. These are specified on X p by the traces of appropriate functions
u, v, w, where @, v, w are in C?(G), and on Yy weakly. The analysis to
follow admits spatially dependent, positive diffusion and mobility coefficients.
It remains to be determined what extentions beyond this are possible.

In [8] a map Ty, operating on Slotboom variables is analyzed. The results
for Ty, operating on Slotboom variables, imply that the map T, operating on
quasi-Fermi levels, is continuous from Ky C H? Ly(G) into H? H(G) with
bounded range, and acts invariantly on

Ko ={[v,w]:info <v <sup?, infw<w<supw} (2.4)
~p Sp Xp b

in such a way that fixed points of T define solutions of the system of boundary-
value problems. The map is defined by unfolding: given [v, w] € K, the element
u = Up(v,w) is obtained by solving the weak formulation of the boundary-
value problem described by (2.1). The Gauss—Seidel process continues: Vo (u)
and Wy (u) are the elements computed from the weak formulations of (2.2) and
(2.3), respectively, with u determined as above. Altogether,

To[v, w] = [vo, wol. (2.5)

The invariance, continuity, and compactness properties of T, taken on Ky C
H% Lo (G), are sufficient to deduce the existence of a fixed point [vg, wo] via the
Schauder theorem, and such defines a solution of the system: [ug, vg, wo).

2.2 The definition of T

The map T, required to apply the operator calculus of [20], must be defined on
an open set in function space. In this context the suitable space is H? HY(G).
However, the proofs of a number of the results in the appendix require a pri-
ori bounds on the extrema of the functions w,v, and w, similar to the a priori
bounds, introduced in [8]. In the latter publication the assumption was intro-
duced that the original (V, W) satisfies already the Lo, bounds specified in (2.4)
which the image (Vp, Wy) was shown to satisfy. These Lo, bounds on the orig-
inal (V, W), incorporated into the definition of K for Slotboom variables, on
which Ty acts, were used to derive a priori Ls, bounds on the potential function
U.

Because the set K is not open, we modify the definition of T such that
the assumption that the original (v, w) lies in Ky can be removed. To achieve
this we compose a T-like map with a truncation operator Tr, which leaves
(v, w) unaffected within K, (where the solution lies), but which restricts the
range to a set K (cf. (2.6)) which is only slightly larger than Kj. By carefully
selecting K we achieve that the intermediate function w in the definition of T
satisfies a priori Lo, bounds which are only slightly wider than those for w in [8].
However, u satisfies these slightly wider bounds as the range of a map defined for
all (v, w) in an appropriate open subset of H? H', and not just on the set K.
We introduce h; € C§°(R), i = 1,2, such that support h; = [y, 5], a; > 0,
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and
hi(t) = t, info <t<supu,
Xp b
hao(t) = t, infw <t < supw.
Xp Sp

Below we will define an open ball €0, centered at zero, in Hf H', on which
Trv, w] := [hy(v), ha(w)], [v,w] € Q.

Note that the range of Tr is contained in K C H? Lo, where

2

K:{[v,w]EHLoo:alSvgﬁl,aggwgﬁg}. (2.6)
1

We consider the extension maps U of Ug, V of Vg, and W of Wy defined as
above, with elements in the domain of U now taken from K O Kj. In terms
of these quantities, T may be defined by

T=[VoUoTr,WoUo Ty (2.7)

For reasons related to the technical estimates of the paper, it is essential to
identify carefully the domains and ranges of the composition maps used to
define T. Since
VR (0)]* = hy (0) Vol* < | Vol

with a similar inequality for |V[ha(w)]|?, it follows that the map Tr has range
contained in K N{Cpu:p e C H? H'}, for some positive constant C. Thus,
the domain of U is K N (C * Q). Employing the H' norm defined below in
(2.10), the range of U is contained in a bounded set I' in H'(G) N Loo(G);
indeed this follows from results of [18] (the H' bounds will be elaborated in
the next section) and, in particular, the following pointwise bounds (maximum
principles) hold:

v <U <9,
v = min(y , inf @), § = max(§ , sup ),
b b
v =sinh™[(1/2) inf k1 (01 — a2) /2] + (o1 + 02)/2, (2.8)

§ =sinh™*[(1/2) sup k1(Br — B2)/2] + (Br + B2)/2.

