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1 INTRODUCTION 1

Abstract

In this preprint a system of evolution equations for energy models of a
semiconductor device is derived on a deductive way from a generally accepted
expression for the free energy. Only first principles like the entropy maximum
principle and the principle of partial local equilibrium are applied. Particu-
lar attention is paid to include the electrostatic potential self-consistently.
Dynamically ionized trap levels and models with carrier temperatures are
regarded. The system of evolution equations is compatible with the corre-
sponding entropy balance equation that contains a positively definite entropy
production rate.

1 Introduction

There is a large variety of energy models for semiconductor devices. G. Wachutka
proposed a rigorous thermodynamic model [20] (or [21]). His model is based on the
usual state equations and continuity equations for the carrier densities of electrons
and holes, n; and ny, and on the conservation of the total energy expressed by
the equation 0w + V - jz = 0 for the density w and the current density jz of this
total energy. Neither he has chosen, however, u as an independent state variable
nor he has given state equations for all out of three independent state variables of
his model. Instead of doing so he has used differential relations for w and general
thermodynamic relations for jz and transformed the energy balance equation into a
heat flow equation CO;T — V - (kVT) = H , the discussion of which was the main
subject of those papers. Meanwhile the heat flow equation with the description
of the source term H is well established, the discussion about its relation to the
conservation law of energy has been going on. H. Brand and S. Selberherr [6] have
derived the heat flow equation from the assumption that the density of total energy
as a function of the carrier densities and of the density s of entropy would be a
thermodynamic potential. This assumption, however, is wrong - at least in the
naive setting in which it was applied. To see this one considers two states ' and ”
with nj = n,, s/ = s, but n; —n/ differs from zero only on a (small) ball B C Q of
the domain which is occupied by the device. Then all other state variables should
also differ only in B, but the electrostatic potentials, ¥’ and ¥", differ also outside
the ball. To our knowledge U. Lindefelt [15] was the first who observed a certain
inconsistency of Wachutka’s arguments which are based on the conservation of the
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total energy. Indeed, the semiconductor device also in its simplified model is not a
closed system, since the external electrostatic field represented by the bias voltages
at Dirichlet contacts or gate contacts performs work in the device. U. Lindefelt
and also J. E. Parrott [17| derived an energy balance equation by applying the
moment method to the Boltzmann equation. Considering the moments and the
kinetically defined entropy of particularly parametrized distribution functions near a
local equilibrium and using a first-order approximation they get a system of evolution
equations. The density of energy which they balance is not the density of total energy
of a system of charged particles with a self-consistent electrostatic potential.

Mathematical simulation of semiconductor devices yields another point of view than
physical modelling, since all quantities must be expressed more or less explicitly by
the independent state variables which are determined by the system of evolution
equations. Moreover the mathematical methods to solve a system of evolution equa-
tions are, in general, much less perfect than the methods of nature in the real world.
Often some useful information already hidden in the system of evolution equations
can be more easily obtaind from additional dependent state variables. Stimulated
by the ideas of H. Gajewski and K. Groger [10], which have applied tools of convex
analysis and a free energy as a Ljapunov function in the analysis of the drift-diffusion
model, G. Albinus [2] has tried to define the total energy as the sum of internal en-
ergy and of electrostatic energy and to consider the entropy as a function of the
carrier densities and of this total energy. As a result of this construction nonlocal
conjugate variables to ny and ny arise (cf. [3],Th. 2.1), which are quite unusual in
the field and which are, moreover, rather inconvenient from the mathematical point
of view.

These observations stimulated us to ask for a thermodynamically correct description
of systems with a nonlocal interaction like the electrostatic one. In this paper we give
an answer to this question. Based on the expression for the density of free energy
(cf. [19], chap. VIII) we derive a system of evolution equations on a deductive way.
Thereby we only apply first principles like the entropy maximum principle and the
principle of partial local equilibrium. Moreover we assume that the total energy is
the sum of the internal energy and of the electrostatic energy. The last assumption
is justified by the fact that in simulation practice it is assumed that the dielectric
permittivity does not depend on the temperature and that the heat capacity does
not depend on the electric field.

We also dicuss the case of carrier temperatures. Although G. Wachutka [22] has
already described the system of evolution equations, the explicite description of the
system with carrier temperatures and its thermodynamic background given in Sect. 6
and Sect. 7 are new to our knowledge. We include also a species of trap levels of donor
type which are dynamically ionized. It seems to us particularly interesting to see in
the concrete model of a semiconductor device that some thermodynamic concepts
are not defined and some relations do not hold for general states (ng, n1,n2, T, 11, T5)
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which are called states of partial local equilibrium. The choice of the densities of
internal energy and of entropy in these states, in particular, is justified by the facts
that

e the Lagrange method for the realization of the entropy maximum principle
combined with the principle of partial local equilibrium yields state equations
generally accepted in simulation practice,

e the thermodynamic forces and fluxes derived on the base of the description
of states of equilibrium and on the base of the condition of positive entropy
production also agree with the equations used in simulation practice, and

e the choice of system of evolution equations (in each stage of the deduction)
is compatible with the corresponding entropy balance equation having a posi-
tively definite expression for the entropy production.

2 Notation and Assumptions

We consider simple, but generally accepted models of a semiconductor. The semicon-
ductor is considered as a system which consists of several subsystems, the subsystem
of electrons in the conduction band, the subsystem of holes in the valence band and
the lattice. The lattice is described by a heat capacity (per unit volume) cr, by a
dielectric permittivity €, by a doping profile d which is a fixed density of completely
ionized donors or acceptors and by a fixed density Np of donor like trap levels which
are dynamically ionized, DT, or not, D*. The ionization and dissoziation are de-
scribed as chemical reactions, D* &= Dt 4+ © or D* + @ & D*. The ionization
energy of the electrons in the traps is denoted by Eg, which is a value between the
band edges E; and E; of the valence band and the conduction band. In general
we admit that each subsystem has its own temperature, T7, T, and 7. In the
following three sections we consider, however, the case of coinciding temperatures,
Ty =T, = T. In contrast to general states (n, T) = (ng,n1,n2, T, T1,T3) of partial
local eqilibrium we call such states (n,T') states of partial local thermal egilibrium.

The electrostatic interaction of the subsystems and an external electric field are
described in Sect. 7 as a boundary value problem H?D (na + Np — ng — ng) for
the Poisson equation —V - (eVVU) = d 4 ny + Np — ng — n; with the solution ¥ =
PFD (na+Np—ng—ny). We introduce the ’charge numbers‘ g = —go = —¢; = 1. For
the purpose of simulation practice it can be assumed that the dielectric permittivity
€ does not depend on the temperature and that the heat capacity does not depend
on the electric field strength. Because of such assumptions (or simplifications) we
can and we do assume that the free energy is a sum of the electrostatic energy
UF“’D (na + Np — ng — ng) and of an ’internal free energy‘. Our basic assumption is



2 NOTATION AND ASSUMPTIONS 4

that the internal free energy of the whole system in a state of partial local thermal
equilibrium is given by the density

fm,T) =c(T —TlogT) — Z ;i E;(T)

2
—1 ny ay —1 ny
132 s () ~ T 072 (s )|

with the state densities M;(T)T* (v = 1,2). The indices a; of the Fermi integrals are
usually 3/2 (parabolic band structure), but we allow indices o; > 1. In simulation
practice one usually assumes that the effective masses of electrons and holes, which
contribute to the factors M;, and the band gap E;, = E; — E; depend on the
temperature. Therefore we admit material laws E;(T) and M;(T) in general. The
Fermi integral F, with the index v > —1 is defined by

1 27

F. = dz ,
W)= 10 1)/0 L +exp(z—y)
such that its derivative is F = F, 1 (v > 0). One can easily switch to the case of

(2.1) + T'log

Boltzmann statistics simply by substituting all Fermi integrals F,, by the exponential
function exp and the inverse functions .7:7_1 by log. This switching is often quite
helpful, because the expressions become much simpler in general. On the other
hand the structure of the formulas becomes more clearly in the case of Fermi-Dirac
statistics.

It is well known that the free energy (per unit volume) as a function of the parti-
cle densities and temperature is a thermodynamic potential which contains much
information of the physical system. In contrast to the usual (irreversible) thermo-
dynamics where (local) equilibrium states are studied the free energy here is defined
for states of partial local thermal equilibrium which is a partial equilibrium with
respect to the densities.

In the next four sections we consider systems without electrostatic interaction. In
the next three sections we consider a system in local thermal equilibrium that has
a density of free energy defined by (2.1). In Sect. 6 we admit carrier temperatures
T; for the electrons in the conduction band (z = 1) and for the holes in the valence
band (z = 2), which may differ from the lattice temperature T' (hot electrons). In
Sect. 7 the electrostatic interaction is included, the energy models of semiconductors
with and without hot electrons are presented as the result of a purely thermody-
namic deduction from the density of the free energy (2.1). In Sect. 8 the preceding
arguments and results are specified for the case that the Boltzmann statistics can
be applied to the carriers.
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Notice that we use a convenient scaling such that the physical quantities become
dimensionless. Sometimes it will be sufficient to consider only spatially homogeneous
states. In these cases the densities n;, d, Np and the temperatures are constant or
functions of time only, and the material laws do not excplicitly depend on the spatial
coordinates. In general, however, the material laws may also explicitly depend on
the spatial coordinates, but this dependence will usually not be indicated.

