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A STRUCTURE PRESERVING HYBRID FINITE VOLUME SCHEME FOR
SEMICONDUCTOR MODELS WITH MAGNETIC FIELD ON GENERAL
MESHES

JULIEN MOATTI*

Abstract. We are interested in the discretisation of a drift—diffusion system in the framework of hybrid
finite volume (HFV) methods on general polygonal/polyhedral meshes. The system under study is
composed of two anisotropic and nonlinear convection—diffusion equations with nonsymmetric tensors,
coupled with a Poisson equation and describes in particular semiconductor devices immersed in a
magnetic field. We introduce a new scheme based on an entropy-dissipation relation and prove that
the scheme admits solutions with values in admissible sets — especially, the computed densities remain
positive. Moreover, we show that the discrete solutions to the scheme converge exponentially fast in
time towards the associated discrete thermal equilibrium. Several numerical tests confirm our theoretical
results. Up to our knowledge, this scheme is the first one able to discretise anisotropic drift—diffusion
systems while preserving the bounds on the densities.
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1. INTRODUCTION

We are interested in the numerical approximation of a generalised anisotropic Van Roosbroeck’s drift—diffusion
system, inspired by the model introduced in [33] by Gajewski and Gértner to describe semiconductors devices
immersed in exterior magnetic fields. Such a model differs from the classical drift-diffusion system from its
anisotropic nature, induced by the magnetic field. From a numerical point of view, this anisotropy leads to
several difficulties, including the preservation of bounds on the solution (see the numerical results of [33]). The
main originality of our work is to address this difficulty using a nonlinear Hybrid Finite Volume method [21,27],
specifically designed to handle anisotropy while preserving the bounds. Hence, up to our knowledge, the scheme
introduced here is the first bound-preserving scheme for anisotropic drift—diffusion systems. From a general
perspective, the Van Roosbroeck’s drift—diffusion system, initially introduced in [47], is one of the fundamental
models for the description and the simulation of semiconductor devices. It is a macroscopic model taking into
account the densities of the charge carriers (the electrons, negatively charged, and the holes, of positive charge)
alongside with an electrostatic potential induced by the spatial inhomogeneity of the charges. Mathematically
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speaking, the system consists of two parabolic convection—diffusion equations coupled with a Poisson equation
on the electrostatic potential. Among the different generalisations of the initial model proposed in [47], one can
mention the incorporation of nonlinear terms of recombination-generation (see for example [42]), as well as the
use of non-Boltzmann statistics [28,34] to describe some specific physical situations (high carrier densities) or
devices (for example, organic semiconductors [46]), which leads to the modification of the diffusive term into a
nonlinear one. Another generalisation of the system, as discussed above, is presented in [33]: the authors consider
that the semiconductor is immersed into an exterior magnetic field. Such a situation leads to the introduction
of anisotropy tensors (which are nonsymmetric) in the convection—diffusion equations, related to the magnetic
field.

In the present work, we consider a general model that encompasses the different features mentioned above.
More precisely, let €2 be an open, bounded, connected polytopal subsets of R¢, with d € {1, 2, 3} whose boundary
9% is divided into two disjoint subset 9Q = TP UTN, with ‘I‘ b | > 0. We are mterested in the following problem,
where the unknowns N, P and ¢ are functions frorn Ry x Q to R:

N — div (NANV(R(N) — ¢)) = —R(N, P) in Ry x Q

Oy P — div(PApV(h(P) + ¢)) = —R(N, P) in Ry x
—div(AyV¢)=C+ P - N in Ry x

N=NP P=pPP and ¢=¢" on Ry xI'P (L.1)
NANV(R(N) —¢)-n=PApV(h(P)+¢) - n=AyVéd-n=0  onRy xI'V

N(0,-)=N" and P(0,:)=P™ in Q,

where n denotes the unit normal vector to 02 pointing outward 2.

Let us give some insight and explanations about this system, and make precise assumptions on the data.
First, the unknowns N and P refer respectively to the densities of electrons and holes, and ¢ refers to the
electrostatic potential. The densities N and P take values in the set of admissible densities I, =0, a[, where
a €]0,+0o0] is the upper bound on the density. I}, is in fact the definition domain of the function h : I, — R,
which depends on the statistics used to describe the relation between the densities and the chemical potential.
We assume that h is a C! function, such that kA’ > 0 on I, with limits lién h = —oo and lién h = +00. We denote

by g = h~! : R — I}, the inverse function of h. Note that g is positive, and that ¢’ > 0 on R. Moreover, we
assume that there exists go > 0 such that for any real s, ¢'(s) < gog(s). We refer the reader to [28,29,34] for
more details about these statistics functions, but let us emphasise here three classical cases that fall under the
scope of our assumptions:

(i) the Boltzmann statistics, for which g = exp, a = 400 and h = log;
(ii) the Blakemore statistics, for which g(s) = (y + e_s)717 a= % and h(s) = log(s/(1 —~s)), with v > 0 (a
relevant physical value is v = 0.27);

dz and a = +co.

(iii) the Fermi-Dirac statistics of order 1/2, for which g(s f + —

The statistics (ii) can be interpreted as an approximation of (iii) in low density situations (see [7]), and similarly
(ii) can be approximated by (i) if the carrier densities are small enough. For the purpose of future analysis, we
define H : & — ["h(s)ds and G : x — [*__g(s)ds. Notice that H and G are strictly convex, and that G is
positive.

The function C' € L*(Q) is the doping profile of the semiconductor, which characterises the device under
study. In practice, C' is a discontinuous function.

The term R(N, P) corresponds to the recombination-generation rate, which can be interpreted as a reaction
term between electrons and holes. We assume that this term has the following form:

R(N, P) = r(N, P) (eh<N>+h<P> —1) : (1.2)
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where r is a continuous non-negative function, which can be nonconstant in space. Pertinent choices of r are for
example (see [30,40,42]) the Auger recombination r(N, P) = ¢y N + ¢p P, the Shokley—Read-Hall (SRH) term
r(N,P) = (tyN +7pP + 7¢) ", or no recombination term r = 0.

The tensor Ay € L™ (Q, RdXd) is the (rescaled) permittivity of the medium. We assume that it is a symmetric
and uniformly elliptic tensor, in the sense that there exists )\;f > /\‘bZS > 0 such that V¢ € RY,

MLEP < € Mg < NfLEP,

In practical situations, the permittivity is often assumed isotropic, leading to a tensor of the form A, = A%e Iy,
where X is the rescaled Debye length of the system, which accounts for the nondimensionalisation, and € :
1 — RY is a uniformly positive function corresponding to the dielectric permittivity of the material. Note
that relevant values of the Debye length can be very small, inducing some stiff behaviours. Moreover, since the
devices are often made of different materials, the function € can be non-regular, and exhibits discontinuities at
junctions between different materials.

The tensors Ay and Ap are diffusion tensors in L (Q, RdXd), related to the exterior magnetic field. We refer
to [33] for a detailed description of the semiconductor models with magnetic field. A typical example is the case
d = 2, where the magnetic field B is orthogonal to the device: letting b = | B|, the tensors write

_ MN 10 _ Mp 1-b
Av=17p (—bl) and Ap = 777 (b 1>’
where 1y : Q — R} and pp : Q — R} are the rescaled mobilities of the electrons and holes. For our analysis,

we will consider general tensors, and only assume that the tensors are uniformly elliptic and bounded, in the
sense that there exist Ay > A\, > 0 such that for any £ € R,

NIEPP < E-ANE N[ <E-ApE and  |AnE] < Ngl€l [ARE] < Mg lél.

Note that these tensors are nonsymmetric in general (if b # 0).

Concerning the boundary data, we consider mixed Dirichlet-Neumann conditions. On I'”, which corresponds
to the ohmic contacts, we impose that the values of the densities and the electrostatic potential are equal to
NP, PP and ¢P which are the traces of H' functions, denoted the same way. On I'V, which corresponds to
insulated contacts, we impose a null flux. Concerning the initial conditions, we impose the initial densities N
and P, which are in L°°(£2). We assume that the initial and boundary data are uniformly bounded in I,: there
exist 0 < m < M < a such that, almost everywhere on (2,

m < N®, pr NP PP <M. (1.3)

In the sequel, we will use the generic term of “data” or “physical data” to refer to the objects previously
introduced, namely h, 7, Ay, Ay, Ap, C, NP, PP ¢P N and P,

The existence and uniqueness of the global solutions to the drift—diffusion system (1.1) have been originally
investigated in the case of Boltzmann statistics (h = log), see for example [32,42,43]. Concerning models with
general statistics described above, we refer to [34,35]. One of the main properties of the solutions is the fact
that the carrier densities N and P take values in Ij: in the sequel we will say that the densities are Ij-valued.
Another natural concern lies in the long-time behaviour of the system, that is to say the asymptotics of the
solutions when ¢ — +o00: under some assumptions on the data, the solutions are shown to converge exponentially
fast towards some steady-state called thermal equilibrium.

The thermal equilibrium is a specific steady-state (N¢, P¢, ¢¢) for which the electrons and holes currents
cancel. Under the hypothesis on the function h, according to [41], there is no vacuum in this state, which hence
satisfies V (h(N¢) — ¢°) = 0 and V (h(P°?) + ¢°) = 0 on . Therefore, there exist some constants ay and ap
such that h(N€¢) — ¢¢ = ay and h(P¢) 4+ ¢° = ap in Q (recall that  is connected). In particular, this implies
the following compatibility condition on the boundary data:

h(NP)—¢P =ay and h(PP)+¢” =ap onT?. (1.4)
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Moreover, at the thermal equilibrium, there is no more recombination nor generation, that is to say R (N€¢, P¢) =
0. This implies, according to the definition of R, that h(N¢) + h(P¢) = 0 if r # 0. Combined with the previous
constraint, this imposes another compatibility condition on the constants if r # 0:

any +ap =0. (15)

Under these conditions, we get that N¢ = g (any + ¢¢) and P¢ = g (ap — ¢°). Thus, the electrostatic potential
at the equilibrium ¢¢ is a solution to the following nonlinear Poisson equation (called Poisson-Boltzmann in
case of Boltzmann statistics, i.e. if g = exp):

—div(AyV¢©) =C +g(ap —¢°) —glany +¢°)  inQ,
¢ = P on I'P, (1.6)
AgVe®-n=0 on 'V,

In the sequel, we will assume that the boundary data are compliant with the thermal equilibrium and satisfy
the compatibility conditions (1.4) and (1.5) (if r # 0). Notice that (1.4) and (1.3) imply that ¢ is bounded on
I'P. Hence, we assume that its lifting on €2, also denoted by ¢, is in H(2) N L> ().

The analysis of the long-time behaviour of the drift—diffusion system was carried out in [33] in the case of
the Boltzmann statistics with a magnetic field, and in [34] for other statistics (without magnetic field). It relies
on the use of the entropy method, which consists in using a Lyapunov functional -the entropy- decaying with
time. Such a method was initially used in kinetic theory and then extended to the study of various dissipative
systems, as explained in [1,38].

Let us sketch here the main lines of this method: letting

E(t) = /QH(N) — H(N®) — h(N®)(N — N°) + /Q H(P)— H(P°) — h(P®)(P — P°)
3 [ V6= 4V —a)
D) = [ NY(HN) =) AxT(H(N) = 8)+ [ PYB(P)+ ) ApV(A(P) + )
+ [ BOP) () + 1)),
Q
one has the following entropy-entropy dissipation relation:

dE

i (t) = —D(¥). (1.7)
From the assumptions on R and h, one deduces that the entropy E and the dissipation D are non-negative
quantities. Therefore, the entropy decreases, and this implies the convergence of (N(t), P(t),(t)) towards
(N€, P, ¢¢) when t — co.

