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The solution of the problem is characterized as being a fixed point of the GGM, which
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the implementation of a numerical tool, which was lacking in previous non-constructive
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Schrédinger-Poisson current-voltage characteristics of the quantum drift-diffusion model, SIAM J. Numer. Anal.
Functional iterations 37 (1) (1999) 211-245]. The finite element approximation of the GGM is illustrated, and
Finite element method the main properties of the numerical fixed point map (discrete maximum principle and
Nanoscale semiconductor devices order of convergence) are discussed. Numerical results on realistic nanoscale devices are
Semi-linear elliptic systems included to support the theoretical conclusions.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction and meotivation

The continuous advancement of the semiconductor industry makes it unavoidable to resort to numerical simulation to
predict the electric properties of devices of the next generation well before their construction is actually feasible. In the cur-
rent technology, the channel length of metal oxide semiconductor field effect transistors (MOSFETs) is of the order of tens of
nanometers and the thickness of the oxide is of a few nanometers. Because of such small dimensions, quantum confinement
and tunneling affect the performance of nanoscale devices in two main respects. First of all, quantization of energy states for
electrons confined in the channel produces a shift of the charge peak, increasing the “equivalent oxide thickness” in such a
way that the coupling of the gate and channel voltages is reduced. Secondly, the penetration of electrons under the channel
barrier effectively smooths and lowers such barrier, increasing the off-state leakage current. To limit quantization effects,
new device structures and geometries are investigated to overcome the traditional single-gate MOS transistor (see
[36,10], Chapter 1). In any event, irrespective of the adopted device technology, it is a fact that, on the one hand, quantum

DOI of original article: 10.1016/j.jcp.2004.10.029
* Corresponding author.
E-mail address: riccardo.sacco@polimi.it (R. Sacco).
! Supported by the Mathematics Applications Consortium for Science and Industry in Ireland (MACSI) under the Science Foundation Ireland (SFI)
mathematics initiative.
2 Supported by the ONR/Darpa Contract Number LLCN00014-05-C-0241.
3 Supported by the M.U.R.S.T. Grant Number 2006013187-003 (2006-2008).

0021-9991/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcp.2008.11.010


http://dx.doi.org/10.1016/j.jcp.2004.10.029
mailto:riccardo.sacco@polimi.it
http://www.sciencedirect.com/science/journal/00219991
http://www.elsevier.com/locate/jcp

C. de Falco et al./Journal of Computational Physics 228 (2009) 1770-1789 1771

effects cannot be captured by a classical drift-diffusion (DD) description, and that, on the other hand, the “full quantum”
models proposed in the literature (Wigner transport equation [16], non-equilibrium Green functions [9]) are, as of now,
too costly to be adopted in industrial applications. This is the reason for the development of “quantum corrected drift-dif-
fusion” (QCDD) models that are based on the introduction of a correction potential in the DD equation to account for quan-
tum effects on the spatial distribution of charge carriers within the devices (see [3,32]). By adopting such models the
computational complexity can be contained within reasonable limits at the cost of neglecting quantum effects on transport
(coherent transport, interferences, reflections), which can be considered of higher order for devices of gate length higher than
10 nm [26].

In Refs. [11,10], a general mathematical framework for QCDD models has been proposed and subjected to extensive inves-
tigation in the numerical study of advanced nanoscale MOSFET and double-gate (DG) MOSFET devices. One of the main con-
tributions of the cited references consists of the introduction of a fixed point map, named generalized Gummel map (GGM),
for the iterative solution of the nonlinearly coupled system of model equations. The GGM is the natural extension to the
quantum-corrected setting of the Gummel’s decoupled algorithm traditionally used in DD simulation [15,27,19], and has
two significant benefits. The first benefit is to maintain the same functional structure irrespective of the specific choice of
the quantum-corrected model. The second benefit, which applies to the particular case of the quantum DD (QDD) model,
the object of this article, is to provide an effective computational tool for the numerical solution of the variational formulation
proposed in Refs. [1,31] to treat the quantum correction to the DD system. In the present article, we intend to characterize
the solution of the QDD transport model as being a fixed point of the GGM. This establishes a close link between the theo-
retical existence analysis and the implementation of a numerical tool which was lacking in previous non-constructive proofs
(cf. [1,31]). The principal instruments used to demonstrate the existence of a fixed point of the GGM are (i) the introduction
of a truncation operator, to prevent the occurrence of singularities in the quantum corrections, as proposed in Ref. [1]; (ii) the
extension of the theory of invariant regions, used in [19] in the DD case, to the case of systems of nonlinear reaction-diffu-
sion partial differential equations (PDEs) in non-gradient form; and (iii) a homotopy method based on the general theory
developed in [17] to select the solution of each equation yielding the quantum corrections, for which uniqueness is not guar-
anteed due to the lack of monotonicity of the semi-linear terms. Once the existence of a fixed point of the map is proved, the
finite element approximation of the GGM is worked out along the same lines as in the classical DD setting, ending up with
discrete maximum principles and optimal order of convergence.

A brief outline of the article is as follows. In Section 2, we introduce the QDD model and the associated scaling and mod-
eling parameters. In Section 3 we illustrate the GGM for the iterative solution of the QDD model, and address some compu-
tational remarks on the structure of the algorithm in Section 4. The analysis of existence of a fixed point of the GGM is carried
out in Section 5, while in Section 6 we illustrate the discretized model and the numerical counterpart of the GGM. In Section
7, we conduct a series of numerical experiments to demonstrate the validity of the GGM applied to the simulation of realistic
nanoscale devices, while in Section 8 we draw some conclusions and future work perspectives. In Appendices A, B and C we
illustrate the main theoretical properties and instruments needed to extend the theory of invariant regions to the treatment
of the QDD model.

2. The quantum drift-diffusion model

Under isothermal and steady-state regimes, the quantum drift-diffusion (QDD) model for nanoscale semiconductor de-
vice simulation can be written in the following dimensionless form [2,21]:
—div(1’V¢p) =p—n+D,
—S5RAVI + (¢, — ¢ +1n(n)) =0,
Gn = @, — @ +1In(n),
~3,AVP + VP(=@, + @ +In(p)) =0, (M
Gp =@, — ¢ —In(p),
—div(u,(Vn—nV(p + Gyp))) = -U,
—div(p,(Vp +pV(@ + Gp))) = —U.

The structure of (1), comprising algebraic and partial differential equations, matches closely the fixed point map that is
adopted for its iterative solution, and qualifies the QDD model as a special member of the family of quantum-corrected
DD (QCDD) models presented and extensively validated in [11]. In detail, (1); is the Poisson equation for the electrostatic
potential ¢, (1)s—(1); are the carrier continuity equations for the electron and hole carrier concentrations n and p, while
(1),-(1)3 and (1)4—(1)s provide a self-consistent definition of the quantum corrections G, and G, as functions of ¢, n, p
and the quantum quasi-Fermi potentials ¢, and ¢,. Inverting (1); and (1)s yields the generalized Maxwell-Boltzmann
statistics

n=exp((¢ +Gn) — @,), p=exp(@,—(¢+GCp)). 2)

System (1) is to be solved in a polyhedral semiconductor device domain Q c R% d = 1,2, 3, with boundary I' = ', UT'y U Ty
and outward unit normal vector n, having set I'p = I', UT,. The pairwise disjoint partitions of I, and Iy physically
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Fig. 1. Two-dimensional cross-section of the semiconductor device.

represent the ohmic contacts and material interfaces, while Iy and I'4 physically represent the portions of the boundary sep-
arating the device domain from the external environment and neighboring devices. Boundary conditions for system (1) are
enforced as follows:

