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CROSS-DIFFUSION SYSTEMS WITH NON-ZERO FLUX
AND MOVING BOUNDARY CONDITIONS

ATHMANE BAKHTA! AND VIRGINIE EHRLACHER?*

Abstract. We propose and analyze a one-dimensional multi-species cross-diffusion system with non-
zero-flux boundary conditions on a moving domain, motivated by the modeling of a Physical Vapor
Deposition process. Using the boundedness by entropy method introduced and developped in [5,16], we
prove the existence of a global weak solution to the obtained system. In addition, existence of a solution
to an optimization problem defined on the fluxes is established under the assumption that the solution
to the considered cross-diffusion system is unique. Lastly, we prove that in the case when the imposed
external fluxes are constant and positive and the entropy density is defined as a classical logarithmic
entropy, the concentrations of the different species converge in the long-time limit to constant profiles
at a rate inversely proportional to time. These theoretical results are illustrated by numerical tests.
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1. INTRODUCTION

The aim of this work is to propose and analyze a mathematical model for the description of a Physical
Vapor Deposition (PVD) process, the different steps of which are described in details for instance in [25].
Such a technique is used in several contexts, for instance for the fabrication of thin film crystalline solar cells.
The procedure works as follows: a wafer is introduced in a hot chamber where several chemical elements are
injected under a gaseous form. As the latter deposit on the substrate, an heterogeneous solid layer grows upon
it. Two main phenomena have to be taken into account: the first is naturally the evolution of the surface of
the film; the second is the diffusion of the various species in the bulk, due to the high temperature conditions.
Experimentalists are interested in controlling the external gas fluxes that are injected into the chamber, so that,
at the end of the process, the spatial distributions of the concentrations of the diverse components inside the
new layer are as close as possible to target profiles.

In this article, a one-dimensional model which takes into account these two factors is studied. We see this
work as a preliminary step before tackling more challenging models in higher dimensions, including surfacic
diffusion effects for instance. This will be the object of future work. Our main motivation for the study of such
a model concerns the optimization of the external fluxes injected in the chamber during a PVD process.
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More precisely, let us assume that at a time ¢ > 0, the solid layer is composed of n 4 1 different chemical
species and occupies a domain of the form (0, e(t)) C Ry, where e(t) > 0 denotes the thickness of the film. The
evolution of e(t) is determined by the fluxes of atoms that are absorbed at the surface of the layer. At time
t > 0 and point x € (0,e(t)), the local volumic fractions of the different species are denoted respectively by
ug(t, ), ..., un(t, z). Let us point out that if the molar volume of the solid is uniform in the thin film layer and
constant during all the process, then w;(t, z) is also equal (up to a constant multiplicative constant) to the local
concentration of the i*" species at time ¢ > 0 and point 0 < z < e(t). Up to some renormalization condition,
it is natural to expect that these functions are non-negative and satisfy a volumic constraint which reads as
follows:

VO<i<n, wut,z)>0 and Zui(t,x) =1. (1.1)
i=0

Because of the constraint (1.1), it holds that ug(t,z) = 1=, u;(t,z) for all ¢t > 0 and x € (0, e(¢)). Thus, the
knowledge of the n functions ug, ..., u, is enough to determine the dynamics of the whole system. Replacing ug
by 1 — Z?:l u;, and denoting by u the vector-valued function (uq,...,u,), the evolution of the concentrations
inside the bulk of the solid layer is modeled through a system of cross-diffusion equations of the form

Ou — 0, (A(u)0zu) =0, for t>0, x € (0,e(t)), (1.2)

with approriate boundary and initial conditions, where A : [0, 1]™ — R™*" is a matrix-valued function encoding
the cross-diffusion properties of the different species.

Such systems have received much attention from the mathematical community in the case when no-flux
boundary conditions are imposed on a fixed domain [2,11,19,20]. Then, in arbitrary dimension d € N*, the
system reads

Opu — divy, (A(u)Vyu) =0, for t>0, z e,

for some fixed bounded regular domain 2 C R? and boundary conditions
(A(w)Vzu) - m=0 on 02 and t>0,

where n denotes the outward normal unit vector to 2.

Such systems appear naturally in the study of population’s dynamics in biology, and in chemistry, for the
study of the evolution of chemical species concentrations in a given environment [12,26]. The analysis of these
systems is a challenging task from a mathematical point of view [1,6-8,18,21,28]. Indeed, the obtained system of
parabolic partial differential equations may be degenerate and the diffusion matrix A is in general not symmetric
and/or not positive definite. Besides, in general, no maximum principle can be proved for such systems. Nice
counterexamples are given in [29]: there exist Holder continuous solutions to certain cross-diffusion systems
which are not bounded, and there exist bounded weak solutions which develop singularities in finite time.

It appears that some of these cross-diffusion systems have a formal gradient flow structure. Recently, an
elegant idea, which consists in introducing an entropy density that appears to be a Lyapunov functional for
these systems, has been introduced by Burger et al. in [5]. This analysis strategy, which was later extended by
Jingel in [16] and named boundedness by entropy technique, enables to obtain the existence of global in time
weak solutions satisfying (1.1) under suitable assumptions on the diffusion matrix A. It was successfully applied
in several contexts (see for instance [15,17,30,31]).

However, there are very few works which focus on the analysis of such cross-diffusion systems with non
zero-flux boundary conditions and moving domains. To our knowledge, only systems containing at most two
different species have been studied, so that n = 1 and the evolution of the concentrations inside the domain are
decoupled and follow independent linear heat equations [27].

The one-dimensional model (1.2) we propose and analyze in this paper describes the evolution of the concen-
tration of n + 1 different atomic species, with external flux boundary conditions, in the case when the diffusion
matrix A satisfies similar assumptions to those needed in the no-flux boundary conditions case studied in [16].
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The article is organized as follows: the results of [16] in the case of no-flux boundary conditions in arbitrary
dimension are recalled in Section 2. We illustrate them on a prototypical example of diffusion matrix A, which
is introduced in Section 2.1.

Our results in the case of a one-dimensional moving domain with non-zero flux boundary conditions are
gathered in Section 3. We prove the existence of a global in time weak solution to (1.2) with appropriate
boundary conditions and evolution law for e(t) in Section 3.2.1. The long time behaviour of a solution is analyzed
in the case of constant external absorbed fluxes in 3.2.2 and an optimization problem is studied in 3.2.3. The
proofs of these results are gathered in Section 4.

A numerical scheme used to approximate the solution of such systems is described in Section 5 and our
theoretical results will be illustrated by several numerical tests. We refer the reader to [3] for comparisons
between our proposed model and experimental results obtained in the context of thin film solar cells fabrication.

2. CASE OF NO-FLUX BOUNDARY CONDITIONS IN ARBITRARY DIMENSION

In Section 2.1, a particular cross-diffusion model on a fixed domain with no-flux boundary conditions is
presented. The latter is a prototyical example of the systems of equations considered in this paper. Its formal
gradient flow structure is highlighted in Section 2.1.2. Using slight extensions of results of [30,31], it can be
seen that this system can be analyzed using the theoretical framework developped in [5,16], which is recalled
in Section 2.2.

Throughout this section, let us denote by d € N* the space dimension, £2 C R? the regular bounded domain
occupied by the solid. The local concentrations at time ¢t > 0 and position « € {2 of the n + 1 different atomic
species entering in the composition of the material are respectively denoted by ug(t,x), ..., u, (¢, ). We also
denote by n the normal unit vector pointing outwards the domain (2.

2.1. Example of cross-diffusion system

2.1.1. Presentation of the model

As mentioned above, we have one particular example of system of cross-diffusion equations in mind, which
is used to illustrate more general theoretical results. This system, with no-flux boundary conditions, reads as
follows: for any 0 < i < n,

Oru; — divy ( > Kij(ujVau; — uiVa:uj)> =0, for (t,x) e R x £2,

Z Kl](ujvxuz — UZVT’UJ]) ‘n = 0, for (t, .T) S ]Ri X 39,
0<jZi<n

where for all 0 < i # j < n, the positive real numbers K;; satisfy K;; = K;; > 0. They represent the cross-

diffusion coeflicients of atoms of type ¢ with atoms of type j. This set of equations can be formally derived from

a discrete stochastic lattice hopping model, which is detailed in the Appendix.

The initial condition (u),...,u%) € L*(2;R"!) of this system is assumed to satisfy:
YO<i<mn, ul(z)>0, Zug(m) =1 and u(0,2) =ud(z) ae. in 0. (2.2)
i=0

The relationship """ ju?(z) = 1 is a natural volumic constraint which encodes the fact that each site of the
crystalline lattice of the solid has to be occupied (vacancies being treated as a particular type of atomic species).