Note that the system (1.1) can also be interpreted as a Poisson—Nernst—Planck (PNP) system, which describes
the evolution of charged particles, typically ions in a solution. Especially, the results presented in this article
can be easily generalised to systems with more than two charge carriers.

From a numerical point of view, approximating the solutions to system (1.1) proves to be a challenging task
due to various factors, including the nonlinear coupling between the equations, the discontinuity of the doping
profile C, the stiffness induced by small values of the Debye length A, the anisotropy in the convection—diffusion
equations or the non-symmetric nature of the tensors. Moreover, it is essential to design numerical schemes
that preserve the qualitative physical properties of the continuous model. Here, the fact that the densities take
values in Iy, as well as the long-time behaviour are characteristic features of the continuous system that should
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be preserved at the discrete level. Another challenge lies in the variety of meshes the scheme can handle. Indeed,
semiconductor devices are subject to boundary layers phenomena, which often require local mesh refinement
to be performed: matching simplicial meshes are strongly constrained, and not very suitable for this purpose
(see [40, Chap. 5.4]).

Among the various numerical methods that have been proposed for solving drift—diffusion systems, the seminal
work of Scharfetter and Gummel [44] in one dimension with Boltzmann statistics presents the keystone idea
of numerous schemes: to use the exponential relation between chemical potentials and densities to ensure a
preservation of the steady-state as well as a good discrete long-time behaviour. This idea was generalised for
different statistics (of the form h(s) = s*, which do not match the assumptions presented above and allow
vacuum) in [3] by Bessemoulin-Chatard. This scheme was proved to have a good long-time behaviour in [4, 5],
following ideas from Chainais-Hilairet and Filbet introduced in [20] to analyse the long-time behaviour of an
upwind TPFA scheme. The analysis strongly relies on the adaptation of the entropy method at the discrete
level. The schemes discussed above are essentially part of the two-points flux approximation (TPFA) [26], which
suffers from limitations: the mesh has to satisfy some orthogonality conditions, and the diffusion tensor has to be
isotropic. In order to overcome these strong constraints, various finite volume methods have been introduced in
the framework of the Poisson equation (see [23]), using auxiliary unknowns. Regrettably, these schemes do not
enjoy monotonicity properties, and especially they can have negative solutions. In [14,15], Cances and Guichard
proposed a solution to compensate this limitation, introducing nonlinear schemes based on the entropic structure
of the problem. The specific question of approximating drift—diffusion systems on general meshes was already
investigated in the past. One can cite the discrete duality finite volume (DDFV, see [22,37] for a presentation
and analysis of these schemes applied to Poisson equations) scheme of Chainais-Hillairet [19], which can handle
general polygonal meshes with d = 2 in the framework of Boltzmann statistics.

More recently, Su and Tang designed and analysed a scheme for Poisson—Nernst—Planck systems on general
meshes in [45]. This scheme is based on two discretisation methods: a virtual element method [2] for the Poisson
equation alongside with a positive nonlinear finite volume method [8,12] for the convection—diffusion ones. The
scheme is shown to admit solutions with positive densities and to have an entropic structure. However, it is
restricted to the Boltzmann statistics with pure homogeneous Neumann boundary conditions and the Debye
length is assumed to be 1.

Apart from these finite volume schemes, many finite elements schemes were also designed for this type of
drift—diffusion systems. Among them, one can cite the mixed and hybrid exponential fitting schemes [9, 10] of
Brezzi, Marini and Pietra, which are proposed as finite elements generalisations of the Scharfetter—Gummel
scheme [44], for linear diffusion on simplicial meshes. These schemes were then generalised to other statistics,
especially in dimension 2, by Jiingel and Pietra in [39]. For other references about these schemes and their
extensions, we refer the reader to [11].

Up to our knowledge, the only existing scheme which can handle the presence of a magnetic field in the model
(anisotropic tensors Ay and Ap) is the one introduced and analysed by Gajewski and Gértner in [33]. It can
be seen as a modified Scharfetter-Gummel scheme, and is hence restricted to Boltzmann statistics (h = log).
Moreover, the scheme is restricted to triangular meshes, and bound to some strong constraints between the mesh
geometry and the magnetic field intensity. Last, the scheme does not preserve the positivity of the densities in
the presence of a strong magnetic field.

In this article, we are concerned with the design and the analysis of a numerical scheme for (1.1) that
preserves the continuous features of the system (long-time behaviour and Ij-valuation of the densities). One of
our main concerns is the ability of the scheme to handle the large variety of possible data: statistics function h,
recombination-generation term R, physical data (doping C, Debye length ), initial and boundary data, magnetic
field) and discretisation data (mesh, time step). Note that among the different motivations, for the support of
general meshes is the desire to make local mesh adaptation much simpler in order to capture the boundary
layers. Such an approach based on a local adaptation has already been investigated in 1D [18], but should
become much more complicated or even impossible to use in higher dimension on constrained meshes. Hence,
the scheme presented here could be a possible way to use local mesh refinement in 2D or 3D.



2562 J. MOATTI

To devise such a scheme, we use the hybrid finite volume (HFV) method, introduced in [27] by Eymard et al.
in the framework of stationary diffusion problems. This method entails several interesting features: it can handle
anisotropic and heterogeneous diffusion tensors alongside with very general polytopal meshes, and it benefits
from a unified 1D/2D/3D formulation. The scheme introduced here and its analysis are based on the entropy
structure (1.7) of the system, following the ideas of [4,6] (in the framework of drift-diffusion systems with
TPFA schemes) and [15,16,21] (in the framework of advection-diffusion equations, with positivity-preserving
schemes supporting anisotropy and general meshes). In particular, the nonlinearity induced by the function h
is discretised along the principles of the nonlinear HFV scheme introduced and analysed in [21] for advection—
diffusion equations. Using this approach, we get a unified scheme for the system (1.1), robust with respect to
the various data of the problem. The main result of this paper, stated in Theorem 1, is the existence of solutions
(with Ip,-valued discrete densities) to the nonlinear scheme. In Theorem 3, we establish the exponential decay
of the discrete solutions towards the associated thermal equilibrium. These theoretical results are validated by
various numerical simulations.

The article is organised as follows. In Section 2, we introduce the HFV framework (mesh, discrete unknowns,
discrete operators), present the schemes for the equations (1.1) and a generalisation of (1.6) (namely, the semi-
linear Poisson equation (2.23)), and state our main result. In Section 3, we show that the stationary scheme is
well posed, and discuss an important consequence, namely the correspondence between discrete densities and
discrete quasi-Fermi potentials. In Section 4, we analyse the scheme for the transient problem, showing that
it has an entropy structure and admits solutions with Ij,-valued densities whose long-time behaviour mimics
that of the continuous solutions. In Section 5, we discuss the implementation of the schemes, and give some
numerical evidences of our theoretical results. Finally, in Appendix A, we state and prove a technical result that
is instrumental to show the existence of solutions.

2. DISCRETE SETTING AND SCHEMES

The aim of this section is to recall the HFV framework for diffusive problems, and introduce the schemes
for the discretisation of the drift—diffusion system (1.1) and the nonlinear Poisson equation (2.23). Here, for
the purpose of analysis, we present the schemes from the finite element viewpoint. We refer the reader to
Section 5.1.1 for a presentation of the schemes within the framework of finite volume methods (especially for
the purpose of implementation).

For a detailed presentation of the HF'V method in the framework of a steady variable diffusion problem with
symmetric tensor, we refer the reader to [27].

2.1. Mesh, discrete unknowns and boundary data

The definitions and notation we adopt for the discretisation are essentially the same as in [27]. A discretisation
of the (open, bounded, connected) polytopal set Q@ C R, d € {1,2,3}, is defined as a triplet D = (M, E,P),
where:

— M (the mesh) is a partition of Q, i.e., a finite family of nonempty disjoint (open, connected) polytopal
subsets K of 2 (the mesh cells) such that (i) for all K € M, |[K| >0, and (ii) Q = Uxer K.

— & (the set of faces) is a partition of the mesh skeleton |1 0K, i.e., a finite family of nonempty disjoint
(open, connected) subsets o of € (the mesh faces, or mesh edges if d = 2) such that for all 0 € &, |o| > 0
and there exists H,, affine hyperplane of R? such that o C H,, and |J rem OK = J,ce . We assume that,
for all K € M, there exists Ex C £ (the set of faces of K) such that 0K = |J,c¢, 0. For o € &, we let
M, ={K € M| o € Ex} be the set of cells whose o is a face. Then, for all o € €, either M, = {K} for a
cell K € M, in which case ¢ is a boundary face (¢ C 9f2) and we note o € Eey, or M, = {K, L} for two
cells K, L € M, in which case o is an interface and we note ¢ = K|L € Ejys.

— P (the set of cell centres) is a finite family {zx } ke of points of  such that, for all K € M, (i) zx € K,
and (ii) K is star-shaped with respect to 2x. Moreover, we assume that the Euclidean (orthogonal) distance



A STRUCTURE PRESERVING HYBRID FINITE VOLUME SCHEME FOR SEMICONDUCTOR MODELS 2563

FIGURE 1. Two-dimensional discretisation and corresponding notations.

dk - between zk and the affine hyperplane H, containing o is positive (equivalently, the cell K is strictly
star-shaped with respect to zg).

For a given discretisation D, we denote by hp > 0 the size of the discretisation (the meshsize), defined by

hp = sup hx where, for all K € M, hx = sup |z — y| is the diameter of the cell K. For all ¢ € £, we let
KeM I,yGf

T, € o be the barycentre of o. Finally, for all K € M, and all ¢ € £, we let ng, € R? be the unit normal
vector to ¢ pointing outward K, and Pk, be the (open) pyramid of base o and apex zx (notice that, when
d = 2, Pk, is always a triangle). Since |o| and di , are positive, we have |Pg | = ‘U‘d% > 0. We depict
on Figure 1 an example of discretisation. Notice that the mesh cells are not assumed to be convex, neither
T is assumed to be the barycentre of K € M. Moreover, hanging nodes are seamlessly handled with our
assumptions, so that meshes with non-conforming cells are allowed (see the orange cross in Figure 1; the cell K
therein is treated as an hexagon).

We consider the following measure of regularity for the discretisation (which is the same as in [21, Eq. (2.1)]):

d—1
Op = max( m s max s ) . (2.1)

ax = —, ax = ——
KeM,oelk dy,, o€, KEM, |0]
We now introduce the set of (hybrid, cell- and face-based) discrete unknowns:
Vp= {Q'D = ((’UK)KGJ\/“ (va)geg) | vg E RVK € M,v, e RVo € 5}

Given a mesh cell K € M, we let V- = R x RI®xI be the restriction of Vi to K, and vy = (vi, (Vo)oesr) €
V i be the restriction of a generic element vy € Vo, to K. Also, for vy € Vo, we let vp 1 @ — R and
ve : Ugerr 9K — R be the piecewise constant functions such that

vpmg = vk forall K e M, and wvg, =v, foralloef.
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For further use, we let 1, (respectively 0p) denote the element of V1, with all coordinates equal to 1 (respectively
0). Also, given a function f : R — R, and with a slight abuse in notation, we denote by f(vp) the element of V,
whose coordinates are the (f(vi))kem and the (f(ve))oece. Given up and vy two elements of V., we say that
up < vp (respectively <, >, >) if and only if for any K € M and ¢ € £, ux < vk and u, < v, (respectively
<, >, >). In particular, a vector of unknowns vy € Vo, is I-valued if and only if 05 < vp < alp. Note that
I-valued vectors have therefore positive coordinates.