3 The Entropy Maximum Principle

For the readers convenience we compile here some short notation which will be useful
throughout the paper.

o L
Pi = MZ(T)T -77 o fa -1 |:MZ(T)Ta1:| !
2
Qi = o 1 ; ’
M;(T)T*Fo; 20 Fy_4 [Mi(;ST“i]
Foi-1(2)?
D; =P — Qi = My(T)T™ {7 ) - = 1((2))} U
e R

and L,(T) = TOr [log M;(T)] (¢ =1,2). Notice that

1
D; > —— M(T)T™ Fa,(z) .

27

The densities of the entropy and of the energy of a system with the density (2.1) of
the free energy are defined by

s=s;(n,T)=—0rf(n,T)
(3.1) =cplog T + 22: g;n;EL(T) — log !(2(an0_ n0)>”° (NDN; no)ND]

=0

n Z {(ai + 1+ Li(T)) Pi = niT Ly (WH

w=us(n,T) =f(n,T) - T0rf(n,T) = f+7Ts

2 2
(32) =cT — Z anj[E'j(T) Z al + Ll Pl )
3=0 =1

where the prime denotes the derivative with respect to the only argument 7.
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Proposition 3.1 (Entropy mazimum principle) If the heat capacity of the system
18 positive, t.e. if

C EaTu]c = —Ta%f = —TaTSf
2 2

=cr+ Y g TE;(T)+ Y [(er + [TL(T))) P+ (au + Li(T))’ D] > 0,
7=0 =1

the entropy S = [ s¢(n,T)dQ realizes its mazimum under the constraints

Uoz/uf(n,T)dQ and Q:/(ng—nl—no)dﬁ

at one of the equilibrium states which are characterized by the equilibrium conditions

T=1/A=80 and

2(Np—no) -
1 E;(0) log ==0— (x=0)
€= —adi [ gusn )~ s, =50 -4 B |
6 0 q"}—ail—l [Mi(eseai] (1=1,2)

The proof is a straightforward application of the Lagrange method. The constants
A and € are the Lagrange multipliers of the two constraints. Their values and thus
the equilibrium densities

2

2 + exp L(Z)_C

ng = Np and m; = M;(0)0%F4, 1 [_qiﬁ—iEi(H)] (:=1,2),

6

(¢ = (/0) are determined by the constraints, which form a system of two nonlinear
equations.

Remark 3.1 The derivatives of E; and M; with respect to T in the expressions (3.1)
and (3.2) naturally occur if one starts from the free energy (2.1). They guarantee
that the temperature is constant in the equilibrium states defined by the entropy
mazimum principle. If these terms had been omitted the temperature T would neither
coincide with 1/ X nor be constant in equilibrium states. Is there a plausible physical
interpretation of these terms?

Remark 3.2 For the states of partial local thermal equiltbrium we introduce state
variables (; according to the structure of the equilibrium densities. In this sense the
state equations

2
ng =N
° T P2 4 exp L [Eo(T) — G

(i = 1,2) are a stringent consequence of the expression of the free energy. As long as
we neglect the electrostatic interaction between the carriers, we can not distinguish

and n; = Mi(T)T*Fu,—1 (% [Ei(T) — Cz])

electrochemical and chemical potentials. Let us call the (; electrochemical potentials,
since we have already regarded the charge of the carriers and traps.
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Remark 3.3 Notice that the identity Oruy = TOrsy reflects the principle of local
thermal equiltbrium of the irreversible thermodynamics. The heat capacity of the
system is positive if the estimate

2 2
1" 1
ety anTE > ) (;le(TV + Li(T) - TLz(T)') My(T)T™ F.,
3=0 =1

holds. This estimate is satisfied in the model case in which the band edges E; and
the functions M; (i.e. the effective masses) do not depend on the temperature. The
estimate is checked in the Appendiz for material laws which are used in simulation
practice.

Remark 3.4 A glance at (3.1) suggests that the quantities

Fai(2)

Pi:=loi + 1+ Li(T
[o; + 1 4 L;(T)] fai_l(z)z:‘%[Ei(T)—Ci]

n % (G — [B:«(T) — TET)))

(i = 1,2) are the entropies per carrier. These quantities will play a role in the
current equations, where they also justify the name ’thermoelectric power.

The following proposition is closely related to the entropy maximum principle.

Proposition 3.2 If the heat capacity C is positive, the implicitly defined function
3(n,u) = sp(n,T) with v = usg(n,T) is a thermodynamic potential. Its first-order
partial derivatives are the conjugate variables

- 6T.Sf 1 .
0,8 = o T =T
and
_ 1 G .
(3.3) On; 8 = O, | S5 — U] = Gg = g:& (:=0,1,2) .

The negative conjugate potential of s 1s the potential
] 2
h(&o, &1, 82, 7) =s5(n, T) — pus(n, T) — z; g;m;¢;
J:
1
—cr(logT — 1) + Np {50 — 7 Bo(T) + log (2 4 B (M/T=%)

+ 22: My(T)T*F,, [q, (%EI(T) —~ 5,)} (r=1/T) .

=1
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In the following the state variable £, will be considered as a fixed parameter, be-
cause the occupied traps are localized electrons. Thus let us denote the function
h(&o,.,.,.) =: h. It will be, moreover, convenient to stick to the variable T instead

of the correct conjugate variable 7. Therefore we denote h(.,.,7) =: H(.,.,T) and
notice that 8,h(.,.,7) = —T?0rH(.,.,T). The first-order partial derivatives of h are

H(61,86,T) = — Mi(T)T*Fo;-1 [qi (B(T)/T - &)]  (:=1,2)

and

2
2+ exp [Eo(T)/T — &

_T20,H(.,.,T) = — ciT — [Eo(T) — TE,(T)]Np
+ Y alB(T) ~ TETIMT)T o [a ( 1B(T) - &)

_Tial—l-l)l M(T)T* Fa, {q’ (%E’(T)_&” '

Remember that the quantities T?07H(.,.,T) = us(n,T) coincide, although the
functions on both sides are quite different. The 3 x 3-matrix d?h of second-order
partial derivatives reads

A% 0 0 1 0 AR A% 0 0
0 A% o 0 1 AR, 0 A% 0
0o 0 1 ATYPR AR, A o 0 1

with A4; = Mi(T)Taifai_z >0 (’L = 1,2),
F; =M(T)T* [q.T (Li(T) + o) Foyr — (B — TE;) Fa; 2]

and

2
H ]_
: D
17=0

+ Z M(T)T* [T (ea + [TL(T))' + o + Li(T) ) Fon

—2ql[El(T) — TE(T)|T[ou+ Li(T)] Fayo1 + [Ei(T) — TE(T)* Fay—2]

Notice that the identity
Ap — Z F?/A, =CT? + L[EO(T) — TE(T))?no(Np — no)
N 0

hold.
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Proposition 3.3 If the heat capacity C is positive, the matriz d*h is positively
definite.

If for a fixed & the heat capacity is positive on a convex domain of states (é1,&a,1/T),
the function h is a strictly convex with the partial derivatives

O¢,h = —qin; (:=1,2), and O.h=-u.

The convexity of A means, mathematically spoken, that the operator (—&;,&,7) —
(n1,m2,u) is strictly monotone, i.e.

—(nh = )& — &) + (nh — )& — &) + (' — ) =7

for different triples (&%, &5, 7°) and the corresponding conjugate triples.

!

) <0

4 Thermodynamic Forces in homogeneous States

Knowing the equilibrium states of the system we are going to define thermodynamic
forces that drive a state of partial local thermal equilibrium into the correspond-
ing equilibrium. In this section we study the transition from homogeneous states
of partial equilibrium into the corresponding equilibrium. The realization of the
maximum entropy principle by means of the Lagrange method suggests that the
differences of the reduced potentials & (: = 0,1,2) are the driving forces for the
exchange of electrons or holes between the subsystems. The process of assimilation
of the reduced potentials to each other is derived from the mass action law.

The exchange of electrons or holes between the subsystems is realized by three pairs
"0, '1°, and "2 of “chemical reactions’,

O+0S0+E —E,, D+®S D'+E,—E,, or D*SD'+0—(E,—E,),
respectively. The rates of recombination, thermal generation, dissociation, or ion-

ization are ponina, Yo, p1mon2, Y1(Np —no), p2(Np —no)ny, and yane. For any state
(n,T) with the corresponding potentials ¢; there are uniquely determined solutions

EO, El, and Ez of the corresponding equations

NoFo,1 (52 - f) — N1 Fo, 1 (f - 51) = NoFa,-1 (52 - 52) — N1 Fa, 1 (51 - 51)

= N2 —"N1,
2ND 2]VvD
N faZ— - - — N fag— - -
2 1(e2 —§) 2 1 exp (c0 — &) 2 1 (€2 — &) 2+ exp (c0 — &)
= TNy —Ngo,
2N 2N
NiFo,-1(E—€1)+ D = NFo-1(&1—e1)+ D

2 + exp (eg — £) 2 + exp (g0 — o)

= ni+ng,
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where the short notation N; := M;(T)T* and ¢, := E;(T)/T (: = 0,1,2) has been
used. The densities 7* and ﬁf which correspond to this reduced potential Ek (z # k,
Jj # k) represent the equilibrium of the recombination and generation processes
k', i.e. e.g. poning = 7. The assumption pr, = p;, and v, = 7, which mean a
linearization-like approximation, permit us to write the net recombination rate in
the form ponins — o = po (nin2 — niR3). Notice that the quantities ny — 7, ny —n9,
niny — nimy, and £ — & have all the same sign, because

N, [-7:a2—1 (62 — &) — Fapa (52 — E;)] =N [-7:a1—1 (& —e1) — Far1 (E; — 51)]

such that —& > —EO if and only if & > EO. Thus the net recombination rate can be
written as

1
Ro = po (ninz —mm,) = ro(n, T) exp {T(Ez(T) - El(T))} exp (&1 — &2) — 1]
with a nonnegative material law rq. Analogous arguments yield
q; .
R; = ri(n,T)exp [—f(Ei*(T) - EO(T))] exp (giéis —a@ibo) —1] (2= 1,2)

with the notation 2* ;=17 — (—1)i and with nonnegative material laws r; and r; .

We assume that the evolution of homogeneous states of partial local thermal equi-
librium is described by the following system of differential equations,

ng = Ry— Ry,
2 2
Toruy = —Y #;fuu; = » RU*,
7=0 =0

where the short notation

U° = 0pus+ Onus = By —TE]+TLQi/ny — Ey+ TEy + TLyQz/ns
Ul = 6n2uf —|— 6nou’f = EO — TE(I) - E2 ‘|‘ TE; ‘I’ TL2Q2/n2 ’

and
U2 = (9n1uf — (9n0uf = El — TE{ + TL1Q1/’)’L1 — Eo + TE(I)
has been used. The quantities S* as well as U* and §* in Sect. 6 below are defined

analogously with sy, uy, and sy, respectively. The fourth equation of the system
describes the conservation of energy.