Finally, as part of the mapping T the joint domain of V and W is I', while
the range of these maps is contained in the intersection of Ky (not K), defined
in (2.4), with the domain €, which is now defined. Since, for U € T (only the
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pointwise bounds are needed),

/|Vv|2dx < e(“_”/eU_“|Vv|2dx
a G

= e(“_”/ YV Vodz (2.9)
G

IN

(1/2)[/ |Vv|2dx+62(6+61_7_0‘1)/ Vo[2da],
G G

it follows, for ||- |4 given by

lolZn = V0|2, + ( / vda)?, (2.10)

D
that
lollF < T g)3, (Notew [2,= 0 |,
with a similiar estimate for ||wl|%,. Thus, we choose (2 to contain the open ball
centered at 0 of radius p = e(‘s“‘max{ﬁf}_"y_min{“i})ﬂ[@,w]HHHl. It is evident,

from the monotone dependence of 'y/ and 8" on «;, f3;, that Q contains the range
of Ty as well as that of T, and hence, that T is a proper extension of T |range Ty -
However, it is essential for our purposes that {2 also contain the range of T,,,
to be defined in the next section. (cf. (3.2)) This entails an estimation of wy,
and wp,. Slight adjustments of (2.10), as well as (3.7) and (3.8) to follow, yield
the result that the number p just defined need only be perturbed by a term of
order O(h). This gives us, finally, the radius of .

2.3 Regularization properties of T

We now address the hypothesis (v) discussed in the introduction. It may be
reduced to the following single statement.

Assumption 1. The solution maps V, W are regularizing, i.e., they map I
boundedly into H'*(G) for some 6 > 0, which depends only on the Euclidean
dimension N.

Remark 2.1. Note that, under Assumption 1, the mapping T is compact
from € into itself. This also holds for T by results in the appendix.

We close this section by noting that the maximum principles (2.4) and (2.8)
are special cases of the (reduced) bounds

y<u<é (2.11)
from [18] where v, § have the meaning of (2.8), but
v = inf f~(x, inf g(y)), & =sup f'(z,sup g(y)), (2.12)
ge yeG zeG yeG

for the solution u of the gradient equation
=V a(z)Vu(z)] + f(z,u(z)) = g(z). (2.13)

Here, a,g € L, and f is increasing and locally Lipschitz in u for each x € G,
with f=1(z,-) the corresponding inverse.
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3 The discretized model and the numerical fixed
point map

3.1 The finite element maps

In this section we introduce the piecewise linear finite element method which
defines the numerical fixed point map. We also describe the associated approx-
imation properties. The finite element equations for the potential equation are
given by

<E(x)VUhv V¢z> + <6Uh’7v - ewiUha ¢z> - <k1a ¢z> =0 fori= ]-7 Ty Mﬂ (31)

where U}, is a finite element function and the ¢; are appropriate test functions
comprising a nodal basis of the piecewise linear finite element subspace S},.
According to the assumptions specified regarding u, it follows that we may
select the piecewise linear interpolant #; of w so that U, € uy + Sy, where the
members of Sj, vanish on the Dirichlet boundary ¥p of the polyhedral domain
G. The functions of S}, are continuous and are linear in each simplex, S. As
usual, h = maxg{diam S}. In (3.1) all integrals can be computed in closed form
if piecewise linear approximations to v and w are selected. For reasons of strict
symmetry, the domain of Uy, viewed as a mapping, is chosen to be the same set
KN (C Q) as the domain of U described in §2. Prior to discussing the range
of Uy, and hence the joint domain of V; and Wy, we characterize the latter
formally in terms of

(eUn WV}, Vi) =0, for i=1,---, M,
(e=UnVW),,V¢;) =0, for i=1,---, M,

and v, = —log(V},), and wp, = —log(W},). Thus, the Slotboom variables V' and
W are approximated by piecewise linear finite elements, rather than the quasi-
Fermi levels v and w themselves. As a result, standard linear finite element
approximation results are applicable. As before, ¢; € Sj,, and v, € Vi + S,
wyp, € Wi + Sp,, where we have selected the interpolants for V and W. The
integrals here can be done in closed form as well; however, as noted in the intro-
duction, appropriate upwinding for the current continuity equations is achieved
by quadrature rules which are more suitable than exact evaluation.

The range of Uy, is contained in " (as is the range of U), which serves as the
joint domain of V;, and Wy,. Indeed, the fact that Uj, satisfies the bounds (2.8)
is verified in the authors’ paper [18]. Certain mesh restrictions are required,
since the proof requires that the matrices corresponding to the Laplacean and
the current continuity equations be M-matrices. In order to state these discrete
maximum principles in a format applicable both to Uy, and also Vj and Wy,
we consider solutions of the gradient equation (2.13). On each element S we
have the following definition.

DEFINITION 3.1. Let S be an N-dimensional simplicial finite element such
that

e V is the volume,
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U; is a vertex,

e;; is the edge connecting vertices ¥; and j;,

F}, is the face opposite the vertex k, with measure |Fy|,

h; is the normal distance of v; to Fj,

7i; is the angle between the inward normal vectors to the faces F; and Fj},

¢; is the piecewise linear nodal basis function which is 1 at vertex v,

Qi = / a(x)Ve;- Voidx
s
is the ijth entry of the element stiffness matrix,
(a(z)) = [ga(x)dz/V, the average of a(z) over the element S,

a;; is the ijth element of the assembled stiffness matrix.