Summing up the n 4+ 1 equations of (2.1), we observe that a solution (uq,...,u,) must necessarily satisfy
Oy (3o ui) = 0. It is thus expected that the following relationship should hold:

YO<i<m, wutz)>0, Zui(t,x) =1, ae. in R% x £2. (2.3)
=0
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Plugging the expression ug(t,z) =1 — > | u;(t,x) in (2.1), it holds that for all 1 < i < n,

0= 5‘tui — lez Z Kij ('LL]VIUZ — ’LLZVI’UJJ)
1<j#i<n

- lez K1 1-— E Uj — Ug Vmui - Uzvx 1-— E Uj — Ug
1<j#i<n 1<j#i<n

= 8tui — divz Z (Kl — Kz ) (u]Vmuz — ulvru]) + Kzovmul
1<j#i<n

Thus, the system can be rewritten as a function of u := (uy,...,u,)? as follows

Opu — divy (A(u)Vau) =0,  for (t,x) € RY x £,

(A(u)Vzu) -n =0, for (t,x) € RY x 012, (2.4)
uw(0,z) = u®(z), for ze€ (2,
where u® := (uf,...,u%)T and the matrix-valued application

| w= Wiicizn = (A ()<, <

is defined by
Vi<i<n, Auu) = > (Ki— Ki)uj + K,
1<j#i<n (2.5)
V1 < ) #] < n, A”(u) = —(Ki* — [(l())’u,z

Despite their importance in chemistry or biology, it appears that the mathematical analysis of systems of
the form (2.4), taking into account constraints (2.3), is quite recent [5,11,16,22]. Let us point out here that
the non-negativity of the solutions to (2.4) through time is a mathematical issue, linked to the absence of a
maximum principle for such systems.

At least up to our knowledge, the first proof of existence of global weak solutions of (2.4) satisfying con-
straints (2.3) with non-identical cross-diffusion coefficients is given in [5] for n = 2 with coefficients K;; such
that Ko > 0 for i = 1,2 and K15 = K31 = 0. These results were later extended in [31] to a general number of
species n € N* with cross-diffusion coefficients satisfying Ko > 0 and K;; = 0 for all 1 <14 # j < n; the authors
of the latter article proved in addition the uniqueness of such weak solutions. In [30], the case n = 2 with
arbitrary positive coefficients K;; > 0 is covered, though no uniqueness result is provided. The main difficulty of
the mathematical analysis of such equations relies in the bounds (2.3), which are not obvious since no maximum
principle can be proved for these systems in general. In all the articles mentioned above, the analysis framework
used by the authors is the so-called boundedness by entropy method. The main idea of this technique is to write
the above system of equations as a formal gradient flow and derive estimates on the solutions (ug, . . ., 4, ) using
the decay of some well-chosen entropy functional. We present in Section 2.1.2 the formal gradient flow structure
of (2.4) and recall the results of [16] in Section 2.2.

Remark 2.1. This model is linked to the so-called Stefan-Maxwell model, studied in [4,17]. Indeed, the model
considered in the latter paper reads

Oyu — divy (A(u)’lvxu) =0, for (t,z) € (0,T] x £2,
(A(u)Vzu) - n =0, for (t,xz) € (0,T] x 012, (2.6)
u(0,2) = u’(x), for T € {2,
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where A is defined by (2.5).
2.1.2. Formal gradient flow structure of (2.4)

We detail in this section the formal gradient flow structure of the system (2.4).
Let D C R™ be defined by

D := {(ul,...,un) e R)", Zui < 1} c (0,H)™

Let us introduce the classical entropy density h (see for instance [5,16,22,31])

D — R

LA (ui)1<i<n — h(u) = > uilogu; + (1 — pu) log(1 — py),
i=1

where p, := >, u;. Some properties of h can be easily checked:

(P1) the function h belongs to C°(D) N C%(D); consequently, h is bounded on D;
(P2) the function h is strictly convex on D;
(P3) its derivative

D — R™

Dh : () (1 U >
Ui )1<i<n og s
1)1<i1<n 1_pu \<i<n

is invertible and its inverse is given by
R"™ — D
CYw;
L+ 3770 eyw, .
In the following, we denote by D?h the Hessian of h. The entropy functional £ is defined by
c {L‘”(Q;D) — R

(Dh)™1:

(wi)i<i<n +—

u — E(u) == [, h(u(z)) dz.

1389

(2.8)

(2.9)

Throughout the article, for all u € L>°(£2; D), we shall denote by DE(u) the measurable vector-valued function

defined by

. N — R"™
DE(u) :
() { x — Dh(u(z)).

The system (2.4) can then be formally rewritten under the following gradient flow structure
Oyu — divy, (M(u)V,DE(u)) =0, for (t,xz) € RY x £,
(M(u)VyDE(u)) -n =0, for (t,z) € Ri x 042,
u(0,2) = u(z), for ze€ (2,
where M : D — R™*" is the so-called mobility matriz of the system defined for all u € D by
M (u) := A(u)(D*h(u)) ™ .
More precisely, it holds that for all u € D, M (u) = (M;;(u))1<i j<n where for all 1 <i#j <n,

MZ(U) = KZ()(]. — pu)’LLZ + Z Kijuiuj and MZ](’U,) = —Kijuiuj.
1<j#i<n

(2.10)

(2.11)
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2.2. Existence of global weak solutions by the boundedness by entropy technique

The formal gradient flow formulation of a system of cross-diffusion equations is a key point in the boundedness
by entropy technique. In the example presented in Section 2.1, it implies in particular that £ is a Lyapunov
functional for the system (2.4) [5,16]. However, the mobility matrix obtained for these systems is not a concave
function of the densities, so that standard gradient flow theory arguments (such as the minimizing movement
method) cannot be applied in this context [9,14,22,32]. However, the existence of a global weak solution to (2.4)
can still be proved. Let us recall here a simplified version of Theorem 2 of [16] which is adapted to our context.

Theorem 2.2 (Thm. 2 of [16]). Let D C R™ be the domain defined by (2.7). Let A : u € D +— A(u) =
(Aij(u))1<i j<n € R™™ be a matriz-valued functional defined on D satisfying A € C°(D; R™™) and the following
assumptions:

(H1) There exists a bounded from below convex function h € C*(D,R) such that its derivative Dh : D — R™ is
invertible on R™;

(H2) There exists a > 0, and for all 1 < i < n, there exist 1 > m; > 0, such that for all z = (z1,...,2,)T € R"
and u = (uy,...,u,)’ €D,

2T D?*h(u)A(u)z > o Z ui™i 22,
i=1

Let u® € LY(2;D) so that w® := Dh(u®) € L®(2;R™). Then, there exists a weak solution u with initial
condition u°® to

{6‘tu =divy(A(u)Vyu),  for (t,xz) € RL x {2,
(2.12)

(A(u)Vzu) -n=0, for (t,x) € RYL x 092,
such that for almost all (t,z) € RY x 2, u(t,z) € D with
u€ Ly, (Ry; H (2,R™)) and dyu € Li,.(Ry; (H' (£2;R™))").

Lemma 2.3 states that the prototypical example presented in Section 2.1 falls into the framework of Theo-
rem 2.2. The proof of the latter is given Section 4.1 for the sake of completeness, and relies on ideas introduced
in [31].

Lemma 2.3. Let D C R™ be the domain defined by (2.7) and A : u € D A(u) := (Aij(u))1<ij<n € R™*" be
the matriz-valued function defined by (2.5). Then, A € C°(D;R™ ™) and satisfies Assumptions (H1)—(H2) of
Theorem 2.2, with h given by (2.8), a = ming<jzj<n Kij and m; = % foralll <i<n.

The existence of global weak solutions to (2.4) is then a direct consequence of Theorem 2.2 and Lemma 2.3.

Let us point out that the uniqueness of solutions to general systems of the form (2.12) remains an open
theoretical question, at least up to our knowledge. It can be obtained in some particular cases. When the
diffusion matrix A is defined by (2.5) and when all the diffusion coefficients K;; are identically equal to some
constant K > 0, the uniqueness of the solution can be trivially obtained since the system boils down to a set of
n decoupled heat equation for the evolution of the density of each species.

3. CASE OF NON-ZERO FLUX BOUNDARY CONDITIONS AND MOVING DOMAIN

In the sequel, we restrict the study to the case when d = 1. In this section, we propose a model for the
description of a PVD process and present theoretical results whose proofs are postponed to Section 4. The
global existence of a weak solution is proved. The long-time behaviour of such a solution is studied in the case
of constant external fluxes. Lastly, under the assumption that the coefficients K;; are chosen so that there is a
unique solution to the system, we prove the existence of a solution to an optimization problem.
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YI,Q(',f)
up (-, t)
//_— 71,2(',f>

0 | >

e(t) e Whe(R,)

loc

F1GURE 1. Illustration of the composition of the film layer at time ¢ in the case n = 2.

3.1. Presentation of the model

For the sake of simplicity, we assume that non-zero fluxes are only imposed on the right-hand side of the
domain occupied by the solid. At some time ¢ > 0, this domain is denoted by §2; := (0, e(t)) where e(t) > 0
models the thickness of the layer. Initially, we assume that the domain 2y occupied by the solid at time ¢t = 0
is the interval (0, eo) for some initial thickness ey > 0.

