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1. INTRODUCTION

In the drift-diffusion model of semiconductor devices the free energy has turned out
to be a very useful quantity. Gajewski and Gréger [7] applied it in the analysis
of the transient initial-boundary value problem. Gajewski [3], [5] also used it to
control the step width in the time discretization. Considered as a functional of
the carrier densities, the free energy is a thermodynamic potential and a convex
functional. With both the properties the free energy becomes a very attractive
quantity. Moreover, as an integral quantity it is not too sensitive to local deviations
of either the carrier densities or the electric field. In the case of variable temperature,
" however, the free energy is no convex functional.

The main topic of this paper is to set up a frame for an investigation of the energy
model of semiconductor devices in a similar way as H. Gajewski and K. Groger
dealt with the drift-diffusion model. We formulate the energy model as a system
of balance equations for the carrier densities n and p and for the density u of the
total energy. The non-local electrostatic interaction of the carriers is described by
a boundary value problem for the Poisson equation which includes mixed boundary
conditions. Although function spaces are not specified yet, the thermodynamic
calculus for a system of electrons and holes in a semiconductor device is developed
with regard to functional analysis. We proof, in particular, that the negative entropy
considered as a functional of the densities n, p and u is a convex thermodynamic
potential. The current densities j, and j, of carriers and 7, of the total energy
are expressed in the conjugate variables X, := &,/T, X, := ®,/T and Y :=
1/T, where T denotes the temperature and ®, and ®, denote the electro-chemical
potentials. In this formulation a Lyapunov function for the system of evolution
equations is defined, which is closely related to the negative entropy. The Lyapunov
function also works in the cases of time discretization or space discretization. The
intention to introduce a Lyapunov function forced us to describe quantities like
energy rather explicitly. With regard to the simulation practice, material laws like
effective masses are admitted to depend on the temperature. Both the variants, the
case of Boltzmann statistics and the Fermi case, are treated as well as the case of a
non-parabolic band structure.

The paper is organized as follows. Our basic notation is introduced in section
2. Moreover, the electrostatic energy of the system is speciﬁed and its functional
derivatives are evaluated. In section 3 the total energy is defined starting from the
free energy or from an other suitable thermodynamic potential. Customary versions
of the energy model are derived from the energy balance equation. In section 4
the energy model is formulated in the variables ®,/T, ®,/T and 1/T, which we
consider as the natural ones. In section 5 a Lyapunov function related to the
entropy is constructed for the energy model. In section 6 the spatial discretization
is described. The calculus is quite analogous. In section 7 the case of a general
dispersion is studied. This case is a little bit different from the cases of parabolic
band structure, because the state equations are more implicit. The convexity of
the potential U(n, p, s) is proved also in this case. In contrast to d?U the quadratic
form d?G of the conjugate potential G(®,, ®,, T) is the difference d?G — d?G of two
positive semidefinite quadratic forms.
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2. NOTATION. ELECTROSTATIC ENERGY

The device occupies a bounded region ) with the boundary 0 in the Euclidean
space of two or three dimensions. Let q, kg and T"* denote the elementary charge, the
Boltzmann constant and a fixed reference temperature in Kelvin. Let V = ¢y /kgT*
denote the (dimension-less) potential of a hole in the electrostatic potential 3. Then
the Poisson equation in a semiconductor device with given completely ionized doping
profile qd reads

—V(eVV)=d+p—n,

where € denotes the scaled dielectric permittivity. The boundary conditions are the
Dirichlet condition V' = Vp on some part ['p of the boundary, a boundary condition
of the third kind,

8,V + BV = Vg,

on some other part I'¢ of the boundary and the homogeneous Neumann conditions
everywhere else on the boundary. Although function spaces are not specified yet
in this paper, we mention the space H!(2) of quadratic integrable functions which
have quadratic integrable derivatives and the space H} := H}(Q\ T'p) of functions
X € H 1(9) which vanish on I'p. The boundary value problem for the Poisson
equation is written as an variational equation

/ eVV .- VxdQ+ | BVxdl = /(d +p—n)xdQ+ | BVexdl

Te T'e

(x € Hp) for a function V € Vp + Hj, where Vp € H'(f) represents the Dirich-
let data on I'p. We assume that the dielectric permittivity is independent of the
temperature and that the heat capacities of the lattice and of the carrier densities
n and p do not depend on the electric field. Thus the total energy U of the device
model is a sum of its interior energy U* and of its electrostatic energy U®.

Quantities like energy are functionals of the state represented by a set of mdependent
state variables and of some parameters like d, Vp or Vg. In our discussions the
parameters are assumed to be fixed and thus the dependence of the quantities on
them is not indicated. The state can be described by several sets of state variables,
e.g. by n, p and T or by n, p and the entropy denszty s. Therefore we dlstmgmsh
the functionals by an index,

U =U(n,p,s) = Ui(n,p,T) = Ui(n,p,T) + U%(p — n).
The index is omitted at the thermodynamic potentials.

There are several possibilities to define a functional U®. We prefer the choice
Us(p—n)= /V”(p —n)dQ + %/ (VVp_n)zle + = / BV2 .dr,
where V' = V* 4 V,_, and where V, € H} denotes the solution of

(2.1) /EVV;, -VxdQ+ | BV,xdl = /pde (x € H}).

T'e
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Regarding this integral identity we have )
Us(p—n+ép)=U(p—n) + /V&pdﬂ + / e(Vép)2dQ + / ﬁ(&p)zdI‘,
(dU*(p = n),8p) = / Vipda,

(dte(P - n), 0p1 ® 5/’2) = /Ev%m - VVsp,dfd +/ BVsp, Vop, dr.
I'ae '

Sometimes the physiéa.lly intuitive formal notation with densities is used in the
paper, i.e. U¢(p—n) = [ u*(p—n)dQ with the generalized density and its derivatives,

1 1
ue(p) = V‘p + EG(VV'P)2 + Eﬂv;zél"cn

@)(p—n) =V,
(u®)"(p = n)dpibpa = €VVsp - VVip, + BVsp Vip,br-
The differentiation of the density has a symbolic meaning only.

- An alternative choice of the electrostatic energy would be |

. 1 ‘
Ue(p —n) = / V(V = SVpn) - VVpend + | BV - %n_,,)v,,_,,dr.

, Fe
The second order derivative of this functional coincides with that of U, but its first
order derivative contains an additional boundary term

(dU°(p — n),ép) = /V&pdfl + Vpeo, Vs, dl.