Remark 3.1. It was shown in [18] that

or

_ _ () —
Q5 = /Sa(x)V(m V(bjdx - (a(x)> CO&(%J)hihj V’

F,||F;
a;; = (a(x)) COS(’YZ‘j)| N|2|VJ|

In [18] it was also shown that L, stability of Uy follows under the following
assumption.
Assumption 2.

e In N dimensions where N > 2 we require that for every edge jk the

off-diagonal element a;;, in the matrix satisfies

V(S p
ar= Y. la(@)scos(yy)y— < 7 S v,
g1k

S adjacent jk max g adjacent jk

with p > 0. In two dimensions the well-known requirement that for every
edge jk in the triangulation we have

l{a(@)), cot(dr) + (a(x))r, cot(¢2)] = p > 0,

where the T; are the two triangles adjacent to edge jk and the ¢; are the
two angles opposite to the edge jk, is a slightly more restrictive version of
this condition. In higher dimensions we can impose the sufficient condition
that the angle between the vectors normal to any two faces of the same
polyhedron in the mesh has to be bounded uniformly from above by 7/2 —
0.



JOSEPH W. JEROME AND THOMAS KERKHOVEN 10

o Foralla,be R,a <b:|f(z,u)— f(z,v)|/lu—v| < D(b,a)if a <u,v<b,
where D(-,-) is a Lipschitz constant which is a monotonically increasing
function of b and a monotonically decreasing function of a.

e The numbers h; satisfy h; > hgh, where hg does not depend on h.

Remark 3.2. In the application to this paper, the role of a is played for the
Poisson equation by €(x), and for the current continuity equations by e*, e,
respectively. The first part of Assumption 2 above is satisfied uniformly in all
cases if (a) is replaced by the lower bounds expressed in terms of the maximum
principles. Under the first part of Assumption 2, it follows from the results
of [18] (in the form (2.12)) that U}, satisfies the pointwise estimates expressed
in the (partial) definition of T' (cf. (2.8)) and that Vj and W, have range in
K. The function f(x,u) in the respective applications is e*~V(®) — ew(@)=v for
Poisson’s equation, and f(x,u) = 0 for the current continuity equations.

3.2 The numerical fixed point map

If a given finite element space S has dimension n, then we may define T,,, the
numerical fixed point map, by

T, = [VroUp o Tr, W;, o U, o Tx]. (3.2)

The only unverified issues related to the definition of T are the H* bounds as-
sociated with T', containing the range of U, and U, and the related existence
question for the finite element solution. By viewing both the solution of the
Poisson equation and the finite element equation as resulting from convex min-
imization, one obtains H! bounds common to both, and hence the completion
of the definition of T.

Thus, define the convex functional,

o) =3 [Vl + [ B [Em—feop 63

where ;
zﬂ%m:/ﬁﬂ%@—fmnﬂ@zm (3.4)

0

f(z,s) = es7v@) _ gwl@)=s (3.5)

for a given pair v, w. U and Up minimize this functional over o + H&ED and uy
+ Sy, respectively. Here, H&ED is the completion of C§°(G U Xp) in the norm
defined by (2.10) and Sy, C Hjjx;, . In particular,

o(U) < ®(@), U,) < d(ar). (3.6)

H' estimates, and hence a proper bound for the definition of I', are obtained
for u = U and u = Uy, from

gite [1vaf < o [ Hew+ [ E = 0
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< (@), ®(an) + § [ b 5607+ [ o)

The second and third terms are estimated from the maximum principles, and
the assumption k1 € Loo(G). Now ®(ar) < ®@g, independent of h, a fact which
follows from (cf. [13, p. 85] and [24]):

IV@le. < IV@-an)|r. + Vel

Ch?
< U ;00 U .
< minizl,...,MhJ“'Wz + Vel .., (3.8)

N

and the third part of Assumption 2, whereby minh; > hgh. It follows that
gradient estimates, and hence H' estimates, are uniformly obtainable for the
continuous and discrete problems. This completes the discussion concerning the
defintion of T,,.