5 THERMODYNAMIC FORCES IN INHOMOGENEOUS STATES 11

The entropy s = s¢[n,T| of a solution of the system (4.1) satisfies the entropy
balance equation

2

§=Y n;0nss+TOrsy=— ZRSLJr TaTuf_ZR (1U‘—SL>
=0

=0

(12) = re | 1 (B(T) - B(D)] (6 - &) fowp (6~ ) 1

WE

+ ) rexp [—% (Ei(T) — Eo(T))] (@& — o) [exp (@il — @iéo) — 1]

=1

The positive definiteness of the entropy production is an argument for the right
choice of the evolution equations!

5 Thermodynamic Forces in inhomogeneous States

The existence of fluxes of particles and of energy in inhomogeneous states of partial
local thermal equilibrium driven by the gradients of the conjugate variables &1, &,
and 7 according to

Ina D1 D2 Dy, -V& -V&
Ins = Dy; Dy Dy, : V&, =D- V&,
ju Dul Dug Duu VT VT

can be motivated by a decomposition of the whole device into small cells which
exchange particles and energy. The strict convexity of the function A can be applied
to derive the positive definiteness of the coefficient matrix. To this aim the domain
) C R?® which is occupied by the system is decomposed into small cells ¢ with
individual values &;, &5, and 7* of the independent state variables. Differences of these
values in neighboured cells causes an exchange of carriers and energy between these
cells. The rate of the exchange is determined by the 'permeability‘ or ’conductivity
of the interfaces between neighboured cells and the exchange must be accompanied
with a growth of entropy. In the limit of vanishing cell volume the differential
law arises formally. We do not need this motivation, since the positive definiteness
of the coefficient matrix follows from the following proposition in connection with
the thermodynamic condition that the entropy production has to be positive. The
elements of the coefficient matrix are state variables.

Proposition 5.1 Let (n,T) be a solution of the following system of evolution equa-
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tions
’)’io — R2 — Rl ’
(5.1) n+V gn, = —Ro— R;» (i: 1,2) ,

2 2
Torug+V-ju = Y RU“+Y OnusV - jn,
=0 =1
The density of entropy s = 5¢[n, T] satisfies the entropy balance equation
2
§+V-j,=(& —fz)Ro-l-ZCIl(fl* —&o) Ry
1=1

ve \ [ V&

(5.2) + V& | -D- V&
VTt VTt
with the entropy flux
. . . L.
(53) Js = _51.7711 —I_ 52.7712 —I_ T]u .

Proof.An immediate evaluation shows

: : : J
s§=n- 6n3f + TaTSf =n- 6n3f + TTaTuf
2

2
1 1 o1
§ RL(TU _S)—I_lE_lam (Tu’f_sf>v'.7m_fv']u

=0

= Ro(b1 — &)+ Y ai[Ri(& — ) =&V - Gn] =7V - ju .
=1

The divergence terms provide the divergence of the entropy current density and the
part of the entropy production rate due to the current densities. O

We want to discuss the coefficient matrix in some detail, because some general
conclusions can be drawn. It will be convenient to write the equations for the

current densities in the form

JIna _7 = B D : Vfg

Ju ¥ T Vr
The requirement that the entropy production has to be positive implies that the
coefficient matrix and the block diagonal matrices has to be positively definite, in

particular, regular matrices. We write

_vé-l) D—l _D—lA j
) )= (% %) (4)

Ju
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with the matrices R = BD;! = (R; Ry) and K = D, —BD_'A =D, —RA. The

current density of entropy turns out to be

Js=m (-G G)-J+R-J+K-VT],
i.e. the matrices R; are quasi scalar coefficients
R, = (TP, — ¢G)T,

which do not contain particular properties of the material, but are determined by
the state of the system, in particular, by the entropies per carrier, P; or P, that
were introduced in Rem. 3.4.

Let us introduce a matrix M instead of the matrix A,
D'A=RT-RT+D'A =: R" +2M,

such that

o [(38)oremo

Let denote D? := (DC + DZ) /2 and W := /(D! + DT-1) /2. The entropy pro-

duction reads

V&
o=(j Vr)- ( ng) =j-(D;'j)—-2- (M -V7)+Vr (K-Vr)
Ju
=j-(W2j)—2(W-j)- (W'M-Vr)+(M-Vr)- (W>M-Vr)
+ V7 [(K—M'DSM) - V7]
=(W-j—- WM V7)) (W-j— WM V7) +Vr- [(K-M'D’M) - V7]
= (-DIM-Vr) - [DI™ - (j=DIM- V)] + V7 - [(K -~ M"DIM) - V7]
=x-(Df-x)+Vr- [(K-M'D:M) - V7]

with the thermodynamic forces

x=DJ'D, - K _g? ) + (RT +2M - D;'D5M) - V7
2

We do not see that the model requires or implies the symmetry of the coefficient
matrix which maps the thermodynamic forces —V¢&;, V&, and V7 into the fluxes
Jny s Jngs anid 7, but the symmetry seems to be plausible in the absence of magnetism
due to kinetic modelling.
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In the symmetric case, i.e. if D, = DT, K = K%, and M = 0, the thermodynamic
forces

1
z; = V& + (TP — () VT = 7 (—¢V (G + PBVT)

(z = 1,2) and V7 form a basis in the space of thermodynamic forces which decom-
poses the entropy production into a sum of the entropy production due to the carrier
fluxes and of the entropy production due to gradient of temperature. The matrix K
has to be positive definite. The fluxes read in the more detailed version

2
Z (TP — @) gn, + K- VT

and

(5)-
Insy

D.. V& + PVT
¢\ —V&+ BAVT

(D11 — Dy) - (VG + VT
( (D2 — D) - (~V(2 + PVT) )

e T T T

( gi ) V(G -G)+ (P + P)VT] .

In the isotropic case the 3 x 3 matrices D;; = d;I are represented by scalar functions
d;r.. In the symmetric isotropic case, in particular, we write

d -6 fi
(5.4) D= -5 dy fo
fi fo du

The positive definiteness of D, becomes the condition dyd; > §2. Moreover,

1
R = m (fido + f26, fié+ fodi)1

and K = I with
K = du — m (f12d2 —|—2f1f25—|-f22d1) >0

The fluxes can be written in the familiar form

S (a6t BVT) + 2 (9 (G~ )+ (P + B V]

Notice that the second summands of the carrier fluxes do not contribute anything
to the electric current. In the case § = 0 it is easy to identify (d; + é)/T with
n; D;, where D; denote the (scaled) mobilities or diffusion coeflicients of the carriers.
The case § # 0 has been introduced into simulation practice by D.E.Kane and

jﬂi:_

R.M.Swanson [11] (or [12]), and the coeflicients must be compared with their more
specified formulas.
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6 Several Temperatures

We want to include those hot electron effects which result, if the electrons do
not instantaneously exchange energy with the lattice. Therefore we admit states
(n,T) = (no,n1,n2, To, T1,T>) in which the subsystems have its own temperatures,
too. We shall see that there is a natural extension of the concepts, relations and ar-
guments of the preceding sections to general states of partial local equilibrium. For
the readers convenience we compile here some short notation which will be useful in
this section, but we shall write often T instead of Tj.

{

a; - n;
MZ(T)TZ fai o] fail—l [W] y

: (T)T
2
Qi = — : = : ,
Mi(T)T7 Fa2 0 Fopy [W]
- 1 .
Di = ’PZ — Qz > ——Mi(T)Tialfai ,

27

a; = aﬂsi + afﬁ R bZ = OQLZ(T)’ZSZ R

and

2 2
ag =cr, + T Z anj —|— Z (Pl TL[ —|— LI(T)zpl) .

7=0 =1

It is not difficult to guess those places in the expressions (3.1) or (3.2) where the
(lattice) temperature T is to be substituted by the carrier temperatures T}, if states
of partial local equilibrium are considered, namely

2 ng ™ /Np —no\"?
- B o (T 0 —_—
s¢(n, T) =cp log T + Z 2 f5(T) — log !(2(ND - no)) ( Np ) ]

=0

(6.1) + g ([al + 1+ L(T)| P — mFgt, {WI)TIMD

and

Ug(n, T) =c,T — Y qini[B{(T) — TEYT) + Y _ [oaTi+ TLy(T)] Py .

=0

(6.2)
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We shall see in Sect. 9 that this choice is confirmed by some general properties of the
system. By admitting states with diverse temperatures, however, the state space
has been extended in such a way that some thermodynamic concepts are not defined
on the whole space or are no longer ’equivalent’ as they are in states of partial local
thermal equilibrium.

The abbreviations introduced above are justified by some useful formulas like
TiaTiﬂf(n, T) = aiTi + bZT (’L = 1, 2) N T@Tﬁf(n, T) = aoT + 212:1 blTl y

TiaTiEf(n, T) = a;+ bZ N and T6T§f(n, T) = ag+ bl + bg .

Lemma 6.1 The matriz

a 0 bl
(63) 0 ao bg
bl bg 274}

18 reqular or even positively definite if and only if the inequality 212:1 b?/a; # aq or
the estimate 212:1 b?/a; < ag holds, respectively.

Proof.As the inequalities

2 M;(T)T? Kl + 1) F. fii‘l} >0  (1=1,2)
a; = a; M; : — a; =1,
’ ’ a; ’ fa'—2

7

hold, the matrix (6.3) can be factorized,

Jar 0 0 1 0 by/\/ar Jar 0 0
0 az 0 0 1 /a2 0 az 0
0 0 1 bl/\/a_l bg/\/a 274} 0 0 1

The central matrix is regular or positively definite if and only if the corresponding

condition is fulfilled. O Notice that
2B 2 = ,  L(T)*D,
ag — ~ = + TH? g;n; E;(T)+ Pl [TL(T) + =——] ,
0 ;al T;” i(T) ; (T) B+ ob,

and the condition ag — 212:1 b?/a; > 0 is satisfied in the model case in which the
band edges E; and the coefficients M; (i.e. the effective masses) do not depend on
T. The inequality is checked in the Appendix for material laws which are used in
simulation practice.
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Proposition 6.1 (Entropy mazimum principle) If the matriz (6.3) is regular, the
entropy mazimum principle yields the equilibrium conditionsTy =Ty, =T =1/A =0
and

1 1
f = —qﬁni gﬁf(n,ﬂ,ﬂ,ﬂ) — Ef(n,H,H,H)} = — qiani {guf(n,ﬂ) — sf(n,H)

as in Prop. 8.1.
Proof.The proof is a straightforward application of the Lagrange method. The con-

ditions for the thermal equilibrium are a system of three linear equations for three
variables,

1,07, ap 0 by 1 -\
(64) 52—126'1"2 [gf — )\’ljf] == 0 as bg 1— )\Tg =0.
TaT bl bg Qo 1 - AT

O

Remark 6.1 The derivatives of E; and M; with respect to T in the expressions
(6.1) and (6.2) guarantee that the diverse temperatures coincide and are constant
m the equilibrium states defined by the entropy mazimum principle. If these terms
had been omitted the diverse temperatures would neither coincide (with 1/X) nor be
constant in equilibrium states.