@ =¢p, nN=np, p=pp ON F+7
0=¢, n=p=0 on I, 3)
Vo-n=],-n=], - n=0 on [y,

having defined the current densities J, = u,(Vn —nV(¢ + Gy)) and J, = —,(Vp + pV(¢ + Gp)). The boundary data ¢, np and
pp are computed assuming charge neutrality and thermal equilibrium on I',, while on I'y the prescribed value of ¢, is the
external voltage applied at the gate contact up to the voltage drop across the gate oxide layer. Our choice of the geometry
and of the boundary conditions is a rather crude simplification of a MOSFET, because Q does not comprise the oxide buffer
region that is located over the interface I'y, and a two-dimensional example is depicted in Fig. 1. It is worth noting, however,
that the iterative solution map proposed in this work can be readily extended to deal also with the case where the oxide
region is included in the simulation domain, as documented by the numerical experiments discussed in Section 7 and in
Ref. [11]. Some remarks are in order about the scaling and modeling parameters in (1). The quantities 4, 5, and J, are positive
singular perturbation parameters resulting from the application of a scaling procedure [11]. Setting J, = J, = 0, which cor-
responds to formally performing the classical limit h — 0, allows the recovery of the standard DD model. We refer to [11,
Section 2.4], for the explicit expressions of the parameters and of their numerical values. The quantity D is a given function
and represents the doping profile of the device. We assume that D € L*(Q), with Dy, = infoD and Dy,ax = supgD, where the
operators info and sup,, denote the essential infimum and the essential supremum in Q, respectively. The quantities 1, and
U, are the carrier mobilities, and depend in a quite complex manner on the problem unknowns and on several other physical
parameters, as extensively discussed in [35, Chapter 4]. We assume that u,, v = n, p are strictly positive bounded functions,
referring to [19, Section 4.2], for a precise characterization of the polynomial decay of p, at the transition points of I'. The
quantity U is the net recombination rate, and accounts for recombination (R) and generation (G) effects in the semiconductor
material. Several models for U are proposed in the literature to describe R/G effects in a quantum-modified setting (see [1,4]).
As the impact of R/G phenomena is not very relevant for the class of applications we target in the numerical simulations of
Section 7, in the following we will assume, for sake of simplicity, that U = 0. The extension of the proposed iterative solution
map to cover also the case where U # 0 can be carried out by properly adapting the “ lagging” procedure proposed for the DD
model in Section 4.4 of [19] and for the QDD model in Section 2.3 of [1].

3. The generalized Gummel map

In this section, we illustrate the fixed point map for the iterative solution of the QDD model (1). The method, proposed
and extensively validated in Refs. [11,10], is a consistent generalization of the classical Gummel map used in the decoupled
treatment of the DD equations [19], and for this reason it is henceforth denoted as Generalized Gummel Map (GGM). Com-
pared to the approach of Ref. [1], the GGM proposed in the present article exhibits two main differences. The first difference
is that the GGM, unlike the maps of [1,31], embodies in a natural way a numerical algorithm suitable for implementation. In
particular, the variational formulation used in Refs. [1,31] to deal with the coupled subsystem comprising Eqs. (1);-(1)s, is
replaced in the GGM by a fixed point iteration (Inner Loop) which is the extension to the quantum-corrected setting of the
nonlinear iteration on the Poisson’s equation (1); that is usually carried out in the DD setting. The second difference is in the
method used to enforce uniform ellipticity in the treatment of the carrier continuity equations. In Refs. [1,31], these latter
equations are solved for the quantum quasi-Fermi potentials, and a proper truncation of the densities is used to ensure
the strict positivity of the diffusion coefficient. In the present approach, the continuity equations are solved for the Slotboom
variables as in standard DD theory [19], and the strict positivity of the diffusion coefficient is imposed by truncating the
quantum corrections due to the Bohm potentials.
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3.1. Preliminaries

Proceeding as in the case of the DD model (cf. [19], Section 4.3), we define the following constants:

o= m1n(1p+f Pns 1Rf 0, = 1Rf @, +1In(0),
p = max(sup ¢, sup ¢,) = sup ¢, — In(0),
I, I, r,

where ¢, is the externally applied bias and 0 := nj, /0, ni» and n denoting the intrinsic concentration in the semiconductor
material and the scaling factor for carrier concentrations, respectively. For the purpose of the analysis of the existence of a
fixed point of the GGM, the above quantities should provide the upper and lower bounds for the invariant region to which
the fixed point belongs. With this aim, it is useful to symmetrize the bounding interval [o, 8] by introducing, as in Ref. [1], the
following constants:

M= —||Qyll~r,) +1In0) =1 <o, M=-m=|@glp~q,) —In0O) +1 =4,

with m <0 and M > 0. For any nonnegative carrier concentrations n and p, we set w:=n'/? and z:= p'/?, and for any
bounded potential ¢, we define the auxiliary variables

Ga(W, @) == WHe 0, ay(z, ) = 22", (4)

For any bounded quantum quasi-Fermi potentials ¢, and ¢, we introduce the quantum Slotboom variables

p:=exp(=@,), ©:=exp(g,), (5)
in such a way that the generalized Maxwell-Boltzmann statistics (2) can be written in the equivalent form

n=pexp(@+Gy), p=wexp(—(¢+Gp)). (6)
Then, we define the closed convex set

K ={[v,w] € I*(Q) x [*(Q)) : m < v(x),w(x) <M, ae. in Q}, (7)

and for any function g and any fixed ¢ € (0, 1], we introduce the truncation operator
g]; == max(g,9).
We also let V := H'(Q) N L*(Q).

3.2. The outer iteration loop

Given a pair [@n, @p] € K, and 6 € (0, 1], the GGM for the iterative solution of the QDD system (1) consists of the following
steps (Outer Loop):

Step 1: Use the fixed point iteration described in Section 3.3 to solve in the domain Q the nonlinear system:

—div(’Ve,) + w2 —22 —D =0,
— 53 AW; + Wo(Pn — @5+ 21In([wy],)) = 0, (8)
~8,A2; = 25(Pp — @5 — 21n((z,]5)) = 0,

subject to the boundary conditions:

@s=¢p onlp, Ve, n=0 on Iy,

ws=n}* onTl, w;=0 only, Vws-n=0 on Iy, 9)
z,=py* onTl,, z;=0 onIYy, Vzs-m=0 on Iy.

Step 2: Define the regularized quantum corrections:

G, = P — @5+ 2In([Wsl,), Gy, = Pp — @5 = 2In((2,],), (10)
and the quantum-corrected potentials

Vi, = @5+ Gy, Vp, = @5+ Gp,. (11)
Step 3: Solve in the domain Q the linear, uncoupled continuity equations:

— div(u,e" Vp,) =0, (12)

—div(p,e"% Vo;) = 0, (13)
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subject to the boundary conditions:

{pézpD onI'y, Vp;-n=0 onlyUly, (14)
ws=wp onl,, Vw;-n=0 onlgUly.
Step 4: Update the quantum quasi-Fermi potentials by inverting (5):

®n = _ln(pé)v ®p = ln((l)g). (15)

3.3. The inner iteration loop

Given [@;, Ws,Z5] € (V)® and satisfying the essential boundary conditions in (9), with W; > 0 in Q and Z; >0 in Q, the
inner loop for the solution of the nonlinear system (8) consists of the following steps:
Step A: Solve the nonlinear Poisson equation for the updated potential ¢;:
—div(22VQ,) + Ons(Ws, Ps)e? — G,5(Zs, Bs)e® —D =10, inQ

@5 = Pp on I'p, (16)
Vo, - n=0 on I'y.