3.3 Linear and gradient approximation theory

Prior to describing the approximation properties of T, it is essential to dis-
cuss the linear approximation properties of the H&)ZD projection Qp onto Sp.
For H'*9(G) N Hj s, (G) functions, with uniform norm bound in this space,
interpolation space theory (cf.[3]) gives a uniform h? estimate, as measured in
H', provided the approximation process is capable of yielding an O(h) esti-
mate for H2(G)N H&ZD. Although detailed results for the latter estimate are
not available in the literature, the general procedure is described adequately in
[24]: the piecewise linear interpolant of an extension/smoothing process gives
the requisite energy upper bound, but the smoothing should be done only in
the tangential variables on Xp, so that the smoothed function also vanishes on
¥.p. This can be made precise by a decomposition of the polygonal boundary
of G, according to edges and internal boundaries of X, with an accompanying
finite partition of unity for G (see [6, §4] for an illustration of how this can be
done). The partition of unity sets are then translated and rotated into canonical
position. The extension process uses a variant of the Calderén extension opera-
tor, applied to cylindrical translation/rotation domains and canonical variables,
for X “cylindrical” cross sections. For ¥ cross sections, the extension is the
trivial zero extension. The entire extended function may be reassembled, via
the partition of unity. The smoothing can also be carried out in the canonical
variables if desired. The Fourier transform is applied only in the tangential
variables for ¥ p cross sections to estimate the smoothing error, via Strang’s
argument. In estimating the piecewise linear interpolation error relative to the
smoothing, we note that interpolation is also specified on . It is assumed,
in the sense that the arguments require it, that the topology of ¥p and Xy
allows for the mechanics sketched above for the extension. This completes the
O(h) estimate, and interpolation space theory now applies. Improved estimates,
based upon graded meshes as currently employed in the h — p theory, tend not
to be uniform over Sobolev classes, and do not appear to be applicable here.
We are not aware either, of maximum principles for p > 1.
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The next result is a generic result for gradient equations which will be used
to deduce the approximation properties of Uy,.

Proposition 3.1 Suppose a(-,-) is a continuous symmetic bilinear form on H*,
Ly coercive on Hjy . Foru € H', let F(u) denote the continuous linear

functional on H&ED defined by

F(u)(v) = /G fouw (3.9)

for f increasing in its second argument and Of(-,s)/ds < C. Suppose that u
and uyp, satisfy the gradient relations

a(u,v) + F(u)(v) = (g,v) YweHjy,, (3.10)

a(up,vp) + Fup)(vy) = (g,vn) Yv € Sh, (3.11)

where u € u+ Hjy, ,un € tr + Sp,u € C*(G). Here, g € Ly is prescribed.
Then there exist constants Cy and Cs, independent of h, such that

a(u—up,u—up) < Cy v}infh a(u—ay — vp, u— Uy — vp) +C'2||71—711||§11.

€S
(3.12)

Proof. The first step is the reduction to the case @ +— u;. By this is meant that
there is no loss of generality in assuming that the boundary function in (3.10)
may be taken to be @;. Denoting the solutions of the corresponding gradient
equations with boundary data «, @y, respectively, by

U=+, uy =1+, ¢,%€Hs,, (3.13)
we obtain, upon subtraction and setting v = ¢ — 1,
a(p—1, p—)+[F (ug)—F (uy)|(ug—uy) = —a(t—tr, ¢—)+[F (ug)—F(ug)](u—1ur).

By the continuity and Le-coerciveness properties of a(-, ) and the monotonicity
and derivative properties of f we deduce that

a(p — v, ¢ —¥) < cllu— usl|3p (3.14)

for some constant ¢, which depends only on the bound for df/ds and the Lo
coerciveness constant of a(-, -).

The second step is the consideration of (3.10) and (3.11) with @ replaced by
@y in (3.10). We shall show that (note that u, above is here identified as u)

alu — up,u —up) < Cy ing a(u — ay — vp,u — Uy — V), (3.15)
vp ESh

which, with (3.14), will yield (3.12). We begin with

(u —up —vp,u —up —op) + Fu)(u —up —op) — Fup)(u — up — vp)
(u = wp, u—up) + [F(u) = Fun)](u = un) + 3a(vn, vn)

(u =, vn) = [F(w) = F(up)](vn)

La(u — up, u —up),

a
a

[SIER ST

Y
e
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which follows from the weak relations (3.10, 3.11), the assumed monotonicity of
f, and the nonnegativity of a(vp,vy). It follows that, for arbitrary § > 0,

a(u—up, u—up) < alu—up—uvp, u—uh—vh)—l—éCQHu—uhH%z +671 Hu—uh—vh||2L2

when C bounds df/ds. Since u — uy, vanishes on Xp, we may choose é so that
(Lo coerciveness of a(-,+))

SC?|lu — up %2 < ta(u — up,u — up).
Since u — up, — v, vanishes on X p, it follows that
alu — up,u—up) < Cra(u — up — vy, u — up, — VL)

for all vy, € Sp,. The identification up, 4+ v, — vp, + @y now yields (3.15). This
concludes the proof.

3.4 Convergence properties of T,

On the basis of (3.12), we may assume that there exists an approximation order
for Up, v, and wp:

(U = Unllgr < ChY, o —wpllgr <CRY,  ||w —wp||m < CHY,  (3.16)

for some constant C' and 0 < 6 < 1. Here, 6 is the regularizing index introduced
in Assumption 1 of §2. Note that the second term on the right-hand side of
(3.12) is of order h?, as remarked earlier.

We may now close this section with a description of the approximation prop-
erties of T,.