Remark 6.2 For the states of partial local equilibrium electrochemical potentials a
are defined again according to the structure of the equilibrium densities. Thus the
state equations

2

2 + exp EO(?_CO

’)’LOZND

and

n; = My(T)T Fy [;{— (EZ-(T) _ E)} (i =1,2)

are a stringent consequence of the entropy mazimum principle.
We introduce densities of energies of the subsystems,

U; = ugf) (’)’Li, Ti, T) = OészﬁZ (’L = 1, 2) s (9niu§f) (’)’Li, Ti, T) = &Tzéz s

n;

2 2
wo=ul) (0, T) = cgT — Y qjn; [B;(T) — TEYT)] + Y TL(T)P: .
7=0 =1

The following proposition is closely related to the entropy maximum principle.
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Proposition 6.2 If the matriz (6.3) is reqular, the implicitly defined function
s(n,u) =73 [n,u&o),ugcl),ugcz)] =37(n,T)

18 a thermodynamic potential. Its first-order partial derivatives are the conjugate

variables
- 1 - 1 ~ (o =
Oues(M,T)===7, 0,5(n,T)=—==7, 0Opns(n,T)=-2x=-¢=-¢,
T ; T
and

0,5 (n,T) = g % - B(T) <% B %>

The negative conjugate potential of s(n,u) reads

h [50;4‘71;{‘72;7',7'1,7'2]

U B B S E RS IR XA R S

=1

—cp, (log T — 1) + Np {fo —~ %Eo(T) + log {2 +exp (%EO(T) - &’)”

NI, 1)1 o (BT -6 ) |

=1

Notice that the conjugate variables of n; and ny with respect to s on the state space
of partial local equilibrium are extensions of the conjugate variables of n; and n,
with respect to the restriction 3 of s onto the state space of partial local thermal
equilibrium. The state variable &, will be considered as a fixed parameter again,
and we shall stick to the variables T' and T; instead of the corresponding correct

conjugate variables. Therefore we denote h (fo, El, Ez, T, T1, 7'2) = H (El, Eg, T) and
notice that (97.1.5 = _T20r.H (z = 0,1,2). The first-order partial derivatives of
R (€oyeyyeyyes-y.) are
- e~ , 1 ~ .
o (8.8.7) -~ P 0 (780 -F)| =12,
~TPOnH (6,6, T) = ~aM(T) T Fay (1=1,2)

and

2001 (8, 8T) = e — [Bo(T) = TET) Vo s

+ Y AalB(T) - TE(T)] Mi(T) T Far — TL(T)My(T) T Far} -
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has a block matrix structure

A, 0 K
0 A, F,
FT FT A,

with the positively definite symmetric matrices

A = nifai—z/fai—l g Tin,
t g Tim; oo + D)TEM (T Fa, )

with vectors

F = n, ( GT Li(T) — [E(T) — TEY(T)| Fay2/ Foq 1 )
TN T (TLT) Fa) Faic1r — 4| E(T) — TE(T)]] ’

and a diagonal element
2
1" 1
Ao =cpT* + T " qn, By + N BolT) = TE,(T)mo (Np — o)

=0
2
+ ) M(T)T [T ([TLy(T)) + Li(T)?) Fa
1=1
2T LT EA(T) — TEY(T)Fays + [B(T) — TE(T) Fa )
Lemma 6.2 The matriz dzﬁ(fo, ...) 1s regular or even positively definite if and only
if the inequality

2
Y FIAT'R # Ay
=1
or the estimate

2 2
1 b2
A=) FTATR = N—D[EO(T) — T Ey(T))*no (Np — o) + T° (ao = a—ll)
=1 =1
2
fa fa -1
- nlaszLl(T)z L :
lz_; (o1 4+ 1) FayFay—2 — atFZ,_,
>0,

respectively, holds.

Proof. The assertion becomes evidently by factorizing
A% 0 o I 0 AR A% 0 0

0 AY? 0 0 I AR 0 AY? 0
0 0 1 FTATY? FIA;Y? 4 0 0 1
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O

In the model case in which the band edges E; and the coefficients Mi (i.e. the

definite. We consider it as an implicit assumption concerning the material laws
E; and M, that the matrix is positively definite in general, too. The estimate is
checked in the Appendix for material laws which are used in simulation practice.

(951,% = —qn; , 87.1.% = —u?) (:=1,2), and Ok = _ugco) :

Remark 6.3 The splitting uy = 2520 ugcj) 18 not arbitrary, but a consequence of the

demand 0,5 = T% (i =1,2) and 0y,5 = 7 (cf. Sect. 9).

We are going to define thermodynamic forces that drive a homogeneous state of
partial equilibrium into the corresponding equilibrium. There is no problem to
substitute the reduced potentials &; or £, in the net reaction rates R; by the quantities
fl or 52 Therefore, we choose the following extensions of the net reaction rates to
the states of partlal local equilibrium,

Ry = 7o(n, T) exp (;2 E»(T) — TilE'l(T)) [exp (El — Eg) — 1]

and

(6.5) Ez =7;(n, T)exp (%EO(T) ;’ EZ*(T)> [exp (ng;* — Qifo) — 1] ,
(2 = 1,2; 2* = 1 — (—1)!) with nonnegative material laws 7; ([ = 0,1,2), that are
extensions of 7.

We have seen that the system seemingly prefers the thermal equilibrium, i.e. the
assimilation of the (reciprocal) temperatures, to the assimilation of the reduced
potentials. Therefore the following system of differential equations describes the
evolution of homogeneous states.

no = Ry— Ry,
Tii - —Eo - Ez* (’L - 1,2) y
: i : i 1 1 11 ~ i
TiaTiugc) + TaT’U«Ec) = —gho (T - ?> — A (T - f) + ( o+ Ri*) aniugf)
1 2 i

R
2 . . —~ o~
> Tionuy + Topuf’ = 37 P’ (f - f) (Fo-+ R ) 0nf ] D RU
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with nonnegative material laws A; = A;(n,T) (: =0,1,2 ).

The same arguments as in Sect. 5 yield equations for the current densities of fluxes
of particles or energies driven by the gradients of the conjugate variables. In the
case of several temperatures the current equations read

() "

j.n2 B D B v§2

Juy = ( C Q ) ) V7
Jus sz

juo VT

The requirement that the entropy production has to be positive implies again that
the coefficient matrix and the block diagonal matrices has to be positive definite, in
particular, regular matrices. Then we have

() oo ()

Ju =\ cpt' Qq-cp'B Vn
Fus V1,
Fuo V1

The entropy production reads

— — ~ VTl
o= ( jn1 jn2 ) ) D_l . ( 2:711 ) - D_lB . VTg
Ina Y

~ VTl
+(Vn Vr Vr)- CD—l-(l"1)+K- Vry
Ina Vr

with the heat conductivity matrix K = Q — CD!'B.

We consider the symmetric case D = D7, K = K%, and C = B7T. In this case
the entropy production is diagonalized with respect to the block structure, i.e. the
entropy production is the sum of the entropy production due to convectivity or
electric conductivity and of the entropy production due to heat conductivity. The
matrices D and K has to be positive definite in the symmetric case. We introduce
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the matrix R := BTD~!. The entropy flux

;s:(—i é)(i:1>—|—(7'1 Ta 7') ;Z:

2 Juo

“[E &)t R ()
V7
—|—(T1 Ta T)K- V1,
VTt

shows that the matrix R is related to the entropies per carrier. A look onto the
expression sy shows that the entropies per carrier read

B=last 14 L(T)) 22+ [5 + o (B(T) ~ TE(T))

(z = 1,2). Writing the entropy flux with the matrix R we see that the relations

y = ~
Poaf =Y T4 (=12
j=1
hold. These formulas suggest the identity
[ar 4+ 14 Ly (T)] f— 0
R = 0 o2 + 1+ Ly(T)] 7 -
B\(T) - TE(T) —[Ex(T) — TE5(T)]

The carrier fluxes are

(5)-> (%)

with the thermodynamic forces

~ ‘/’Ta, ,
a;—1
_EgE L (T et 14 L(T)] 25 ) Vieg T + E[B(T) — TE(T)|VIog T
_TZ 2 TZ C]z 2 7 7 fai_l g 7 T 7 5 g

l.e. Xp, Xp, VTp, V7, and V7 is a basis in the space of thermodynamic forces which
diagonalizes the entropy production with respect to the block matrix structure,

V7,
o= (xXn X,,)-[D-(X")]—I—(VTH Vr, Vr ) |K-| V7
*p %

The following theorem is the summary of the preceding discussion.