The evolution of the thickness of the film e(t) is determined by the external fluxes of the atomic species
that are absorbed at its surface. More precisely, let us assume that there are n 4 1 different chemical species
composing the solid layer and let (¢o, ..., ®,) belong to L2 (R+;Ri+1). For all 0 < ¢ < n, the function ¢;(t)

loc
represents the flux of the species i absorbed at the surface at time ¢ > 0 and is assumed to be non-negative. In

this one-dimensional model, the evolution of the thickness of the solid is assumed to be given by
t n
e(t) == e +/ > ¢i(s) ds. (3.1)
0 =0

In the following, we will denote by ¢ := (¢1,...,¢,)T (see Fig. 1).
For all t > 0 and 0 < i < n, the local concentration of species i at time ¢ and point = € (0, e(t)) is denoted
by u;(t,z). The evolution of the vector u := (uq,...,u,) is given by the system of cross-diffusion equations

Opu — 0y (A(u)0,u) = 0, for t € Ry, = € (0,e(t)), (3.2)

where A : D — R" " is a well-chosen diffusion matrix satisfying (H1)—(H2).
We consider that for every ¢t > 0, the system satisfies the following conditions on the boundary 0£2;:

(A(u)0,u) (t,0) = 0 and (A(u)dpu) (t,e(t)) + €' (H)ult,e(t)) = @(t). (3.3)

An easy calculation shows that these boundary conditions, in addition to (3.1) and (3.2), ensure that, for all

0<17<n,
d
5 (] weaan) =ao,
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Indeed, it holds that

([ wnar) = | " nult, ) da + € (ult, (),

e(t)
:/O Oz (A(u)0pu) + € (t)ult, e(t)),

= (A(u)05u)(t, e(t)) + €' (t)ult, e(t)) — (A(u)0zu)(t,0),
= ¢(t).

The calculation for the Oth species reads:

(i(/ﬂtuo(t,x)dx):(i<|9t|—2/ wilt, ) d )
_ an (/ uﬂtm)dx)

i=1
= Z Z ¢0
=0 =1
To sum up, the final system of interest reads:
e(t) = eo + [3 S0 ¢ils) ds, for  teRY%,
Oyu — Oy (A(u)Opu) = 0, for teRY, z € (0,et)),
(A(u)dyu) (t,0) =0, for teR:, (3.4)

(A(u)0zu) (t,e(t)) + € (t)ult,e(t)) = ¢(t), for teR:,
u(0,7) = u%(z), for x € (0,eq),

where u® € L1(0, ep) is an initial condition satisfying u°(x) € D for almost all z € (0, eg). We assume in addition
that w® := Dh(u®) belongs to L>((0,ey0); R™).

8.1.1. Rescaled version of the model

We introduce here a rescaled version of system (3.4). For all 0 <i <n,t >0 and y € (0,1), let us denote by
vi(t,y) := u;(t, e(t)y). It holds that

Ov(t,y) = dwu(t, e(t)y) + €' (t)yd,u(t, e(t)y) and Oyv(t,y) = e(t)Ozu(t, e(t)y),
where v := (v1,...,v,). Thus, u is a solution of (3.4) if and only if v is a solution to the following system:
—eo+/ Zd)i(s) ds, for teR:,
0w — W@ y (A(v)9yv) — e(t) ya v =0, for (t,y) e R% x (0,1),
. (t)( WOt 1) + (Bt 1) = p(t),  for  (Ly) €RY x (0,1), (3:5)
e()( (v)0yv)(t,0) =0, for (t,y) e RE x (0,1)
v(0,9) = v7(y), for 5 €(0,1),

where v°(y) := u°(epy).
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Proving the existence of a global weak solution to (3.4) is equivalent to proving the existence of a global weak
solution to (3.5).

Actually, it can be seen that the entropy of the system (3.5) satisfies a formal inequality at the continuous
level which is at the heart of the proof of our existence result. Indeed, let us denote by

E(t) = / h(o(t,)) dy,

where v is a solution to (3.5). Then, formal calculations yield that

e
dt

(t) / dyu(t,y) - Dh(v(t, ) dy

e'(t)
e(t)
1

- - / 8,v(t, ) - D*h(u(t, ) A(v(t,4))Byv(t, y) dy

= / Oy (A(v(t,y))oyv(t,y)) - Dh(v(t,y))dy + /O yoyv(t,y) - Dh(v(t,y)) dy

1 el(t) 1
+ g ARED)9,v( 1) - Dhlo(t, 1) + e(t)A Y0y (h(v(t,y))) dy

- - / Byv(t, ) - D*h(v(t,y)) A(v(t, 5)Dyu(t, ) dy +

e'(t) e'(t)
e(t) e(t)

(o(t) = €' (t)v(t, 1)) - Dh(v(t, 1))

e(t)

1
B(u(t, 1)) - / h(o(t,y)) dy.

Denoting by f(t) := ;’i(i), it holds that f(¢) € D for all ¢ > 0. Besides, using assumption (H2), we obtain that

1
- / dy0(t,y) - D*h(u(t, y)) A(u(t, 1)dyo(t,y) dy < 0,
0
which yields that

deE (1)
e (t) <

{h(v(t, 1) + Dh(v(t, 1)) - (?(t) —v(t, 1)) - /0 h(v(t,y)) dy] .

Using the convexity of h, we obtain that h(v(t,1) + Dh(v(t, 1)) - (f(t) — v(t,1)) < h(f(t)), so that

o< S o) - [ neean ). (35

Inequality (3.6) is not an entropy dissipation inequality in the sense that the quantity £(¢) may increase with
time. However, using the fact €/ € L{S. (R4;R) and Assumption (H3), it implies that the quantity £(¢) cannot
blow up in finite time, which is sufficient for our purpose.

3.2. Theoretical results

3.2.1. Global in time existence of weak solutions

Our first result deals with the global in time existence of bounded weak solutions to (3.5) (and thus to (3.4)).
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Theorem 3.1. Let D := {(u1,...,u,)’ € (R})", >0 ju; < 1} C (0,1)". Let A : D — R™ ™ be a matriz-
valued functional satisfying A € Co(D; R™ ™) and Assumptions (H1)—(H2) of Theorem 2.2 for some well-chosen
entropy density h : D — R. We assume in addition that

(H3) h € C(D).

Let eq > 0, u® € L1((0,e0); D) so that w° := (Dh)~(u°) € Lm((O,eo);R") and (¢o, - .., ¢n) € LS (Ry; R,
Let us define for almost all y € ( ), Oy) = u®(eoy) and ¢ := (¢1,...,¢n)". Then, there exists a weak
solution v with initial condition v° to (3.5) such that for almost all (t,y) € R% x (0,1), v(t,y) € D. Besides,

v € L (R H'((0,1);R™)) and v € Li,o(Rys (H'((0,1);R™))").
In particular, v € C°(R4; L2((0,1); R™)).

Let us point out that the example described in SectiorL 2.1 satisfies all the assumptions of Theorem 3.1
since the entropy density h defined by (2.8) belongs to C°(D). Let us also point here that the form of (3.5) is
different from the system considered in [16] through i) the boundary conditions and ii) the existence of the drift

term < ya .

e(t
The strategy of proof developped in [5,16] is still adapted to our case though, because a discrete entropy
inequality can still be obtained. The proof of Theorem 3.1 is given in full details in Section 4.2.
3.2.2. Long-time behaviour for constant fluzes
In the case when the fluxes are constant in time, we obtain long-time asymptotics for the functions v;,
provided that the entropy density h is given by (2.8). More precisely, the following result holds:
Proposition 3.2. Under the assumptions of Theorem 3.1, let us make the following additional hypotheses:

(T1) for all 0 < i < n, there exists ¢, >0 so that ¢;(t) = ¢;, for all t € Ry;
(T2) for all u € D, the entropy density h can be chosen so that h(u) = > i uilogu; + (1 — py)log(l — pu).

For all 0 < i < n, let us define f, : =5 =% 3 and by f:= (f;)1<i<n € D. Let us also denote by
7=0
7 {’D — R B
"L u = h(u) = h(f) = DR(f)(u— f)

the relative entropy associated to h and f. Then, there exists a global weak solution v to (3.5) and a constant

C > 0 such that )
_ C
< — .
| R ay< (37)

and
Vi<i<n, |vlt-)—Ffillz < S (11— ) = foll <<
R O = T Powy) = Tollson = 7T

The proof of Proposition 3.2 is given in Section 4.3. Numerical results presented in Section 5 illustrate the
rate of convergence of the rescaled concentrations to constant profiles in O (%)

Let us comment here on assumption (T2). For the sake of simplicity, we chose to restrict ourselves to the case
of logarithmic entropy density in Proposition 3.2. Actually, Proposition 3.2 can be easily generalized provided
that the relative entropy density h satisfies a generalized Csizar—Kullback type inequality [24].

The central ingredient of the proof is the following formal entropy inequality. In the case when h is given
by (2.8), it can be easily seen that & is also a valid entropy density for the diffusion coefficient A in the sense
that h also satisfies Assumptions (H1)—(H2)—(H3). Thus, inequality (3.6) holds with h instead of h so that

1 !
Lo <O - [ Fwina] - 2w -o).