Theorem 3.1 The estimate
|(T =T[5, ]| < Ch? (3.17)

holds for some constant C, uniformly over the domain Q) on which T and T,
are defined. The approzimation estimates (3.16) are assumed as described in
§3.3.

Proof. The proof is a routine application of the triangle inequality:
I(VoU = Vo U5l < IV = ViU + [VaU = Upll,  (3.18)

with a similar inequality for the second component.

The estimation of the first of the terms on the right-hand side of (3.18)
is governed by (3.16). The estimation of the second term may proceed once
an appropriate Lipschitz constant Ly is determined for V, since Vj, is the
composition of a bounded projection with V. This is discussed at the beginning
of Appendix D. Thus, we have

HVhU — VhUh” < Lv||U — Uh” (3.19)
An application of (3.16)—(3.19) concludes the proof.
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4 Existence and convergence of discretized so-
lutions

4.1 The abstract calculus

Let E be a Banach space and T a mapping from an open set ) into E. We
assume the existence of a fixed point xq for T:

TIO = Zg- (41)

If {E,} denotes a sequence of subspaces of E of dimension r(n) > n, suppose
that T, : Q, — E,, Q, := QN E,, has a fixed point:

T,z, = Tp. (4.2)

Finally, let {P,} be a family of linear projections onto E,,. We shall describe
here the framework of the calculus developed by Krasnosel’skii et al. [20] for
the convergence of the solutions of discretizations of fixed point equations (4.2)
to the solutions of the original fixed point equation (4.1). First, we demonstrate
that for sufficiently small meshwidth h, a solution x,, to the discretized problem
(4.2) exists close to all solutions zy to the original problem (4.1). Second,
we show that for sufficiently small meshwidth h, a solution xg to the original
problem (4.1) exists close to all solutions x,, to the discretized problem (4.2).

Our first convergence result follows through Theorem 19.1 in [20, Thm. 19.1],
as quoted below.

Theorem 4.1 Let the operators T and P,,'T be Fréchet-differentiable in ), and
T,, Fréchet-differentiable in Q. Assume that (4.1) has a solution zo € Q and
the linear operator I — T (zg) is continuously invertible in E. Let

[P7(z0) = ol — 0,

P, TP, 2o — Txol| — 0, [P, T (Pnxo)— T (z0)| — 0,
[T, — P, TP,z — 0, H[T{n - (PnT)I](PMEO)” — 0,

as n — oo. Finally, assume that for any € > 0 there exist ne and 6 > 0 such
that

T, (2) = T, (Puzo)|| <€ for (n>ne |z —Puaol <6, w € Q). (4.3)

Then there exist ng and by > 0 such that, when n > ng, equation (4.2) has a
unique solution x,, in the ball ||x — xo|| < bo. Moreover,

lzn, — zo|] < |I[I — Prlao|| + |zn — Prxzoll = 0 as n— oo (4.4)
and ||z, — Praol| satisfies the following two-sided estimate (c1,c2 > 0):

a1 ||PnTzo — T, Praxo|| < ||zn — Praol| < c2||PnTzo — T Praol. (4.5)
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Note that in this theorem the actual rate of convergence depends only on the
terms in the two sided estimate (4.5). The additional convergence assumptions
need not hold with this same rate.

Next, we assert that for sufficiently fine meshwidth h a solution z* to (4.1)
exists close to the solution z, to the discretized problem (4.2). From [20] we
cite Theorem 19.2 as stated in the following theorem.

Theorem 4.2 Let the operators T,P, T, and T,, be Fréchet differentiable in
some neighborhood of the point T, € Qy,, and I—-"T, (%) continuously invertible
mn By, ,

1T —= T (@) | = #ne

Let
Yo = (L4 £n|PuT (2,) DT —PuT [(@n)l + kall[T, — P T [(Z,)]| <1,
and for some 6, and q, (6, > 0;0 < g, < 1),

sup ||T (z) = T (zn)]| < -,
= | < Fon

on(1 — gn

n

where

o 1+ ’in”PnT/ (T)]]
n 1- Tn .

Then (4.1) has a unique solution xo in the ball ||x — &, || < 6, and we have the

error estimate
Qp,

1+qn

. Qp,
< &5 — 2ol < =g (4.6)
where
an = [ = T' (@)~ (& — T2n)| < yl|En — Tl
Again the actual rate of convergence depends only on the terms in the two sided
estimate (4.6) while the additional convergence assumptions need not hold with
this same rate.

Also, &,, = x, is not required.