Step B: Solve the nonlinear Bohm equation for the updated square root of the electron concentration ws:

~0nAW; + Ws(Pn — @; + 21n([w;];)) =0, in Q,

w, = ny/? onl,, (17)
Ws = 0 on F07
Yw; -n=0 on I'y.

Step C: Solve the nonlinear Bohm equation for the updated square root of the hole concentration z;:

—02Az; — 2;(Pp — @, — 2I0([z5];)) =0, in Q,

1/2
Z5 :PD/ onl, (18)
z;=0 on Iy,
Vz; n=0 on I'y.

3.4. Abstract formulation of the GGM

The outer iteration loop described in Section 3.2 can be interpreted as the application of the fixed pointmapT: K — Kto a
given pair [@,, ¢p), in such a way that the following relation holds

[@n: @l = T(Pn, Pp)- (19)

To characterize in detail the action of T, we need to introduce the operators that represent the various steps of the solution
map. For a given 6 € (0, 1], we denote by U : K — (V)° the operator associating with [@;, @,] the triple [@,, [ws],, [z;],] through
the solution of (8) as described in Section 3.3. Then, we denote by V, : (L*(Q))* — L*(Q) and V,: (L*(Q))® — L*(Q) the

1 Y
Poisson + .
MB + Ponslvslgn +
Correction
y
Current Quantan:
Continuity Correction
Equations

‘Convergence
test

Convergence
test

Outer Inner
Loop Loop

Fig. 2. A flow-chart of the GGM.
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operators associating with the triples [@;, @5, [ws];] and [@;, @, [z5];] the bounded functions V,,, and V), through the com-
bined use of (10) and (11). Finally, we denote by R : L*(Q) — V and W : L*(Q) — V the operators associating with V,,, and
V,, the solutions of the linear continuity subproblems (12)-(14); and (13) and (14),. The composition of the action of the
above operators yields the following definition of the fixed point operator associated with the GGM

T:=[-InRoV,oU,InWoV,oU]. (20)

It is interesting to notice that this definition generalizes to the quantum-corrected setting the standard framework valid in
the case of the DD model, because in this latter case V, and V,, coincide with the identity operator [20]. A flow-chart of the
GGM is depicted in Fig. 2.

4. Computational remarks on the GGM

We collect below some computational remarks on the various steps of the fixed point map introduced in Sections 3.2 and
3.3.
Let us start from the outer iteration loop.

4.1. Step 1

(1) Itis shown in Ref. [1] (cf. Theorem 2.1) that problem (8) and (9) admits a unique solution [w;,z;, @; = @;(Ws,2;)] € (V)*
satisfying the a priori estimates

Wl s W5l oy 1251 (@) 125l @) < K, (21)

where K = k(M) is a positive constant not depending on 4.
(2) The same structure of Step 1 is maintained if the QDD model is replaced by other different quantum-corrected models
(cf. Ref. [11], Sections 4 and 6).

4.2. Step 2

The introduction of the truncation operator [-|, prevents the occurrence of singularities in the quantum-corrected poten-
tials introduced in (11). As a matter of fact, the numerical experiments of Section 7 show that the Bohm potentials G,, and G,
are bounded inside the device domain independently of the chosen value of 6, and become unbounded only at the inversion layer
contact I'p, consistently with the physical fact that, in the quantum-modified description, the carrier densities are exactly set
equal to zero at I'y. This confirms the validity of (21) and agrees also with the conclusions drawn from the simulations re-
ported in Ref. [11].

4.3. Step 3

Using (6) and noting that G,;=G,;=0 on I., the boundary data p, and wp can be computed as
Pp = Np €Xp(—=@p) = 0€XP(—P,lr, ), Wp = PpeXP(¢p) = 0€Xp(P,lr, ). Then, using Lemma 3.2.2 [27], it can be shown that
BVPs (12)-(14); and (13) and (14), admit a unique solution pair [p,, ®,] € (V)? satisfying the essential boundary conditions
in (14) and the maximum principles

e ML p,x)<eM e ML ws(x) <eM aeinQ. (22)

Let us now consider the inner iteration loop.

(1) The inner loop is a consistent generalization to the QCDD setting of the nonlinear iteration that is usually carried out in
the DD setting, and provides a constructive computational approach to the variational formulation used in [1,31].
(2) System (16)—(18) is based on the combined use of the generalized Maxwell-Boltzmann statistics (6) and of the Gauss—
Seidel method in the nonlinear system (8). As a matter of fact, the Poisson Eq. (16) is nonlinear with respect to ¢;, unlike
the linear counterpart (8);. This is the price to be paid for introducing an inner decoupling in system (8).
(3) Each nonlinear problem in (16)—(18) is solved by resorting to a properly damped Newton’s method and the numerical
approximation of the corresponding sequence of iterates is carried out by the Galerkin finite element method (see [11],
Section 5.1).
(4) A careful selection of the damping parameter in the linearization of the Bohm potential Egs. (17) and (18) introduces a
parabolic regularization which ensures that a discrete maximum principle holds for the approximate solutions w;, and
Zsp. This, in turn, implies that

W;p(X) >0 and z;5(x) >0 Vxe Q.

(5) Extensive numerical experiments carried out in [11] show that convergence of the inner loop may be slowed down by
the introduction of the damping strategy, especially in presence of significant quantum corrections at the inversion layer
boundary I'y. In such a case, the use of vectorial acceleration algorithms gives rise to a substantial reduction of the com-
putational cost associated with the GGM iteration (see [10]).
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5. Existence analysis of a fixed point of the GGM

In this section, we address the issue of well-posedness of the various iteration steps of the GGM and we prove the exis-
tence of a fixed point of the map.

5.1. Well-posedness of the outer iteration

The well-posedness of the outer iteration described in Section 3.2 is based upon the fixed point analysis of Ben-Abdallah
and Unterreiter [1]. For fixed 6 € (0, 1], step 1 adopts the system arising as the Euler-Lagrange equations associated with the
functional minimization procedure of [1], while steps 2, 3 and 4 are equivalent to the completion of the definition of the fixed
point mapping T; of [1]. Subsequent analysis in [1] demonstrates convergence as § — 0. In Ref. [1], it is shown that for each
fixed 6 € (0,1]:

(i) The outer loop has a fixed point pair, defined by the pair of quantum quasi-Fermi levels ¢,, @, (cf. (15)).

(ii) There exist (non-constructive) bounds independent of ¢ for the functions w; and z; (cf. (21)). This implies that ¢, can be
bounded independently of 5 because of the unique solvability of (8), for given w;s and zs;, and the same holds also for
the auxiliary variables a,;, 6, defined in (4), for which we have the following ‘a priori’ positive bounds

0<0ns(X) < By, 0<0ps(X) <Py VXEQ, (23)

where $, and $, are positive constants depending on K but independent of .

The ‘a priori’ estimates (23) permit the definition of invariant regions for the composition mappings associated with the
inner iteration loop. This is the object of the following section.

5.2. Well-posedness of the inner iteration: ‘A Priori’ bounds and invariant regions

As defined, the inner loop proceeds by first solving the nonlinear Poisson equation, and proceeds to determine the Bohm
corrections. The Poisson equation is a gradient equation, and may be treated by the theory of upper and lower solutions
developed in [6] and summarized in Appendix A. Notice that the more standard results presented in [28] do not suffice
in our situation, since the multipliers of the exponentials in the first equation of (16) are not bounded away from zero.
The system for the Bohm corrections is not a gradient system; although it may be analyzed by the conventional tool of geo-
metric invariant regions, we are not aware of any published reference, and we develop this general step more fully. In addi-
tion, a proof is provided in Appendix B.2. We now discuss these situations in turn.