(3.8)
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where for all t > 0, £(t) := fol h(v(t,y)) dy. Denoting by V := 3" ¢,, it holds that e’(t) = V and e(t) = eg+ V1
for all ¢+ > 0. Finally, using the fact that h > 0 and that h(f) = 0, we obtain that

(2 +) 020 - g () =0

This inequality implies that there exists a constant C' > 0 such that for all t > 0,

- C
< = .
Elt) < t+1

The rates on the L! norm of the solutions are then obtained using the Csizar—Kullback inequality.

Let us finally point out that the quantity fol h(v(t,y))dy = e(lt) Oe(t) h(u(t,z))dz can be seen as an average
entropy. In particular, the result of Propositon 3.2 does not imply in general the convergence of u(t,z) to a

constant vector L. (R, ) for instance. Whether such a convergence may hold true remains an open question.

8.2.3. Optimization of the fluzes

As mentioned in the introduction, our main motivation for studying this system is the control of the gazeous
fluxes injected during a PVD process. It is assumed here that the wafer remains in the hot chamber where the
different atomic species are injected during a time T' > 0. The cross-diffusion phenomena occur in the bulk of
the thin film layer because of the high temperatures that are imposed during the process. Once the wafer is
taken out of the chamber, the composition of the film is freezed and no diffusion phenomena take place anymore.
The profiles of the local volumic fractions of the different chemical species in the film thus remain unchanged
after the time 7. It is of practical interest to adapt the fluxes through time so that these final concentration
profiles are as close as possible to target functions chosen a priori.

Let eg > 0 be the initial thickness of the solid. In practice, the maximal value of the fluxes which
can be injected is limited due to device constraints. Let F° > 0 and let us then denote by = :=
{®€L>((0,T);RY™), [|®]l~ < F}. For all @ := (¢g,...,d,) € =, we denote by ep : t € [0,T] —
eo + fg i o ¢i(s)ds the time-dependent thickness of the film, and by ve a solution to (3.5) associated with
the external fluxes .

Let us point out here the uniqueness of a solution to (3.4) (or (3.5)) remains an open problem in general.
When the diffusion matrix A is defined by (2.5), the only case for which uniqueness of a global solution can
be obtained is the trivial case where the cross-diffusion coeflicients K;; are identical to some constant K > 0
for all 0 < i # j < n. Indeed, in this case, it can be seen that the system (3.5) can be written as a set of n
independent advection-diffusion PDEs on each of the rescaled concentration profiles v; (1 < ¢ < n). Thus, we
will have to make some assumption on the cross-diffusion coefficients (Kij)ogi;,gjgn in the general case.

We make the following assumption on the diffusion matrix A:

(C1) For any ¢ € =, there exists a unique global weak solution vg to system (3.5) so that for almost all
(t.y) €RY % (0,1), va(t,y) € D.

The goal of the optimization problem consists in the identification of optimal time-dependent non-negative
functions @ € Z so that the final thickness of the film eg(T') and the (rescaled) concentration profiles for the
different chemical species vg (T, -) at the end of the fabrication process are as close as possible to desired targets
denoted by eopt > €9 and vopt € L%((0,1); D).

The real-valued functional J : = — R defined by

Ve S, J(@) = lealT) = eopl + [00(T, ) = topa 3201 (39)

is the cost function we consider here. More precisely, we have the following result, which is proved in Section 4.4.
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Proposition 3.3. Under the assumptions of Theorem 3.1, let us make the additional Assumption (C1). Then,
the functional J is well-defined and there exists a minimizer ®* € = to the minimization problem
&* € argmin J (D). (3.10)
PEE

Of course, uniqueness of such a solution @* is not expected in general.

4. PROOFS
4.1. Proof of Lemma 2.3

Let us prove that the matrix-valued function A defined in (2.5) satisfies the assumptions of Theorem 2.2 with
the entropy functional h given by (2.8).

As mentioned in Section 2.1, the entropy density h belongs to C°(D;R) N C?(D;R) (thus is bounded on D),
is strictly convex on D, and its derivative Dh : D — R™ is invertible. As a consequence, h satisfies assumption
(H1) of Theorem 2.2.

Let us now prove that assumption (H2) of Theorem 2.2 is satisfied with m; = % for all 1 < i < n. To this
aim, we follow the same strategy of proof as the one used in [31]. Let us prove that there exists 8 > 0 such that
for all u € D,

H(u)A(w) > BA(w), (4.1)
1
where H(u) := D?h(u), A(u) = dia — and 8:= min K;;
(w) i= D*h(u), A(u) := diag ((u)> Gem in
This inequality implies (H2) with o = § and m; = % for all 1<i<n.
Let uw € D. We have for all 1 <14,j <mn,
1 1 1 . L,
Hij(u) = — —|— =y and H;j(u) = =y if i# 7.

Introducing P(u) := (Pij(u))lgingn, where for all 1 < 4,5 <n,
P”(u) =1- U; and Pij (u) = —U; if 7 75 j,

it holds that H(u)P(u) = A(u). Thus, H(u)A(u) — fA(u) = H(u)(A(u) — BP(u)). It can be easily checked
that A(u) — BP(u) = A(u) + BD(u), where A(u) has the same structure as A(u) but with diffusion coefficients
— 0 instead of K;;, and D(u) := ( ij(w)1<ij<n where D;;(u) = u; for all 1 <4 < n.
On the one hand, H(u)D(u) = i
to 1. Since the matrix Z is a semi—deﬁhite positive matrix, so is H(u)D(u).
On the other hand, since h is strictly convex on D, H(u)A(u) is semi-definite positive if and only

if M( ) = g(u)H(u)_1 is semi-definite positive. Indeed, for all z € R™, we have 2TH(u)A(u)z =
(H(u ( u)_l) (H(u)z). It can be observed that M(u) = (]\Zj (w))1<i,j<n, where for all 1 < 4,5 <n,
Mii(u) = (Ko — B)(1 = pu)u; + > (K — B)usu; and Mij(u) = —(Kij — B)uguy if j # .

1<j#i<n

For all z = (21,...,2,)T € R", we have

A M(u)z = (Kio— B)(1— pu)uiz? +> > (Kij — Busu (22 — z:2)),

i=1 i=1 1<j£i<n
- 1
= Z(Kio = B)(1 — pu)uiz; + Z (Kij — B)usuy (ZZZ + 52? zzzj>
1=1 1<i#j<n
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The matrix M. (u) is indeed a semi-definite positive matrix. Hence we have proved inequality (4.1), which yields
the desired result.

4.2. Proof of Theorem 3.1

For the sake of simplicity, we will prove the existence of a solution v on the finite time interval [0, 7] where
T > 0 is an arbitrary positive constant. Actually, the proof can be easily adapted to obtain the existence of a
global solution for an infinite time horizon.

The proof follows similar lines as the proof of Theorem 2 of [16] and is divided in three main steps. Firstly, an
approximate time-discrete problem is introduced for which uniform bounds are proved in a second step. Lastly,
passing to the limit in this approximate problem using the obtained bounds enables to obtain the existence of
a weak solution.

4.2.1. Step 1: Approximate time-discrete problem

Let us first assume at this point that ¢y, ..., ¢, belong to C°([0,T7).
Let N € N, 7= Z and € > 0. For all k € N* so that k7 < T, let us denote by ey, := e(k7), €}, := €’(k7) and
Ok = (P1ks -y k)T = (k7). Let us also define

Pho i e >0,
fk = €k (42)
0 otherwise,

so that fr € D and ¢} = el fr.

By assumption, w’(y) := Dh(v°(y)) belongs to L>((0,1); R™). In the rest of the proof, for any w € R", we
denote by v(w) := (Dh)™!(w) = (vi(w))1<i<n and by B(w) := M (v(w)).

Let us already mention at this point that the (formal) weak formulation of (3.5) reads as follows: for all
€ L*((0,7); H((0,1); R™)),

/()T/Olatv-er/OT/Olaye;Qw'(A(”)ay”H/oT/olec;(v'wyv'ayw:/‘)Tiww("l)'

Let us first prove the following lemma.

Lemma 4.1. Assume that ¢q,...,b, € C°([0,T)). Then, for all k € N* such that kt < T, there exists w* €
H((0,1); R™) solution of

1 1vwk —o(wk ). i 1 . wh) o, wk € 1 wh - wk .