We assume that the discretisation D is compliant with the partition 92 = T'P UTN of the boundary of the

domain, in the sense that the set . can be split into two disjoint subsets 2, = {U €Exi |oCTP } and
EN, = {0 € x| 0 CTN} such that Eoe = EL, U ELY,. Notice that, since |[I'P| > 0, one has |€5,] > 1. We

define the following subspace of V 5, enforcing strongly a homogeneous Dirichlet boundary condition on I'P:
Z'D,O = {Q’D GK’D |\V/CT € (C/‘el))(t’ Vg = O} .

In view of the upcoming analysis, we define a discrete counterpart of the H! semi-norm. Locally to any cell

K € M, we let, for any ve € Ve, [ugel? g = Y gee, % (v — vs)?. At the global level, for any vy € Vo, we
let ,

lupli,p = Z ‘QKE,K'
KeM

Notice that |- |1 p does not define a norm on Vo, but if |[up|1p = 0, then there is ¢ € R such that vy = clp
(vp is constant). Thus, |- |1, p defines a norm on the space Vp .

We finally introduce discrete hybrid (Dirichlet) boundary data. The definitions below are motivated by the
need to preserve the compatibility condition (1.4) at the discrete level. First, we define the discrete liftings of
the densities N5 and P as the elements of V5, such that for any K € M and any o € &,

NP =g (@/ﬂh(ND)) and NP =g (|1K|/Kh(ND)) : (2.2)
PP =y <|Ul|/ah(PD)> and PR =g (Ilq/Kh(PD)) : (2.3)

We also define the hybrid interpolate Qg € Vp of the lifting ¢, defined by ¢X = ITlﬂ I P for any K € M
and ¢P = ﬁ [, " for all o € £. One has (see [24, Prop. B.7]) the following stability results:

98], < Curo 07 uaoy amd 1167 1o < 63 < 67 e g L (24)

where C) o is a positive constant only depending on 6p, 2 and I'?. By (1.4) and (2.2)-(2.3), the following
compatibility condition, discrete counterpart of (1.4), holds:

Vo e EP

ext’

h(NP)—¢P =ay and h(PP)+¢P =ap. (2.5)

Remark 1 (Discrete liftings). The definition of the discrete boundary densities (2.2) and (2.3) is driven by the
desire to obtain the discrete compatibility condition (2.5). Such definition boils down to discretise quantities
carrying a physical meaning, homogeneous to the quasi-Fermi potentials. Moreover, this definition ensures that
N. g and Bg are I,-valued. Notice that in practice, if N is regular enough, one can choose to approximate
ﬁ L, h(NP) by h (NP (Z,)) (respectively, ﬁ Ji M(NP) by h (NP (xk)) if 2k is chosen to be the barycenter of
K), and therefore find a classical expression for the discrete liftings, namely NP = NP (z,) and N2 = NP (z k).
The same holds true for PX.
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2.2. Foundations of the hybrid finite volume method

The HFV method hinges on the definition of a discrete gradient operator Vp, that maps any element v, € V5
to a piecewise constant R%valued function on the pyramidal submesh of M formed by all the Pg o’s, for K € M
and o € Ex. More precisely, for all K € M, and all o € £,

VDQD‘K = vKEK with VKQK|PK1,, = VK,UQK = GKQK + SK,UQK € Rda
where Grvy is the consistent part of the gradient given by
1 , 1 ,
GKQK = W Z |0 | (Uo'/ — UK) nK,g—’ = m Z |0’ "Uo./?’lf(70.17
o'€Ex o'€EK

and Sk vy is a stabilisation, given, for some parameter n > 0, by

Sk.oV = (vo — vk — Grug - (To — TK)) MK o (2.6)

dK,o

Let us consider a generic tensor A € L*® (Q,RdXd), such that for any £ € R, ), [€]2 < £+ A€ and |AE] < A€
Locally to any cell K € M, we introduce the discrete bilinear form a’I\( : Ve x Vi — R such that, for all
U,V € KK7

a (ug,vg) = Y |PK,U|VK7UQK'AK,UVK,0EK:/KVKQK'AVKQK (2.7)
oc€lK

where we set Ax , = ﬁ f Prc A. At the global level, we let a% : V. x V5 — R be the discrete bilinear form
such that, for all up,vp € KD,Y

a% (up,vp) = Z a% (ug,vg) = / Vpup - AVpup.
KeM @

As for the continuous case, the well-posedness of HF'V methods for diffusion problems relies on a coercivity
argument. Let K € M, and reason locally. By definition (2.7) of the local discrete bilinear form a‘}\{, and from

the bounds on the diffusion coefficient, we have A, HVKQKH;(K;W) < ak (v, vg) < A ||VKQK||i2(K;Rd) for all
Vg € V. Furthermore, the following comparison result holds (c¢f. [24, Lemma 13.11]): there exist oy, oy with
0 < o, < ay < 00, only depending on 2, d, and 6p such that ayvg|; x < HVKQKHQL?(K-]Rd) < aylugl? i for all
v € V. Combining both estimates, we infer a local coercivity and boundedness result:

Vog € Vi, /\bameﬁ,K < a/I\((yKvyK) < )‘ﬁaﬁ‘gl{ﬁ,K' (2.8)
Summing over K € M, we get the following global estimates:
Vop € Vp, Xaylvplip < a(vp,vp) < Asaylvp i p- (2.9)

Last, we recall the hybrid discrete Poincaré inequality (cf. [24, Lemma B.32, p = 2]): there exists Cprp > 0,
only depending on Q, d, I'P, and #p such that

Vup € Vp g, lvamllzz ) < Cprelvplip. (2.10)
In the sequel, we will omit the tensor in superscript and use the following notations instead:

¢ _ As P _ _Ap N _ Ay
ap =ap , ap=ap" and ap =ap". (2.11)
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One can note that, since Ay is symmetric, one has

V(up,vp) € K%,Oa

af (up, vp)| < apAflup

1,0|Upl1,p- (2.12)

For further use, we introduce the linear form L% : V.p — R such that
Voo € Vp, L(up) = | Coaa —a (¢50). (213)
Q
Note that, according to (2.12), the Poincaré inequality (2.10) and the estimates (2.4), one has

Yup € KD,()»

Ly(wp)| < IO lloadliz +azds|op| lwplip L] pho,  (214)
where there exists C7, > 0, only depending on Q, I'?, d, Ay and Op such that

Ly <Cp (HC||L2(Q) + ||¢DHH1/2(FD)> '

2.3. Description of the schemes and main theorem

In this section, we introduce an HFV scheme for Problem (1.1). The scheme is designed so as to preserve the
entropic structure presented in the introduction. In the sequel, we consider a fixed spatial discretisation D of €
which satisfies the assumptions of Section 2.1, and a fixed time step At > 0 for the time dicretisation. For any
n € N, we let t" = nAt.

Our HFV scheme relies on the hybrid nonlinear discretisation introduced in [21] for linear advection—diffusion
equations, which was in turn inspired from the VAG and DDFV schemes of [15,16]. We refer to [21] for a
detailed description of the discretisation (with A = log). The common idea of these schemes is to discretise
the flux in a nonlinear way: formally, given a function w with values in [ and a function ¢, the problem
div (—uAV (h(u) + ¢)) = 0 can be expressed in term of the flux

J = —uAV(h(u) + ¢) = —uAVw,

where w = h(u)+ ¢ is a quasi-Fermi potential. Therefore, locally to any cell K € M, we define an approximation
of

(u, w,v) — —/ J-Vv:/ uAVw - Vo
K K
under the form
T (ug, wy,vg) = / rir(ug) AVgwy - Vivg
K

for all Ip-valued uy € Vi and all (wy,vy) € K%(, where rg : Vo — Iy, called local reconstruction operator,
maps Ip-valued elements of Vj to Iy. Since rx (ug) is a (positive) constant on K, we have

TR (uge, Wy, vpe) = i (Uge)aly (Wre, Vg (2.15)

where a?; is defined by (2.7). As already pointed out in previous works on similar nonlinear schemes [13,16,17,21],
the definition of the local reconstruction operator is crucial to guarantee the existence of solutions as well as
the long-time behaviour of the discrete solutions. Especially, we use a reconstruction which embeds information
from both the local cell and face unknowns. It is a natural generalisation of the one introduced in [21]. For uy
an Ij-valued element of V -, we let

ri(ug) = L > mlux, uo) (2.16)
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where m : I? — I, is a continuous (mean-)function satisfying
V(.T7 y) € I}Qw mh(x,y) < m(x7y) < max(xvy)a (217)

and the function my, is defined by

[zh(z) — H(z)] - [yh(y) — H(y)]
h(z) = h(y)

This function my was used in [31, Definition 3.3] to analyse an entropic scheme for nonlinear advection—
diffusion equations. One can note that in the case of the Boltzmann statistics (h = log), my(z,y) is the classical
logarithmic average of x and y, which coincides with the assumptions of [21]. Moreover, for any (x,y) € R2,
one has my, (9(x),9(y)) = Ig(m)7H(g(z));_[gg(y)7H(g(y))]- Since the derivative of z — xg(z) — H(g(x)) is g, the

following simple expression holds:

mp(x,y) = ifx#y and mp(x,z) = 2. (2.18)

G(x) — Gly)

V(z,y) € R?, my, (9(2),9(y)) = T —y

(2.19)

Note that, for all (z,y) € I?, one has my(z,y) < %er < max(z,y), and each expression of the previous sequence
is a mean function m satisfying (2.17). Heuristically, rx (uy) computes an average of the unknowns attached
to the cell K, especially it contains information about all the local face unknowns. The property (2.17) will be
instrumental to prove Lemma 5 and the existence of solutions to the scheme. Finally, we let TS be such that,
for all Ij-valued up € Vi, and all (wp,vp) € Ve,

Té\ (QDvﬂDvyD) = Z TIJ} (QKavayK)a (220)
KeM

where the local contributions TI/} are defined by (2.15). In the sequel, we will use the following notation
Tg = TgN and Tg = Tﬁp = (resp., TIJ}[ = TI/éN and sz = TI/?P).

Using a backward Euler discretisation in time, and the nonlinear HFV discretisation previously described in
space, we consider the following scheme for the drift-diffusion system (1.1): find ((ﬂ b, P, Q;;)) % N

neN
such that

Nn+1 =h (Nn—i-l) n+1 _ aNID c VD o (2.21&)
Pn+1 = h (Pn+1) + ¢n+1 N OtplD c VD o (221b)
%H = 0" — dp €V, (2.21c)

N7L+1 _ N©
MTtMUM + Tf)v (M%‘f‘l’wg,n-‘rl,yp) — _/ R (N/T\L4+17Pf\l4ﬂ) vm Vup € K’D,Ov (2.21d)

Q
n+1
M 7P ( prntl P+l — _ [ R(NmFY pntt v v 991
. A7 wm+Ip (Pp swp ', Up ; (NULPY Y v Yup € Vg, (2.21e)
a3, (%“&D) — L (vp) = /Q (Pt = N va Yup € Vi o, (2.21f)
1 . 1 )
Ny = —/ N™ and Py = —/ pr VK € M. (2.21g)
KR Jx K =R S

Notice that the equations (2.21a) and (2.21b) imply that, for any n > 1,

N% =g (wh" + ¢} +anlp) and P =g (wp” - 6} +aplp) , (2.22)

therefore, since g(R) = Iy, the discrete carrier densities N7, and P7, of a solution to (2.21) are Ij-valued.
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Remark 2 (Discrete potentials and boundary values). The definitions of the discrete quasi-Fermi poten-
tials (2.21a) and (2.21b) are used to enforce the boundary conditions on the discrete unknowns. Indeed, since
wg’n € Vo, from (2.22) we get that for any o € 5, NI = g (0+ ¢2 + an) = NP according to the compati-
bility condition (2.5). A similar result holds for P7. In fact, by definition of the trilinear forms, one can rewrite
in a more natural way the equations (2.21d) and (2.21e) noticing that

Ty (E%Jrl’wg,njtl’yg) oy (M%+l7h (ﬂ%ﬂ) _?%+17Qg> . and

T (£%+1’wgn+l’yg> —TF (£%+1,h (B%H) +?%+1’QP) '

When considering general boundary conditions (i.e., if ay and ap are no longer constant on I'”, and therefore
with liftings no longer constant in ), the scheme will be the same, except for the equations (2.21d) and (2.21e)
where arguments of the trilinear forms will be

75 (ﬂ%“,wg’“l +047NDan) and Tf (B%“,wg’"“ +a7pp,y£) .
The analysis of such a scheme is more sophisticated than the one presented here, and shall be the subject of a
future work.