4.2 The application to the semiconductor problem: Gen-
eral setting

We set E = Hf H'(G) and E,, = linear span {V7, S, }® linear span {W;, S}
with P,, the orthogonal projection onto E,. The domain € of the map T has
been defined in tandem with the composition maps defining T in §2. T, has
been defined in §3; for consistency with §4.1 we may wish to consider T,, as
restricted to §2,,, but this is unimportant. Fixed points of T were demonstrated



JOSEPH W. JEROME AND THOMAS KERKHOVEN 16

to exist in [8]; parallel arguments yield fixed points of T, as well, via an applica-
tion of Brouwer’s fixed point theorem applied to QN E,,. The continuity of this
restriction map follows from the continuity of Uy, since Tr, V},, and W, are
seen to be continuous from elementary considerations. In turn, the continuity
of Uy, follows the proof of the continuity of U (cf. Lemma 4.3 of [8]). We may
assume, then, the existence of fixed points of T,.

An important approximation property of P,, on the union of the convex hull,
co R, of the range of T, with H'**(G) N H{ 5, (G), is

|Pnr — 7|l < ch?, 7| are < 1. (4.7)

This is a consequence of Proposition 3.1 and the assumption embodied in (3.16).
Note that, in (4.7), 7 is a member of the set, co Rp U (H'** N H{y ). The
reason P, does not involve affine projection is for consistency with the abstract
calculus discussed in §4.1, where linear, not affine, subspaces are employed.

4.3 Verification of the a priori estimates

The following lemma affords a verification of the hypotheses of Theorem 4.1 for
the semiconductor application. The properties concerning T and T;l will be
found in the appendix. It is assumed throughout that the Euclidean dimension
N satisfies N < 3.

Lemma 4.1 For the mapping T and the piecewise linear finite element projec-
tion P,

IP,TP,zo — Txo|| — O, (4.8)
[P, T (Przo) — T'(z0)| — 0, (4.9)
”[Tn - PnT]PnWOH — 0, (4.10)
[T}, = PuT)[(Przo)| — 0, (4.11)

while for any € > 0 there exist n. and 6 > 0 such that
T, () — T, (Pnao)|| <€ for (n>ng|x—Puaoll <6,z €Q,). (4.12)
Proof. By the triangle inequality,

||PnTPnI0 - T.I()H S HPnTPn-IO - PnTl‘QH + ||PnTl‘() - T.I()H
and both terms tend to zero, the first because P,zg — =9 and P, and T

are continuous, the second because P,xo — zo. Thus, (4.8) follows. For the
derivative mapping T (z) : f — g we have

I[Py — IT (Przo) Il + [T (Przo) — T (o)) £]
C* heHT/(PHxO)f”HH” + Lo [P — Tzo | [I£1]-

IR T (Przo) — T'(a0)  f|

[VANVAN
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Here we have used (4.7) and the Lipschitz continuity and uniform boundedness
in x of the derivative mapping T (x) (cf. Appendix D). Relation (4.9) follows
from the H! convergence of P,, to I on co Rt. To prove (4.10) we observe that

[Ty = PpT]Pyao| < [[[Tn — T]Prol| + [[[I — Pr] TPy 0|

and the uniform approximation by T,, on bounded sets as well as the H! con-
vergence of P,, to I on coRt imply that the right-hand side tends to zero. The
proof of (4.11) proceeds by the addition and subtraction of the term T (P,,x),
and the application of the triangle inequality. The uniform approximation by
T;b (cf. Appendix D) and the convergence of P,, to I on H't% N H&ED com-
pletes the proof. Note that (P, T) = P, T is used here. Inequality (4.12) is
a restatement of the uniform continuity of T, in n (Appendix D). This
concludes the proof.

4.4 Verification of the a posteriori estimates

The following lemma addresses the hypotheses of Theorem 4.2 for the semicon-
ductor application. It is assumed throughout that the Euclidean dimension N
satisfies V < 3.

Lemma 4.2 Let the operators T,P, T, and T, be as defined before. Let I —
T, (Zn) be continuously invertible in E,, at the approzimate solution &, to (4.2),
and let

1T = T (@)] | = hon < (4.13)

Then for a sufficiently small meshwidth h

T =(1+ "fn”PnT/ (in)”)H[T/ - PnT/](i“n)H + kip || [T — PnT]/(in)H <1.

(4.14)

If ||Zn — 2nl| < Ch?, where C does not depend on h, then there exist 6, and
Gn (6n >0; 0<qn <1) such that

sup T () = T'(30)|| < 22, (4.15)
”x_inugén n
(1 —
i — Tiy| < 20200 _ o (4.16)

n

where

Lt rn|[PaT (@)
Proof. The bound on 7, as stated in (4.14) is proven through

(1+ ’inHPnT/ @n) NIl [Tl - PnT/](i“n)H + fn[|[[Tr — PnT]/(i“n)H

’YH =
< (1 + ’inHPnT/ (jn)H)ChGHT/ (fn)HHl,HH" + "fn”[Tn - PnT]l(i“n)”
< « hY.
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Here the last inequality follows completely analogously to the bounds in Lemma
4.1 and C' is a generic constant.