Lemma 5.1. Let 0, and o, 5 be given functions satisfying (23). Then, problem (16) has a uniquely defined solution ¢, within the
order interval [y, Pmay], Where the quantities @, = info(@) and @, = supa(p) are independent of ¢ and the functions ¢
and @ are the solutions of the gradient equations

—72A@ + B, exp(¢) = Drin (24)
and
~2*AQ — [, €XP(~®) = Dinax, (25)

to which the boundary conditions (16),.3 must be adjoined.

Proof. The signs of Dy, and Dy, determine the lower and upper bounds for ¢;. If either Dy, > 0, or Dimax < 0, it is straight-
forward to define the corresponding bound. However, in the general case, we must apply Lemma A.1 to obtain bounds for the
nonlinear Poisson equation. Formally, it is straightforward to see that these functions satisfy the defining conditions for
lower and upper solutions. The rigorous derivation of the well-posedness for ¢ and ¢, together with invariant interval
bounds, is obtained as follows. Standard convex analysis, as outlined in the proof of Lemma 3.1 of [18], yields existence
and uniqueness for ¢ and @. To prove that these latter functions are in L*, we remark that it is enough to show that the
exponential functions exp(¢) and exp(—®) are bounded; in this case, Moser iteration theory [14], utilizing L right-hand
sides, implies that the solutions of the redefined linear boundary problems are also in L*. To illustrate why the exponential
function exp(¢) is bounded, it suffices to assume Dp,, < 0. It can be shown (we omit the details for brevity) that the convex
functional with effective L* domain in the H' affine space defined by boundary trace and restricted by exp(w) € L*(Q),

2
%/ \Vw\zdx+ﬁn/{exp(w)—1}dx—Dmin/wdx,
Q Q Q

for which ¢ is a minimizer, increases if ¢ does not coincide with its upper truncation by the supremum of its (bounded)
boundary values. This implies that the exponential is bounded from above; it is bounded below by zero. A similar argument
applies to ¢ when Dyax > 0. O
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Lemma 5.2. Let ¢, and @, be given functions in K and let ¢ be the unique solution of (16) as in Lemma 5.1. Then, problems (17)
and (18) have uniquely defined solutions w; and z; within the order intervals Q,, = [0, Wmax] and Q, = [0, Zmax], T€SP., Wmax and Zmax
being the following positive quantities independent of &

Wmax = maX{SUP w, exp[(M + (/)max)/z}}v
Iy

Zmax = Max{supz,exp[(M — ¢,,;,)/2]}-
r,

Proof. As each of the nonlinear equations in Steps B and D of the inner iteration loop is not a gradient equation, we employ
the theory developed in Appendix B which extends to the case of non-gradient systems the approach of invariant regions. It
can be seen that the vector fields associated with the boundary value problems (17) and (18) are Carathéodory mappings and
are outward pointing on the respective intervals Q,,, Q,. Then, applying Theorem B.1 allows one to conclude that each of the
maps defined above has a solution with range in the respective Q-interval. A continuous selection principle insures that the
mapping is well-defined, as discussed in Appendix C. O

Remark 5.1 (Positivity of w and z). Suppose one replaces the boundary values on I', for w and z in (17); and (18); by strictly
positive values, bounded below by 6. Then, using the same arguments as in Lemma 5.2, it can be proved that the solutions w
and z of the boundary value problems (17) and (18) belong to the contracted order intervals [Wmin s, Wmax]» [Zmin s, Zmax], I'€SP.,
where the strictly positive left endpoint W, ; (depending on 6) is defined as

Whins = MiN(d., 3, inf w|. - )),
§, being the strictly positive quantity satisfying

sup(@n) — inf(¢p;) +2Ind, <0
(with an analogous relation for zpin s.)

5.3. Existence of a fixed point for the generalized Gummel map
The analysis of Sections 5.2 and 5.1 has defined a consolidated mapping T : K — K, in terms of:

(i) Components acting invariantly on the closed convex subsets of L?, defined pointwise by the Q — bounds (Inner Iteration
Loop, Lemma 5.1 and Lemma 5.2).
(ii) Components acting invariantly on K (Outer Iteration Loop, Section 5.1, item (i)).

Before continuing our analysis, we need the further following assumption (cf. [17]).

Assumption 5.1 (Continuous selection hypothesis). Let (®,N,P) denote the components of the mapping U introduced in
Section 3.4. The homotopy mappings for N, P, starting with Laplace’s equation, and terminating in a specified solution, are
continuous in the L? sense with respect to the functions ¢, @p, Ps.

A justification of this assumption is provided in Appendix C.
We are then able to state our main theoretical result.

Theorem 5.1. Under the hypotheses expressed in the bounds of inequalities (23) and the Continuous Selection hypothesis 5.1, the
fixed point map defined in (19) has a fixed point in K. Moreover, a solution triple ¢, n and p to the BVP (1)-(3) exists in
HY(Q) N L®(Q).

Proof. By design, the mapping T of Eq. (20) maps the closed convex set K in L? x L%, introduced in Eq. (7), into itself. The
hypotheses of the Schauder fixed point theorem include the continuity and relative compactness of T in the topology of
L? x L2. The relative compactness follows from the action of R and W as mappings with bounded range in H'(Q). We shall
return to this point at the end of the proof. The continuity of the individual mappings is now considered. The continuity of
N, P is part of the content of the Continuous Selection hypothesis. The continuity of @ is verified as follows. Given two arbi-
trary pair of elements [0y, 0] and [q;, ;] each satisfying (23) where we have suppressed J-dependence for clarity, consider
the images ¢ and ¢, resp. Since ¢ — ¢~ is a test function for the weak formulation, one has

2 [V - ) [ o —e ) - gk [ oe? —e ) - )
Q Q Q
= [(Gi=o0e” (0~ ")k~ [ (6}~ gy (¢~ ).
The second and third terms on the left hand side are nonnegative. Since the term ¢ — ¢* has zero Dirichlet boundary trace,

the first term on the left hand side dominates c||¢ — ¢*||%, for some constant c. Now, if we utilize the pointwise bounds sat-
isfied by ¢* as stated in Lemma 5.1, and estimate the right-hand side terms by
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‘/Q(GZ —on)e? (@ — ¢")dx| < (c/4)|¢ — @"lliz + Cl|o; — Tz,

with a similar estimate for the second term, we obtain the L? Lipschitz continuity of ®. The continuity of the mappings V., v,
follows from their definition in terms of continuous composition. We now consider the continuity of the mappings:
Va—p, V>, where V,,V, are functions in L? restricted by the pointwise bounds for inequalities (23) and those for the
range of the mappings N, P. To demonstrate continuity, we consider the first of the two equations. If V,,, V}, are given, satis-
fying the bounds just described, consider the solutions p, p*. Since p — p* is a test function, the weak formulation leads to

[ e 90 = p)Pdx= [ (@ ~ ) Vo pV(p ~ ).
To verify L* continuity, we employ standard inequalities to obtain, for some constant C, not depending on V,,, V:, p, p*,

[ 1€V (p = p)Pax < € [ pulets — e PITp (26)
JQ Q

We shall now verify sequential continuity. Hold V; and p* fixed and identify V,, and p with members of a sequence: V¥ — V,,.
To obtain the gradient convergence of the corresponding p* sequence, we use the fact that a sequence converges to p if any
subsequence has a further subsequence converging to p. Thus, in the right-hand side of (26), we may employ the Lebesgue
Dominated Convergence theorem to an appropriate pointwise convergent subsequence of { Vﬁ} to obtain the convergence to
zero of the right-hand side; the corresponding convergence to zero of the left hand side yields the stated sub-sequential con-
vergence. Note that we have used the pointwise bounds derived by the invariant region analysis in a fundamental way to
apply the Lebesgue theorem. The analysis for the second mapping parallels this.