Plugging the expression of the discrete carrier densities (2.22) into Equation (2.21f), we get an elliptic semi-
linear equation on %%H. This equation will be of great importance in the analysis. At the continuous level, it
corresponds to the following semi-linear Poisson equation:

—div (Ay V) = C + g(zF" — ¢) — g(z" + ¢) in Q,
¢ = ¢ onI'P, (2.23)
AgVep-n=0 on 'V,

where 2z and 2V are given functions in L>().

Remark 3 (Electrostatic potential at thermal equilibrium). If 2 and 2" are constant with respective values
ap and ay in Q, then the solution to (2.23) is the electrostatic potential at thermal equilibrium ¢¢ solution to
(1.6).

We introduce an HFV scheme to approximate (2.23): find ¢, = ¢ + Qg € Vp where ¢ € Vp g is such
that

Vup € Vp o, a% (%yQD) = L%(ED) +/ g (Z/}\DA — % — Urm) — g (Zj\vxl + o + )] v, (2.24)
Q
where 2%, and 2}, are the piecewise constant functions such that, for any cell K € M, 28 = ﬁ [ 2" and

2= |T1(‘szN on K.
We will prove in Theorem 2 that this scheme is well-posed. Especially, in the light of Remark 3, one can

define the discrete thermal equilibrium (ﬁ s P, QSD) € V3 as the following triplet of unknowns:
e _ D e e . . . N _P\ _
¢y = ¢p + 5,  where Y € Vi is the solution to (2.24) with (z 2 ) = (an,ap),
Np=g (aNlD + Q;) ; (2.25)
Py =g (arlp - 9f,).

Note that, by definition, the discrete densities at thermal equilibrium N%, and P% are Ij,-valued.

We remind the reader that alternative formulations (in the spirit of finite volume methods) of the
schemes (2.21) and (2.24) are presented in Section 5.1.1.

We are now in position to state the main result of this paper, whose proof is the subject of Section 4.
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Theorem 1 (Existence of discrete I;-valued solutions to (2.21)). Let N and P™ two positive functions in
L>(Q) satisfying the condition (1.3). There exists at least one solution ((ﬂ%,i%,gb%)) € Z%N to the
- neN

coupled scheme (2.21). It satisfies the following entropy-dissipation relation:

]En—i- 1 _ En
At

where E™ and D™ are, respectively, the discrete relative entropy and dissipation at time t™ = nAt, defined by

Vn € N, + D" <o, (2.26)

E" — /Q H(NT,) — H(NS) — h(N5q) (N — N&o)

n € € n € 1 n € n e
+ [ H(PR) = H(PL) = (P50 (PR = Pig) + a5 (0 = o0 — 05,). (227)
and D" =T5 (Np, wp™, wp™) + T (P, wp", wy") + /Q R(Njy Pho) (N3 + h(Py)) . (228)

Moreover, there exist 0 < M, < My < a, depending on the physical data, At, and D such that
Vn>1,  Mlp<Np<Mly, and Mlp < Ph< Ml (2.29)

Remark 4 (L> bounds). Notice that the bounds M, and M; on the discrete densities depend on the time step
At and on the spatial discretisation D (and therefore, on the meshsize). Thus, our result is weaker than the one
proved in [5, Thm. 1] in the framework of TPFA schemes. In fact, we believe that the discrete Moser iteration
process used in [5] to get uniform bounds cannot be adapted in the hybrid framework, because the method is
intrinsically non-monotone.

3. ANALYSIS OF THE STATIONARY SCHEME

In this section, we analyse the scheme (2.24) for the approximation of the semi-linear elliptic equation (2.23).
First, we show that the scheme is well-posed. Then, we use this result to show that there is a correspondence
between the discrete densities and the discrete quasi-Fermi potentials, which will be very useful for the following.

3.1. Well-posedness

In the next theorem, we show that the scheme (2.24) admits a unique solution. The proof relies on an energy
minimisation approach.

Theorem 2 (Well-posedness for (2.24)). Let 2V and 2 be two functions in L>(Q). There exists a unique
%D € Vp o solution to (2.24), and there exists a positive constant Cpoisson, only depending on Ay, €, P, d
and Op such that the following stability estimate holds:
2
P N D 2 D2
o], < Orason [ (1127 | ey + 12" iy + 167 i) + €120y + 18P [pvaqeon] - (8:1)

Moreover, the application (2N, 27) — Y, is continuous from L>(€2) x L>(Q2) to Vp ;.

Proof. We define the discrete energy functional Jp : V5 o — R by

Jp(up) = %G% (up,up) — L% (up) + /Q G (2 — iy — um) + G (23 + i + um) - (3.2)

Since G is C* on R, Jp is C* on Vp , and one can compute its differential at a point up € Vp o

Yup € Vip g, dJp(up) -vp = a% (up,vp) — L% (vp) — /Q lg (2/1\3/1 — Py — upm) — g (Zj\v/t + ¢+ um)] opm-
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Hence, a solution ¢ € Vp to (2.24) is an element of Vo, such that dJp(¢,)
¢

that Jp is strongly convex on Vp, 4. Indeed, since ap, is coercive and L% is a continuous linear form, up +—

= 0. Now, one can notice

%a% (up, up) —L% (up) is strongly convex. Moreover, G is a convex function (since G’ = g is strictly increasing),
SO Up fQ G (Z/I\D4 — qbf,l — uM) + G (zjl\v,1 + ¢j1\)4 + uM) is also convex. Therefore, Jp has a unique minimum
¥, € Vp g, which is a solution to (2.24). On the other hand, by convexity of Jp, any critical point of Jp in

Vp,o is a minimum, therefore the solution to (2.24) is unique. The continuity of (zj\v/t, zf\),t) = follows from
the regularity of Jp and the implicit function theorem.
To obtain (3.1), one can use the monotonicity of G and (2.4) to get

To(ip) < I 00) = [ G (50— 080) +G (o3 +05)
= /QG (”ZP||L°°(Q) + H¢DHL°°(Q)) +G (HZNHLOQ(Q) + H¢DHL°°(Q))

<2916 (|7 gy 17 ey + 167l

Furthermore, using the fact that G is positive alongside with (2.9) and (2.14), and using Young’s inequality on
Lo,

. one has the following lower bound:

o () 2 50b (boro) = 18 (1) 2 57 o, = 28 ] o = 5 o], ~ 257

D

We conclude by combining the previous estimates and using the bound on Lg). O

Notice that this result ensures the existence and uniqueness of the discrete thermal equilibrium (ﬂ 5, P5, Q;)

described in equation (2.25).

Remark 5 (Uniform bounds). The stability result (3.1) gives a uniform bound (with respect to the meshsize
hp) on ¥, in energy norm | - |1, . There is however no clear L> bound (uniform in D) on the potential. It is
rather different from some previous results in the TPFA framework (see [20]), where L> bounds were obtained
alongside with the H! estimate.

3.2. Correspondence between discrete densities and discrete potentials

In this section, we discuss the link between discrete densities and discrete potentials.
For a given couple (N, Pp) € V3 of Ij-valued vectors, one associates a unique discrete electrostatic potential
bOp =V, + Qle € Vp such that ¢ € Vp  is the solution to

Vup € ZD707 a% (%D’QD> = L% (ﬂp) + /52 (Pvm = Naa) v (3.3)

Since a% Is coercive on Vp o and LD is a linear form, (3.3) is well-posed and w is uniquely defined, so is qS

Then, one associates to (Np, Pp) a unique couple of discrete quasi-Fermi potentials (wh,w5) € V7, defined
by
wpy =h(Np) — ¢, —anlp and wp =h(Pp)+ ¢, —aplp. (3.4)

We call these vectors the discrete electrostatic (QD> and quasi-Fermi potentials (wg,wg) associated to the
discrete densities (Np, Pp).
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Note that, as in Remark 2, the discrete quasi-Fermi potentials associated to (Np, Pp) are in Vp, o if and
only if the densities satisfy the following discrete boundary condition:

Vo e EP

ext)

N, =NP and P,=PP. (3.5)

Conversely, for a given couple (wg , wg) € K%, one associates a unique electrostatic potential QD = QD —|—@g €
Vp such that QD S KQO is the solution to

Vup € Vp o, a% (ﬂpa%)) = L% (vp) + / (9 (wxl\g/t +ap— ¢y — ) — g (wj\v/l +an + oy +Ym)) v

Q
(3.6
Indeed, since the functions wf,( +ap and wf\v,l +ay are in L (), according to Theorem 2 applied to (2, zP) =
(w/I\DA + ap,w%l + aN), there exists a unique solution to problem (3.6). Then, one associates to (gg,yp) a

couple of Ij-valued discrete carrier densities (Np, Pp) € V. by

Np=yg (wg +o,+ oleD) and Pp =g (wg — ¢, + aplp) :

Notice that with this process, according to (3.6) and the definition of N, and Py, one has that

Vim € Vo ah (i) = 1 (o) + | (Prc= Nag)ae

Therefore, it means that (Qg ,wg) and ¢_ are the discrete potentials associated to the discrete densities
(Np, Pp) in the sense of (3.3) and (3.4).

Moreover, (wi,wh) € K%,o if and only if (Np, Pp) satisfy the discrete boundary condition (3.5).

Thus, there is a bijective correspondence between (Ij,-valued) discrete densities and discrete quasi-Fermi
potentials (in V).

Remark 6 (Thermal equilibrium and quasi-Fermi potentials). From the definition (2.25) of the discrete thermal

are the discrete densities and electrostatic potential associated

equilibrium, one can notice that (M 5 P5, QQD

to the quasi-Fermi potentials at thermal equilibrium, which are the null vectors (wg’e, Mg’e) = (0p,0p).

4. ANALYSIS OF THE TRANSIENT SCHEME

In this section, we perform the analysis of the scheme (2.21) for the drift—diffusion system. The first two
subsections are dedicated to the proof of Theorem 1.

We also state and prove a qualitative property about the discrete solutions, namely the long-time behaviour
in Theorem 3, in line with the work of [4].

4.1. Discrete entropy structure

The scheme (2.21) is designed so as to mimic the continuous entropic structure presented in introduction. In
this part, we are interested in the entropic property of the scheme (2.21).