Tp

Let ®*(T) denote the Fermi level of the semiconductor device in the equilibrium
state at the constant temperature T'. The electro-chemical potentials of the electrons
or holes are chosen as ®4(1) + ®, and ®4(1) + ®,, respectively, but the additive
constant ®4(1) will be included into the potential V. The state equations are

22) n = N(Den(-2 e (222Y) = M(Dyep (21,
(23) p = N.(T) exp(E”,_l(,T)) exp(—?%_—z) = P(T)exp(—22tY).
in the case B of Boltzmann statistics,

(2.0 n o= NAT)Fo [@n + VT— EC(T)] ,

(2.5) | p = No(T)Fipa [— ®p + V; E"(T)] .

in the Case F of Fermi statistics, and
= ac(w,T)
n = dw
/0 1+ exp [———(—1@"+V;E‘ ey
* ay(w, T)
= - dw.
P A 1+ exp [‘I>2+V-—E';!T!]

T
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in the case G of general dispersion. The state densities N. and N, are not neces-
sarily proportional to T3/2, since the effeciive masses, in the case of parabolic band
structure, or the dispersions w, or w,, in general, may depend on T'. Of course, the
band edges E., E, and the other material functions may also explicitly depend on
the spatial coordinates. Such a dependence is caused, e.g., by the doping profile
or by a heterostructure. We will not indicate, however, such a dependence and use
also the notation E.(T) = E o T' etc. The notation

I b i
f"‘(”):r(aﬂ)F“(“’)fr(a+1)/o S

(a > —1) is used for the Fermi integrals such that 7/ , = F, holds. In the case of
general dispersions the numerators of the integrands denote the surface areas

ab(w,T)=/( . do(p) | (b= c,v)

of the energy levels in the momentum space which are assumed to be finite.

An upper index C = B, F or G distinguishes the Boltzmann case, the Fermi case
and the case of a general dispersion if a distinction is necessary. Some letters are
used with several meanings, e.g., the letter n denotes the density of electrons and
it is used as the lower index of state variables of the electrons. In section 6 the
letter n is also used as lower index and as upper index for the components of grid
vectors associated with the triangulation of the domain. We hope, however, that
this multiple use does not cause any confusion.

The potentials ®, and &, here have the opposite sign as the quasi-Fermi levels ¢,
and ¢, in [14], [15]. Therefore the particle fluxes and the total heat flux are

(2.6) jn = —Dn(V&, + P,VT),
(2.7) Jo=Dpp(V® — BVT),
(28) jQ = —-K,VT + TPnjn + TPPjP7

respectively, with the total thermal conductivity
& = &L +n(A/T — D P2T) + p(Xp /T — D,,P:T).

(cf. [14] or [15]). The heat flux is, of course, primarily an expression in terms of the
thermodynamic forces, but it can be represented in the given form.

3. FREE ENERGY, TOTAL ENERGY AND THE ENERGY BALANCE EQUATION

We consider a system, which consists of electrons and holes and of a lattice with an
unspecified density f(T') of its free energy. In analogy to the ideal gas the density
of the free energy of the system is given by

£ (n,5,T) = w(p — ) + Fo(T)
+ nTlog [n/N(T)] — nT + pT log [p/P(T)] — »T.

in the Boltzmann case. The third summand on the right-hand side and the fifth
one contain, in particular, the interaction terms nE. and pFE,.
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In the Fermi case, one can start with the thermodynamic potential
Q(T) :u') = —CTS/Z'F:*/Z(%)’,

of a Fermi gas (cf. [10],(56.6)). The density of the gas and the density of its free
energy are n = —0,(T, ) and f(n,T) = np + Q(T, u). Accordingly, the density
of the free energy of our system is given by

fFnp,T)=u*(p—n) + fu(T)
+nTFp[n/Ne(T)] — TN(T)Fsp20 F5[n/Ne(T)] + nE(T)
+pTF o/ No(T)] = TNAT)Faz20 Fijylp/No(T)] — pEy(T).
The free energy F(n,p,T) = [ f(n,p,T)dQ as a functional of n, pand T is a
thermodynamic potential. Regarding (u®)'(p — n) = V etc, one straightforward

checks the usual thermodynamic relations like 8, f = ®, and 0, f = —®,, meanwhile
Orf = —s defines the entropy density, namely,

st(n,p,T) = —fi(T) —nlog[n/N(T)] + n + nTN'(T)/N(T)

(3.1) —plog[p/P(T)] + p + pTP'(T)/P(T),
SF( n,p,T) = —fi(T) — nE(T)+pE,(T)
(3.2) l/z(n/Nc oT) + (TN.oT)F3,0 .7~"1—/12(n/Nc oT)
pFa(®/NyoT) + (TN,oT)Fsp0 F(p/NyoT).

The (generalized) density of the total energy of the system is the partial Legendre
transform u(n,p, s) := f(n,p,T) + T's, but more familiar is the density given as a
function of n, p and T, ‘

WP, T)i=wlo—n) + [ e + "T?\/rg)) -

ul(n,p,T) =u*(p—n) + /‘Tc_r,
+n[Be(T) = TE(T)] + T*N{(T)Fa/20 Fyp3ln/Ne(T)]
= plB(T) = TE,(T)] + T*N(T)Fspz0 Fijylp/No(T)]
with the notation f Tep = fr(T) — Tf1(T) for the interior energy of the lattice.
Following Wachutka the flux of total energy reads
ju = —kVT + (TPa+®.)jn + (TP, — ®,)5p

and the balance of the total energy u + V - 5, = 0 for a thermodynamic process in
our system can be written as a heat equation

Bruy(n,p, T) T — V- (kVT) =
with the right-hand side
H = =V -[(TPit®u)jn + (TF—2)ip] — Outa(n,p,T) — Gpus(n,p, T)p
—V - [(TPa+@n)jn + (TP —2p)jpl + Onta(n,p,T)(V -jn+R)
+ apul(n’paT)(v‘jp+R)7
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where R denotes the net recombination rate.

The differential of the total energy for a fixed doping profile and fixed boundary
values can also be written as

du = dui(n,p,T) — Vdn + Vdp.
Thus the balance of the total enérgy becomes
O{urln(t), (1), TA)} + V(p—n) + V-ju = 0,

where {ui[n(t),p(t), T(t)]} indicates that the density of the interior energy of the
system during a thermodynamic process is considered as a function on space and
time. Regarding the continuity equations for the densities n and p we get just the
balance equation of the interior energy

B {uiln(t), p(t), T} + |
(3.3) V- [-sVT + (TPﬂ + &, + V)jﬂ + (TP,J - &, - V)jp] ‘
= VV. (Jn - jp)

with the conventional Joule heating term —V4 - 74 on the right-hand side. This
equation is in the spirit of [1] if the relations

P.T+®,4+V = T{P,+log[n/N(T)},
PBT—-%,-V = T{F +loglp/P(T)}

are regarded.

Remark 8.1. If the functional U is chosen as the electrostatic energy, then an ad-
ditional boundary term fl‘n Vped, Vs appears in the energy balance equation. As
far as we know such boundary terms are not used in energy balance equations yet.
The lack of the mentioned boundary terms might be a serious lack of the usual
energy balance equations. The functional U® is the correct one in connection with
the energy balance equations used in simulation practice.