6 SEVERAL TEMPERATURES 23

Theorem 6.1 The density of entropy s = s¢[n, T| of any solution of the system of
evolution equations

o = Ry, — Ry )
(6.6) ni+V-jn = —Ry—Re (:=1,2),
(9Tluf + (9Tuf +V Ju; 0 T T, T T
+(Bo+ B + V- Gn) B} (6=1,2),
& /11
i ©) , 7 (0) - _ I
lz:; T0ruy +TOrug” +V -y, = lz:; At (T - E) + Z RU
(6.7) + 2 [(v .;nl)anluch) _ (EO + El*) 6nlu§cl)]
satisfies the entropy balance equation
11\ < 11\’
5 “Je=Xo | = — = Nl =— =
s+V.g 0(T1 Tz) -|-IZ; I(T Tl)
(6.8) tE -+ (6-&) Rt (6-6) R
—V5-1 [ _ngl |
v€2 D B v€2
Vi, Vi,
Vi I Vi |
with the entropy flux
2 2 4
(69) js = Z qlfljnl + Z ﬁjuk .
=1 k=0
Proof.A consequence of Prop. 6.2 is the identity
(1) n\ !
~ ~ ~ Or.ug ’ (2) 6Tu{2) 101 1
(6.10) (0n3; On3r Orsy)| 0  Onu; Oru, =(x % 1),
(9T1u§c0) (9T2u§c0) 6Tu§c0)

but the identity

6T1 ugcl) 0 (9Tu§c1)
( 6T1§f 6T2§f 6T§f ) = ( Til Tig % ) 0 (9T2u§c2) (9Tu§c2)
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holds also for a singular matrix (6.3). Taking regard to this identity and applying
the evolution equations one obtains

§ = 22: [T Or;5¢ —I—njanjsf]

2
~ 1 - 1 * 1. -
+ Z Ry {0,”* (Tugco) — S5+ T—l*ugcl )> — q10n, (Tuf — w)} )

The divergence terms provide the divergence of the entropy current density and the
part of the entropy production rate due to the current densities. From the identities

1 1 1 1 1
0 _ = M _ ~ = 0
On, {Tuf —sf—l—fuf] = Oy, {Tuf—sf—F(ﬁ—T)uf}
el - o
:am{—fn,E,( )+ mFly — MT)Tf Fay 0 Fil )
Cl I 1
~ )V E(T
5 \7 1)B0

and 8y, (Fus — sf) Ono (Fus — 55) = & (cf. (3.3) withs = 0) we get the positively
definite expression

= —CIlfl
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Remark 6.4 The positive definiteness of the entropy production rate remains pre-

served if the thermodynamic forces % — TL or Til — TLZ are substituted by arbitrary

expressions X; (%, TL) or Xo (T%’ TLZ) with the property Xi(z,y) (z—y) >0 (z £ y).

7 Electrostatic Interaction

In this section we complete the energy model by including the electrostatic inter-
action which is described by the electrostatic potential ¥ on the domain 2. This
potential is defined as the solution ¥ =: P‘f’D(ND — ng — n1 + ny) of a boundary
value problem H‘f’D(ND — ng — ny + ng) for the Poisson equation

—V'(EV\P):d+ND—n0—TL1+n2 .

We discuss three boundary conditions, namely the homogeneous Neumann condition
(w=10 and I'p = 0), the boundary condition of the third kind,

0,V 4+ w¥ = wg

on the whole boundary 02 with a given nonnegative function w # 0 and boundary
values g (I'p = @ and not w = 0), and the mixed boundary condition, ¥ = ¥ on
some proper subset ['p C 09 of the boundary and the boundary condition of the
third kind on the complementary set I' = 9 \ T'p. The homogeneous Neumann
condition has only model character; it is particularly compatible with thermody-
namically closed systems. The boundary condition of the third kind connects in
some sense the homogeneous Neumann condition (w = 0) with the Dirichlet con-
dition ¥ = g (w very large); it is, moreover, the favoured boundary condition on
the gate contacts of the semiconductor device. The mixed boundary condition, fi-
nally, satisfies the needs of device simulation in the best way. The boundary value
problems are formulated as integral identities. Let Hy = H'(Q) denote the space
of square integrable functions which have square integrable derivatives (in the sense
of the theory of distributions) of first order. The homogeneous Neumann problem
IT3(Np — no — ny +n2) asks for potentials ¥ € Hy which satisfy the integral identity

/5V1/J-deQ:/X(d—I—ND—no—nl—l—ng)dQ (x € Hp) .

The problem has a solution only in the case that the global charge neutrality con-
dition [(d+ Np —ng—n; 4 ny) dQ = 0 is fulfilled; the solution is determined up to
an arbitrary additive constant, but there is just one solution P8(ND —ng —n1 +n2)
which satisfies the orthogonality condition [ ¥ dQ = 0. The integral formulation of
the second boundary value problem reads

/5V\P-de9—|—/ wldeF:/X(d—I—ND—no—nl—l—ng)dQ—l—/ wgyx dl’
89 89
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(x € Hp). In the case of mixed boundary condition let Hr, = Hj(Q2UT) denote the
space of those functions x € H*(2) which vanish on the portion I'p of the boundary.
The integral formulation of the mixed boundary value problem reads again

/5V\P-de9—|—/wlllxdf‘:/X(d—I—ND—no—nl—l—ng)dQ—l—/ngdF
r r

(X € HFD)'

We may assume that 1 does not only represent the Dirichlet data on the portion
I'p of the boundary, but that it represents the external electric field, P = P _(0),
meanwhile ¢ := U — 9P represents the internal electric field. There are a Green
kernel G¥_ on ) x () and a Poisson kernels Pr_ on {1 x I'p and QF on 2 x I such
that

Q/JD:/Q ?D('7y)d(y)dy+/ PFD¢D(‘72)¢D(2)dF(z)—I—/FQ‘FD(-,z)g(z)dI‘(z)_

Tp

If the boundary data f = %P|T'p or g depend on the time ¢, then ¥ depends also
on time and its derivative with respect to time reads

¢D=/F P2 P, 2) (2, £) dT (2 /Qp )o(2,¢) dT(2)

We associate an electrostatic energy U (p) (p = Np — ng — ny + n2) with each
boundary value problem, namely

1
U3(e) = 5 [ <IVeP an
and
w 1 D12 1 D2 D
Ut,(p) = 5 [ e|V¥P[ 2+ 5 [P dl+ [ pp? dOd
r
1 1
+—/5|V¢|2 dQ + —/w|1/1|2 dr
2 2 Jr
in the case w # 0 or I'p # 0.
Lemma 7.1 Both energies are chosen in a plausible way and satisfy
(@0%, (p),0) = [ wpdo

for arbitrary variations ép which has to satisfy [6pdQ = 0 in the case w = 0 and
I'p =0.
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Proof.Indeed, the solution d1 of the Poisson equation for ép under homogeneous
boundary conditions satisfies either

1
US(p + 6p) = 5/5|V(\I}+5¢)|2 40
= US(p) + /N\p VépdQ + %/5|v5¢|2 dQ

= UY(p) +/\1:5de+ %/5|V5¢|2 dQ

or
Up,(p+dp) = UFD(0)+/(p+5p)¢DdQ
1 1
+5 [elV@ 4o dn s [wlp+ syl ar
N
— U{i’D(p)—l-/5p1/JD dQ+/5V¢-V5¢dQ+/w¢5¢dI‘
N
+1/5|v5¢|2 dQ + l/w|5¢|2dr
2 2 Jo
_ UI‘i’D(p)+/5p\IldQ—l-%/5|V5¢|2 dQ+%/w|5¢|2dF,
N

l.e. the assertion. O

Tn the case of local thermal equilibrium we introduce the free energy by
F(n,T):=Up (Np —no—n1+mny)+ /f[n,T] LA
This functional satisfies evidently
(OrF(n,T),8T) = /5T8Tf[n,T] dQ = —/s,:[n,T]cSTdQ :
We define
Uf(n,T) := F(n,T) + /sf[n,T]TdQ

= Ul‘i’D(ND —ng —n1 +ng) + /uf[n,T] dQ

and

Us(n, T) := UF_(Np —no —ny +na) + /'Ef[n,T] dQ .



7 ELECTROSTATIC INTERACTION 28

Proposition 7.1 (Entropy mazimum principle) The entropy

Sf(n,T) = /Ef[n,T] dQ
realizes 1ts constrained mazimum under the constraints
Uozﬁf(n,T) and QOZ/(ND—TLO—nl —|—’)’L2)dQ

(Qo = — [ddQ if w = 0 and T'p = 0) at one of the equilibrium states which are
characterized by the equilibrium conditions of coinciding constant temperature 0 and
coinciding constant reduced potentials &, Ty =T, =T =1/A =6 and

1

é-: q’iaﬂi gf(naeaeae) 9

zjf(n,e,e,e)} (:=0,1,2) .

The equilibrium densities are

- B B 2
no[faea @(570)] - ND2 + exp [% (Eo(e) - ﬁ(570)) - 5]

and

[, 0, T(£,0)] = M;(0)8% Fa, 1 [—qz- (5 + @(5,9)6— E"(H))] (i=1,2).

The equilibrium potential W(E,8) is the solution of the nonlinear Poisson equation

U =P

Np + Zqﬁj(fae)] :

=0

Proof.The proof is again a straightforward application of the Lagrange method.
Indeed

0= (dr, [S’f - Az/?f] 8T = / §TOz, [5; — Mg d (1 =0,1,2)

for arbitrary variations 87 yield the system (6.4) and thus Ty = To =T =1/A = 6.
The other conditions are

1

0 = (B, (§f[n,0,0,0] -3

b?f[n,e,e,e]) ,6n) — g; / £ dQ)

= /5n {am (Ef[n,e,e,e] — %af[n,e,e,eo - Qif} df
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(z =0,1,2) for arbitrary variations én, i.e. the assertion. O

The values (,6) of the equilibrium defined by the parameters Qo and Uj in the
constraints are the solution of a system of two highly nonlinear equations which
arises if the equilibrium densities and § = T} = T, = T are put in the constraints.
The electrochemical potentials (; are defined now by the state equations

2

24+ exp EO(T)’Z__"II_CO

?

(71) o = ND

and

1

72 m= M —ag G+ -B@D)] G=12),
(7.3)

where W is the solution of the nonlinear Poisson equation

v 2
¥ =Py {ND !1 — 2+ exp EO(T);‘II—Co]

+ Z aM(T)T* Foy-1 {—CH% (G+9 — El(T))} } )

Notice that the electrochemical potentials appear here as independent state vari-
ables, but the densities as dependent ones, and that the state equations reflect the
principle of partial local equilibrium.

Remark 7.1 The equations are not so deterent as they seem to be. They are, in
particular, uniquely solvable by comfortable methods because of monotony properties
of associated operators.

According to (3.3) or Prop. 6.2 the conjugate variables of the densities with re-
spect to the entropy considered as a thermodynamic potential are closely related to
the entropy maximum principle combined with the principle of partial local equilib-
rium. These relations hold also for the corresponding systems with the electrostatic
interaction, i.e. the relations

G

(7.4) i = qiOn;s5m, T] — %(@uuf[n,T] —VU) = T (:=0,1,2),
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and
~ q; i q;
51: = qia’nisf[n7 T] - E (67—,,1’11,;) — \:[J) - fani’u,‘(fo)
21 1 q
_ -~ L@ 1 (0) k)
= QiOn, (sf lz:; Tiuf Tuf ) + Ti\IJ
(; 1 1
. =2 E(T) (5 )
(1.5 2B (-7

respectively, hold for the systems with electrostatic interaction.