First, we define a discrete counterpart of the entropy and entropy dissipation. Given (Np, Pp) a couple of
Ip-valued vectors, one can define the relative discrete entropy as

E(Np, Pp) = / H(Nat) — H(NS) — h(N%) (N — Niy)

Q
1
+ [ H(Pr) = HUPR) = h(PRa) (Pat = P + 505 (0 = 0y =) . (4)
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where (M%,B%,Q%) are defined in (2.25), and ¢, is the discrete electrostatic potential associated to (Np, Pp)

in the sense of Section 3.2. Notice that, by convexity of H, H(Nx) — H(N§,) — h(N§,) (Nam — N§,) and the
analogous term in Py, are non-negative. Therefore, the discrete entropy is non-negative. Similarly, one defines
the discrete dissipation by

By definition of T and T3, the first two terms are non-negative. One can also notice that the integrand of the
third term writes

R(Nat, Pa) (W(Nad) + h(Pra)) = 7 (2, Nag, Pa) (exp (A(Npq) + 7(Paq)) = 1) ((Nam) + h(Pm))

so since r is non-negative and xz (e* —1) > 0 for any real z, the discrete dissipation is also non-negative. Note
that, given a couple (wg , Qg) € Z% of discrete quasi-Fermi potentials, one can also define the corresponding
relative entropy and dissipation by E (w},w5) = E(Np, Pp) and D (wh, wh) = D(Np, Pp), where (Np, Pp)
are the discrete densities associated to (wf, w5).

At the continuous level, the analysis of the drift—diffusion system relies on the entropic structure. At the
discrete level, we use analogous results, based on the following lemma, which will be used in the proofs of
Theorems 1 and 3.

Lemma 1 (Discrete differentiation of the entropy). Let N3, Ph, Np and Pp be four I -valued elements of
Vp, and (Qg,wg) € V4 be the discrete quasi-Fermi potentials associated to the discrete densities (Np, Pp).
Then, the following inequality holds:

E(Np, Pp) — E (N, PD) < /

(Naa = N2 ui+ [ (P PRl (4.3)
Q

Q

Proof. By definition of the discrete entropy, one has
B (No. o) ~E(Np.Pp) = | H(Na) = H(VZ) = HN3) (Nar = N3
/ H(Pag) = H(PRy) = h(Pi) (Pag = PRy)
b5 (ah (0 — 650y — 65) —ab (6 00 —05)) . (44)
Let us first consider the first term (in V) of (4.4): by convexity of H and definition of N%,, we get
[ HONM) = HON) = (N5 (Vaa = N3 < [ (BVaa) = BN30) (Nt = N3
= [ Nn0) = 65 = ) (N = N3o).
For the second term of (4.4), one has an analogous result, namely
[ HPr) = HUPR) = h(PR) (Paa = PR < [ (P + 65 = ) (Paa = PR).

Now, notice that since a% is a symmetric and positive semi-definite bilinear form on V5, the quadratic form

up — al (up,up) is convex, and therefore for any (up,vp) € V3, one has

a% (up,up) — a% (vp,vp) < 26‘% (up — vp,Up) -
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Using this relation with up = ¢, — ¢7, and vp = ¢ — ¢7) € Vp, we obtain the following estimate on the third
term of (4.4):

1 € € n € n € n €

5 (a% (?D _ép’ép _?D) - a% (QD _QD7QD _?D)) < a¢ (?D _?D’?D _?D) :
We recall that the electrostatic potentials are defined by (3.3), and that bp — Q;; =, — ﬂ?p Hence, letting
Vp = QD - Q% € Vp o and using the linearity of a% with respect to the first variable, one gets

b (0 = Oprn) = b (o) — b (1:20)

= L% (up) + / (Pat — Naa) oan — L (up) — / (PR — N vm

=[ (Pas = P vaa = [ (Na = Vi) vae
2 ]

Combining the previous estimates, we obtain
E(Np,Pp) ~ BV ) < [ (b(Na) = 65— ay = o) (Nt — N3
Q
+ [ (Pr) + 650 — ap -+ 0n0) (Paa = PR
Q

But, by definition of vy, we have h(Naq) — ¢4 — an — v = M(Np) — pm — an = why and h(Pa) + ¢S —
ap + v = why, therefore (4.3) holds. O

One can now state the following a priori result about the dissipation of entropy, which ensures that (2.26)
holds.

Proposition 1 (Entropy dissipation). Assume that ((ﬁ%,ﬂ%, qbg)) . € K%N is a solution to (2.21). Then,
- ne
the following entropy-entropy dissipation relation holds:
E (N3, Pp) — E (N5, Pp)
At

vn >0, < -D(NpTL PR

Proof. Since the discrete quasi-Fermi potentials @g’"ﬂ and Qg’"ﬂ are in Vp o by (2.21a) and (2.21b), one

can use them as test functions in (2.21d) and (2.21e): summing the two identities, and noticing that wf\v,inﬂ +

wﬁ"“ =h(Ny )+ h(P') because of (1.5), one gets that
Nn+1 . Nn Pn+1 _ Pn
| R Ry [ ST p (v P
Q At Q At
One concludes using Lemma 1. O
From this entropic structure follows an important preservation property of the scheme (2.21).
Proposition 2 (Thermodynamic consistency). Let (E%O,BODO,@%O) € V3, be a discrete stationary state of the
scheme (2.21), in the sense that there exist ((ﬂ%,g%,gg)) e Z%N a solution to (2.21) and ne € N such

neN
that,

Then the discrete stationary state coincides with the discrete thermal equilibrium:

(5. P5.67) = (X5 P5. 05, (45)
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Proof. Let n > n,, we have
E (N3, Py —E(Np. Pp) =E(NF,PF) —E(NF, PF) = 0.
According to Proposition 1, one has by positivity of the dissipation
D (N5, Py) =D (Np™, Pp) = 0.
But, since all the terms of the dissipation are non-negative (see (4.2)), it means that
T (N5, wy ™, wy ™) = T8 (P wh™ wp™) =0,
P,oo

where (Qg’w,yp ) € KQD’O are the quasi-Fermi potentials associated to the discrete stationary densities

(N3, P3). Now, let K € M. Since all the coordinates of N7 are positive, rx(N% ) is also positive, and by
definition (2.15) of TE, we get that

N N,00 N,c0\ __
aK(wK W )—0.

2
Using the local coercivity estimates (2.8), we infer that ’Q%’OO‘ = 0. This holds for any cell K € M, so
1L,K

we have ‘Qg"’o‘ = 0, but wg’w € Vp o, therefore wg’oo = 0p. A similar result holds for Qg’w. Thus,
1,D g
one has wN'>® = wh> = 05, and, by Remark 3, it means that (Mg’“,m{;“) are equal to the quasi-Fermi

potentials at thermal equilibrium. By correspondence between densities and potential discussed in Section 3.2,
we get (4.5). O

Remark 7 (Preservation of the thermal equilibrium). The statement of Proposition 2 means that the
scheme (2.21) preserves the thermal equilibrium: the only admissible discrete stationary state is the discrete
thermal equilibrium. This remarkable feature is sometimes called thermodynamic consistency in the context
of TPFA schemes (see [29]). In such a framework, this result is expressed in the following way: if the numer-
ical fluxes of the convection-diffusion equations vanish, then the discrete quasi-Fermi potentials are constant
(equal to zero). For our HFV scheme, this statement still holds, using the numerical fluxes (5.1.1) defined in
Section 5.1.1. In fact, both statements in terms of fluxes and stationary states are equivalent. This notion of ther-
modynamic consistency can indeed be reformulated using the entropic property of the schemes: if the discrete
dissipation associated to a discrete solution vanishes, then the solution is the discrete thermal equilibrium.

4.2. Existence of solutions

The goal of this section is to prove the existence result and the estimates (2.29) of Theorem 1. The proof
proposed here is an adaptation of the one introduced in [21] for similar schemes in the context of linear advection—
diffusion equations. According to the discussion in Section 3.2, it is equivalent to seek discrete solutions in terms
of densities or in terms of quasi-Fermi potentials. Therefore, we will seek discrete quasi-Fermi potentials in the
whole space Vp, o X Vo, o instead of discrete densities in the set of I,-valued elements of V , x V5, (which is not
a vector space).

In the sequel, we consider the vector space ZQDO, and denote by wp, = (yg, Qg) € Z%,o a typical element.

We endow Kéo with the following natural inner product and norm:

(Wp, vp) = Z (wivR +wivg) + Z (v +wyvy) and  [lwp| = /{wp, wp).
KeM UGEintUgg(t
One can also endow Z%,O with the [°° norm ||.||e defined by

N
o

wk ,|w wf’).

N
w — max |w
H—DHOO KeM, c€EnUEN, ( K| ’

)
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Since K%,o is a finite-dimensional vector space of dimension 2 (M| + [Eine| 4 |EX]) there exists a constant cim
only depending on dim(Vp, o) such that

Vwp € 1%707 cdim||Wpll < [[Wplloo- (4.6)

We can now establish the existence result by induction on n. Let N7, and P% be two Ij-valued vectors, we
want to show that there exists a solution to (2.21a)~(2.21f). Given wp, = (w],wh) € V3, (and (MD, BD’QD)

the associated discrete densities and electrostatic potential), the application

Ny — N
/7/\4 o+ TD (Np,wpy,vp) + /R (Nt Prg) iy

P P
+ %U/l\g/l_krfg (£D7M5795>+ R(N/VUPM)UM
Q Q

is a continuous linear form on V2 o- Hence, there exists a unique G(wp) € V3 o such that

N N
Vvp EKQD,Oa (G(wp), vp /M ‘|‘TD (NDva7'UD /R NM’PM)

Py — PR
@ Q

and it is straightforward to see that G(wp) = (0p,0p) if and only if (MD,BD,QD> is a solution to (2.21a)-

(2.21f). Moreover, by the continuity result of Theorem 2, the vector field G : Z%p — K%p is continuous. As
in [21], our proof relies on two key results. The first one, that can be found, e.g., in [25, Section 9.1], is a corollary
of Brouwer’s fixed-point theorem.

Lemma 2. Let k be a positive integer and let P : RF — R be a continuous vector field. Assume that there is
r > 0 such that
P(z)-z>0 if |x| =

Then, there exists a point xo € RF such that P(zo) =0 and |zo| < 7.

The second lemma, whose proof is postponed until Appendix A, establishes that bounds on the discrete
entropy and dissipation terms imply bounds on the discrete quasi-Fermi potentials.

Lemma 3. Let (Qg7wg) S K%’O, and assume that there exists By > 0 such that
E (Qg,gg) <By and D (yg,yg) < By. (4.8)
Then, there exists Cy > 0, depending on the data, By and D such that
~Cylp <wh < Cylp, —Cilp <wh <Cylp and — Cylp < ¢, < Cilp,

where QD is the electrostatic potential associated to (wg,wg).

We are now in position to prove the existence of solutions to the scheme and the estimates on these solutions.

Proof of existence — Theorem 1. In order to use the result of Lemma 2, notice that by definition of G, and
because wi; + wk = h(Na) + h(Pp), we have

Ny — N} Py — P}
Vasp € Vo, (Gluwp) mp) = [ SHeEMuY ¢+ [ BUEEML D (wf wh).
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Since (Qg,wg) are the quasi-Fermi potentials associated to (Np, Pp), the result of Lemma 1 ensures that

E (wp, wp) — E(Np, Pp)
At
Let B™ = E(N7, Ph). According to Lemma 5, there exists C™ > 0 depending on the data, D and At such that

Vwp € Vh o, (Glwp), wp) > +D (wh,wh). (4.9)

if E(wp,wp)+AtD(wh, wh) < B", then |wpo < C™. (4.10)

Now, letting ™ = 2C™/cqim, one can notice that for any wp € KQDO such that |wp| = 7", we have C" <
2C"™ = cgim||wpl| < ||wplleo- Therefore, by (4.9) and contraposition of (4.10), if ||wp|| = r™, one has

AHG(wp), wp) > E (wy, wh) + AtD (wh,wp) — B" > B" — B" > 0.