4. NATURAL VARIABLES FOR THE ENERGY MODEL

The fundamental thermodynamic identity
(4.1) du = ®,dn — ®,dp + T'ds

(which is easily checked by applying the formulasu; = f—T0rf = f+Ts, Opf = @,
and 0,f = —®,) offers the possibility to substitute the energy balance equation by
the entropy balance equation. This possibility looks attractively, since the gradients
of ®,, ®, and T are a basis in the space of thermodynamic forces and since s is a
density like n and p (cf intensive and extensive state variables). There are deeper
reasons to consider n, p and s together with @,, ®, and T as ‘natural coordinates’
for the energy model. The coeficient matrix, which assigns the vector of the current
densities with the components j,, j, and j, to the vector of the gradients of &,,
—&, and T, is symmetric positive semidefinite according to the Onsager symmetry.
Moreover, the thermodynamic potential U(n, p, s) is a convex functional (cf below).
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Proposition 4.1. If the state equations are regarded, the system of equations

n+V-j, = —R
(4.2) p+V-j5 = -R
u+V-7, = 0
1s equivalent to the system of equations
n+V-73. = —R
(43) p+V-jp = —-R
. . q)n, Qp .
§+V-j, = 7 R+T( V&, jn+ VS, 5, — VT -3,),
where
In nD, 0 nD,P, Vo,
Jp = - 0 pD, pD, P, -V,
Ts nD,P, pD,F, %+ nD,P? + pDPP: vT

Proof. The differentials in (4.1) may be substituted by the time derivatives of the
corresponding state variables in a thermodynamic process. Thus we get

1, . .
5= T(u — &1 + ®,p)
1 . . .
LV Gt 8u(T G B) = 8,(T 5y + B)]
R

1,. . .
= ——-(@n — @I,) -V- ['T‘(_']u — @50 + @P]P)]

1 )
+ T(VQP “Jp— V- Jn) + V( ) (Ju — @ngn + ‘I’pJp)°

The last identity is written as the entropy balance equation

. Qn - @ 1 . . .
3+V‘],= T pR+T(—v@n3n+V@p]p—VT],>
with the entropy flux
) 1 K . .
joi= 7% = —FVT + Paja+ Pojp.

a

Remark 4.1. Both the systems of evolution equations have to be supplemented by
initial conditions and by boundary conditions. Initial data might be ng, po and To.
These data allow to evaluate ug or s9. Concerning the boundary conditions we have

v-ja=0 on 9Q\Ip (a € {n, p, uor s})

in mmd mea.nwhlle n,p and T are prescnbed on I'p by means of either 3., <I> and
T or X,, X, and ¥, such that &, — &, € H} etc.

Remark 4.2. In the equivalent ‘entropy model’ (4.3) the Onsager symmetry is per-
fectly reflected. Moreover, the right-hand side of the entropy balance equation is
* the sum of the entropy production rates due to the recombination and due to the
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fluxes. The entropy production rate of the fluxes can be written as the positive
semidefinite quadratic form

%(\7@,, ~V&, VT) x

'nD,-,_ 0 nDnPn VQn
0 D, pD, P, -Ve,
nDnP, pD,P, L’IC" + nDnP,f + prsz vT

- The entropy model provides an argument for choosing the opposite sign for the
electro-chemical potential. This is a reason why we have not worried about the
differing signs of our electro-chemical potentials and Wachutka’s quasi-Fermi levels.
The entropy model contains terms with products of the gradients of the sought
functions. This seems to be a disadvantage of the entropy model compared with
the energy model, at least from the point of view of partial differential equations.
There is, however, the possibility to write also the energy model in a symmetric
form. ‘

The state variables s and u can exchange their roles. The identity ds = (1/T)du —
(®,/T)dn+(®,/T)dp shows that the state variables —®,/T, ®,/T and 1/T are the
conjugate variables of n, p and u. Choosing their gradients as a basis in the space
of thermodynamic forces we get a symmetric version of the energy model. We have,
indeed,

j-n. —Qn/T
(4.4) Ip =DV ‘i’p/ T
; Tu ; 1/T
with :
nT D, 0 nT D, (TP, + <I‘,,)
D= 0 , pT D, pTDp(TPp - <I>p)
nTDn(TP,, + @n) pTDp(TPp — @p) D
and ‘ :

D = T + nTDp(TPp + &,)% + pT Dy(T P, — &,)>.

The following theorem is of interest, since the identity @ = ®,7n — ®,p + T's holds
for a thermodynamic process in our system. This identity makes the functionals
U(n,p,s) or S(n,p,u) be candidates for Lyapunov functions of the entropy model
(4.3) or of the energy model (4.2) in natural coordinates with the current densities
(4.4). '

Theorem 4.1. The functional U = U(n,p,s) is convez and the functional S =
S(n,p,u) is concave. '

Proof. The proofs of both the assertions are similar with the difference that energy
“and entropy exchange their roles. We will prove that the 3 x 3 matrix U = ((Uss)),

Uab = (aa.abU(n’ D, 3)’ da Qd 6b) (a" be {’I’L, p, 3})’

is positive semidefinite for any state (n,p,s) and arbitrary variations dn,dp, ds,
meanwhile the analogous matrix S is negative semidefinite. If no variation da van-
ishes identically, the matrices are definite. The functionals U and S are given by



THERMODYNAMICS OF ENERGY MODELS 9

the densities u; = u®4ul or s, from the section 3, respectively, but in wrong coordi-
nates. We use the notation w, for the partial derivative with respect to a € {n,p, T}
of any function w = w(n,p,T) = w(z,t,n,p,T). We have

dU = ((U*)(p —n),6p— bn) + f(ui,ﬁn +ul 8p + uigdT)dQ =: / SudQ,
85 = 81,01 + $1,0D + 8,767
Because of T's;7 = uyr the summand 4787 in dU can be substituted by
uirdT = T(6s — 51n8n — 81,0D)

and the summand s;78T in dS can be substituted by
s;70T = %[Ju —ul bn — u‘ip(sp —V(én — ép)].
Substituting 67T in this way we get the well known identities
dU = / (Bnbn — B,0p + T65)dQ =: U, + U, + U,
and
ds =f(—?T25n + %5}) + %Ju)dﬂ =i S+ 5,+ S..

| Considering dU and dS for fixed functions &n, §p, &s, or Su as functionals of n, p and
s or u, given in the coordinates n, p and T' we calculate d?U and d?S in the same
way. As the coefficients of 4T are different from u,7 or s17, we need the assumption
uyr > 0. ‘

For a moment we consider the particular case that the band edges and the effective
masses do not depend on T'. In this model case we have ufy = c1(T)+2(n+p) > 0,
meanwhile 0 < uf7 is not so obvious, but it will be proved below in a lemma. In
‘general, u;r > 0 is a reasonable condition on N and P or on N,, E., N,, and
“E,, i.e. on the dependence of the band edges and of the effective masses from the
temperature, since u;r is the heat capacity of the system.