- et vt ) v o utout) e [0t ot @y
%[ o) o o) 0,0) = e 0(1),
€k Jo (&3

for all b € H'((0,1); R™). Besides, the following discrete inequality holds for all k € N* such that kT < T,

1 ! k ! k|2 k|2 1 ! k k k
2 ey e [t ) + [ ot (Btiayut (.4)

T

<! / o) + f <h(fk) - / 1 h(v(w’“») -
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The proof of this lemma is postponed until Section 4.2.4. Let us point out the following fact: from (4.4), we
obtain

I _ e
( )/ Al /<I8w|2+\w“ /8w B0 < - [ R )+l
0 k

(4.5)
which implies
e k ! k|2 k|2 e k k 1 ! k—1 €%
2 bt +e [ (0,00 + b + = [ dyut - BaF)aut < = [ bt ) + 28 ]| g (46)
T Jo 0 ek, 0 T Jo €L

4.2.2. Step 2: uniform bounds

For all 0 < i < n, let (¢;,)pen be a sequence of non-negative functions of C°([0, T']) which weakly-* converges
to ¢; in L*°(0,T) as p goes to infinity, and for all p € N;

| i.pll Lo 0,1y < 105l Low 0,7)-
Let us define -
Op = (P1py-- s Pnp)’, and  ey(t) :=eg + / Z Gip(s)ds
0 ;=0

It holds that (ep)pen+ strongly converges to e in L°°(0,T). Indeed, let £ > 0. Since e is continuous on [0, T,
it is uniformly continuous, and there exists n > 0 so that for all ¢,¢' € [0,T] satisfying |t — ¢/| < 5, then
le(t) —e(t')| <e/2.Let M e N and 0 = s9 < 51 < ... < Sy =T sothat forall0 <j <M —1, |s; —sj41| < 7.
Then, it holds that

ogaév[ lep(sj) — e(sy)] p:’oo 0,

because of the weak-* convergence in L>[0,T] of (¢; ,)pen+ to ¢; for all 0 < ¢ < n.
Thus, there exists py € N* large enough such that for all p > po, onax lep(s;) —e(s;j)| < e/2. Besides, the

non-negativity of the functions ¢; and ¢; , implies that e and e, are non—decreasmg functions, so that for all
0<j<M-—1and all pe N*
Vs € [sj,s541],  els;) Sels) <elsjpr) and  ep(s;) < ep(s) < ep(sj1).

As a consequence, for all p > pg, all 0 < j < M —1 and all s € [s;, sj41],
le(s) — ep(s)] < max (le(s;j+1) — ep(s;)]: lep(sjt1) — e(s;)])
< max (|e(sjt1) — e(s;)| +[e(s;) — ep(s;)], lep(sj41) — e(sj41)| + le(sj41) —e(s;)]) <e.

Hence, for all p > po, [|le — ep||re(0,7) < €, which yields the strong convergence of the sequence (e,)pen- to e
in L>(0,T).

For all k € N* such that k7 < T, we denote by w¥? a solution to (4.3) associated to the fluxes (¢ ,)o<i<n-
The time-discretized associated quantities are denoted (using obvious notation) by ¢y, p, ek, and €j .

Let us define the piecewise constant in time functions w(&7P) (y,t), v(&TP) (y, 1), o0& (y, 1), e(r,p)(t) and
eyd(r ) (t) as follows: for all £ > 1 such that k7 <7, (k —1)7 <t < k7 and almost all y € (0, 1),

w&TP) (y 1) = whP &P (y 1) := Dh(w"P o0 TP (y ) = Dh(wh= 1P
Y, Y), Y, Y)), Y, Y)),
erp)(t) = ehp,  Ydirp) () == €fpy Plrp) = Php-

Besides, let us set w(e™)(0,-) = Dh(v°) and v(&™P)(0,-) = v°. Let us also denote by ({7 ... v{*™")) the n
components of v(¢7P)



CROSS-DIFFUSION SYSTEMS WITH NON-ZERO FLUX AND MOVING BOUNDARY CONDITIONS 1399

Then, the following system holds for all piecewise constant in time functions v : (0,7) — H*((0,1); R"),

/ / (€7p) _ g pleTP)) 1/1dydt+/
0 (T:U)
d(-
—|—e/ / (8yw(6’7’p) ~6y¢+w(6’7’p)-w) dydt+/ M/ v(w e”D) U+ yo(w (E’T’p)) - Oytp) dy dt
o Jo 0

0 ©rp)
|
0

€(r.p)

/ Ayt - (B(w'“™P)) g w(e™P)) dy dt (4.7)

The set of piecewise constant functions in time ¢ : (0,7) — H*((0,1); R") is dense in L?((0,T); H'((0,1); R™)),
so that (4.7) also holds for any ¢ € L2((0,T); H*((0,1); R™)).

Using the fact that A satisfies assumption (H2) of Theorem 2.2 and the fact that 9,w"? = D2h(v*P)d,v*?,
we obtain for all £ € N* such that k7 < T,

/ Oy w” kp)a w 720 / A, kp) [DQh( (w 7P))A(v(wk,p))8yv(wk’p)] dy
> Z/O o |,Ui(wk7p)‘2m7t—2 |ayw(wk,p)|2 dy — Z/(; |8yGi(vi(wk’p))|2 dy
1 =1
- [ 6ttt Py,

where G (s) == f| | for all s € (0,1) and G(z) = (Gi(2:))1<i<p, for all z := (2)1<i<n € (0,1)™. It follows
from (4.6) that for all k € N* such that kr < T, -

1 1 6/ 1
/ he@*) +7 [ DE P+ er [ (10,00 + [0 R) < 2bl ey 2 [ o)
0 0 k,p 0

Summing these inequalities yields, for k£ € N* so that k7 < T,

1 k 1 k 1
/ Bo(@h®) + 73 / 0,G@ )P +er S / (10,02 + [wi?|?) (48)
0 =0 =0
k e/. 1
< 2rfbl ey > 22+ [ b0
j=1 €j.p 0
1< L
!/
<l Sy + [ D),
j=1

(n+ 1| L~ 0,7 !
< 2l e — >T+/ B

In the sequel, C will denote an arbitrary constant, which may change along the calculations, but remains
independent on €, 7, p and ¢. We are deliberately keeping here the explicit dependence of the constants on
12| o< (0,7y in view of the proof of Proposition 3.3. It then holds that

Heyd(T7p)||Loo(07T) S CHQ)”LOC(O,T) and 0 < €0 S ||€(7-7p)||Loo(07T) S C||§Z5||Loc(07T).

We also obtain from (4.8) and the fact that |G|z (0,1) < % for all 1 <i < n that

|G ™) 20111 0.1y7) < C (1 + ||| o< 0.7)) (4.9)
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and
\@Hw(m’p)||L2((0,T);H1(0,1)n) <C(1+[2llz=o.m)) - (4.10)
Since for all 1 <4 < n, m; <1, this implies that

1—m,-

v(e,mﬂ)‘
10,07 0,20, = || (o™ ™) (4.11)
1 L2((0,T);L2(0,1))

pem ) o
=== 8, Gi(v{"™")

L2((0,T);L2(0,1))
< C||5yGi(U§E’T’p))||L2((0,T);L2(o,1)) < C 1+ 19|l peo,1)) -

Besides,

2 2 2

H A(p(e™) ayv(emp)’

S

0,007

L2((0,T);L2(0,1)™) Le=((0,T);L°0(0,1)™>™) L2((0,T);L2(0,1)™)

< C (149l Lo,1)) (4.12)

using the fact that A € CO(D;R™*").
This yields that for all ¢ € L*((0,T); H'((0,1); R™)),

1
.

T 1
/ / (v(emp) _ UTU(emp)) Sapdy dt
T 0

1 €, T €, T
< %HA(U( TP A0 TP L2 0.1:22 0.1y 10y | L2 (0,7 L2 (0,1)m)

+ el w TP | L2 0,1y 0,0)m) 19| L2 0.7y 0.1)m)

+2

leyd(r pll Lo 0,7 or
( p; O |yt PN 20,1y 1 0,0y 18l 20,1y 11 (0,1))

1
+ %H@HLOO(O,T)||1/J\|L2((0,T);H1(o,1)n),
<C (1 + H¢||Loo(o,T)) 191 L2((0,7; 1. (0,1)m)

This last inequality shows that

1 €, T €, T
™) — P a0y < C (1 n \|45||L00(0’T)) . (4.13)

4.2.8. Step 3: the limit p — 400 and e,7 — 0

For all p € N*, the functions e;, and e, are continuous on [0,7], and hence are uniformly continuous. As
a consequence, there exists 7, > 0 small enough so that for any ¢,¢ € [0,T] satisfying |t — t'| < 7,, then
len(t) — e, ()] < L and |ep(t) — ep(t')| < %. This implies in particular that

1 1
leydr, p) = €pll=(o,r) < ; and |le(r, p) — €pllzeo,r) < —

These inequalities, together with the fact that (e,)pen- weakly-* converges to e’ in L>(0,T) (respectively that

(ep)pen+ strongly converges to e in L>°(0,T")), imply that the sequence (eyd(Tp,p)) (respectively (e(

peN* "'mp))peN*)

also weakly-* converges to €’ in L°°(0,T) (respectively strongly converges to e in L>°(0,T)).
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In the following, we consider such a subsequence (7,)pen+. The uniform estimates (4.13) and (4.11) allow us
to apply the Aubin lemma in the version of Theorem 1 of [10]. Up to extracting a subsequence which is not
relabeled, there exists v = (v;)1<i<n € HY((0,7); (H((0,1); R™))" )N L2((0,T); H*((0,1); R™)) so that as p goes
to infinity and e goes to 0,

strongly in L*((0, T); L*((0,1); R™)),
(& TeoP) fomdi weakly in L2((0,T); H*((0,1); R™)),
pP—+00,e—
and a.e. in (0,7) x (0,1),

1
— (vl ?) — g o)) s g weakly in L2((0,T); (H'((0,1);R™))).