Thus, we can use the result of Lemma 2 applied to the vector field G, and there exists at least one solution
(Mg“, Bg“,g;;“) to (2.21a)(2.21f).
To prove the bounds (2.29), it suffices to note that the dissipation relation (2.26) implies that

0
Etl<E?P<E? and D"l < E
=7 = = At

Hence, by Lemma 5, there exists Cy depending on the data, D, At and E° (but not on n) such that
_Cﬁlp < Mg’n+1 < Cﬁl’Da _Cﬁlp < wg’"H < Cﬁl@ and — Cﬁlp < ?%—H < Cﬁlp~

Therefore, by (2.22), g(—2C; +an)1lp < NE™ < ¢(20; + ay)lp, and an analogous estimate holds for
B’%“rl' 0
4.3. Long-time behaviour

In this section, we analyse the long-time behaviour of the scheme (2.21). The analysis proposed here relies
on an adaptation of the arguments presented in [4] in the framework of TPFA schemes.

Theorem 3 (Discrete long-time behaviour). Let ((7%,7%,@2%)) € Z%N be a solution to the coupled
- neN
scheme (2.21). There exists vp ar > 0 depending on the data, D and At such that
Vn e N, E"t < (1 4+ vp aiAt) ' E™ (4.11)

Moreover, the discrete solution converges geometrically fast towards the discrete thermal equilibrium: there exists
a positive constant cp ¢ depending on the data, D and At such that

n e (|12 n e 12 n e 12 —n
vn e N, [N = Niullzeiq) + 1Pu = Piallie ) + 18534 — 05ulliziq) < ep,aB” (1 +vpacAt) ™. (4.12)

Proof. In this proof, we will denote by ¢ a generic constant depending on the data, D and At (but not on n).
First, recall that the solutions satisfy the bounds (2.29). One can notice (using a Taylor expansion of H) that
there exists two positive constants ¢; and ¢ such that for any (z,y) € [M,, My,

G(r—y)* < H(z)— H(y) — h(y)(z —y) < &z —y)* (4.13)

: mn n e 112 n e |12 1 e e :
Therefore, letting E" = [N}y — Nill720) + [P0 — Prallz2a) + ia% (@D — 595 —QD) and using (2.29)
and (4.13), we deduce that there exist ¢; and ¢y positive such that

aE" < E" < B (4.14)
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Since E (N5, Pp) = 0, by Lemma 1 (used with (Np, Pp) = (N5, Pp) and (N5, Pp) = (N, P5)), one gets
aE" <E" < / (N — N wii" +/ (PR — Piy) why".
Q Q
Then, we use Young inequality (with scaling ¢;) to obtain

Pn
Wy

N a n e n e n
aE* < o (”NM — Nl + 1PR — PMHiQ(Q)) +5 - (H ¥

2
L?(Q)) '

+|
L2(Q)

Notice that [N}, — NjA||2LQ(Q) + ||1Pyy — P/e\A||2LQ(Q) < ™, therefore we have

2
L2(9>> '

’ ) . (4.15)

L3(Q)

2 H Pn
w

€14 1 Non
Cpn « ‘
2 ( M |12 M

— 2c¢

Combining this estimate with (4.14), we deduce that

Agr < " < L () wi"

2 H Pn
w
C2 C1

L2() M

On the other hand, one has D" > T ( D7wg" g”) + Tg( D,wg"7wg”), and, for any K € M,
using (2.15) alongside with the positivity of rx (N ;) and the local coercivity (2.8) of a¥, one gets that

2
TR (W wi™ wl ™) = ric (Wi (wil™ wi™) = aodrac(W5) |l

1K
Moreover, by definition of rg, properties on m and my and the bounds (2.29) on N7, we deduce that

n m(Ng, N7) mp (N, N) mp (M, M,)
W= T T A e A el o

oc€EK o€l o€l

The same holds for the term T} ( D wg", wg") therefore by the discrete Poincaré inequality (2.10) one has

ap A, My, H Non 2
> ’ . 4.16
1D) B 0123 rb < o L2(Q) (4.16)

2
N,n P,
D" > a,\, M, <’wp H .

L2(Q) *{[wm

bt

Combining (4.15) and (4.16), we get the following control on the entropy:

Ny My

n n . _
VD,AtE S D with VD At = 02
c2Cprp

From this inequality and the entropy dissipation relation (2.26), we deduce (4.11). To get (4.12), notice that
c1E™ < E™, so using the discrete Poincaré inequality alongside with the coercivity of a%, we get

ab)\ mn 1 n
IN&q — NMHL? o 1Py — PMHL2(Q s 8k — ¢MHL2(Q <E" < —E"
QCPFD C1
We conclude by using (4.11). O

Remark 8 (Non-uniformity with respect to the mesh). The result of Theorem 3 states a geometric convergence
of the solutions to the scheme towards the discrete thermal equilibrium. However, the constants involved in (4.11)
and (4.12) may depend strongly on the mesh (and in particular on hp), which yields a weaker result than the one
of [4,5] for TPFA schemes. Such a dependency is a reminiscence of the non-monotonicity of the HFV schemes
(see Rmk. 4). In practice, the long-time behaviour of the scheme seems not to depend on the meshsize: see
Section 5.3.
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5. NUMERICAL RESULTS

In this section, we give some numerical evidences of the good behaviour of the scheme (2.21). We use test-
cases inspired by the 2D PN-junction studied in [4], whose geometry is described in Figure 2. The domain €2 is
the unit square ]0, 1[°.

For the boundary conditions, we split I'? = TP UTP with I') = [0,1] x {0} and TP = [0,0.25] x {1}. For
i €{0,1}, we let
h(NP) = h(PP)

2
To be consistent with the compatibility condition (1.4) we assume that there exists a constant g such that
R(NP) + h(PP) = «q, therefore for given NP and ag we set PP = g (ap—h(NP)) on I'P. Thus, we get

ay =ap = . If r # 0, we finally impose that ag = 0 to satisfy (1.5). We use the following initial condition:

No(z,y) = NP + (Ng’ = NP) (1= ) and Po(w,y) = PP+ (P = PC) (1= V).

NP =NpP, PP = PP and ¢" =

D
f on I'y".

Finally, we use a piecewise constant doping profile C, equal to —1 in the P-region and 1 in the N-region (see
Figure 2). Concerning the tensors, we assume that the permittivity is isotropic, of the form A, = A?I5, where
A > 0 is the rescaled Debye length. We also assume that the magnetic field is constant, of magnitude b > 0,
and that the rescaled mobilities are equal to 1 (uy = up = 1), therefore the tensors for the convection-diffusion

equations are
1 10 1 1-b
AN =177 (—b 1) and  Ap =175 (b 1 ) ' (5.1)

In this section, we discuss some practical details concerning the implementation of the schemes introduced
in this paper. The mesh families used for the numerical tests are classical Cartesian and triangular families —
see for example [36] — and a tilted hexagonal-dominant mesh family, depicted on Figure 3.

These meshes have convex cells, hence we always choose xx to be the barycentre of K. Moreover, we use a
fixed stabilisation parameter 7 = 1.5 (see (2.6)). In the simulations showed below, we use the arithmetic mean
as an m function for the reconstruction defined in (2.16), therefore for uy € V5, and K € M,

rr(ug) = % <uK + ﬁ Z uo> )

For a discussion on other choices of reconstructions we refer to [17, Sect. 6.2].

5.1. Implementation

ry
P-region
C=-1
N-region
C=1
ry

FI1GURE 2. The geometry of the PN diode.
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(A) (B) ()

FIGURE 3. Implementation. Coarsest meshes of each family used in the numerical tests. (A)
Cartesian mesh, (B) triangular mesh, and (C) tilted hexagonal mesh.

5.1.1. Finite volume formulation

The hybrid schemes described in this paper define finite volume methods, in the sense that they can be
equivalently rewritten under a conservative forms, with local mass balances, flux equilibration at interfaces, and
boundary conditions. For more details about this formulation in the framework of a linear Poisson equation, we
refer the reader to [27]. Let us detail succinctly this formulation for our schemes. Let A be a generic uniformly
elliptic tensor. For all K € M, and all o € £k, in the framework of HFV methods, the normal diffusive flux
— fg AVu - nk , is approximated by the following numerical flux:

Fo(ug) = Y A (uk —uqr), (5.2)
o' €€k
where the A%¢" are defined by
A% = Z |Pror| Y% 7 Axory © (5.3)
o€k

and the y‘;{", € R? only depend on the geometry of the discretisation D (see, for example, [27, Eq. (2.22)] for
an exact definition with n = \/&) For all K € M, one can express the local discrete bilinear form a% in terms

of the local fluxes (FI’},U)JG&(: for all (ug,vy) € V%,

a’}< (up,vg) = Z FI@,O‘(QK) (v — Vo).
c€EK

With these considerations, the scheme (2.24) for the Poisson equation (2.23) writes under the following form:

ST FRt(6,) = K| (Ck + g (28 — ¢x) — g (2N + 6x)) VK € M, (5.4a)
oc€fK
F' (6,) = —Fpb(6,) Vo = K|L € &, (5.4b)
bo = &7 Vo € ED,, (5.4c)
F (¢,) =0 Voc &N with M, ={K}, (5.4d)

where the fluxes are defined by (5.2), and Cx = %I J  C. The first equation corresponds to local balance,

the second imposes the local conservativity of the fluxes at interfaces and the last one enforces the boundary
conditions.



2580 J. MOATTI

Following an analogous approach, we define the nonlinear flux for the advection—diffusion: for any Ij-valued
ug € Vi and ¢, € Vi, we let

Fit o (ure: 8, ) = (s Fit o (Rlug) + 6, ) - (5.5)

Therefore, letting wy = h(ug) + ¢, —alg (with a € R), one can write the local trilinear form T4 in terms of
the nonlinear flux: for any vy € V.,

Tllé (QKvaayK) = Z fI/},G' (QKa?K) (UK _UU)'
0'651(

The scheme (2.21) for the drift—diffusion system then writes under the following form:

Nn+1 — Ng A n n n n
VK € M, K= > A (ﬂfjl, —QK“) = |K|R (N PR (5.6a)
c€lk
PI72+1 B PI% Ap n+1l n+1 n+1 n+1
VK € M, K|+ Y AR, (EK O ): —|K|R (N PRty (5.6b)
c€fK
VK € M, > Fry (65") = 1KI (Cx + P+t = N, (5.6¢)
c€€K
Vo = K|L € En, Fy (N =it ) + 7y (NE L —en!) =0, (5.6d)
Vo = K|L € &, Frn (P o) + 7 (PR op ) =0, (5.6¢)
Vo = K‘L € Eint, FI/;?U (Q?{'H) F <9n+1) =0, (5.6f)
Vo € D, NIl = NP, P;L“ = PP and ¢! =42, (5.6g)
Vo € Egcm fﬁf\;_ (MRK+1’ 797;-1) fI/;Po' (£n+1’ ¢)n+1) FA¢ <7n+1> _ 0’ (56h)
where the nonlinear fluxes are defined by (5.5), the initial data (N%, P% are defined as in (2.21g) and the
K KeM

cell K in (5.6h) is such that M, = {K}.
Note that these formulations yield nonlinear systems. Thus, we can introduce natural functions G%'¢ :

Vp — Vp and GWAt = V3 — V3 such that (5.4) rewrites Gt (QD) = 0p and (5.6) writes
gt (ﬂ%+1,£%+17?%+1> = (0p,0p,0p). The two functions are regular on their domains.