The calculations are straightforward excepted, maybe, the evaluation of an expres-
sion like (8, [ %517,, dn), which arises in (0nS,,dn). To explain the result

— K = l 2 ‘ }_ 2
(0n [ o bn) = [ 7eVVen? dert [ A ar,

we consider a differentiable map f : X — Y of a Banach space into a Banach space
and a linear map A4, : Y — Z of Y into a Banach space (u might be a parameter
from another Banach space). The differential df(z) of f and the differential dg(z)
of the composite mapping g = A, o f for a fixed z are linear mappings from X into
Y or Z, respectively, for which (dg(z),dz) = (A, o df(z),dz) = (A, (df(z), éz))
holds. In our case, V € Y and Ay (V) = [ BV dQ.

We consider d>U(n, p, s; dn, 8p, 63) as a quadratic form on the real three-dimensional
linear space which is spanned by dn, ép and s.This form is represented by the 3 x 3
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matrix U,
U =

1 (s51n6n)2  51,0MS1,0p —S1,6n8s

/—— S1n0ns1p0p  (8150P)2  —s1p0pds | dQ
81T\ —g1,0n6s  —s1,0p8s (8s)?

e(VVsn)? + %(Jn)z —eVVin-VVs 0
+ / Vi VWi (Vi) + I(dp) 0 | do
0 0

o

Vin  —VenVep 0
Te 0 0 0

The matrix U has obviously the structure

zz +uu + €€ Ty —uwv -T2z
U=| zy—uv yy+vv+nn —yz-
—zz —yz 2z

with three different scalar products zy, én and uv.

d%S and S are calculated quite analogously. The matrix has the same structure with
the opposite sign.

The proof will be finished by the following lemma. ‘ o
Lemma 4.1. The matriz U has nonnegative eigenvalues only.
Proof. The matrix can be considered as a quadratic form on the real three-

dimensional linear space spanned by én, dp, and ds. Let us consider the restrictions
of the quadratic form on each two dimensional subspace.

At first we consider the subspace spanned by on # 0 and és # 0. The matrix
corresponding to this restriction is

Tz + uu+ ¢ —zz
—z2z zz ’
Their eigenvalues are positive, since
0 < zz +uu-+ €€ + 22,
0< ;]l'—(a;m + uu + €€ — 22)? + (z2)?
. ,
= Z(:L':c + uu + €€ + 22)? — (zz + wu + €€)22 + (z2)?,
(z2)? < (zz)(22) < (2T +uu+ £€)z2
1, : k 1
= Z(zm +uu + €€ + 22)? — Z(a:m +uu + €€ — 22)°.
The same argument holds for the subspace spanned by §p # 0 and és # 0.
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Finally we consider subspaces spanned by vectors satisfying
aén+bdp—456s=10
for arbitrary fixed real a and b. The matrix corresponding to this restriction is

_ [ zz tuu+&€ — 2azz + a’2z zy—uv — ayz — bzz + abzz
Ty — uwv — ayz — bzz + abzz yy + vv + np — 2byz + b?z22

_ [ (z—az,z—az)+uu+§ (m‘—az,y—-bz)—uv
- (z —az,y —bz) —wv (y—bz,y—bz)+vv+nn )

Similar arguments as in the first case hold again. O

Remark 4.3. The assertions of the theorem also hold for

O(n,p,s)i= [ia(mp TR sad S(mp3) = [ sa(m,p T)ao,

@ = 41(n,p,T) = @*(p — n) + ui(n,p, T). Using the functions du, &, and &, from
above we get

dU = / Su+ | Vped,Vip_sadl,
Tp

dS(n,p,@; 6n, 8p, §u) = dS(n, p,u; én, 8p, fu) +/ 1

VD Ea,,V:;'p_.JndF 3
I'p T ‘

but d?0 = d*U and d?S(n,p,4) = d*S(n, p,u).

In the Fermi case the partial derivative sf7 of s7 with respect to T is

F 1 g e,oT

Sir = pir = T —nE"(T) +pE”4(T)
i N'OT)Z 1]
TN, o T) Fyso Fiji(n/Neo T) — TL0e
FENO TV Fopa0 Fraln/Ne o) = Iy @y 7o Fo(a/Noo T)
(pN, o T)? 1

TN, oT) Fajp0 Fi(p/NyoT) — T .
+ ( o ) 3/2 0 1/2(P/ o ) N,,(T)3 f—1/2 0 fl—/;(P/Nu o T)
In the model case in which the band edges and the effective masses do not depend
on T the inequalities s5 > 0 and uf > 0 follow from the next lemma with o = 1/2
and with the argument u = fl'/lz(n/ c.T%/?), since

15 ¢, T3/? 1 3/2 9 n? 1
—4— T .7:3/2 o fl/z(n/CnT ) 4c,,T5/2 -7:-1/2 o fl’"/lz(n/c,,T3/2)
= —c, T *|=F3/2(u —_—.
1 [373/2(u) f-l/z(u)]

The proof of the following lemma has been given by my colleague H. Stephan.

Lemma 4.2. The inequality

1 Fe
(1+m)fa+1 = > 0

holds everywhere on the real line for any o > —1.
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Proof. Since F., > 0 everywhere on the real line, the inequality is equivalent to
Gla+1)Gla—-1) — G(a)?

with the function

Oota+let—-u | .
Gla) = (a+1)/ t-u+1 it = /0 1+et_udt=/dpa(t).

We observe G*)(a) = [(logt)*dpa(t) for the k** derivative with respect to . The
Jensen inequality is applied with the convex function z?, i.e.

([ ogtdpu(t)) [ dpalt) < [(logtdpult)) [ diatt
i.e. G(a)G"(a) > G'(a)?. The function H(e) := log [G(a)] satisfies

1'(6) = GrraplC@E (@) - C'ay] > 0
1og [E1° _Gf()g(fﬂ)] > 0,
1.e. the assertion. O

We finish this section with a remark on Fermi integrals. The inequality of the lemma
can be written in the form

1 21 Fa
—’;_“i‘-y:a+1fl > Fi— FarrFo = F2 le]'
‘The sign of the difference on the right- hand side of the inequality is also of interest

(cf. [4])-

Lemma 4.3. The inequalities

Fulv)  Falu)

Fw Faw S
hold for any Ferms integral F,, o > —1.
Proof. Let us consider the difference
© gty © ety Fo(v)  Falu)
= De™™ | ——=dt d -
e [t = [}-;,(v) 7w
o t et 0o ta+1 t oo ta+let
= —  _dt ———dt
‘/0. (eu + et)Z o (ev et)z / (eu + et)z o (eu + et)2

= /[(e” + €%)2(e* + e¥)? — (e* + €°)*(e” + e¥)?|ydu

= () [t = (=) [ (@Yo >0

with the measures

zoy*e®tVdzdy
(€% +e2)2(e" + ev)2(e” + =)2(e” + ev)?
and dA(z,y) = [(e* + €*)(e¥ + %) + 2e**¥ + 2e"H¥]du(z, y) on R. a

du(z,y) = = du(y, z)
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Since F.(u) > 0 for any a > —1 the concavxty of the functions F7! o Foyq is
rigorously proved for any o > —1.