Theorem 7.1 Let (n,T) be any solution of the system of evolution equations

fo = Ry — Ry,
(7.6) fi+V-jn, = —Ro—Rs  (1=1,2),
: N : 1 1 1 1
Ti . (4) T (4) . 'u. - _ 1,)\ R >\i [
Or;uy’ + TOruy’ + V- gy gido T 7T

+ (Eo + Ez* +V ';ni) [6711'“?) - \IJ] (:=1,2),

2 2
Z TlaTl’u,Eco) + TaT’u,Eco) + V- juo = Z (T - f[) + (Rl - R2) (671077]‘ - \IJ)

=1

+ 22: (Bo+ B + 9 T, ) B

=1

with the electrostatic potential ¥ = P‘f’D(ND —no —n1 +n2). The density of total
enerqy of this solution,

(7.7) H:%W@f+ﬁAmT)
and its fluz
—~ 2 . o~ .
(7.8) Ja= Y Ju— VeV =j, — UeVT
=0

satisfy the conservation law

BT +V-7a=0.
The corresponding density of entropy satisfies the entropy balance equation (6.8).
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Proof.On the one hand the identity

2
BA +V G5 = eV .-V V. (\PsV\P) +BfEA+ V- G
=0
— V. (in:) O+ Y G
2
=0 g+ O] + V - Ju
=0

holds, where the Poisson equation differentiated with respect to the time has been
applied. On the other hand the sum of the three energy balance equations reads

2
> Tdris + V- ju
=0
2 2 . . — .
== by + 0y (Bo+ B+ Gu +a)
=0 =1

ie. B[+ V-5 =0.
The entropy density s = s¢[n, T] of a solution of (7.6) satisfies

[V

Il
~.
L
g
_'_
3.
EQJ

»]

i

2
q 1 1 1 1 )
N2 (== ) (=== )+V.4,
S (gm) o (pg) Vo
: =\ |1 0 Ly O _ 5 %
—I—Z(RO—I—RI*—I—V-]W) E(anluf —\IJ)—I—Tamuf — On, 5
1 1
M=—=)=-V-4,
Zl(T Tl) .70
1 1\? 1 1\ &K1
o [ =—— = Nli=—=) =N 2v.4,
0(1 T2> —I_z:;l(T Tl) ;Tl .71

3 (Bo+ B + V- Gn,) + 60 (R — Bo)
=1

+ (El . Ez) [% (Ony iy — W) — anosf}

because of (6.10), (7.6), and (7.5). The divergence terms provide the divergence of
the entropy current density and the part of the entropy production rate due to the
current densities. O
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Remark 7.2 The conservation law of energy would also allow to omit the terms
R,V in the energy balance equations for the subsystems, but the entropy balance
equation does not tolerate this change!

The following theorem is proved analogously.

Theorem 7.2 Let (n,T) be a solution of the following system of evolution equations

’):Lo == Rz_R17
(7.9) Bi+Vja = —Ro—Re (i=1,2),

2 2
TOrus+V-ju = Y RU+Y (Bnus—9)V-jn,
=0 =1

with the electrostatic potential ¥ = P‘f’D(ND —no —n1 +n2). The density of total
enerqy of this solution,

= g VU + us(n, T)

and its fluz ‘
jo = Gu— eV
satisfy the conservation law

The density of entropy s = s¢[n,T| satisfies the entropy balance equation (5.2) with
the entropy fluz (5.3).

Remark 7.3 The relations (7.5) or (7.4) guarantee the generally expected behaviour
of the entropy density s = 55 or s = sy of solutions of either the system (7.6) or
the system (7.9) of evolution equations. As these systems has been based on rather
elementary principles only, we intend to accept them as the correct formulation of
energy models.

Remark 7.4 Notice that the densities U or U coincide with the densities ofﬁf or Uy
only in the case that the electrostatic potential satisfies the homogencous Neumann
condition. The reason 1s that in general the electrostatic energy cannot be restricted
to the domain 0 in the ‘real electrostatic world’, and our choice is a necessary
compromise and approzrimation.

Remark 7.5 In a certain sense, the system (7.6) is an extension of the system
(7.9). It should be noticed, however, that the temperatures T;(t) of a solution of
(7.6) with coinciding initial temperatures T1(0) = T5(0) = T(0) need not and will
not coincide for later times t > 0. A-posteriori experience may show, nevertheless,
that in a class of situations it s not necessary to solve the more exrpensive system

(7.6), because the differences T;(t) — T(t) are negligible.
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In the discussion after a lecture on the subject in the Langenbach seminar Prof. K.
Groger suggested to regard the conjugacy of the variables more consequently in the
evolution equations. Indeed, the system (7.9) can be written more lucidly

’):Lo — Rg —Rl ’
nz—l—vgm — _RO_RZ* (’1/:]_,2),
W+ Vg, = UV (G, —In)
with kinetic or transport coefficients
1
Fo(n,u) = To(n, T) exp (T [Eg(T) — El(T)]>

etc, and the system (7.6) can be written

o = Ro— R,
i+ Vg, = —Ro—R» (1=1,2),
- o 1 1 « (1 1
L+ Vogw = —@rol| =+ — = il =— =
WAV Ju E °<T1 T2> (T Ti)
(7.10) = (R0+Rz-* +V-jm-) U(i=1,2),
. ~ & ]. ]_ A ~
’U,o—|—v-]uO = EI:A1<T_E>_(R1_R2)\P
with kinetic or transport coefficients \; (n,u) = X\ (n,T) etc. It might be more

natural or more convenient, at least in principle, to evaluate primarily the indepen-
dent variables n, and u or u from these systems of evolution equations, but evaluate
secondarily temperatures by means of either the nonlinear equation us(n,T) = u or
the system of nonlinear equations

ugf)(ni,Ti,T) = u (i=12),

2

O T, T) =

uf ’)’Ll, ) = Uo -
=1

It must be said, however, that these densities are conjugate to the state variables ¢;
and 1/T or to the state variables ¢; and 1/T; only in a generalized sense, because we
do not know a thermodynamic potential ‘entropy’ in these cases. It seems to be more
usual, moreover, to describe material laws in dependence upon the temperature(s)
than in dependence upon the energy or the energies.

8 The case of Boltzmann statistics

If the Boltzmann statistics can be applied to the carriers in the conduction band
and in the valence band, the formulas become much simpler. In this case P; = Q;
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reduces to n; (z = 1,2), i.e. a; = ayn; and b; = 0. and the densities of entropy and
energy read

2 n ™ /Np—n Np
52 =cplogT n;EY(T) -1 0 0
57 = cglog —I—qunj A(T) — log (Np — o) N

=0

2
ny
+ nl[al—l—l—l—LlT—logi] y

97 =T =) oy [B(T)— TE(T)] + Y _mieTi+ TL(T)] ,

=1

and ugf) = o;Tin; (2 = 1,2). The conditions for the thermal equilibrium (cf. (6.4)
with b, = 0) are three decoupled linear equations, i.e. the subsystems are weaker
coupled in the Boltzmann case than in the Fermi-Dirac statistics. This observation
is also confirmed by the formulas

T:00,5% = 0p4? = 0pul) and  TO75? = 874% = Opul)

The coefficients r, or 7, (¢ = 0,1,2 ), D, Dy, Dy, § or X; (7 = 0,1,2) may be
different in the two statistics, but the structure of the net recombination rates and
of the fluxes remain unchanged. The nonlinear Poisson equation changes, too, but
the qualitative properties, which base on the monotony properties of associated
operators, remain unchanged.

We consider only states of partial local thermal equilibrium and the case of symmet-
ric isotropic current equations. The complete system of evolution equations reads
in the case of Boltzmann statistics

(81) ’I:Lo — Rg—Rl,

A4V e = —Ro—Ri (i=1,2),
2 2
Torf +V - ju = Y RU*+> [T (ou+ L(T)) + q (¥ — B(T)+ TE{(T))]V - jn,
=0 =1

with the electrostatic potential ¥ = P{_(p + Np — N — n), with the density of
internal energy

(8.2)

2

W, T) =T - Z gin; [Bi(T) = TE(T)| + T Y mlou + Li(T)] ,

=1



9 MISCELLANOUS TOPICS. 35

with the current densities

(8.3)
jﬂi = _nzD ( qva + PVT) [ (Cl C2) + (Pl + P2) VT] )
(8.4)
=2 (TR = a0 = 7377
(8.5) i
j2 :ai+1+Li(T)—logW:ai—l-l—l-Li(T)—l-%[Q—l-\Il—Ei(T)] :

with the net reaction rates
(8.6)
Ro = rafn T)exp ( 1 (Ba(7) — Bu(T)]) [eno (06— ) —1

and
R; = ri(n, T) exp (—ﬁ (B (T) — EO(T)]) [eXP (@ G — go]) _ 1] (6=1,2)

(+* =1 — (—1)!) and with
== q[E(T) - TE/(T)+ TL(T)]

and

Ut = ¢[[Ei+(T) — TEL(T) + TLi-(T) — Eo(T) + TEN(T)] (1=1,2).