We now discuss concisely the H' bounds for p and . Since we assume that the boundary data for p is defined in terms of
the (bounded) trace of an H' function p, we simply use p — p as a test function. This yields:

/uneV"\Vp\zdx < ’/ u.e""Vp - Vpdx|.
Q Q

Standard inequalities give a fixed gradient bound in terms of p. Since the trace is specified, one has the desired H' bound,
hence the relative compactness. The arguments for w are similar. Schauder’s fixed point theorem [14, Corollary 10.2, p.
222] gives the existence of a fixed point. O

5.4. Theoretical remarks on the GGM

It seems clear that a viable approach to the analysis of the GGM proposed in this work is represented by the ‘a priori’
bounds (23) for 6,4, 7, ;. These estimates permit a well-defined fixed point for the inner iteration map, and can be physically
justified by noting that g,, = p exp(G,). As the quantum correction G, is expected to be negligible far from the material inter-
face I'y and to rapidly diverge towards —oo at I'y, it is immediate to see that ¢, > 0 in Q, the equality holding only at I'y,
while elsewhere in the device domain o, tends to coincide with the Slotboom variable in the classical DD case.

One further issue concerning the solution of the Bohm Eqs. (17) and (18) not yet emphasized in the preceding discussion
is the positivity of the solution in the interior of the domain Q, which in our analysis is the result of Lemma 5.2 and of the
related Remark 5.1. For an alternative approach, we refer the reader to [22], where a continuous minimum principle is
proved to hold for the solutions of the Bohm Eqs. (17) and (18), provided that the semi-linear terms satisfy a suitable lower
bound (cf. [22], Assumption B.3).

6. The discretized model and the numerical GGM

In this section, we describe the finite element discretization of the differential subproblems involved in the GGM intro-
duced in Sections 3.2, 3.3 and 3.4. With this aim, we denote by 7, a given regular partition of the domain Q (cf. [7]) into non-
overlapping triangles K of diameter hk, and we indicate by h = maxg.r, hx the discretization parameter. Then, we introduce
the finite dimensional subspace V;, c V of affine finite elements over 7, and for a given function ¢ : 7, — R, we let IT,¢ € Vy,
be the interpolant of ¢ mapping into V.

6.1. The finite element maps

Each of the boundary value problems involved in the steps of the Inner and Outer iteration loops is approximated with the
Galerkin finite element method (GFEM) using basis functions in V.

Let us start with Step (1) of the Outer Iteration Loop of Section 3.2. This requires executing the Inner Iteration Loop of
Section 3.4.

Step (A) requires the solution of the nonlinear Poisson equation (16). This is done through the Newton method with the
introduction of a proper damping technique to ensure that the iteration is a descent method (cf. [35], Chapter 7). The result-
ing algebraic system is characterized by having a symmetric positive definite and diagonally dominant coefficient matrix,
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provided that a lumping procedure is employed to treat the zeroth order term arising from the linearization of (16). Steps (B)
and (C) are a critical issue of the algorithm, because of the need of maintaining positive solutions for the (square root) of the
carrier densities. With this aim, we have modified the standard Newton procedure by introducing a relaxation parameter, to
be chosen in such a way that the finite element approximation of the linearized boundary value problem enjoys a discrete
maximum principle (DMP). This is a sufficient condition to ensure positivity of the computed approximate carrier concen-
trations. Details of the procedure can be found in [11,10]. The finite element approximation of Steps (A), (B) and (C) defines
the numerical map Uy, : (V)2 — (W)*.

Once Step (1) is implemented as described above, the numerical approximation of the remaining linear continuity equa-
tions (Step (3) of the Outer Iteration Loop of Section 3.2) is carried out by the GFEM with harmonic average along the element
edges of the diffusion coefficient u, exp(+V,s5), v = n,p [19,11,10]. The actual implementation is carried out with the addi-
tion of the change of discrete variables

Ny = Py €XP(Visn), Pn = @n €XP(—Vpsp)

in order to prevent the occurrence of numerical overflows. This approach is a consistent multi-dimensional generalization of
the classical one-dimensional Scharfetter—-Gummel difference scheme [34]. It has the advantage of automatically introducing
an upwinding treatment of the carrier densities along triangle edges, which in turn ensures that the method satisfies a DMP
with positive nodal values of the carrier densities n and p, under the assumption that g, and u, are constant and that 7, is of
Delaunay type (see [33,5,13] for a thorough discussion of this latter subject). The finite element approximation of Step (3)
defines the numerical maps R, : Vy, — V, and Wy, : V, — Vy.

6.2. The numerical fixed point map

The numerical GGM can be written in abstract form as
T, = [—lnth o Vn,h o Uh7 lnhWh o V,,‘h o l.]h]7 (27)

where Iny(-) := IIy(In(:)) and V,;, V), are the discrete counterparts of the maps V,, V, introduced in Section 3.4.
6.3. Convergence for the numerical fixed point map

We discuss the general question of whether the fixed points x,, of T,, converge to the desired fixed point X, of T. Here, we
refer to the mappings defined in (27) and in (20), resp. In the linear theory, the BabuSka-Brezzi inf-sup theory permits one to
transfer the corresponding question to one of best approximation, i.e., consistency of the approximating Galerkin subspace.
The Krasnosel’skii theory [24,25] is the analog for nonlinear differentiable problems: one may assert that X, — X, at the rate
at which T, approximates T (discretization order), provided a set of stability conditions associated with the operator differ-
ential calculus are satisfied. It is known that the theory of BabuSka-Brezzi is strictly implied by the theory of Krasnosel’skii.
In the present case, the maximal order of convergence with respect to the discretization parameter h in the energy norm is
O(h"), with v € (0, 1] (cf. [19], Section 5.3.2), that is exactly the expected order for the linear mixed boundary value problem.
An extensive analysis is required to establish the hypotheses, summarized in [19, p. 119]. Although T, differs from the map-
ping of the classical model in its inclusion of the quantum correction terms, we expect a carry-over of the convergence rate,
for fixed ¢ > 0. The verification is outside the scope of the current study.

7. Numerical assessment of the GGM

In this section, we present a set of numerical examples to validate the GGM procedure in the simulation of realistic nano-
scale devices. In Section 7.1, we analyze the convergence properties of the inner loop of the GGM procedure applied to a one-
dimensional (1D) test case, with the purpose of demonstrating the plausibility of assumptions (23). In Section 7.2, we study
the convergence properties of the full GGM algorithm applied to the simulation of a two-dimensional (2D) device with the
same geometry as in Fig. 1, with special care on the dependence of such properties on the truncation parameter J. Finally, in
Section 7.3 we illustrate the relevance of QCDD models for the simulation of advanced CMOS structures. With this purpose, a
nanoscale device with intrinsically 3D geometry is presented together with a short discussion of its electrical characteristics
as predicted by computations performed using the DD, QDD and Schrédinger-Poisson DD (SPDD) models.