5. A LYAPUNOV FUNCTION FOR THE ENERGY MODEL

In this section a Lyapunov function is constructed for the energy model (4.2) in
natural coordinates n, p, u and X,, = ®,/T, X, = ®,/T, and Y = 1/T. To this
aim we need the conjugate potential H(X,, Xp,Y') of the entropy S(n,p,u). A state
variable like n will be denoted by n;, if we want to emphasize that it is considered
as a function of the intensive state variables (X,,X,,Y). Sometimes it is more
convenient to indicate the dependence of a state variable upon the electrostatic
_potential separately. The indicator will be the lower index 2, i.e.

= ni(anXp: Y) = M2 [Xm Xm Y, V;'(Xm Xp’ Y)]’

where V;(.) € H; denotes the solution of the nonlinear Poisson equation

(5.1) / VW - Vxd + /F BWxdr = / [pa(es W) — (., W)lxdQ (x € HY).

Remark 5.1. Let (H})' denote the dual space of H} and let X and Y denote
unspecified function spaces of either X, or X, and Y The nonhnear operators
Py(Xn, X, Y,.) s HY — (HY) deﬁned by

(P W),) = [{TW - Vi + ol W) = o W x} d2+ [ W

~ are strongly monotone operators. The nice properties also appear in the linearized
equations. The coeflicient of the additional term on the left-hand side in each
equation is a nonnegative function.

Remark 5.2. Let P; C X x X x Y x Hj denote the manifold of zeros of the map
Py : X x X xY x H} — (Hy)'. The projection m; : P; = X x X x Y is a chart
map of the manifold and H; = Hy o ;!

- Because of the identities

Ons(n,p,u) = —X,, 0Ops(n,p,u) =X, and 0Ous(n,pu)=Y
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the density of the conjugate potential H of S is defined by
ho = —nX, +pXp +u¥Y —s = —nX, +pX, + f/T,

hB = —nf —pP + Y fL(1/Y) + b,

hF = =N/ F3p X + Y (V*+ V; - E.(1/Y))]
— Ny(1/Y)F3pa[—Xp - Y(V* + V; — E,(1/Y))]
Y)Y+ R |

he =Y [%e(VV,)Q + %ﬁV?JFG - (p,' — n,)V:] .

Note that h® also differs in both the cases B and F like ﬁ,-, Di and also V; do.

We want to check the relations
(Ox H,6X.) = — / n6XodD), .., (OyH,6Y)= / uSY dQ.
We start with the identities
(0.H, 5) = / 5a Buhal., Vi()] 4 + / (8Vi, 8a) Byhal., Vi(.)] dO

(o € {Xn, Xp,Y}). The function
(BaVi,ba) =: 6aVi(Xn, X,,Y)

in H} is the solution of the linearized Poisson equation

e)

(5.2) _ f 50 Oulpa — 1) x 40 (x € HY).
Let us consider (0w Ha(., W), éW). Since
/ SWow [n2(, W)+ pf(.,W)]‘ dQ = / SWY [n2(.,W)—pJ (., W)] dQ

and

/ SWowNFaps(YW +..) + NoFapa(~YW —..)] dO

- / SW Y [nf (. W) — pF(, W)] dO,
the identity

(Bw Ha(., W), 6W) = / Y BWSW dr

Te

/ Y{VSW - YW — §Wow [na(., W) — pa(, W)] W} €2
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~ holds. The key of the proof is to understand that the variations 8,V;, which are
. solutions of (5.2) also satisfy

(BuHal V), 6V = [ Yadulnal, %)~ pal,, W) Vi d

because of H = Hz om; ! lives on the manifold P;. Then the relations follow easily
from

(8. H, 6a) /5a{ah2[,w()]+ya (na(., Vi) = pal., V2)] Vi} d2.

Remark 5.3. We had to learn to deal with mappings into function spaces Z @ Zr
living on the domain ) as well as on a part of the boundary. The same situation
occurs, of course, with the generalized energy density u. The same situation also
occurs, if we start with the energy density @ = u* + 4°. We know from section 2
and from the third remark in section 4 that

(3,,'(7,517,):/@”571—/ Vped, Vsndrl.
. , ; T'p

In the case of the energy density % the corresponding electro-chemical potential &,
is a functional living partially on a part of the boundary. This construction looks
rather formally, of course, and one might be inclined to stick to the state variable
®,,. Doing so, however, the thermodynamic calculus is left.

'According to our definition of ®,, ®, and T the equilibrium state of our system is

$,=%,=0, T=1, or X—X‘—_-o‘ Y=1.

The electrostatic potential of the system in the equ111br1um state is V=V*+V
with the solution V; of the nonlinear Poisson equation

/GVW -VxdQ+ | Wxdl = /[pz(T, W) — ny(7, W)]xd
e
- [, W)l x do

(x € H}). Note that V = VC are different in the cases C = B or F.

For boundary values of X,, X, and of Y on I'p which are compatible with the
equilibrium state we set

S-mp) = [ [0 = Fo) =50 = %)~y = 7] a0
| + H(Xn, X,,Y) — H(Xn, X,, 7).

This functional is nonnegative and convex. If a solution of the system (4.2) satisfies
boundary values on I'p which are compatible with the equilibrium state then the
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estimate

I
—
3
P
=
s
Py
o~
S
|
I
|
.
—~
=
e
Paamn
[
N
|
9
|
:.
P
=
|-.<
—_
(5
L —
|
=
-
—
QL
)

( —[Xa(t) - X ) ( ~[Xn(t) — Xa] ) .
—_ / vl X%u-% |-pv| X@-% |d
| Yit)-y t) |

- / RI)[Xa(t) — Ko — X,(t) + X,] 42 < 0

is fulfilled. Here we used the properties VX,(t) = V[X,(¢) — X,] and X, (t) — X, €
H} etc. The total dissipation rate on the right-hand side is the sum D = Dy + D,
of the dissipation rate Dy due to the flux and of that one due to the generation and
recombination of carriers. The density R[t][Xa(t) — Xp — X, (t) + X;] of D, already
appeared in the entropy balance equation. It denotes the entropy production rate
due to the recombination and generation of electrons and holes. Therefore the
term has to be nonnegative. This property is easily proved in the Boltzmann case
for typical net recombination rates like R = Ro(np — N'P). At least, if this net
recombination rate is written in the form R = R(exp (X, — Xp) — 1) it has the
property in the Fermi case, too.