5.1.2. Newton’s method and static condensation

The implementation of the nonlinear schemes relies on their finite volume formulation. To fix ideas, we
consider the case of the transient scheme (5.6). Given (N, Ph) € V3, Ij-valued, we want to solve the nonlinear
system GOt (ﬁ%+17£%+17?%+1) = (0p,0p,0p) (with a time step ¢ instead of At). The resolution of this
system relies on a Newton method with time step adaptation.

First, one initialises the method with initial guess (& %, E%) € V2, where the coordinates of N Z, (respectively
P1) are the projections of the coordinates of N7 (resp. P%) on [¢,a — €] (if a = +o0, we project on [e, +00[) in
order to avoid potential problems due to the singularity of h near 0 and a.

The computation of the residues follows the process described below: let us denote by Ry, € R3*MI and

Re € R3I€l the residue vectors (r%, rk, r?})K ” and (rY They are solution to the following linear
€

P .0
,7‘0,7’0)065.

() () - (3) ”

block system:
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where My € R3IMDSIMIT My, o € RIMPSIEL M oy € RIIEDSIMIT M € R3IESIEI and Sy and Sg
are vectors of size 3| M| and 3|€] issued from the previous iteration. By construction, the matrix M, is block
diagonal with 3 x 3 invertible diagonal blocks. Therefore, this matrix can be inverted at a very low computational
cost, inverting only small matrices. Thus, we can eliminate the cell unknowns, noticing that

Rag =My (Sam — MageRe). (5.8)
Using this relation, one shows that Rg is the solution to the following linear system:
(Mg — Mg pMyiMage) Re = Se — Mg My S, (5.9)

where Mlp = Mg — Mg, MMHM M.e, the Schur complement of the block My, is an invertible matrix of size
3|&] x 3|€|. In practice, we solve the linear system (5.9) using an LU factorization algorithm, and we use the
solution R¢ in order to compute R4 from (5.8). This technique, called static condensation, allows one to replace
a system of size 3(|€] + |M]) by a system of size 3|E| without any additional fill-in. As a stopping criterion
for the Newton iterations, we compare the [*° relative norm of the residue with a threshold tol. If the method
does not converge after in.x iterations, we divide the time step by 2 and restart the resolution. When the
method converges, one can proceed to the approximation of (ﬂ %"’2, £%+2, (b’grz), with an initial time step of
min(At, 1.4 x §t).

The initial time step (used to compute (ﬂlp,ﬂé,qﬁé)) is At. In practice, we use € = 1077, imax = 50 and
tol = 10710,

For the discrete thermal equilibrium, we solve the nonlinear system G*'“(¢_) = 0p (with (2P, 2N) =
(an,ap)) using a similar approach, based on a Newton’s method alongside with a continuation method. More-
over, note that the counterpart in this case of the matrix M, is diagonal with non-zero entries, so its inversion
is straightforward.

5.2. Proof of concept

In this section, we are interested in qualitative and quantitative properties of the discrete solutions, and we
present the profiles of some computed discrete solutions.

For the test-case 1, we use a set of data introduced in [20], with Boltzmann statistics (h = log), no recombina-
tion (r = 0), no magnetic field (b = 0), A = 1, boundary values N’ = 0.9, N’ = 0.1 and «g = log (N’ x NP).
We perform a simulation on a tilted hexagonal-dominant mesh constituted of 280 cells, with At = 0.1. On
Figure 4, we show the profiles of P}, for different values of n. The evolution is in accordance with results
obtained in the TPFA context (see [20], and notice that we use a different initial condition). Note that the
discrete density remains positive, as expected. In fact, even on coarser meshes, the positivity of the densities is
preserved (both for the cell and edge values).

Now, we want to assert the robustness of the scheme with respect to the h function and the anisotropy. We

consider the test-case 2, with Blakemore statistics (h(s) = log (1%%) , Y= 0.27), a SRH recombination term

(T(N, P) = ﬁ) and a strong magnetic field b = 1. We also use a (realistic) small Debye length A = 0.05.

In order to check the fact that the discrete densities are Ij-valued (here, a = 1/v & 3.7), we consider boundary
values close to the maximum admissible densities: N’ = 3.5 and N = 1.5. Since r # 0, we let ap = 0. We
perform a simulation on a refined triangular mesh (57 344 cells), with a time step At = 0.1. We show the profile
of Py, for different values of n in Figure 5. Notice that this test-case is subject to boundary layers (essentially
because A is small and b is big, see the discussion below and Tab. 1), therefore the scheme performs numerous
adaptations of the time step at the beginning of the simulation (the first admissible time step is 6t ~ 107%).
Moreover, one can see a rotation movement for the density of the holes, which is in accordance with the expected
physical effect of the magnetic field.

To give more quantitative informations, we show in Figure 6 the evolution of the minimal and maximal
values, along with the time step and the number of Newton’s iterations needed to compute the solutions at a
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(a) (B) (c)

106-0102 04 06 8.9¢-01 1060102 04 06 89601 106-0102 04 06 8.9-01
| | — _— — —_— ]

FIGURE 4. Test-case 1. Evolution of the discrete density of holes. (A) PR, (B) Py, with
" = 0.1, and (C) Py, with t" = 0.5.

given time. First, note that we display each of the steps (from ™ to ") used to compute the solutions on the
time interval [0, 1], there are 63 of them for this simulation. The extremal values account for the cell and edge
unknowns: we let

min N} = min (1?%1/1\14 N}é,gneig Ng) and max N7 = max (}r{nea/\)z Nﬁ,glgg{]\f?) )
as well as analogous definitions for the holes density. In order to observe the extremal values on relevant scales,
we look at the minimum and the distance between a (the maximal density allowed by the model) and the
maximal densities computed, and print them on a log scale. As expected from Theorem 1, the values of the
discrete densities stay in I, =]0, a[. In particular, our scheme is not subject to the same lack of positivity as the
scheme of [33] when the magnetic field is intense. Moreover, it is remarkable to note that the scheme seems very
robust: the densities are close to the limit values, at a distance reaching 7.56e — 8 in the most difficult situation.
Note that this value mean that in practice, we do not perform the projection step described in Section 5.1.2 to
initialise the Newton’s methods, since the projection threshold € = 1079 is smaller than 7.56e — 8. Using larger
values for € could perhaps improve the convergence of Newton’s methods, but the impact of such a modification
has not been investigated here. As previously announced, one can see that the first effective time step needed

to compute (ﬂbﬂ%@;) is relatively small: 0.1 x 2722 ~ 2.38¢—8. It means that the time step adaptation

procedure needed to perform 22 time step reductions before managing to compute a solution. On the other
hand, we can see that after this initial reduction, there are only five others time step reductions (one around
1.5e—5, one at 2e—5, two around 1.5e—4, and a last one at 9e—4). At the end of the simulation, around ¢ = 0.3,
the time step reach its maximal value At = 0.1 and there is no more time step adaptation. On the third graph,
we show the number of Newton iterations needed to compute the discrete solution from one time to another.
Note that we do not take into account the iterations used in non-convergent Newton’s methods (i.e. methods
that leads to a time step reduction). For all the time step reductions of this simulation, the Newton’s methods
do not converge because at least one of the computed discrete densities was not I,-valued. On average, the
convergent Newton’s methods converge in 10.5 iterations. Finally, we can see on Figure 6 a clear correlation
between the extremal values reached by the discrete densities and the number of Newton iterations needed to
compute the solution. This can be explained by at least one fact: since h is singular in 0 and a, the values of
its derivative near these limit values blow up. Therefore, the Jacobian matrix used in the Newton’s method
tends to be ill-conditioned, which induces numerical instabilities. We can give a last remark on this test-case:
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(a) (B) (c)
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FIGURE 5. Test-case 1 (b = 1). Evolution of the discrete density of holes (note that the scale
varies from a figure to the other). (A) P, (B) Py, with t" = 0.001, (C) P}, with ¢" = 0.004,
(D) Py, with " = 0.01, (E) P}, with £ = 2, and (F) P,

the most extreme values observed in Figure 6 are located near to the boundary and appear at the beginning
of the simulation (see for example the minimal values on Figure 5B, on the left and right sides of the square).
Hence, the difficulties are essentially due to the presence of the (strong) magnetic field, which induces rotation
of the charges and creates boundary layers.

To confirm this statement, we perform simulations with the same parameters (still on the time interval [0, 1])
except that we consider situations with smaller magnetic field intensities (b = 0 and b = 0.5). The results are
presented in Table 1. As expected, it seems that the extremal values are strongly related to the intensity of the
magnetic field. It follows that the number of Newton iterations, and hence the global computational cost of the
simulation increase with the intensity of the magnetic field. We can also notice that the time step reductions occur
only at the first time step for the moderate magnetic fields (b = 0 and b = 0.5): the computational difficulties lie
in the boundary layers appearing at small times. As previously, note that the “number of iterations” mentioned
on the table do not take into account the iterations of non-convergent Newton’s methods. In the last line, we
give the “Total cost” of the simulation, that is to say the number of linear systems solved during the simulation,
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TABLE 1. Test-case 2. Comparison of the extremal values and costs for different magnetic fields.

Magnetic field intensity b=0 b=10.5 b=1

min {min N7, | 0 <" <1} 3.20e—1 5.36e—3 1l.4le—4

min {min P} | 0 < " <1} 1.56e—2 2.53e—3 7.56e—8

min{a —max N3 |0 <" <1} 2.04e—1 4.17e—3 2.18e—6

min {a — max P}, |0 <t" <1} 2.31 9.39e—1 4.23e—2

Number of steps 18 40 63

Minimal time step 3.13e—3 1.53e—6 2.38¢—8

Number of initial time step reductions 5 16 22

Total number of time step reductions 5 16 27

Maximal number of Newton iterations 7 7 35

Average number of Newton iterations  5.05 5.45 10.54

Total cost 96 234 692

(a) (B) (©)

14e-03 05 ]‘ W.‘f) % 2‘5‘3*35e+00 ]Au W‘ 1‘5 2‘&28&% QSeu 1 1‘5 2.0e+00

FIGURE 7. Test-case 2. Evolution of the discrete density of holes, on a tilted hexagonal mesh.
(A) Py, with t"™ = 0.00082, (B) Py, with t" = 0.0044, and (C) P}, with t" = 0.0087.

including the iterations of non-convergent Newton’s methods. Taking into account every iterations performed,
the simulation with b = 1 is basically 7 times more time consuming than the one without magnetic field.

In order to assert the robustness of the method with respect to the mesh, we consider the test case 3,
which is characterised by the same physical parameters as the previous one: h(s) = log (1%75), v = 0.27),

r(N,P) = %, b=1, A =0.05 NP =35 NP =15 and ag = 0. Contrarily to the previous test, we
perform a simulation on a tilted hexagonal mesh, constituted of 4192 cells, with a time step At = 0.1. One has
to notice that the spatial mesh used here is a “general polygonal” one, in the sense that it is not a admissible
mesh for the TPFA scheme. Moreover, the geometry of this mesh is not well-suited with respect to the geometry
of the device, since the junction of the PN-diode (which corresponds to the discontinuity of the doping profile
C) crosses some cells. On Figure 7, we show the profile of the density of holes Py computed at different
times. These profiles are to be compared with these of the Figure 5: even if the tilted hexagonal does not fit
the geometry of the problem perfectly and is much coarser than the triangular mesh used for the Figure 5,
the profiles look quite the same. We give quantitative information for this test case on Figure 8, which is the
counterpart of Figure 6: we show the evolution of the bounds of the discrete densities, as well as the time step
and the number of Newton’s iterations used for a given time step. First, note that the first admissible time
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FIGURE 8. Test-case 3 (b = 1, tilted hexagonal mesh). Evolution of the discrete extremal values,
time step and cost.

step (0t ~ 1079) is bigger than the one on the refined triangular mesh. Moreover, the extremal values are much
farther from the bounds of I;, than on the triangular mesh.