7.1. A nanoscale one-dimensional MOS capacitor

In this section we consider a 1D test case that can be regarded as a cross-section of the device of Fig. 1 in the direction
connecting the bulk contact (bottom portion of I', ) to the interface contact I'y. As no current is expected to flow across the
interface, the quasi-Fermi levels are known a priori to be constant, so that we only need to solve the Poisson-Bohm subsys-
tem (8) and only the Inner Iteration Loop of the GGM needs to be executed. The device length is of 100 nm, the doping is of
p-type and has a concentration of 10*' m3, and the boundary conditions for the potential are @, = 0 V, @jyermace = 0.1 V. A
nonuniform mesh with a step-size varying gradually from a maximum of 7.9168 x 10~° m at the bulk contact to a
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minimum of 1.7347 x 10~'* m at the interface side of the device was used for the computations. Fig. 3 (left) shows that the
dependence of the computed electron density on the truncation parameter § is almost negligible, and that the variation of
the quantum correction G, significantly occurs only across the mesh element closest to the interface (Fig. 3, right). Fig. 4 (left)
shows that the a priori bound (23) for g, is actually consistent with the physics, as g, = 1 in the whole device except in the
region corresponding to the steep boundary layer at the interface where it rapidly decreases to ¢, = 0. Finally, Fig. 4 (right)
shows that decreasing the value of § only slightly affects the convergence rate of the iteration scheme. Nevertheless, given
the almost linear rate of convergence, the use of vector extrapolation techniques is expected to produce a noticeable reduc-
tion in the number of required iterations (see Ref. [10]).

7.2. Experimental convergence analysis on a two-dimensional device

In this section, we perform an experimental convergence analysis of the Outer Iteration Loop of the GGM. Reported com-
putations refer to the 2D simulation of a device with the same structure as that of Fig. 1, having length in the x and y direc-
tions equal to 75 nm and 100 nm, respectively. The piecewise constant doping profile of the device is shown in Fig. 5. The
n-type dopant in the source and drain regions has a concentration of 10> m~2 while in the rest of the domain the doping
is of p-type and has a concentration of 10*' m—3. Also shown in Fig. 5 is the nonuniform computational mesh which has a
step-size gradually decreasing near the upper side of the domain boundary. The computational results in Figs. 6 and 7 refer
to the device biased in the off-state condition. The applied voltages in this case are 0.1 V at the drain and gate contact and 0 V
at the source and bulk contacts. In this regime, there is no conductive path between the source and drain contacts, which can
be clearly seen from Fig. 6(c) where the potential barrier under the gate contact is visible and in Fig. 6(b) which shows that
there is no inversion layer at the gate. It is to be noted that, consistently with the discussion carried out in the theoretical part
of the present paper, the Poisson and Bohm equations have been solved with a Dirichlet boundary condition applied at the
gate contact (see Fig. 6(b) and (c)) while the current continuity equation has been solved with an homogeneous Neumann
boundary condition at the gate contact, as is apparent from the spatial distribution of the electron quasi-Fermi level shown in
Fig. 6(a). Fig. 7 shows the spatial distribution of the electron Bohm potential G, in the device in the off-state condition, cor-
responding to two different values of the truncation parameter J. The results show that G, is vanishing everywhere in the
domain except in the steep boundary layer near the gate contact, where it attains an absolute value of about 1.5V, and that
the value of G, at the contact depends on the truncation parameter, becoming larger, as expected, as 5 — 0. Fig. 8 shows the
quantity e, defined as

I sk s (k  ~(k sk
€ = max(||5(P(<)||L~*(Q)7 Hbqogx{)“L”(Q)v H()QDE; )||L*(Q)7 HbG;)HL*(Qy HbGL)HL*(Q)) (28)
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Fig. 6. Simulation results for Vwin = Vgae = 0.1 V.
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Fig. 7. Results for Vi = Vgae = 0.1 V.

as a function of the iteration number k. In (28), 5(-)*® denotes the increment of each quantity from iteration k to k + 1. From
Fig. 8 one can see that the convergence rate of the outer loop is almost linear and that it changes slightly when the truncation
parameter is modified.

Figs. 9 and 10 show results of a simulation performed with the device biased in the on-state condition. By comparing
Fig. 6(c) with Fig. 9(b) one may notice that the potential barrier between source and drain has disappeared. This causes elec-
trons to accumulate near the gate contact, forming the inversion layer which is visible in Fig. 9(a). Fig. 9(c) displays a close-
up view of the channel of the device with the direction (arrows) and magnitude (color) of the electron current density and
shows that the shift of the charge peak due to the boundary condition imposed on I'y causes the current to flow away from
the boundary. The graphs in Fig. 10 show that the Bohm potential in the on-state regime becomes very large in absolute
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Fig. 10. Results for Vgpin = 0.1V, Vgee = 0.7 V.

value (more than 50 V) and negative at the gate contact, but still vanishes elsewhere in the device domain as was the case in
the off-state regime. It is also to be noticed that, compared to the very large value attained by G, at this bias, its variation due
to the choice of the truncation parameter is almost negligible. Finally, Fig. 11 shows that the convergence rate of the outer
loop is almost linear also in the on-state condition, and that it changes slightly when the truncation parameter is modified.
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7.3. QCDD simulation of a three-dimensional device

The purpose of this section is to demonstrate the relevance of including the quantum correction terms G, and G, in the
simulation of a realistic nanoscale device in terms of their impact on the electrical performance of the device. Also, to assess
the performance of the QDD model both in terms of accuracy and computational cost, we compare the simulation results
obtained by the QDD model with those of both a simpler (thus less computationally expensive) model, namely the DD model,
and those of a more accurate (but more computationally complex) model, namely the SPDD model [11].

The chosen device is a 3D double-gate MOSFET [36] with the following geometry:

o Silicon film thickness Ts; = 10 nm.

e Gate length Ly = 13 nm, channel length Lsy = 11 nm.
o Oxide thickness Tox = 2 nm.

e Total Source-to-Drain length L = 49 nm.

e Width W = 20 nm.

The doping profile D is a piecewise constant function and has a value equal to N}, = 5 x 10 m~3 in the source and drain
regions and equal to —N; = —10%' m~3 in the channel region, respectively. These values are consistent with the indications
of the latest release of the ITRS [8].

Fig. 12 displays the device geometry and the finite element mesh used in the numerical computations, while the log scale
values of the doping profile are tabulated on the right-hand side color-bar. The computational grid consists of 89136 tetra-
hedra (18081 mesh nodes). Fig. 13 shows the I-V (current-voltage) curves obtained from full 3D simulations with the DD,
QDD and SPDD models, respectively, with the purpose to highlight the non-negligible difference between a classical and a
quantum-corrected simulation for the given device geometry which, in turn, clearly indicates the importance of taking into
account electrostatic quantum effects in such aggressively scaled devices. In Fig. 13(a) on the x-axis the value of the applied
Gate voltage V, is tabulated, while on the y-axis the value of the computed Drain current is plotted in logarithmic scale for a
value of the voltage applied at the Drain of V; = 10 mV. From this picture one can notice that the curve corresponding to the
QDD model results has degraded slope in the sub-threshold region in comparison to the prediction of the DD model.
Fig. 13(b) shows the results of the same computations as above but with the y-axis in linear scale; from this picture one
can see that the QDD model predicts a larger value of the threshold voltage compared to the classical simulation, which
is an expected consequence of the increased effective oxide thickness. Although both effects are underestimated by the
QDD model in comparison to a more accurate SPDD simulation, one might argue that the largely inferior computational ef-
fort required by the QDD model compared to the SPDD model for a full 3D simulation more than compensates the slight
inaccuracy in the current prediction. In fact, the computation of each bias point required about 10 min with the DD model,

Source” =

i e
Gate———) N

Fig. 12. Device geometry, doping profile and computational mesh.
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Fig. 14. Electron density in the device computed by the QDD model at the biasing conditions V4 = 0.01 V and V,; = V; = 0 V; lighter shades of gray indicate
higher values of the density.

up to 45 min with the QDD model and more than 3 h with the SPDD model.? Finally, Fig. 14 shows the electron density in the
device computed by the QDD model at the biasing conditions V4 = 0.01 V and V,; = V; = 0V, the charge peak-shift effect being
evident in both pictures.