The right-hand side of the estimate is the negative sum of the dissipation rates due
to the fluxes and due to the recombination or generation of carriers. The estimate
can also be written in the form

(5:3)  S-[n(0),p(0), u)) < 5-[n(0),5(0),u(0) - [ " Dln(r), p(r), u(r)] dr.

The functional S_ can also be used in the case of time discretization. Let tg = 0 <
t; < ... < tg be given. Let denote 7, = 1/(tx — tg—1) and 7 := 7(t — tg—1). We
consider the system of equations

Te(nk —me) + V55 = —RF
(5.4) Tk(Pk — pe-1) + V- jf = —RF

Te(ur —ur1) + V.55 = 0

for 0 < k < K with given initial data no, po and uo and with the current densities

(5.5) E =DV Gk .
I Y,

The unknown new values (X, ) ,..., ux are used as much as possible in the coefficients
D* and right-hand sides RF of the equations, but we will be forced to use the already
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known values (Xn)k-1 ,---, Uk-1 in much places. We interpolate the densities 7, p
and wu lincarly, i.e. A(t) = ng—1 + 7(nk — nk—1) = ne_; + TAgn etc on the interval
Sk =]tk_1,tr]. From these state variables we obtain the other ones like Y’ by the state
equations (if we need these values at all!). We get, in particular, S_[A(t), 5(t), 4(t)].
This function satisfies ,

2 {5 [a(0), (2), 5(0)]}
= [{AunlFa(t) = Fo) = Buplylt) = T - Al () - P} d
< Tk / {Aun[(Xa)k — Xn] — Dup|(Xp )k — Xp] — DpulYs — ¥)]} dO2

_ / {5 - VI(Xa)k — Xl = BH(Xn)e — Xa] = 35 - V[(X, )k — K]
+ Rk[(Xp)k - Xp] —.71,: ) V[Y;c - ?]} d} =: _D,; - Df < 0.

The first estimate is proved by a convexity argument, namely
A(t) —ng = (7 — 1)Agn

and thus

rk / {ARn[Za(t) = (Xa)e] = AaplFolt) = (X)a] — AxulT(8) - Yal} d2

= — 1 7_—,‘_: . f{[ﬁ(t) - nk] [Xn(t) - Xn] — ﬁ(t) — Pk][Xp(t) _ Xp]
— [a(t) — w][Y (£) - )]} 4

Tk

{(6Xn£r[t] - aXnHk,Xn‘(t) - Xn) + (aXpE[t] — aXka7XP(t) - Xp)
+ (v H[t] - v H* Y (1) - ¥)} <0,

1—171

since the conjugate potential H of the concave potential S is also concave.

The estimates for S_[t] and their discrete analogue are of interest in so far as
they show that the mathematical model reflects the stability of the equilibrium
state in some way. Initial-boundary value problems for (4.2) with Dirichlet data.

(Xn,j(p, Y) # (Xn, X,,Y) are more realistic. In this case, the functional

~

5-(n,,0) = [ [n(Xa = %) = 2, — B) -y - F)] a0
+ H(Xp, X,,Y) — H(Xn, X, V)
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satisfies the estimate
3 (5 In(e) (0, (8} | |
- / [0 Xa(t) — Rl = BEIXp(2) = Ko — a(B)[Y (1) — )]} 4O

B / {n - VIXalt) = Xl = RIAXa(t) = Xn =y VIXp(t) = X5]
+ R[)[Xp(t) — Xp] — ju - V[Y(2) — Y]} 40 |

(—{Xn@)—gm) (—[x,,() 921)
--[v| %0-% |ov| X0-% |
Y(it)-Y Y(#)-Y

- / RIA[Xa(8) = K — X,(t) + X,] dO

(—[X() _X]) (—:n)
z_/v t)-% |- DV| X, |d0
Y(t)- Y Y

f R[t][XA(t) — X — X, (t) + X] dO.

The additional last term on the right-hand side is not definite in general, but linear
in the gradients of X, etc. Thus one can try to get an estimate for it by the
dissipation rate. The chances that such an estimate hold are not so bad if the
stationary problem with the boundary values (X,,,Xp, Y) on I'p has an unique

solution and if (Xn,Xp, Y) is just this solution.

Remark 5.4. The Scharfetter-Gummel procedure, which has been successfully ap-
plied in the drift-diffusion model, has an analogue for the system (5.4) coupled with
(5.1): The whole system at time ¢; can iteratively be solved, solving (5.4) with the
state equations n = ny(X,,Y, Wo) etc with frozen electrostatic potential in a first
part of one iteration step, but (5.1) with the new values of X,,, X,, Y in a second
part.

6. SPATIAL DISCRETIZATION OF THE ENERGY MODEL DISCRETIZED IN TIME

We apply a box method to discretize the system of equations (5.4), (5.5) spatially.
We consider a triangulation S of the domain Q with the grid points ry,..., ry. Let
Sn (1 £ n < N) denote the ordered set simplices S™ € S which have one of their
corners in r,. Let R, denote the set of all neighbours ry, i.e. the finite line from r,
to r; is the edge of a simplex of the triangulation. Let

B":={reQ :|r—ry =rln_iia}r—r;|}
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denote the box or Voronoj cell around r,,. If the triangulation is sufficient regular (cf
Delaunay property) the boundary dB™ consist of plane parts A, such that r;—r, =
dnm!, with the exterior normal unit vector on 4% (r; € Ry,). For a density u on
we set U = [, udQ). Thus we get

Tk(U]?_ ]?..1) == L de = Z/ Il ]u dA ~ Zdnllk nl

for the last equation of the system (5.4). We need an expression for the current
I¥(nl) in the edge from r, to r; during the k-th time step.
The one-dimensional current equation corresponding to (5.5) reads

aX] + Y = I,

bX, + sY' = I,

rX, + sX, + &Y' = I,
with constant right-hand sides. A rough approximation arises if the coefficients f
are substituted by the average f¥~! = L( %=1 4 fF=1) of their values in the endpoints
of the edge at the time tx_;. A more reﬁned approximation arises if the coefficients

are considered as affine functions f(z) = f, + f'z (0 < z, Al) on the edge. The full
program ,

AX,, 1 1 bc — s2 rs —br I,
AX, | = / rs ac—r1? —as |dz-| I, |,
AY o abe—as®=br \ . _o @ L.

however, will be too expensive. A lot of compromises can be suggested. Above all,
coefficients with |f, — fi| < f should be substituted by f.