This behaviour can be explained by the fineness of the triangular mesh, which enable the scheme to capture
in a very accurate way the boundary layers: the continuous solution take very small/big values near to the
boundary of the domain, but if one average these values on relatively big cells (such as the cells of the tilted
hexagonal mesh), then the mean values are not so extreme. We can also remark that the number of iterations
needed to compute one time step peaks around ¢ ~ 3.107%, as in Figure 6: it corresponds to the time when
the densities are closest to the bounds of Ij,. Such fact enforces the hypothesis formulated before: the values of
the densities have an important impact on the Jacobian entries and hence on the convergence of the Newton’s
method.

Overall, the behaviour of the scheme does not depend on the geometry of the mesh, and the fact that the
PN-junction crosses some cells does not have a noticeable impact.
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FIGURE 9. Test-case 4. Influence of the meshsize on the long-time behaviour: entropy and L?
distance to equilibrium.

5.3. Long-time behaviour of the discrete solutions

We are now interested in the long-time behaviour of the solutions computed with the scheme. For the
test-case 4, we consider a test-case from [4] with Boltzmann statistics (b = log), no recombination (r = 0),
no magnetic field (b = 0), A = 1 and boundary values NP = e, NP = 1 and ap = 1. We are inter-
ested in the the evolution of the discrete relative entropy and the L? distance to the equilibrium (namely,
\/||N}f,l - N/"MHQLQ(Q) + 1Py — Pj{,lHiQ(Q) + lo% — (bf\,tHQLQ(Q)) with respect to time.

In Figure 9, we show the evolution of these quantities for simulations performed on the family of triangular
meshes (the coarsest mesh has 56 cells, and a size hg), with At = 0.01.

First, one can note that the evolutions are exponentially fast, as expected from Theorem 3. One can also
see a saturation phenomenon when the machine precision is reached. Moreover, as announced in Remark 8, the
decay rate is not strongly impacted by the meshsize. Last but not least, the quantitative values of the decay
rate are in accordance with those obtained in [4, Figure 2] with a Scharfetter—-Gummel TPFA scheme.

In Figure 10, we show the evolution of the discrete relative entropy and the L? distance to the equilibrium
for simulations computed with At = 0.01 on meshes with different geometry: a Cartesian one (64 cells, hp =
3.12 1072), a triangular one (56 cells, hp = 3.07 1072) and a tilted hexagonal one (76 cells, hp = 3.42 1072).
Note that the meshes under consideration have a similar meshsize. As for the previous results, the expected
exponential decay of entropy is observed. The decay rates computed are almost the same for the three mesh
geometries, which reinforces the previous observations: in practice, the decay rate is not impacted by the mesh
used for the simulation (either by its geometry or its size). It is also remarkable to note that on the tilted
hexagonal mesh, which is not adapted to the geometry of the semiconductor device, the long-time behaviour
is essentially similar to the one on meshes with adapted geometry. Again, this indicates the robustness of the
scheme with respect to the mesh used.

Last, we investigate the influence of the magnetic field over the long-time behaviour. We consider the test-

case 5, with Blakemore statistics (h(s) = log (1_Svs)>, no recombination (r = 0), A = 1 and boundary values

NP =e, NP =1 and oy = 1. We perform our simulations on a Cartesian mesh, with a time step At = 0.01,
with different values of b. The results are presented in Figure 11A. One can see the relative entropy decreases
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FIGURE 11. Test-case 4. Long-time behaviour for the Blakemore statistics and influence of the
magnetic field. (A) Evolution of the relative entropy and (B) Evolution of the decay rate with
respect to b.
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exponentially fast in time. Moreover, the presence of a magnetic field tends to attenuate the dissipative effects,
and to slow down the evolution. This was expected from a physical point of view, since the magnetic field induces
a rotation of the charge carriers which delays the natural relaxation towards equilibrium. On Figure 11B, we
show the evolution of the entropy decay rate with respect to the intensity of the magnetic field b. We plot
the values of the decay rate for different values of b, as well as a reference rate v(b) = \/ﬁT’ where 1 is
the numerical value of the decay rate computed with no magnetic field (b = 0). The computed values seem to
fit very well the reference rate. Note that the decay rate seems therefore to be proportional to —= which

Vito2’
happens to be the modulus of the eigenvalues of the diffusion tensors Ay and Ap.

6. CONCLUSION

In this article, we have designed and analysed a scheme for general anisotropic drift—diffusion systems on
general polytopal meshes. The scheme is based on the Hybrid Finite Volume method. We have proved that
the scheme has a discrete entropic structure, and used it to show the existence of solutions (with Ij-valued
densities). As a by-product of this structure, we have also proved that the solutions to the scheme converge
exponentially fast in time towards the associated discrete thermal equilibrium. The results are established for
general statistics functions h, general diffusion tensors (potentially anisotropic and nonsymmetric) and general
recombination terms, under the hypothesis that the boundary data are compatible with the thermal equilibrium
(conditions (1.4) and (1.5)). Finally, we have validated our scheme on different numerical tests, highlighting
the Ij-valuation of the discrete densities, the ability to withstand intense magnetic fields and the long-time
behaviour. Numerical experiments (not presented in this paper) suggest that the scheme introduced here also
works in situations where the compatibility condition with the thermal equilibrium does not hold. Hence, a
future direction would be to analyse the scheme in such a situation.

APPENDIX A. DISCRETE BOUNDEDNESS BY ENTROPY AND DISSIPATION

In this appendix, we prove Lemma 5. To do so, we need a technical result stated below.

Lemma 4. Let E : (x,y) — (G(z) — G(y)) (x — ), and (x,y) € R2.
If there exist two positive constants M and Cy such that |y| < M and 0 < E(z,y) < Ci, then, there exists a
constant Cpr,c, only depending on M and Cq such that |x| < Ca,c, -

Proof. First, we define E, : 0 — (G(y +0) — G(y)) d, therefore letting § = x —y, one has E(z,y) = Ey(0) < Cy.
The inequality || < M + |§]| holds, so it suffices to get a bound on ¢ to conclude:
(i) if 6 > 2M + 1 > 0, then since G is increasing, one has
Gy+6)>Gy+2M+1)>G(-M +2M +1) =G(M +1) and G(y) < G(M),
s0 Cy > E,(8) > (G(M +1) — G(M)) 8, and we get 2M +1 <5 < C1 (G(M +1) — G(M))™;
(ii) if & < —2M — 1, a similar computation shows that —2M — 1> 8§ > Cy (G(=M — 1) — G(—=M)) ™"

Hence, one has |§| < max (2M + 1, G(M+817G(M), G(fM)—%(—Mfl))7 which concludes the proof. ([l

We can now prove Lemma 5. The proof is similar to [21, Lemma 2], except for the use of the unknowns on

gD

ext*

Lemma 5. Let (Q%ﬂgg) € KZD’O, and assume that there exists By > 0 such that
E (wp,wp) < By and D (wh,wp) < By. (A1)
Then, there exists Cy > 0, depending on the data, By and D such that

_Cﬁlp < Qg < Cﬁlpa _Cﬁlp < @g < Cﬁlp and — Cﬁlp < éD < Cﬁlp»
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where ¢, is the electrostatic potential associated to (wl, wh).

Proof. The proof is divided into two steps. First, we prove bounds on the discrete electrostatic potential QD
thanks to the bound on the entropy. Then, we use these bounds to estimate (Mg,yg).

2l e ;
’?D > < sap (QD — 95,9, —QD) < By. Therefore,

letting ¢, = ‘?%‘1 » +./ jfim we get that ‘gb ‘ < ¢1. By definition of |.|1,p, we deduce that, for any K € M

A\?
Since E (wh, wh) < By, by (2.9) one has 04, >

d
and any o € &k, dK (d)K ¢5)? < 2. Letting co = max ¢ K’J, one has

KeM,oe€k lo]|
VK € M, Vo € €k, ok — do| < ca.

On the other hand, there exists og € £L, such that ¢,, = and so, by (2.4), we have

0'0
|G| < H¢D||Loo(sz)'

Now, one can use the connectivity of the mesh: for any cell K (resp. face o) there is a finite sequence of
components of ¢_, denoted (zk)o<k<i, starting at ¢ = ¢, and finishing at x; = ¢k (resp. v; = ¢,) such that,
for any k in {0,...,l — 1}, one has |zx4+1 — 2x| < co. Therefore, one concludes that

|| < leg + |zo] < 2| Mlea + HQSDHLOO(Q) .
Thus there exists ¢y positive depending on the data and D such that
—¢plp < o < Pylp.
Now, note that since D (wf,wh) < By, one has T (Np,wl,wl) < By and TF (Pp,wh,wh) <
By, where we recall that the discrete densities are defined by N = g (wg +QD +aNlD> and Pp =

g (yg —¢pt O[plD). For K € M, using (2.15) alongside with the positivity of rx (N ;) and the local coerciv-
ity (2.8) of a¥, one gets that

o 2
By > i (N g )a (wg,gg) > ap Z rK(MK)dLJ (wlj\(] — w‘]fv) . (A.2)
A% 7

Given o € &k, by definition of rx and Ny, using (2.17) and the positivity of m, we obtain
1 1
rr(Ng) = [Exl Z m (Ng, Nor) > mmh (9 (wy + ok +an),g (WY +dé, +an)).
o/ €€Kk

Recall that formula (2.19) holds, so
1 G(wy +déx +an) —G(w) + ¢s +ay)

1€k (Wl + ¢k +an) = (WY + ¢ + an)
G(@)-G(y)

Moreover, since G is convex, (z,y) — oy
using the bound on [ proved previously we get

is non-decreasing with respect to both its variables, therefore

(N ) > 1 G(wl —¢y+an) — ?(wN—(bu—l—ozN)

€kl (Wl — ¢y +an) — (W) — ¢y + an)
1 G(wK ¢ﬁ+OéN) G(wf,quﬁquaN)-
|k wy —w
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Using (A.2), one gets that for any K € M and for any o € &k,
0< (G (wk — ¢ +an) =G (w5 =y +an)) (wi —wg') <¢

By dik o |EK]
5 max « — -

X KeM, ocfx o]

get bounds on up to bound wg . The previous relation writes

where ¢ = Now, let up = wh + (—=¢y + an)1p € Vp. It is clear that it suffices to

VK e M, Vo € £k, 0 < E (uk,uy,) <, (A.3)
where E : R? — Ry is the function defined in Lemma 4. Now, notice that since wjy € Vp, o there exists oo € £X,
such that u,, = —@3 + an. One can then use the connectivity of the mesh to conclude: for any cell K (resp.
face o) there is a finite sequence of components of up,, denoted (xy)o<k<i, starting at g = uy, and finishing at
x; = ug (resp. x; = u,) such that for any k in {0,...,l—1}, one has E(xp41,2) < (. Therefore, by I successive
applications of Lemma 4, we get the existence of some ¢V > 0, depending on ¢, I, and 2y = —¢y + an such that
|z;| < ¢. Thus, there exists Cév > 0 depending on the data, D and Bjy such that

N N N N
VK e M, Yo € &, ’wK|§C’ﬁ and |w0‘§0ﬁ.
Using the same strategy, one gets bounds for w5, which concludes the proof. |
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