9 Miscellanous topics.

In Sect. 6 we have guessed state equations for the densities of internal energy uy and
of entropy 55 of a model of a semiconductor device with carrier temperatures (hot
electrons). These densities generalize the densities us and sy, which are derived from
the density f of a free energy in the usual way, from states of partial local thermal
equilibrium to states of partial local equilibrium with specified carrier temperatures
Ty and T5. In this section we shall discuss related topics more systematically. To
this aim it will be enough to consider a reduced system with electrons only. The
mentioned densities of energy and of entropy for such a simplified model read

Uy (n, Tn, T) = 1T + n [E(T) = TE'(T)] + Tu[a + L(T)] P
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and

- , _ n T, ~
Sf(’)’L,Tn,T) = CJ, 10gT —’)’LE (T) —nfa_ll [W} —|— |:]_ —|— a —|— ?:| P

with the abbreviations L(T) := T [log M(T)]" and

D . a —1 L
P = M(T)TSFno0 FJL [M(T)Ta} :

n

We have seen that

e the entropy maximum principle applied to these expressions yields the usual
states of equilibrium,

e the principle of partial local equilibrium yields the state equation

n = M(T)T*Fa_, {Tin[f— E(T)]} :

which can be considered as the definition of the (electro)chemical potential E

or the reduced potential E/Tn of electrons,

o the function u}(n, T,, T) = aT, P can be considered as the density u,, of energy
of the subsystem of electrons,

e the implicitly defined function
5[n,u}(n, Tn,T),Us(n, Tn, T) — w}(n,Tn, T)] = 5¢(n, Ty, T)

has the properties of a thermodynamical potential that respects the decompo-
sition of the system into two subsystems, namely,

e the conjugate variables of u,, ur = uy — u}, and n are TL,L =
00 75y — 7] & = Ouys [ty — 7], and & = £ — BT) (& - 3)

Although in systems of irreversible thermodynamics the energy and the entropy can
exchange their role to some extent, we shall see that there is no function s, = s% in
general such that an implicitly defined function

u [n, 851, Tn, T),5¢(n, Tn, T') — 5% (n, T, T)] =us(n, Ty, T)
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would satisfy the analogous relations 0, u [n,s’;,'svf — s’]}] = T, and
Os,u [n,s’;,'gf — s’]}] = T. Indeed, these requirements would imply the differ-
ential relations

1 T
(Tn = T)r,57 = 0r,8 — TOr,5; = - (aTu+T) = ~(a+b) = (Tn— T)Ti

— (T, — T)Tg [(a +1)P - aé]

n

and

1 b
(Tn — T)@Ts’; == 6T’17f — T8T§f == T(Q%T + an) — a% —-b = (Tn — T)T

_ 1, - 2L 7~ 3]

T a
with the abbreviation
2
~ n
Q= . ,
M(T)TeFars 0 Fuy | rciyes]

“Hp-q] .

but the integrability condition Or [8Tns’]}] = 0r, [6Tsﬂ is violated in general, for
)

6T [6'1"“37;] — 6Tn [8Tsﬂ =

S e

With regard to systems with electrostatic interaction such a splitting of entropy
would be useful, however, because in the case of local thermal equilibrium the total
energy

Un,sf| = /uf[n,T] dl + Ul‘i’D(—n)

has the properties of the thermodynamic potential, namely,
(00 [U (n, s4n, T])] , 6T) = / ST Oruyln, T] dO = / STTdrssn, T] dSY
l.e.
(85U(n,s),5s):/T53dQ,
and

(On [U (n,5¢[n, T, T])] , én) = /5n [Opus — T'sy — U] d) = /5n§dQ .
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In contrast to that definition, there are some problems to find a functional space for
the total energy such that S[n,u] = [ sf[n,T]dQ can be understood analogously,
Le. (0.8 (n,u), du) = (F,6u) etc. It seems that the functional space of the total
energy should be a dual space of a space of functions on the domain Q which contains
the reciprocal temperature.

We return to systems without electrostatic interaction and ask for other choises of
densities of energy and entropy instead of uy and sy. We start with densities

3;(n, Ty, T) := 0z, f(n, T, T) — 80 f(n, Ty, T)
and
Gif(n, Tp,T) := f(n, T, T) — T8z, f(n, T, T) — TOrf (n, T,, T)

associated with a function f(n,Tn,T). In the case of local thermal equilibrium

A

T, = T the functions f(n,T) = f(n,T,T), s¢(n,T) = 54(n,T,T), and us(n,T) =
tg(n,T,T) are the densities of free energy and the corresponding entropy and en-
ergy. We apply the entropy maximum principle. The Lagrange method yields the
equilibrium conditions

0 = 6T’n. [‘gf - Aﬁ’f] = _(1 - ATﬂ)a’%nﬁ’f(na Tn7 T) - (1 - AT)aTnan(na Tn; T) ;
0 = 8r[8; — M) = —(1 = AT,)07,0rf (1, T, T) — (1 — AT)B2f(n, Tn, T)

and

& = X0y — Onsy .
If the matrix dzf(n, -,-) of the second order partial derivatives with respect to the
temperatures is regular, the first two equations define the states of thermal equilib-
rium T, = T = 1/X =: . Under these conditions the third equation becomes
= %8nf(n,0,0). The principle of partial local equilibrium reads in this case
(= 8nf(n, Ty, T) and yields the corresponding state equation, which means nothing
else than the definition of the (electro)chemical potential ¢ of electrons.

We check now the possibility of splitting the energy 4y = u} + (4y — u}) or the
entropy 85 = s% + (87 — s7%) in this general setting. We look for a function s% such
that the implicitly defined function 4 [n, 8%, 8¢ — s’]}] = Uy has the properties of a
thermodynamic potential which respects the decomposition of the system into two
subsystems, namely, which satisfies the identities J,,4 = 6 and 0,,u = T'. These
requirements are the identities

(Tn - T)aTns; = _(Tn - T)a’%nf(na Tn; T)
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and
(T — T)0rs? = —(T, — T)0r0r, f(n, Tn, T) ,

which are trivially satisfied by the function s% = —8Tnf. The conjugate variable of
n with respect to the potential 4(n, sp, sz) becomes

Ot = Optiy — TOnés — (T — T)0ns™ = Onf .

Remark 9.1 A consequence of this observation is that the densities ug(n,T) and
s¢(n, T) can not be derived from a free energy f(n,T) in general!

The question for a function u} with the property that the implicitly defined entropy
8(n,u}, 4y — u}) = 85 has the properties of a thermodynamic potential which re-
spects the decomposition of the system into two subsystems yields analogously the
differential 1dentities 8Tnuf =-T (9T f and 8Tuf =-T 8T8Tnf The ansatz

Wi (n, Tn, T) = f(n, Tn, T) — Tndr, f(n, Tn, T) + g(n, T)

with an arbitrary function g which does not depend on T, satisfies the first identity
and is even its general solution. The second identity yields the differential equation

8rf — T0r0r, f + 0rg = —T.0707.f

ie. f(n,Tn,T) = g(n,T) + h(n,T,). The result has a plausible interpretation,
namely, the energy of the whole system is the sum of the energies of the two sub-
systems only if also the free energy of the whole system is the sum of the free
energies of the two subsystems and if the free energy of each subsystem does not
depend on the temperature of the other subsystem. The associated state equation
reads ¢ = Ong(n,T) + Onh(n,Ty,), but such state equations are not realistic ones in
semiconductor models with carrier temperatures.

10 Discussion

To compare the equations of the proposed energy model (7.9) with those of other
authors we write the fourth equation of (7.9) as a heat equation with C = Oruy, i.e.
we start from the equation

2 2
CT =V ju=Y RU+> (Bnus+a¥)V-jn, .
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In the discussion we shall restrict ourselves to the case of Boltzmann statistics and
we shall neglect the contribution of the trap level, i.e.

CT -V ju=Y [Tar+TL(T)+ q[¥ — E(T) + TE(T)]|(Ro+V - jn,) -

=1

Specifying the energy current density and neglecting the electron-hole scattering
effect (6§ = 0) we get

CT~V - | 55VT| = H

with a heat generation term

H =Y [Toy+ TL(T) +al¥ — B(T) + TE(T)] (Fo + V - ju,)

2
— V) (TP~ @) in,
=1

=Y " [Tor+ TL(T) + @[¥ — E(T) + TE(T)]|(Ro + V - jn,)

2
+ Z |:— |jﬂz|2 — TV - (Pin,) @GV - j"l:|

(V- gn) [T+ TL(T) + @ (G + ¥ — E(T) + TE(T))] .

WE

Notice that in the case of Boltzmann statists
n;
G=E(T)- ¥ — CIleogW = Gig(n1,m2,T)
and thus for a completely ionized doping profile the identity
G —TO0rGiy = T + TLi(T) + q:[¥ — Ei(T) + TE{(T)]

holds. Therefore the heat source term is just Wachutka’s heat source term

1 . : .
H=3 {m Gme|* = TV - (Pigin,) — @ Ro (G — TOrGig) + @TOrG 4V - G,

=1
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(cf. [20],(29)).

Some authors (cf. [15], [17], [7]) prefer other versions of the energy balance equation
than we propose in this preprint. They prefer the point of view that the system is
a system of carriers in an external field ¥. Diverse versions of energy and energy
fluxes are considered and adapted entropies are applied. Notice that in expressions
for the densities of energy or entropy which are obtained immediatly from carrier
distribution functions no terms appear which contain derivatives of the band edges
or of the effective masses with respect to the temperature. J.E. Parrott balanced the
energy density U := us + Eyny — Eyng for a system without traps (cf. [17], (20a))
with the energy current density u := 7, + 212:1 q(E; — U)jp,. Since this balance
equation is equivalent to the heat flow equation, it is as acceptable as our energy
balance equation.

P. Degond et al. 7] describe a very simple energy-transport model for semiconduc-
tors in a more general setting. The system (7.10) specified to their simple example
reads

A+V-jn = 0, - v
UntV Gu = A(k— ) -V Jun Vi

with symmetric positively definite 2 x 2 matrix. Therefore u,, = U and 7,, = I in
their notation, i.e. they consider the energy balance equation in two versions, either

11
. NPT TRUNPI S
Un+ V- (Jup, + YIn) =Jn -V (T Tﬂ)

or

) 1 1 .
O — n¥]) 4+ V- 7., = =X (T_T_n> —n¥ .

They have proved the existence of solutions under some ad-hoc assumptions.