The coeflicients of the spatially discretized thermodynamic forces AX, are state
variables, which depend on the state variables in the endpoints of the edge. We
have the possibility to choose the old values or the new unknown ones. A good
choice will be characterized by the properties that the new values are taken as often
as possible, but that the equations, which become nonlinear if unknown new values
are regarded in the coefficients, have still a good behaviour. Summarizing all box
balance equations we get a finite system of equations

Ny — Ny ) —(Xn)k -1:2"
7| Pe— Per | +DF (Xp)e | =1 —RF
Ur — Ug—1 Y 0

(0 < k < K) for the grid vectors Ng, .. Y}c with given initial data Ng, Py and Uo
This system has to be completed by the discretized Poisson equation

(6.1) PW=P-N
at each time step k and by state equations for N, P and U.

For grid vectors W = (W™), Y with Y™ > 0 and Z let (W, 2), W * Z and W/Y
denote, respectively, the scalar product > W™Z™ and the grid vectors with the
components W"Z™ or W"/Y™. Note that densities and functions have to be dis-
cretized. Accordingly, the discretized objects are extensive grid vectors like N or
intensive ones like T or n = N/|B|. The natural pairing is the scalar product of
an intensive grid vector and an extensive one. For functions from the preceding
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sections like py or u} let p := py(X,,Y, W) or ui(n, p,T) denote the grid vectors
with the components p2(X}, Y™, W™) or uj(n",p", T™) such that, e.g.,

N = |B| * n3[ X, Y, Vi( X, X5, Y,
where V; denotes the solution of the discretized nonlinear Poisson equation

PW = |B| * [pa(X,, Y, W) — no( X, Y, W)].
The discretized electrostatic energy is defined by

1
U(p=n) = (V*, P = N) + 5(Voun PVpon),

where V,_,, denotes the solution W = P~!(P — N) of the Poisson equation (6.1),
lLe.

Ue(p—m) = (V*, P — N) + (P — N,P~}(P — N)),
and ‘ -

w(p—n) = V*+ (p—n) + x(p—m) « PL(1B+ (p— )],

Under these conventions the identities

(d81(n,p,T), 6. @ 8p & 6T) = (8ns1,6N) + (851, 6P) + (|BJ, Orsy » 6T),

6T = [bu — V * (6p — &n) — Bpu} * dn — Byul + 8p)/Orul,
and | '
Orui = Oruy = Or(f — TOrf) = —TO%f = Tors;
hold. Thus we get '
(dS(n,p,u),n®dp @ du) = (1/T,6U)+ ;
(Bns1 — (Opul = V)/T,6N) + (0p81 — (8pul + V)/T,6P)
‘ = (=X,,0N) + (X,,6P) + (Y, 6U).

In the Boltzmann case, e.g.,
n

.18 7
6T/T = [6u/T — én * ap, — &p * ap)/Oru'E,

] —[V*+ P }(P - N)|/T,

with
an =T« N'(T)/N(T)-V/T and a,=T=*P'(T)/P(T)+ V/T.
Therefore we have .
( d{—log[n/N(T)],6N) + (V* +P~1(P — N),(SN/T)
—log[p/P(T)),6P) — (V*+ P~Y(P — N),6P/T) + (1/T,8U) } ,dn & ép @ 6T

= —(6N,6n/n) + (P=X(6P — 6N),6n/T) + (6T /T, an + 6N)

— (6P, 8p/p) — (P~Y(8P — 6N), 8p/T) + (8T/T, ap + 6P) — (6T /T, 5U/T), |
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i.e.

d*SB(n, p,u; én, 6p, du)
= — (|B|,én x én/n + 8p* 8p/p) — (P™*(8P — 6N),(6P — 6N)/(T | B))
— (|Bl/6rui®,(én &p u/T )*xSB«(4n &p Su/T))

with the matrix

Un * Qn Qn*dp —ap
B _
ST =| an*a, ap*xa, —a, |.
—0n —ap 1

The conjugate potential
H(Xn, Xp,Y) = =(Xn, N) + (Xp, P) + (Y, U) — S(n, p, u)
reads in the Boltzmann case, e.g., '
HP(Xn, X, ¥) i = (F(L/Y),Y) = (1, PE(X,,Y, Vil + NZ[X, Y Vi])
~ SUPPIG, Y,V - NPIX., YV, VifY).
The discrete analogue |
S_(n,p,u) = (N, Xn — Xp) — (P, X, — X,)(U,Y = Y)
+ H(Xn, Xp, Y) — H(X0, X5, Y)
is a Lyapunov function for the problem discretized in time and space. The argu-

ments are completely analogous, such that we do not repeat them here. The spatial
discretization and the whole calculus can also be applied with continuous time.

7. GENERAL DISPERSION

The case C = G of general dispersions wy(z,p,T) (b = ¢,v) is a little bit more
complicate. In this case, we will not write down the full program, but we only proof
the convexity of the potential U(n,p,s). We consider also the conjugate potential
G(®,,®,,T), which is also convex. We are surprised that d?G is the difference of
two semidefinite forms, meanwhile d*U is a sum of semidefinite forms as in the cases
B and F. :

We assume that the Lebesgue measure of the surfaces wy(z,.,T) = w in the mo-
mentum space are finite, i.e.

ap(w, T) = ap(z,w, T) :=/ do(p) < oo.
i ) wp(z,p,T)=w

It will be convenient to introduce the chemical potentials Y = ®+V = &, +V*+V,°
(b= n,p) and to abbreviate z, = (Y, — E. —w), 2, = 3(Y, — E, + w). The carrier
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densities are

n=nC(®,,8,,T) = nf[®,,T,V(®,,&,,T)] = n(Ya,T),

P= PLG(QM @, T) = P?[@p, T, V,.G(@m &, T)} = pG(Yp) T)

with

ac(w,T)

dw
1+ exp [——%(Yn —E.—w)]

nG(Yn,T) = /000

ay(w, T)
l+exp|[ z(Yp—E,+w)]

P01 = [

where V€ is the solution of the nonlinear Poisson equation

/eVW-VX dQ + BW x dr'
ed

= / 25 (85, T, W) — 15 (8, T, W)] x d

(x € H}) in H}. The expression

fG(n7p: T) = fL(T) + Qn + Ynn + Qp — Y;p + ue(pG - nG)
with these Y;, ¥,, V and with the quantities

Qu(Ya,T) = T / ae(w, T)log [1 + exp %(Y,, B, — w)]dw
0 o
and

Qp(Ya, T) _ —T/ ay(w,T)log[1 + exp —_1—1—1-(}’;, — E, + w)]dw
o ,

is the density of the free energy.