Tp p——+00,e—

Because of the boundedness of v(7?) in L>((0,T); L>°((0,1);R™)), the convergence even holds strongly in
L%((0,7T); L1((0,1); R™)) for any ¢ < 400, which is a consequence of the dominated convergence theorem. The
latter theorem, together with A € C°(D;R"*") implies also that the convergence A(v(©7»?)) —s A(v) holds
strongly in L4((0,7T); L4((0, 1); R™*™)). Moreover, using (4.12) and (4.10), up to extracting another subsequence,
there exists V € L2((0,T); L*((0,1); R™)) so that

A P9, 0 e P) ~V weakly in L2((0,T); L*((0,1); R™)),
ew'©™P) — 0 strongly in L2((0,T); H'((0,1); R™)).

The strong convergence of A(v(&™?)) in L7((0,T); L9((0,1);R™)) and the weak convergence of 9,v(¢7»P) in
L2((0,T); L*((0,1); R™)) implies necessarily that V = A(v)d,v.

We are now in position to pass to the limit ¢ — 0 and p — +oo0 in (4.7) with 7 = 7, and ¢ €
L2((0,7); H*((0,1); R™)). Let us recall that (e(Tp,p))peN* (respectively (eyd(Tpm))peN*) converges strongly (re-
spectively weakly-*) to e (respectively e’) in L°°(0,7"). We obtain that v is a solution to

T 1 T 1 1
/0 ; 8tv-wdydt+/0 W/o Oyt - (A(v)0yv) dy dt (4.14)
tem . . [T
<[ S [ amaya= [C oo umar

yielding the result.

4.2.4. Proof of Lemma 4.1

Proof of Lemma 4.1. We prove Lemma 4.1 by induction using the Leray-Schauder fixed-point theorem. Let
z € L*>=((0,1); R™) and 6 € [0, 1]. We consider the following linear problem: find w € H'((0,1); R™) solution of

Vw € Hl((ov 1); Rn), az(w’ w) = l&,z(w)’ (415)
where

1 1
a,(w, ) = 61]%/0 6yw-B(z)8yw+e/O (Oyw - Oyt +w - )

and
!

lsa (1) = —7/0 (0(2) — v(wh=1)) - v+ %% (1) — 57/0 (0(2) - & + yo(2) - D).
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As a consequence of (H2), the matrix B(z) is positive semi-definite for any z € R™. Thus, the bilinear form a,
is coercive and continuous on H'((0,1); R"), and it holds that

Vi€ H'((0,1)R"), ax(¥,%) > el ¢ 7 o,1)- (4.16)

Since v(z) € L*((0,1);R™) and |[v(2)||r(0,1) < 1, the linear form Is. is continuous. From the Agmon
inequality, there exists C' > 0 independent of @ := (¢y, ..., d,), € or 7 such that for all ¢» € H'((0,1); R"),

2
10 < (24 Clollmm ) 10, @17)

where || D] 0, 1) = ,mnax |#ll o= (0,)- It immediately follows from the Lax-Milgram theorem that there exists

a unique solution w € H*((0,1); R™) to (4.15).

We define the operator S : [0,1] x L*=((0,1);R™) — L*((0,1); R™) as follows. For all 6 € [0,1] and x €
L>((0,1);R™), S(4,%) is the unique solution w € H((0,1);R™) — L>((0,1);R™) of (4.15). We are going
to prove that there exists a fixed-point w* € H'((0,1); R™) of the equation S(1,w*) = w* using the Leray-
Schauder fixed-point theorem (Theorem A.1 in the Appendix). This will end the proof of Lemma 4.1 since such
a fixed-point w” is a solution of (4.3).

Let us check that all the assumptions of Theorem A.1 are satisfied:

(Al). For all x € L*((0,1); R™), S(0, x) = 0;

(A2). Let us prove that S is a compact map. To this aim, let us first prove that it is continuous. Let (0, )nen
and (xn)nen be sequences in [0,1] and L>((0,1); R™) respectively, 6 € [0,1] and x € L*°((0,1); R™) so
that 6, - 0 and X strongly in L*°((0,1); R™). For all n € N, let w, := S(dp, xn). From

assumption (H1) and the global inversion theorem, h : D — R" is a C2-diffeomorphism. Thus, together
with the fact that A € C°(D;R™*"), it holds that the applications z € R™  v(2) = (Dh)~!(2) and z €
R"™ — B(z) = A(v(2))D?*h((Dh)~'(2)) = A(v(z)D (Dh™") (z) are continuous. Hence, v(xn) njoov(x)
and B(xn) n:@B(x) strongly in L>°((0,1); R™) and L*°((0,1); R™*™) respectively.
Besides, the uniform coercivity and continuity estimates (4.16) and (4.17) imply that (wy, )nen is a bounded
sequence in H'((0,1); R™). Thus, up to the extraction of a subsequence which is not relabeled, (wy,)nen
weakly converges to some w in H'((0,1); R"). Passing to the limit n — +oo in (4.15) implies that
w = S(6,x). The uniqueness of the limit yields that the whole sequence (w,)nen weakly converges to
S(8,x) in H((0,1);R™). The convergence thus holds strongly in L>((0,1); R™) because of the compact
embedding H'((0,1); R™) < L>((0,1); R™). This proves the continuity of the map S and its compactness
follows again from the compact embedding H*((0,1); R™) — L>((0,1); R").

(A3). Let 6 €[0,1] and w € L*=((0,1); R™) so that S(d, w) = w. It holds that (taking ¢ = w as a test function
in (4.15) with x = w),

1t 1
6—2/0 Oyw - (B(w)dyw) + 6/0 (|5yw|2 + |w\2) (4.18)
k
(5 1

/
K

- “/ (v(w) = v(w* 1)) - w + ka ‘w(l) =4 / (v(w) - w + yo(w) - Gyw). (4.19)
0 €k 0

T €L
Let us consider separately the different terms appearing in (4.19). First, by convexity of h, and using the
fact that w = Dh(v(w)), it holds that

g / (v(w) — (@) w = 2 / (v(w) — v(w* 1)) - Dh(o(w)) > / (h(v(w)) — h(v(*1))). (4.20)

T
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Besides, using an integration by parts,

s [ vt i) -y = 52k (1)) = [ 0,000)).

€k

= 5% (w1 PREIW) ~ [ yDhe(w) 00))
= 5% (o)) PrO)W) - [ waynew).
= 5% (o)1) PROEIW) - ho) ) + [ 1)) (@2)
Using (4.2), we obtain
L w(1) = 6% fi - Dhu(w) (V). 422

Finally, using (4.19), (4.20), (4.21) and (4.22), and again the convexity of h, we obtain

5 1 1 ) ) 1 1
J / h(v(w)) + ¢ / (o + ) + / Byw - (B(w)dyw) (4.23)

T

IN

2 / h(o(w* 1)) + 57 ((fk — o(w)(1)) - Dh(o(w)(1)) + hlu(w)(1)) - / h(v(w»)

i/ol h(v(wF~1)) +% (h(fk) — /01 h(v(w))) .

This inequality implies that

2
ellwlF o,1ymn) < (T + C||¢||L°°(O,T)) 1Al Lo (D)

for some constant C' > 0 independent of €, 7 of ®.

All the assumptions of the Leray-Schauder fixed-point theorem are thus satisfied. This yields the existence
of a fixed-point solution w* € H*((0,1);R"™) to S(1,w*) = w*. Besides, using (4.23) with § = 1, we have the
discrete entropy inequality (4.4). O

4.3. Proof of Proposition 3.2

Let us define by V := 3" ¢, € RY, B := (¢y,...,0,)" and f:= £. From (T1), the vector f := (f;)
obviously belongs to the set D.

If h defined by (2.8) is an entropy density for which A satisfies assumptions (H1)—(H2)—(H3), then A satisfies
the same assumptions with the entropy density

1<i<n

— D — R
h { u > h(u) — h(F) = Dh(F)(u — 7).

Indeed, for all u € D, Dh(u) = Dh(u) + g, where g := Dh(f) is a constant vector in R” and D?h(u) = D?h(u).
Moreover, the entropy density h has the following interesting property: f is a minimizer of A on D so that
h(u) > h(f) = 0 for all u € D. In the rest of the proof, for all w € R™, we will denote by v(w) = (V;(w)),,<,, =
(Dh)~H(w) = Dh™*(w — 7).
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Let (Ee’k) kN be a sequence of solutions to the regularized time-discrete problems (4.3) defined in Lemma 4.1

with the constant fluxes (¢, ..., ®,) and the entropy density h. The entropy inequality (4.4) then reads

1 17 1
f/ h(T(w*)) +e/ (|0, @ *|? + |[w*
0 0

T

1 ! € ——€ —€,k
%)+ 6]%/0 9w - B(w**)9,w" (4.24)

<L [ R +E (5 - [ 1 ).

T Jo

In our particular case, for all k € N, e}, =V, e, = eg + Vk7 and h(f) = 0, so that we obtain
1

@0+V(k+1)7/0 E(@(W’“))—M/ h(v(@“*1)) < 0.