11 Appendix. Free energy

Because of the fundamental role which the free energy plays we want to point
out that the expression (2.1) corresponds to the pertinent literature. The equi-
librium distribution of electrons, their energy and free energy are described in
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[19], chap. VIII, by

- 2 2
N =N +§:—J = N+n,
2t exp B2 Fr 1 + exp ZiEr

2 ZE
U = EpN D L
D D2—|—6Xp% Zl_l_exp EF

~ Ep—E
F(N,T) = NEF—kT{Nplog {1—|—26Xp (-%)]

E.— FE
+ZZj10g {1+CXP <—JTTF>]} :
J

where N = N + n denotes the number of electrons, Z; are the occupation numbers,
and Ep denotes the Fermi level. The free energy can be written as

F(N,T) = kTN{%—%log [1+2exp( %)”JFNED

Eg E, — Ep
+ 7 — kT log {1—|—exp (_;)]
zj: ! 1 +exp (E EF) kT

The first two summands on the right-hand side represent the free energy Fp(N,T)
of the electrons in the trap level. The variable (Ep — Er)/kT can be eliminated by
means of

N 2
ND 2 + exp Ep TEF

On this way the term E4(T)N + T log [NN(ND — N)ND—NNBNDZ_N] arises. Let us

write the expression for the free energy of electrons in the conduction band,

Ep

E; — Ep
F.(n,T)=kT Y Z; kT —log [1 + exp (_;)] ,
zj: ’ 1+ exp (E EF) kT

in our notation,

v/T
Fn(n,T):T/l T Ve B dp
+exp [ (calp*/® + Ee — v)]

1
—T/log 1+ ]dp,

exp % (calp¥/® + E. — v)]
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x=(w—E.)/T,and M, = (47 /3)I'(a+1)/c%. On

1 e X 1
F, TY=nE,+TM T —— EENNA Su— 1 a-lg4
(n,T) = nbie + r<a>/o [1+eqx °g(+ )]q 7

=nE.+TMT*Fo_1(x)x — TMCT q “log (

11

and substitute q := (Cn/T)|P|3/aa
such a way we get

et [T a;ex—q
+ c F(a—l—l)/o ql—l—ex—q

N 3 n
:| — TMCT faofa_ll {W}

dq

_ n

with n = M. T*F4-1(x). The limits

1
— = X —
q1_1>r_|r_10q 10g( q—x) = 0%log(l+eX) =0
and
]' 1— 1‘1 X
lim ¢*log (1 ) = lim M = lim Ll
g—+oo g—+oo g g—+o0 —aq™™
1 a+1 1 a—k—1
= limqiz oo = —(a+la---(a—k) lim =0
fo4 g—+oo e97X

o g—+oo 1 + 97X

(-1 < aa—k —1<0) vanish.

Remark 11.1 Notice that the entropy of electrons in the conduction band

Eg Z;
T = 7
(, kTZl—I—eXpE “Er T 1—|—eXpE —Ep
1
+ Z;lo
Z 8 eXp EF
—/ 97X Llog(1+ ! d
) [Tex 8 1 teax)| P
1 1 9—x - _1
= MT*—— — = —(g— | 1 =X “"dq,
= ) P

coincides with the expression

Ll = / fulog fout (1~ fu)log (1 — £.)] dp
1

Mo / L jog
I'(a) Jo 14 ea—x 14 ea—x

1 1
l1—— )1 l— —— -1
+( 1+eq—><) °g< 1+eq—><)]q !
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of an ensemble of electrons distributed in the phase space according to the equilibrium
distribution

1
Tt exp [£ (ealpPa + B —v)

(we have omitted the spatial coordinates as usual in this preprint).

fn(p)

Remark 11.2 Notice that the expression of entropy of the preceding remark does
not contain deriwatives neither of the effective mass, i.e. of M., nor of the band edge
E. with respect to temperature, but remember that such derivatives quarantee that
the entropy mazimum principle yields the usual states of equiltbrium.

12 Appendix. Units and values.

We use dimensionless quantities only, but describe the physical units of the applied
quantities in the following. We use the physical units A, cm, eV, g, K(elvin), sec,
V, W, and some famous constants.

Constant Symbol Quantity
Boltzmann constant ks 1.308 x 1073 Wsec/ K
dielectric permittivity of the vacuum €y, 8.854 x 10_12%
electron rest mass Mo 9.108 x 10728 g,
elementary charge q 1.602 x 1071°A sec
Planck’s reduced constant h 1.054 x 1073* W sec?

We choose, moreover, a reference temperature T = ¢*K in Kelvin, such that all

physical temperatures are T;T or TT.

We begin with a general observation. In physics quantities can be added or
integrated only if they are measured in the same unit. For any more gen-
eral functional relation F' = f(X,Y,...) there is a group homomorphism ¢y :
R x Ry x ... = Ry such that f(aX,bY,...) = ¢s(a,b,...)f(X,Y,...). For in-
tegrals G = [ f(X,...)dX the relation [ f(aX,...)adX = aps(a,...) [ f(X,...)dX
holds and for a differential law g = Bfg("") = Dxf(X,...) the relation reads
Dwx)f(aX,...) = 2¢s(a,..)Dxf(X,...). These observations help us to elimi-
nate physical dimensions. Let [X], [Y], etc be units of X, Y, etc. Either
[f(X,Y,..0)] = es([X],[Y],...) is defined immediatly like [G] = [X][f(X,...)] or
[Dxf(X,..)] = [f(X,..)]/[X] or the unit [F] = #([X],[Y],...) is introduced for-

mally. In any case the compatibility of diverse systems of units is warranted by the
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identity @s(a[X],b[Y],...) = @f(a,b,...)os([X],[Y],...). This well known observation
and the use of some scaled quantities permit us to get rid of the physical dimenions
by (F/[F]) = f(X/[X],Y/[Y],...) (This procedure is often paraphrased by saying
‘the electric charge is 1° etc, but we do not like this paraphrase.) We apply the
following system of units.

Physical quantities Notation Unit

length cm

particle densities n;, d, M;, Np cm™3

densities of energy u, u;, ug, n; By, ¢, kT /cm®
density of entropy S, S¢ kg/ cm3
scaled dielectric permittivity € €vacksT cm/q?
scaled potentials or energies  (, Zi, &, 5, U, E, kgT

effective masses m; g

Notice that M; and Np are state densities which can be occupied temporarily by a
particle, and the doping profile d counts the charge in elementary charges. The scaled
potentials (;, {;, ¥ are the energies of the elementary charge in the corresponding
potential; therefore we call (;, (;, ¥ potentials, what they really are. The potentials
& and & are called 'reduced potentials’. The ’energy density’ ¢ is a scaled heat
capacity per unit volume. The unit of the scaled dielectric permittivity is

€vackpTcm/q? = 8854. x (1.308/1.602%) x 6*(V/A)? = 4512.55 x 6*(V/A)? .
As the state densities M; represent only the effective masses m;, we mention the
connection
cm

3
R R N

It has to be checked, whether a given set of material laws is thermodynamically
consistent or in which domain of states the consistency holds. The criterium is the
positivity of the heat capacity, Orus > 0. We check a somewhat stronger condition
for parabolic band structures (o; = 3/2) for systems without traps, i.e.

2 2
" 2
at+ Y anTE >3 n (§L1(T)2 +Ly(T) - TLQ(T)) X}
=1 =1

with X := F3/2 [W] /fl/g [W] (cf. Rem. 3.3). Moreover, we check

the admissibility of carrier temperatures and the convexity of the negative conjugate
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potential of the entropy for parabolic band structures (o; = 3/2) for systems without
traps, i.e. we ask whether the inequalities

2 2
b2 I
ag — E a_ll =c;, + E maqT E;, (T)
=1

=1
2 2 2
>0
and

2
Y-I—
AO_ZFITAl_lFl =T (ao—z——?)znl[/l W) >0

=1 =1
with Y;i =. fl/z:l:l {W} /-7:1/2 {W} are satisfied.
Example. 6* = 300, thermal voltage Uz = 1222 V = 40.8257 V, Silicon (cf. [18]).

3.924

A rough approximation is a constant band gap of 1.12 €V. Since we do not have
more specified informations about the diverse band edges, the formula E;(T) =

E*— qE,(T)/2 is chosen as an orientation. Thus Zl ) qmlE' = ——(n1 —I—ng)E”(T).

Symbol Quantity / Value
E,Tkg (1.1785 — .027075 T — .02745T?) eV
E,(T) 48.113 - [1 — .02297T (1 + 1.014T)]

~TE)(T)/2 1.12063T

Instead of the quantities for the total system we consider the situation of majority
carriers and evaluate the quantities

ny

2
Fl(nl, T) = C—L + 1.12063 T — (§L1(T)2 + LI(T) — TL;(T)) Xl+ s

1 0] blz Cr,
Gl(nl,T, Tl) =V Qg — — = n— —|— 112063T
1

ny aj

2 2
YT L(T)+ TL(T)+ =Li(T)* (1 — ———
e )+ 7o) + Sy (1 )]
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and
1 0 blz 9 3
H T,7T;) := — — =) = LT, ———— .
l(nl7 ) l) ny (a’O a l( ) I 5}/;{—}/;— —3
They should be positive in interesting or realistic ranges of densities and tempera-

tures. As we are mainly interested in the sign of these quantities we represent below

the scaled quantity Log(H) := sign(H)log (1 + |H]).

Effective masses are given by fitting formulas M(T) = a(1 + 6T + cT2)3/2. Thus we
have

3 bT + 212
L(T) = TM'(T)/M(T) = 2 — = __
(T) (DM = 57T 1 o
and
gL(T)2 + L(T) - TL(T) = 31° (b* — ¢+ 3bcT + 32°T?) .
3 (1 +bT + cT?)?
Symbol Quantity / Value
ma(T)/me 1.045 4 .135T
M, (T) 3.464 x 102! x (1 +.12919T)%/?
Ly(T) 1937857 /(1 + .129197)

Li—TLy + 2L,(T)* [22376 T/ (1 +.129197))°

ma(T)/me 523+ .420T — .133 T2
M,(T) 1.2265 x 102! x (1 + .803059 T — .2543 T2)*/?
Ly(T) 1.2046 T x (1 — .6333T) /(1 + .803059 T — .2543 T'?)

Ly — TLy + 2Ly(T)* [1.6424T/ (1 4 .803059 T — 2543 T2)]”
x [L — 68137 (1 — .31666 T)]

The scaled heat capacity of the lattice has the value

cr = c- pem®/kg = 703 x 2.328/1.308 x 102 = 1.251 x 10%

such that the quantities should be evaluated for densities n; = 10%~* and tem-

peratures T € [1/2, 4] between 150 K and 1200 K. The upper bound 1200 K is
determined by a zero of my(T')!
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Log (Fy (ny,T))

Log (G4 (N, T,Ty))

Log (Hy (n,T,Ty))

3
2
1
0
15 5 ¢E
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Fig. 1. The functions Log(F;), Log(G;) and Log( H;).
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