We notice that the potential V is fixed for fixed n and p. Thus the density of entropy
s is is defined by ‘

0rf¢(n,p,T) = f1(T) + 0rQn + 0%, Qn - (8rYn)np + 1(07Yn)np
+ aTst + aY,Qpa : (aTYp)n,p - P(BTYp)n,P
= fi(T) + 000 (Ya, T) + 0rQ(Y,, T) = —3%(Ya, Y5, 7).
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The density u of the total energy 1s given by
u(n,p,s) = f(nap: T) - Tan(n,p, T) = ue(p - n) + fL(T) - Tf]{',(T)

+ Qn(Yn, T) — TOrQn(Ya, T) + YanS(Y,, T)

+ QP(YP, T) = TaTQP(YP’ T) - YPPG(YP’ T)

) T
= ue(pG — nG) + u‘G(Yn,Yp,T) = ue(pG — nGk) + / cr

oo },n - T(zn+ Eé
1+e 2

+ TZ/ log (1 + €**)0ra.(w, T)dw + / )ac(w,T)dw
0 0

Yo —T(z + E,)
14 e

+T2/ log (1 + e *)0ra,(w, T)dw — / ay(w, T)dw
0 0

The partial derivatives of the functional U(n,p, s) are calculated with the partial
derivatives of '

ul(Yy, Y, T) = u [p6(Ya, T) — nC(Ya, T)] + w'S(Ya, Y,, T)

by solving the linear system of differentials

nCY,dY, + nng = dn,
p7,dY, + pfdT = dp,
s§dYn  + sy,dYp, + s$dT = ds.

The system is solvable if and only if its coeflicient determinant

. GG .G G .G G .G .G
D := ny [py st — prsy,] — nrpy, sy, # 0.
It is convenient to introduce the measures
~8p2p
€ - )
d[l:b((d) = mab(w, T)dOJ

(6. = 1, but &, = —1) and the notation
M¥ = / (2n, + OrEs)odus, My =M, M =M", M =MD,

*® Orap(w,T)
v/ )
» = M, JbT/O T ot dw

* 2(zn E T (w, T2
Mb” — Mb” _ T/ 2(2 b + aT b)a'i"i‘:(w:&z)b-f- a (w’\, )aTEbdw
0 e

+ T/ log (1 + €%*)[20rap(w, T') + T O2ap(w, T)]dw.
0
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- In the model case in which neither a(w) nor Ey depend on T', the determinant is
D= L {cro depc(w)/duv(w)
Te 0 0

[ (o) [ duw) = ([ i) 1 [ dutw)
+1 [ (o) /dpcw)—(/zﬂdﬂc ) Y /duvw)} <0

because of Jensen’s inequality.

Theorem 7.1. The functional
U=Ulnp,s) = Us(p =)+ [ (%, T) do,

where Yy = & + V* + V(®,,9,,T) (b = n,p) and T satisfy n = n%(¥x,T),
p =p%(Y;, T) and s = s6(Ya, Y,, T), is convez if the conditions

MMy > (M})? (b=c,v)

are satisfied.

Notice that the assumptions of the theorem are fulfilled in the model case.

 Proof. We have

DdY, = (py st — prsy,)dn + sy,nydp — pynrds,
DAY, = prsy,dn + (ny st — sy,nr)dp — nyprds,
DdT = —pysy,dn — sy,nydp + nypyds.

(here the upper index G has been omitted and ny, = ny etc) and

i . u,’
aﬂvu(n) p7 3) —V + (stT stYp) + stYn - —D—stYnJ
ui, u§r ul
Opu(n,p,s) =V + 5 TSY, + 3(1’1;]/3'1' — nrsy, ) — %nysyp,
ul u} ul
;" nrpy — D" nypr — %"’WPY-

Osu(n,p,s) = —

The relations G,u(n,p,s) = ®, = Y, — V etc. can be checked by straightforward
calculations. We calculate the 3 X 3 matrix U = ((Uq)) starting from

dU(n, p, s, n, 5p, 8s) = / (@nbn— 8,0p + T63) d

_ / (=Vén + Yadn + Vép — Y,5p + Tés) dQ.
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The matrix has the same structure as in the proof of the Theorem 4.1 with the same
electrical part, but with

- 1 ‘ 2 _
zZZ = /W(5s MCMU) y e IXT —/TZIDl(M 61’7,)

& = / ?ﬁ%ﬁ{ Mocr(T) + MM, — (M3)*] + 74: [McM.” = (M()*] Hén)™.

The proof is ﬁnished by Lemma 4.1. O

Because the state variables (®,,®,,T) are directly available, we consider the
conjugate potential of the energy. A generalized density go of it is defined by
go = n®, — p®, + T's — u. Because of the Poisson equation (2.1), this general-
ized density With boundary terms can be substituted by an actual density. We
set

0 (Y, Y T, W) 1= = F5(T) = 0a(¥a, T) = (Y5, T) + 5 W%, T) — (%5, T)]
and

9%(8n, 8, T) := gS[®n + V* + VG, 8, + V* + VC, T, VE].

The state variable G¢(®,,8,,T) = [ g%(®n, D5, T) dQ is, indeed, the conjugate
potent1a1 of the total energy. The relations 85,G = n etc are checked similarly as
in section 4, e.g., '

(Br / g% dQ,8T) = — / {8TBr(f1, + O + Q) + 67V (By. U + v, 2p)} dQ

43 [{82V20 =)+ VEBTO(® —n) + 82V, (0r,° — 0n) } d

_ / $O5T dO + % / {~(p — n)érVE
+ VE[6rV, (8y,p® — 8v.n®) + 6TV,C0r(p% — )] } dO

=‘/3G5T Q.

~ Thus we have

dGO(®,, 8, T; §8n, 88,,6T) = / {nS[3,, + V" + VE,T]55,
— p[®, + V* + VC, T)6&, + s[®, + V* + VS, 8, +V*+ V.8, T16T} 49.
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and

d’G =d?’G +d’G  with

dyn 0 Orm &,
&G = / (5%,,68,5T) [ 0 —ovp —omp | | 58, | d0
Ov,s Oy,s Ors 0T
. (M0 ML 55,
- / =(68,,60,,67) [ 0 M, M 5o, |,
ML M TV + M+ M, )\ eT
, Orn  Oyn Oyn 6. VC
26 = / (68n,60,,6T) d0 | —Byp —Byp  —Byp 5ve | da.

Oy,s Oy,s (v, +0)s srV©e

Because of (5.2) the electrical part is

&G = —[6.VE + 8,V.C + 62V, 6,V + 8,V + 67V ]

with the scalar product

1 , '
[x, W] := /[EVX -VW + —'.Z:'_(Mc + M,)xW] dQ + BxWdr'.
e '

The symmetric matrix G which corresponds to the quadratic form generated by d*G
on the three-dimensional linear space spanned by the arbitrary, but fixed functions
8®,, 0®,, and 4T is the difference of two positive definite symmetric matrices G;
and G.. As the functional G is the conjugate functional of the convex functional U,
it is a convex functional, i.e. the quadratic form d2G is dominated by the quadratic
form d?G. The question is, whether this dominance is a trivial consequence of
well known a-priori estimates for solutions of elliptic boundary value problems or
whether the dominance is an particular type of an a-priori estimate.
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