T T 0
This implies that for all £k € N and € > 0,
1 1
(eo +V(k+ 1)7')/ R(T(@*)) < (eo + VT)/ h(T(w®)). (4.25)
0 0

Let us denote by w(&™) : R* — H'((0,1); R") the piecewise constant in time function defined by
for a.a. y € (0,1), @ (t,y) =@ (y) if (k—1)r <t < kr.

Let T > 0 and ¢ € L*(0,T) such that £ > 0 a.e. in (0, 7). Inequality (4.25) and Fubini’s theorem for integrable
functions implies that

T 1
/0 / [(eo+ V(k + DI)RE@)) = (e0 + VTIR@E@))| €(1) dy dt < 0.

From the proof of Theorem 3.1, we know that up to the extraction of a subsequence which is not relabeled,

(@(E(E’T)))e >0 converges strongly in L% (R%; L*((0,1);R™)) and a.e. in R% x (0,1) as € and T go to zero to

a global weak solution v to (3.5). Using Lebesgue dominated convergence theorem, and passing to the limit
€,7 — 0 in the above inequality yields

T 1
[ o+ voh) ~ eobtotun] ey ayer <o

which implies that there exists C' > 0 such that for almost all ¢ > 0,
1 —
(eo + V) / h(v) < C, (4.26)
0

which yields inequality (3.7). In the rest of the proof, C will denote an arbitrary positive constant independent
on the time ¢ > 0. Furthermore, since v € H'((0,T); (H*((0,1); R™))") N L2((0,T); H*((0,1); R™)), it holds
that v € C°((0,7); L*((0,1); R")) from [23], and the Lebesgue dominated convergence theorem implies that
te Ry — fol h(v(t,y))dy is a continuous function. Inequality (4.26) then holds for all ¢ > 0.

For all 0 < i < n, let us denote by 7;(t) := fol vi(t,y) dy. By convention, we define vo(t,y) := 1 — py(s,,) and
fo =1 pz. It can be checked from the weak formulation of (4.3) that

0

ey + V(k? + 1)7‘
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Passing to the limit ¢,7 — 0 using the Lebesgue dominated convergence theorem, we obtain that for almost

all t > 0,

€o fo y)dy + t;
€0 + Vi

v;(t) =

)

so that [v;(t) — f;| < v The continuity of ¥, implies that this equality holds for all ¢ > 0.
e

0
The Csizar—Kullback inequality states that for all ¢ > 0,

! i ta ! ! 71'
o (t, ) =T ()13 0y < 2/0 v;(t,y) log Uv(i(tZ)/) dy:Q/ v;(t,y) log (fl )d +2/ vi(t, y) log Uf(t) dy.
Thus,
ZHUZ( f7||L1 (0,1) <Z||rul )||L1(01)+|fl ( )l

=0

i(t)

[

v i

"7, - <>|]

Hence inequality (3.8) and the result.

4.4. Proof of Proposition 3.3

Let (2™)men C = be a minimizing sequence for J i.e. such that

lim J(™) = 1nf J (D).

m— 00

By definition of the set =, the sequence (2™ ),en is bounded in L>°(0, T'). Thus, up to a non relabeled extraction,
it weakly-* converges to some limit &* € = in L>(0,7T). As a consequence, (%e@m)m en (respectively (egm),,cn)
converges weakly-* (respectively strongly) in L>°(0,T) to %€¢* (respectively eg-).

For each m € N, let vgm be the unique global weak solution to (3.5) associated to the fluxes ™. Its uniqueness
is a consequence of assumption (C1). From the bounds obtained in the proof of Theorem 3.1 and the boundedness
of (#™)men in L>(0,T), it holds that the sequences ||O;vem |12 ((0,1);(F1(0,1)) 5 HA(vgsm)@ywm||L2((07T);L2(071))
and [|@yvem || £2((0,1):L2(0,1)) are also uniformly bounded in m.

Thus, up to the extraction of a subsequence which is not relabeled, using the compact injection of
L2((0,T); H*((0,1); R™)) N HY((0,T); (H'((0,1); R™))’) into C((0,T); L*((0,1);R™)) (see [23]), there exists
ve € L2((0,T); H*((0,1); R™)) N HY((0,T); (H'((0,1); R™))") and V.. € L*((0,T); L*((0,1); R™)) so that

vgm — v, weakly in L2((0,7); H*((0,1);R™)) N H((0,T); (H*((0,1); R™))),
vgm — v, strongly in C((0,T); L*((0,1); R™)) and a.e. in (0,T) x (0, 1),
A(vgm )Oyvgm — Vi weakly in L*((0,T); L*((0,1); R™)).

Using similar arguments as in the proof of Theorem 3.1, we also obtain that V. is necessarily equal to A(v,)0yvs.
Passing to the limit m — +o00, we obtain that for all ¢ € L2((0,7); H*((0,1); R™)),

/ /atv* wdtdy+/ /0 —r - (A(vi)Oyvy) dt dy

e @ 1 . T .
+/0 ep () /0(* v+ yv. yw)dtdy—/o @i (t) - (1) de.
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Assumption (C1) yields v, = vg+. The above convergence results then imply that

J @) — J(@),

m——+o0

and hence @¢* is a minimizer of problem (3.10). Hence the result.

5. NUMERICAL TESTS

In this section, we present some numerical tests illustrating the results of Section 3 on the prototypical
example of Section 2.1. In Section 5.1, we present the numerical scheme used in our simulations to compute
an approximation of a solution of (3.5). In Section 5.2 and Section 5.3, some numerical tests which illustrate
Proposition 3.2 and Proposition 3.3 are detailed.

5.1. Discretization scheme

In view of the optimization problem (3.10) we are aiming at, it appears that a fully implicit unconditionally
stable scheme is needed to allow the use of reasonably large time steps.

We present here the numerical scheme used for the discretization of (3.5), for the particular model presented
in Section 2.1. We do not provide a rigorous numerical analysis for this scheme here.

Let M € N* and At := % We define for all 0 < m < M, t,, := mAt. The discrete external fluxes are
characterized for every 0 < i < n by vectors (Ez : (¢7”)1<m< M € R , where (E;” ft " (bz ) ds. For every
1 < m < M, the thickness of the thin film and it derivative at time tm are approxmlated respectlvely by

n

=eo T ii At~ e(tm), and eydmzzz&”ze’(tm).
p=1i=0

=0

In addition, let Q € N* and Ay := % and y, :== (¢ —0.5)Ay. Forall 0 <i<n,1<¢<Qand 0 <m < M,
we denote by v;"? the finite difference approximation of v; at time ¢,, and point y, € (0,1). Here again, we use
the convention that vg =1 — p,.

We use a centered second-order finite difference scheme for the diffusive part of the equation, and a first-
order upwind scheme for the advection part, together with a fully implicit time scheme. Assuming that the
approximation (0] "?)o<;<n 1<4<q is known, one computes (77"%) -, 1<q<@ s solutions of the following
sets of equations. ST

Forall0<i<mand2<¢g<Q@Q-1,

(W _ m—l’Q) gt ~mag
eyd v, Y
1 (3 _ y myq ( 1 3 ) (5.1)

= Ay
f}flfn,q+1 + T;Z_m,q—l _ %J;nyq g @*jr_n,q-%l + 5;_"41—1 _ 2@/;7%«1
— . ’
2 Ay? ’ 2 Ay?

At em
together with boundary conditions which reads for all 0 < i < n,

Y

0<j#i<n €mn

Kij [ (T97 =09\ o (097 =99 m.Q | Tm
Z l”j (Ay Y Ay = —eydn ;"7 + ¢;". (5.3)

e
0<j#i<n ™
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The nonlinear system of equations (5.1)—(5.3), whose unknowns are (0;"?)o<i<n,1<q<

iterations with initial guess (U?_l’q)ogignﬁlgqgQ. The obtained solution does not satisfy in general the desired
non-negativeness and volumic constraints. This is the reason why an additional projection step is performed.
Forall0 <i<mnand1<gq<Q, we define

so that

We numerically observe that this scheme is unconditionally stable with respect to the choice of discretization
parameters At and Ay.

A standard practice in the production of thin film CIGS (Copper, Indium, Gallium, Selenium) solar cells by
means of PVD process is to consider piecewise-constant external fluxes. We refer the reader to [3] for further
details. In the following numerical tests, we consider time-dependent functions of the form

ol 0<t<ri,
¢i(t)={ 0y  T<t<T, (5.4)
al s <t<T,

where 0 < 7 < 74 < T and (af,ad,al) € (Ry)3 are non-negative constants for all 0 < i < n. Besides, we
consider initial condition of the form

07, w;(y) i<n
U’(y)_Z};owj(y) Y0 <i<n, (5.5)

where w; : [0, 1] — Ry are functions which will be precised below. In the whole section, system (3.5) is simulated
with four species (i.e. n = 3).
In Figure 2 are plotted the results obtained for the simulation of (3.5) with the following parameters:

e T =200, M =200, Q =100, At =1, Ay = 0.01, ey = 1.
o Cross-diffusion coefficients Kj;

J=0j=1j=2]j=3
0 [0.1141]0.0776/0.0905
0.1141) 0 |0.0646|0.0905
0.0776/0.0646| 0 {0.0905
0.0905/0.0905/0.0905| 0

IS TSRS
Il
W N~ O

e External fluxes of the form (5.4) with 7¢¥ = 66 and 74 = 132 for every 0 < i < n and with

i=0[i=1[i = 2[i = 3
i 09 2 [ 0207
abl 1.4 | 1.5 | 1.2 | 0.3
a4l 09 | 2 | 02| 0.7

e Initial concentrations v{ of the form (5.5) with wo(y) =y, w1 (y) = 2y, wa(y) = /¥ and ws(y) = 0.