8. Conclusions and future perspectives

In this article, we have addressed the analysis of existence of a fixed point of the functional iteration procedure (GGM) for
the solution of QCDD models, proposed and thoroughly numerically investigated in [11]. Several numerical examples have
also been included to support the theoretical conclusions. The GGM has the benefit of maintaining the same functional struc-
ture irrespective of the specific choice of the quantum-corrected model, and, in the case of the QDD model, to provide an
effective computational tool for the numerical solution of the variational formulation proposed in Refs. [1,31] to treat the
quantum correction. The principal instruments used in the analysis are (i) the introduction of a truncation operator; (ii)
the extension of the theory of invariant regions, used in [19] in the DD case; and (iii) a homotopy method based on the gen-
eral theory developed in [17] to select the solution of each equation yielding the quantum corrections. It is expected that,
with some modifications, the framework proposed in the present work can be extended to deal with other quantum-cor-
rected models, as considered in [11,23,29,30]. This extension will be the object of a future study.

Appendix A. Upper and lower solutions for gradient equations

We cite in this section the essential results developed in [6]. Let @ c R" be a bounded domain with piecewise-C'-bound-
ary 9Q, and I'y ¢ dQ be such that I', = 0Q \ I'y is a relatively open C'-portion of 9Q with positive surface measure. Consider
the boundary value problem (BVP)

—div(a(x)Vu) +f(x,u) =0 in Q, (A.1)
u=upon [p, Z%Jrg(x, u) =0 on Iy, (A2)

where a € L*(Q) with a(x) > u > 0, and 0/dv denotes the outward conormal derivative on I'y. Let H := W'?(Q) denote the
usual (real) Sobolev space, and let Hy C H be the subspace of H defined by

4 The code used for the simulation is a set of Octave scripts and was run on a MacBook laptop with a 2 GHz CPU and 1 Gb RAM with Octave 2.9.17.
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Hy={ueHjyu=0o0n I'p},
where y : H — [*(0Q) is the trace operator which is linear and compact. The corresponding dual spaces are denoted by H* and
Hy. It is known that Hqu,o = /o |Vu|?dx defines an equivalent norm on the subspace Ho. We assume the boundary values uj, to

be the restriction of a function i € H, i.e., ip|;, = Up.

(C1) We assume the nonlinearities fand g in (A.1) and (A.2), respectively, to be of Carathéodory type. We assume fand g
are increasing in u.

The weak formulation of the BVP (A.1) and (A.2) reads as follows.
Definition A.1. u € H is called a solution of the BVP (A.1) and (A.2) if

(i) u=up on I'p, and
(il) foaVu - Vydx + [ gx, yu)ypdl + [, f(x,u)pdx =0, V ¢ € Ho.

Let us recall for convenience the notion of (weak) super- and sub-solutions.
Definition A.2. u € H is called a supersolution of the BVP (A.1) and (A.2) if

(i)t = up on I'p, and
(i) JpaVu - Vydx + [ gx, yu)yppdl + [ f(x,u)ypdx > 0,V ¢ € HoN L’ (),

Similarly, u € H is a subsolution if the reversed inequalities in Definition A.2 hold with u replaced by u. We make the fol-
lowing additional hypotheses.

(C2) There exist a supersolution u and a subsolution u of the BVP (A.1) and (A.2) such that u < u.
(C3) There is a p € [2(Q) such that [f(x,s)| < p(x) for a.e. x € Q and s € [u(x), u(x)].
(C4) There is a q € L* (I') such that |g(x,s)| < q(x) for a.e. x e I" and s € [yu(x), yi(x)].

The following lemma was established in [6].

Lemma A.1. Under the hypotheses (C1)-(C4), the BVP (A.1) and (A.2) has a uniquely defined solution u within the order interval
[u,u).
Appendix B. Invariant regions for non-gradient systems

We consider in this section the following nonlinear system of m steady-state nonlinear reaction-diffusion equations on a
bounded Lipschitz domain Q c RV

Au=f(puw,u=(u,....u)" f=,....fn), (B.1)

where A denotes the Laplacian, acting on each component. System (B.1) is supplied with mixed boundary conditions as
follows.

(i) Dirichlet Boundary. There is a (relatively open) boundary component I'p such that the restriction of u to I'p agrees with

a smooth function @ € C*(Q), with range in Q:

y(u—wl, =0. (B.2)
Here, y denotes the trace operator.
(ii) Neumann Boundary. The normal derivative of u vanishes in a weak sense on the complement of I', with respect to 8Q.
This is a natural boundary condition subsumed in the weak formulation.
Our aim is to extend to (B.1) the theory of super-and sub-solutions for linear elliptic equations.

B.1. Generalities

For this, we characterize the structure of the vector field f.
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(1) Carathéodory Mapping (CM) Define the slab,

m
Q=][laub], a<b;, i=1,.,m,
1
in R™ and the Cartesian product, Dy = Q x Q. f is assumed to be a Carathéodory mapping (CM) on D.
(2) Outward Pointing on the Boundary of Q (Property OP).
Ifui=a, i=1,...,m, thenf(-,uy,...,un) <O0;
ifu;=b;, i=1,...,m, then f;(-,uy,...,un) > 0.
The following result will be proved in the following section.

Theorem B.1 (Existence, with range in invariant regions). Suppose f satisfies properties CM and OP, and is L?> bounded as a
composition mapping. Then (B.1) and (B.2) has a weak solution u with range in Q.

B.2. A trapping principle for semi-linear elliptic systems
We consider again system (B.1). This framework has a significant implication, due to Krasnosel'skii. We state it in the
form of a lemma.

Lemma B.1. For a Carathéodory mapping h, if h maps (a subset of) I2(Q) into L?(Q), via the composition, H(v) = h(-p, V), then H
defines a continuous mapping from L? to [2.

This was shown by Krasnosel’skii [24, Theorem 2.1, p. 22] (see also [12, p. 77]).
Since we may identify the components of f(-p, u) with elements of L?, then we may identify these components with con-
tinuous linear functionals on H'. In this identification, it is necessary to use the equivalent norms on Y; = H', given by

(v, W)y, = /QVI/ -pVwdx + r yvywdo. (B.3)
In order to define what is meant by ‘z/veak solution, we introduce the inner product on Y = [[]'Y; as

(Vv,w), = i /Q p;Vv; - pVwdx + i /F.D Yviywdo. (B.4)
We identify the zero trace subspace of Y:

Yo={veY:yv|, =0}
Then u is a weak solution of (B.1) and (B.2) if u satisfies (B.2) and the relation,

(u,¢)y + ((-p.u),¢) = 0,V¢ € Yo. (B.5)

Here, the duality relation is used with component summation.

B.2.1. The variational inequality
We begin by establishing some notation. We set

Ko={veY:yv—)|, =0v(x) eQ for almost all x € Q}. (B.6)
The variational inequality can be formulated as: Determine u € K, such that, if F(u) = f(-,u), then
(Fu),v—u)+ (u,v—u), >0, VvekK, (B.7)

Parallel to Theorem B.1 is the following proposition.

Proposition B.1. Suppose f satisfies property (CM), and is componentwise L? bounded. Then the variational inequality (B.7) has a
solution u € K.

We shall deduce Proposition B.1 from quadratic minimization, in conjunction with the Schauder fixed point theorem in
the following subsections.