The existence of a finite 6, and g, (6, > 0; 0 < g, < 1), such that (4.15)
and (4.16) hold follows because

sup HT/(x) - T/(jn)H < LT/HJJ" — T < L by,
lz—Zn|<én

so that we can choose g, = L (Snliln. On the other hand, z,, is a fixed point of
T,, and therefore

[ Zn — Ty | 1Zn — znll + | Thxn — Tzp || + || Tz — T2y ||
(1+ Lo)||Zn — znll + | Tn — T||[|zs]|

Cxh.

INIAIA

This implies that (4.16) holds provided that

/

5n:C*h9*A.
(1_Qn)

The proof is concluded if we can show that the choices
gn = LT/H;L(Sna On = Cheﬁ;z/(l - Qn)

are compatible with the requirement ¢, < 1. Thus, set & = L Ii;” B =Chl /s;m.
We have
—ad% +6,—B=0

or

aby, = 1(1++/1—4ap).
Provided g is sufficiently small so that af < i,
so that ¢, < % Note that, the bounds for H;L and -y, show that H;L remains
bounded as h decreases so that the bound af < % does not depend on h.

This concludes the proof.

we may choose 6, < 1/(2«)

4.5 Summary of results

The following corollary expresses a summary of the major results in conjunction
with the employed hypotheses.

Corollary 4.1 Assume the regularization hypothesis expressed in Assumption
1 of §2.3. Let xy be a fized point of T and suppose that T’ (xg) does not possess
1 as an eigenvalue. Then there exist an index ng and a neighborhood of xg
containing fized points x,, of Tp,n > ng, satisfying

llzo — x| < ChY. (4.17)
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Here C is a constant independent of n and h. Conversely, suppose {T,} is
a sequence of approzimate fized points of Ty, satisfying ||&, — x| < ch? and
(4.13). Then, under the regularity hypothesis, there exists a fized point xo of T
such that

|zo — &n|| < CRY  Vn. (4.18)

Here C is a constant independent of n and h. In all cases N < 3.

Proof. Estimates (4.17) and (4.18) follow from the conjunction of (4.4) with
(4.5), and from (4.6), respectively. The former two inequalities must be appro-
priately combined with the triangle inequality

[PnTzo — TnPraol < ||(Pn — I)Taoll + [ Tzo — TPr20l| + [[(T — T0) Praol|,

which yields order h? convergence upon use of the Lipschitz continuity of T,
and the convergence properties of P, and T,,. Inequality (4.6) must be supple-
mented by /
1— In S (1 inqn)”i‘n - Ti‘n” S 6n-

The choice, 8, = Ch?k,, /(1 — g,) and the boundedness of «,, and 1/(1 — g,) are
discussed in the proof of Lemma 4.2. The hypotheses of the corollary absorb
those of Theorems 4.1 and 4.2 due to the compactness of T’ (z0). This con-
cludes the proof. Remark 4.1. Estimates of order h? follow from Corollary 4.1
for |[v — vy and ||w — wp]|, if [v,w] and [vp,wp] are fixed points of T and T,
respectively. Estimates for ||U — Uy|| follow immediately from

Qp

[0(v, w) = Unll < [U(v, w) = U(vp, wn)|| + [|U(vn, wn) = Unl,

the Lipschitz property of U, and (3.16), which provides the estimate for the
second term on the right-hand side.

Appendix. In Appendices A and B we shall discuss the continuity and
compactness properties of U, V, W and their Fréchet derivatives. In Appendix
C we shall discuss these for U, (V}, and W), are straightforward). Results such
as Lemma (B.2), are valid in terms of quasi-Fermi levels but not in terms of
Slotboom variables. This is the incentive to define the mapping T in the space
of pairs of quasi-Fermi levels, rather than in the space of pairs of Slotboom
variables. L., bounds will be implicit in the various results derived below. As
we have noted in the introduction, only the statements of the lemmas are given.
For the proofs, the reader may consult the monograph [12].

A The map U

We begin with a result which is a slight sharpening of Lemma 4.1 of [8]. Tt will
be used in the proof of Lemma A.2. The domain of U in both of these lemmas
is a bounded subset of [} L.
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Lemma A.1 Let U: (v,w) — u be defined through the solution of the boundary
value problem

(Vu, Vo) + (""" — e " — k1, ¢) = 0.
Then U s continuous from Lo into Lo. In fact, it is Lipschitz continuous into

H!.

Lemma A.2 Let U: (v,w) — u be the mapping defined implicitly through the
solution of the boundary value problem

(Vu, Vo) + (€™ — ¥ — k1, ¢) = 0, (A.1)

where ¢ € H&ED, subject to suitable mized boundary conditions in N dimen-
sions. Then the derivative D(, ., \U(v,w) : (0,7) = p is defined through the
solution of the boundary value problem

(Vi, Vo) + (" [p = ol + e [n = 7],¢) = 0, (A.2)

where puln, = 0, 9|z, = 0, and for all (v,w) is a uniformly bounded lin-
ear mapping from Lo to H&ED, and, in particular, compact from Ly into Lg,
q<[1/2=1/N]7t if N >3 and q < oo if N = 2. The mapping is also uni-
formly bounded from H' to Lo, if N < 3. Moreover, the mapping (v, w)
Dy, U(v,w) is Lipschitz continuous from H' to the mappings from Lo to
Hjyx, if N <4.