The profile of the external fluxes is plotted in Figure 2a. In Figure 2b and Figure 2c are given respectively
the the initial and the final concentrations of the four species.
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FIGURE 2. Simulation of (3.5).

5.2. Long-time behaviour results

Final concentrations
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In this section is given a numerical illustration of Proposition 3.2. We consider time-dependent functions of

the form

¢i(t) = B,

Vo<t <T.

(5.6)

where (3;)o<i<n € (R%)""!. In Figure 3 are plotted the results obtained for the the simulation of (3.5) with
the following parameters:

e T =2000, M = 2000, @ = 100, At =1, Ay = 0.01, ¢y = 1.
o Cross-diffusion coefficients K;

J=0

j=1

j=2

J=3

. D D, .

0
0.1141
0.0776
0.0905

0.1141
0
0.0646
0.0905

0.0776
0.0646
0
0.0905

0.0905
0.0905
0.0905

e External fluxes of the form (5.6) with

i=0
0.9

i=1li=
0.8 1.7

i=3
0.5

/82

e Initial concentrations v? of the form (5.5) with

(y —0.5)2

woly) = exp (— -

), wi(y) =y, waly) =1—wo(y), ws(y) = |sin(my)|.

For all 0 < i < n,let v; := 3;/ Z?:o B;. We consider the time-dependent quantity

where the relative entropy h is defined in (3.7). We also consider the quantities

1

ni(t) = —
l|lvi(t,-) — Ui”%l(oyl)
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in the case of non negative constant external fluxes.
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and
1

;} Hvi(ta ) - T)iHZLl(OJ)

In Figure 3a and 3b are plotted respectively the initial and the final concentration profiles.

The evolution of (1;(t))y<;<, (respectively n(t) and (t)) with respect to ¢ is shown in Figure 3c (respectively
3d and 3e). We numerically observe that these quantities are affine functions of ¢ in the asymptotic regime
which illustrates the theoretical result of Proposition 3.2.

n(t)

5.3. Optimization of the fluxes

The optimization problem (3.10) is solved in practice using an adjoint formulation associated to the dis-
cretization scheme described in Section 5.1. We refer the reader to [3] for more details and comparisons between
our model and experimental results obtained in the context of thin film CIGS solar cell fabrication. To illus-
trate Proposition 3.3, we proceed as follows: first, we perform a simulation of (3.5) with external fluxes Pgip,
for a duration T to obtain a final thickness eg_, (T") and final concentrations vg,, (7)), then, we solve the
minimization problem (3.10) to obtain optimal fluxes &* where the target concentrations are

Vopt (y) = VUogim (Ta y) Vye (Oa 1)

and the target thickness is
Copt = €5, (T)-
Lastly, we perform another simulation of (3.5) with the obtained optimal fluxes ®* and compare the final
concentrations vg« and the final thickness eg~ to the target concentrations vopy and the target thickness eqpt.
In Figures 4a, 5a, 6a and 7a are plotted the final concentration profiles vg,, (7', ) resulting from the simulation

of (3.5) with the following parameters:

e T'=120, M =120, Q =100, At =1, Ay =0.01, eg = 1.

o Cross-diffusion coefficients Kj;

J =1

j=2[j

{
1
?
1

0.1141
0
0.0646
0.0905

0.0776
0.0646
0
0.0905

o External fluxes @y, of the form (5.4)

1= 1}z

= 203

=3

2
1.5
2

0.2
1.2
0.2

0.7
0.3
0.7

e Initial concentrations v{ of the form (5.5) with wo(y) =y, w1(y) = 2y, wa(y) = /y and ws(y) = 0.

We use a quasi-Newton iterative gradient algorithm for the resolution of the minimization problem. At each
iteration of the algorithm, the approximate hessian is updated by means of a BFGS procedure and the optimal
step size is the solution of a line search subproblem. More details on the numerical optimization algorithms can
be found in [13]. The initial guess @ is taken of the form (5.6) where 3* =1 for all 0 < i < n.

The algorithm is run until one of the following stopping criterion is reached: either (J(®) <e) or
(IVeT (®)||r2 <v) with e =107° and v = 107°.

In Figure 8a we plot the evolution of the value of the cost J (&) with respect to the number of iterations. We
refer the reader to [3] for more details and comparison between different minimization approaches.

We numerically observe that all the concentrations are well reconstructed and that the value of the optimal
thickness eg~ = 483.4022 is close to the target thickness eg, = 483.4. Unlike the external fluxes @gin, the opti-
mal fluxes @* are not piecewise constant. These tests show that the uniqueness of a solution to the optimization
problem (3.10) can not be expected in general. We refer the reader to [3] for results obtained in the case of the
control of PVD process for the fabrication of this film solar cells.
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lem (3.10).

6. CONCLUSION

In this work, we propose and analyze a one-dimensional model for the description of a PVD process. The
evolution of the local concentrations of the different chemical species in the bulk of the growing layer is described
via a system of cross-diffusion equations similar to the ones studied in [5,16]. The growth of the thickness of
the layer is related to the external fluxes of atoms that are absorbed at the surface of the film.

The existence of a global weak solution to the final system using the boundedness by entropy method
under assumptions on the diffusion matrix of the system close to those needed in [16] is established.
In addition, the entropy density h is required to be continuous (hence bounded) on the set D =
{u=(wi)i<i<n R, S0 u; <1},

We prove the existence of a solution to an optimization problem under the assumption that there exists a
unique global weak solution to the obtained system, whatever the value of the external fluxes.

Lastly, in the case when the entropy density is defined by h(u) = Y i u;logu; + (1 — py)log(l — py,), we
prove in addition that, when the external fluxes are constant and positive, the local concentrations converge in
the long time to a constant profile at a rate which scales like O (%)
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A discretization scheme, which is observed to be unconditionnaly stable, is introduced for the discretization
of (3.5). This scheme enables to preserve constraints (2.3) at the discretized level.

We see this work as a preliminary step before tackling related problems in higher dimension, including
surfacic diffusion effects. Besides, the proof of assumption (C1) remains an open question in general at least to
our knowledge. Lastly, a nice theoretical question which is not tackled in this paper, but will be the object of
future research, is the characterization of the set of reachable concentration profiles.

APPENDIX A.

A.1. Formal derivation of the diffusion model (2.1)

We present in this section a simplified formal derivation of the cross-diffusion model (2.1) from a one-
dimensional microscopic lattice hopping model with size exclusion, in the same spirit than the one proposed
in [5].

We consider here a solid occupying the whole space R and discretize the domain using a uniform grid of
step size Az > 0. At any time t € [0,7], we denote by ui” the number of atoms of type ¢ (0 < ¢ < n) in the
k" interval [kAx, (k + 1)Ax) (k € Z). Let At > 0 denote a small enough time step. We assume that during
the time interval At, an atom 7 located in the k' interval can exchange its position with an atom of type j

(j # 1) located in one of the two neighbouring intervals with probability p;; = p;; > 0. In average, we obtain

the following evolution equation for uf’t:

k,t+At kit _ k+1,t, kit k—1,t, kit kit k+1,t kit k=1t
U, —u; = E Dij (uz U, + u; Uy — Uy U — U Uy )
0<j£i<n
_ okt k41t k=1, kit kit [ k41t k=1t kit
= E Dij [uj (ui +u; — 2u; ) —u; (uj +u; — 2u; )} .
0<j#i<n
This yields that
— k41t k=1t kit
uf’HAt — uf’t 2Az2 k tuf“’t + uf Lt 2uf’t et Uj +u; — 2uj
— p TR —u
At At Z T 2Az2 ‘ 2Az2
0<jAi<n
. o, . . . . . . 2 .
Choosing At and Az so that these quantities satisfy a classical diffusion scaling 23? = « > 0, denoting by

K;j := ap;; and letting the time step and grid size go to 0, we formally obtain the following equation for the
evolution of u; on the continuous level:

&gui = Z Kij (’(,LJA%IM — ’U,ZATUJ) ,
0<j#i<n

which is identical to the system of equations (2.1) introduced in the first section. Of course, this formal argument
can be easily extended to any arbitrary dimension.

A.2. Leray-Schauder fixed-point theorem

Theorem A.1 (Leray-Schauder fixed-point theorem). Let B be a Banach space and S : B x [0,1] — B be a
continuous map such that

(A1) S(x,0) =0 for each x € B;
(A2) S is a compact map;
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(A3) there exists a constant M > 0 such that for each pair (z,0) € B x [0,1] which satisfies x = S(z,0), we

have ||z|| < M.

Then, there exists a fized-point y € B satisfying y = S(y, 1).
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