B.2.2. Existence for the variational inequality
We define the closed convex sets K; c Y;,i=1...,m, by
Ki={veYi:p(w—i), =0,v(x) € [a,bi for almost all x € Q}. (B.8)
We notice that

m
K =[] K
1



C. de Falco et al./Journal of Computational Physics 228 (2009) 1770-1789 1787

If Ko = {v € [II'L* : v(x) € Q for almost all x € Q}, we define a map
T : Ko—Kp

as follows. Set Tw = u if u solves the decoupled variational inequality: Determine u € K, such that, if F(w) = f(-,w), then
(Fw),v—u) + (u,v—u), >0, VvekK,. (B.9)

In order to analyze this inequality, we first isolate an arbitrary inequality of the decoupled system. Using the notation, for
fixed i,

u=u, vi=v, wi=w, FWwW)=G, =1,
we determine a unique element 7, via the Riesz representation theorem such that

(G, ¢) = (vo, D)y, (B.10)

By standard results concerning quadratic minimization over closed convex sets, u may be characterized as the unique ele-
ment minimizing the functional,

D(v) = v - voll* — [[woll,

over K;. We easily obtain an ‘a priori’ estimate for u € Y;.

We are now ready to verify the existence of a solution of the variational inequality. In order to apply the Schauder fixed
point theorem, we require the components of the image of T to lie in closed, compact sets in L?, and for T to be continuous
(see [14, Theorem 10.1]). The intersection of K; with the ball in Y;, described by an ‘a priori’ estimate, is relatively compact in
the closed convex set K, c []T'L* by the compact embedding. Thus, it remains to verify the continuity of T. By appropriately
subtracting the inequalities corresponding to two distinct solutions u* = Tw*, u™ = Tw**, we finally obtain, for some positive
constant C,

Ju —u |} < C|F(w*) — Fow™)||?

By use of Lemma B.1, we infer the continuity of T on []'L*. Application of the Schauder theorem concludes the proof.

B.2.3. Major equivalence theorem
In this section, we use the property (OP) satisfied by the vector field f to assert that a solution of the variational inequality
(B.6) is a weak solution of the system (B.1) and (B.2), i.e., satisfies (B.5). For details, cf. [19].

Theorem B.2. Let (uy,...,uy)" be a solution of (B.7). Then, under the hypothesis (OP) on f, (uy,...,un)" is a solution of (B.5). In
particular, Theorem B.1 holds.

Appendix C. Continuous selection hypothesis

The justification of Assumption 5.1 is outlined in this section. Without loss of generality, we consider the second equation
of (8). If the consolidated Dirichlet boundary is denoted by I'p, we denote by wyq, the consolidated Dirichlet boundary data.
We wrrite the trivial homotopy for the second equation of (8), inclusive of boundary condition, in the operator format (with
subscripts suppressed for simplicity):

F(w, ) = [-8*Aw + /f (x, w) = 0, Dirichlet trace = Wpqy],0 < 2 < 1.

The first component of [-,-] is understood in the weak sense: H' is mapped into its dual [H']". We summarize the theory of
[17], especially Theorem 3.1. Under a minimal set of hypotheses:

(i) Fy is locally Lipschitz continuous;
(ii) there are locally defined linear approximate right inverses G of F,,, which are uniformly bounded in norm;
(iii) the family {G} satisfies an approximation of the identity condition;

it is demonstrated in [17] that a discrete homotopy path exists over the interval [0, 1] for F, permitting the precise ‘cap-
ture’ of a zero of F(-,1). The argument presumes a sufficiently small residual at 2 = 0, and employs a predictor/corrector
‘algorithm’ with Ny steps to reach a starting iterate in the domain of convergence of Newton’s operator method at 4 = 1.
The predictors are denoted {#;}° and the correctors, including the starting iterate, {w;};°. The norm of the initial residual
is denoted by p~'. By the construction, elaborated below, this quantity can be chosen arbitrarily small. One notes that The-
orem 3.1 of [17] is a rigorous analytical result. This result may be used:

(1) for local uniqueness;
(2) for establishing continuity of the mapping N.
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The critical step in the construction is the definition of the approximate right inverse of the derivative of F,, at each step.
We note that the inverse used during the corrector/predictor step, denoted by H in [17], is required to satisfy a less stringent
approximation of the identity condition than the inverse used for the predictor/corrector step, denoted by G. The algorithm is
outlined now. One begins by determining the solution w, of Laplace’s equation with specified boundary values wyqy. This
produces a zero residual, which permits a starting p-! satisfying inequalities (2.16)-(2.17) of [17]. The Fréchet derivative
of F is elementary when / = 0, and simply reproduces the Laplacian part of F, independent of the calculated w,. Homoge-
neous Dirichlet boundary conditions on the Dirichlet boundary I'p are required for the specification of the linearizations.
Each of the approximate right inverses is denoted by the 1 notation. Initially, one defines: [F,,(wg,0)]" := [F,,(-,0)]'. After this
obvious step, the algorithm requires definitions after both the Euler predictor and Newton corrector steps (cf. (3.7)-(3.8) of
[17]). Thus, if the predictor v, has been defined, one forms the residual F(zy, 4), and the approximate right inverse, via the
first two terms of the virtual Neumann series for perturbations, as we now explain. For clarity, we suppress the second com-
ponent (always zero) of the derivative mapping of F. Also, define the negative part g~ of a function g to be the minimum of g
and zero so that g- < 0. Set

T = [FuWi1, de1) + G i (26) — fo Wit + AL (2] D)

Note that we have used the property that the approximate right inverses are invertible, and remain so under perturbation of
F,, by positive multipliers of the identity. Inductively update the approximate right inverse by the formula:

(Fu (ks 2))" = T = Tl [fuw(0) = fio(Wir)]™ + Adlfou(01)] 1Tk (C1)

This is the truncated virtual Neumann series. Now define w, by the Newton step (the notation G is used for emphasis):
Wy = vy — G(v, A )F(vk, ). An even simpler construction is used to update from corrector to predictor (cf. (3.7) of [17];
the updated approximate inverse utilizes the actual inverse: (—6%A + A [fw(wi)]"I)™". If X, denotes the Dirichlet zero trace
functions in H', analysis shows that the operators G are bounded from X, to X,; at each stage a multiplier (not exceeding
1+7,) of the preceding bound is introduced. One computes, for J the Riesz map in an equivalent norm:
Ve = WIP{sup |[fw(21) — fuWi_1)]"| + A4|[fw(vi)] " |}* in the predictor/corrector case. It is elementary that y, < y, for a fixed po-
sitive constant ). The hypotheses on the corrector/predictor map lead to a simple uniform bound in terms of the Laplacian.
When restricted to L?, the approximate inverse operators are positive definite, symmetric, and bounded. The maximum
bound M for the family {G} defined in this way does not exceed 5 2||(—A)'||, multiplied by the product expansion factor
above: /1 + ). The approximation of the identity condition is now routine, as is the Lipschitz condition. At the completion of
the homotopy, the approximate inverses are defined in a manner similar to (C.1), with A4 suppressed, and all iterates defined
as correctors. The argument that M remains a valid bound for the inverse norms now requires an infinite product estimate
based on the convergence estimate (2.18) of [17]:

2
o= ][0+ < (62||<—A>‘||> |

1

Here, o is bounded by cp*lz”‘ for some constant c, as follows by estimating the terms ||wy — wy_4 Hin via the analysis of [17].
The preceding discussion leads then to M. as defined if p~! satisfies exp(2cp~') < 1 + ). It follows that, at the termination of
the predictor/corrector steps, one is in the domain of convergence of the approximate Newton method completely defined
above. This permits the identification of a solution in an unambiguous manner. Continuity of N in L2, required for the Schau-
der theorem, follows from the explicit definition of the approximate inverses via a formula analogous to (C.1).
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