This lemma is proven in the Appendix of [12].

B The mappings V and W

In [12] it is shown that the mappings V and W are continuous from H! to itself
as stated below.

Lemma B.1 Fori=1,2, and u; € H' satisfying the mazimum principle (2.8),
and the boundary conditions, let v; be the solution to the weak formulation of
the mized boundary value problem

V.- (e""Vu;) =0, (B.1)
on G. Then
/ "V V (vg — vp)Pda < / " TV (ug — uy)|*dr, (B.2)
G G
and therefore the mapping V from u to v defined through (B.1) is Lipschitz

continuous from H' to itself on the range of U.

Remark. The derivative DV (u) : u — o, is defined through solution of the
boundary value problem

(e"7[(n —o)Vv+ Vo], Vo) =0, (B.3)
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where p € H', and 0 € Hj 5, . Here, ¢ is a test function in Hyy, . For smooth
v, the standard existence theory (cf. [4, Chap. 8]) yields a solution ¢ for N < 3.
The proof of the lemma to follow, in which H' bounds for ¢ are determined in
terms of p, allows limits of v and o, and hence solutions for v € H' N L., as
specified prior to Appendix A. Finally, the Moser iteration theory (cf. [4]) gives
a priori Lo, bounds on ¢ in terms of H' N Ly, bounds on p. This is required in
the proof of Lemma B.3.

Lemma B.2 Let u € H' N Ly, be given and, for N < 3, let v be the solution
to the weak formulation of the mized boundary value problem

V- (e“7"Vv) =0

on G. Then the derivative DV of the mapping V from u to v defined through
this equation is uniformly bounded from H&ZD to itself, and hence for each u,
is compact from Hgx, =~ into Ly.

Lemma B.3 The derivative DV as defined by equation (B.3), is a locally Lip-
schitz continuous mapping from H' to the mappings from H' N Lo to H&ED
for Euclidean dimension N < 3. A similar statement holds for W.

C The Mapping U,
We begin with a continuity result for Uy,.

Lemma C.1 The mapping Uy, defined in §3.1, is Lipschitz continuous on its
domain from Ly to H'.

Proof. The proof follows that of Lemma A.1.
We move now to the differentiability properties of Uy,.

Lemma C.2 The derivative D, .,\Up(v,w) : (0,7) — p is defined through the
solution of the projection relation,

(Vi, Vo) + (€7l — o] + e~V [ — 7],¢) =0, (C.1)

where p and ¢ are in Sy. The mapping (v, w) +— D(y.)Un(v,w) is Lipschitz
continuous from H' to the mappings from Lo to H', for N < 4 with Lipschitz
constant independent of h.

Proof. The proof follows that of Lemma A.2.

Lemma C.3 The solutions D, ., U(v,w)(co,T) := p of (A.2) and
Dy, u)Un(v,w)(0o,7) := pn of (C.1) satisfy an estimate of the form

12 = pnll < CR2|| (0, ), (C.2)
where C does not depend upon h,v, or w. The norm used here is the H' norm.

This lemma is proven in [12].
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D Summary of results for T and T,
The mappings V;, and Wy, are the simple compositions,
V) =logot;loQuoVoty, W, =logoty! oQyoWoty,

where Qy, is the projection of §3.3 and t denotes the (negative) translation by
the subscript variable. The properties of Qp, V, and W induce results for V,
and Wy, parallel to those for Uy, as derived in Appendix C. The following results,
used in the proofs of Lemmas 4.1 and 4.2, are a direct consequence of Appendices
A—C and Assumption 1 of §2.3. N < 3 is required for the statements.

e T’ is Lipschitz continuous from © to the mappings from H% H' to H% H&ED

This follows from an application of the chain rule to (2.7) in conjunction
with Lemma A.2 and B.3.

o T is uniformly bounded over ) as a linear mapping from H? H' to
2
[Ti(H"N Hisp)-

This follows from Assumption 1 in conjunction with Lemma A.2 and B.2.
° T;l converges uniformly to T

This follows from Lemma C.3 and the corresponding result for V; and Wy,
applied to (3.2).

’ . . . . . .
e T, is continuous, uniformly in n and elements of its domain.

This follows from Lemma C.2 and the corresponding result for Vi, and Wy,.
o T (z) is compact, for each z € 2, as a mapping from Hf H' into Hf H&ED.

This follows from the boundedness assertions of Lemma A.2 and B.2, the
regularization hypothesis inherent in Assumption 1 and the compact injection
of H'*% into H'.
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