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Abstract. Diffusive moment equations with an arbitrary number of moments
are formally derived from the semiconductor Boltzmann equation employing
a moment method and a Chapman-Enskog expansion. The moment equa-
tions are closed by employing a generalized Fermi-Dirac distribution func-
tion obtained from entropy maximization. The current densities allow for a
drift-diffusion-type formulation or a “symmetrized” formulation, using dual
entropy variables from nonequilibrium thermodynamics. Furthermore, drift-
diffusion and new energy-transport equations based on Fermi-Dirac statistics
are obtained and their degeneracy limit is studied.
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1. Introduction

In semiconductor device modeling, macroscopic equations are derived from the
semiconductor Boltzmann equation with the aim to obtain simpler and numeri-
cally cheaper models which still contain the important physical phenomena. One
idea consists in multiplying the Boltzmann equation by a finite number of cer-
tain weight functions, depending on the momentum variable only, and to integrate
over the momentum space. This leads to evolution equations for averaged quanti-
ties of the Boltzmann distribution function, the so-called moments. The moment
equations can be closed by (essentially) taking that distribution function in the
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definition of the moments, which maximizes the kinetic entropy under the con-
straints of given moments. This approach was first used by Dreyer [11] and later
carried out by Levermore [26]. The entropy-maximizing distribution function turns
out to be a generalization of the Maxwell-Boltzmann distribution. In the context
of semiconductor modeling, entropy maximization has been introduced by Anile
and coworkers in a hydrodynamic scaling [2]. Moments models for one or two mo-
ments have been derived by Ben Abdallah and Degond in a diffusive scaling [3],
leading to drift-diffusion equations (one moment) or energy-transport equations
(two moments). Combining entropy maximization and a diffusive scaling, diffu-
sive moment models with an arbitrary number of moments have been proposed
recently in [23].

Most of these works are based on a moment closure using Maxwell-Boltz-
mann-type distribution functions. In degenerate semiconductor materials, it is
known that the equilibrium situation is described by a Fermi-Dirac distribution.
In this paper, we are concerned with the derivation of diffusive moment equa-
tions employing Fermi-Dirac statistics. Drift-diffusion models based on Fermi-
Dirac statistics, under various assumptions on the collision operator, have been
derived in [5, 14, 15]. Albinus et al. suggested a thermodynamics-based energy-
transport model including Fermi-Dirac statistics [1]. Degond and Ben Abdal-
lah derived energy-transport models using Fermi-Dirac distributions with general
(nonexplicit) diffusion matrices [3]. Instead of the Maxwell distribution M (p) =
e=®)/ksT  where e(p) denotes the carrier energy, kg the Boltzmann constant,
and T the carrier temperature, Chen et al. [9] employed the equilibrium func-
tion (14/kgT)M (p), where v > 0, to derive a non-Maxwellian energy-transport
model. Here, we derive diffusive moment models of arbitrary order, based on Fermi-
Dirac statistics, and for collision operators under abstract hypotheses, continuing
our work [23].

Our main results are as follows. Under suitable assumptions on the scattering
operators (see (H1)-(H3) below), we derive the higher-order moment equations

8tmi+diinfiJi_1 -VV = Wi7 Z':O,...,]V7 (1)

where m = (my, ..., my) is the moment vector (mg being the particle density and
my the energy density), J; are the fluxes, V is the electric potential, and W; are
certain averaged scattering terms (with Wy = 0). The fluxes are given by

N
Ji == (DijVAj + jA\;Dij1VV), (2)
§=0
where D;; are the (matrix-valued) diffusion coefficients, coming from the dominant
scattering processes, and A = (A, ..., Ay) is the Lagrange multiplier vector, com-
ing from the constrained entropy maximization problem. The moments m; depend
nonlinearly on the Lagrange multipliers A:

e(p)'dp

miat) = [ B k() = (L) (),
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where 1 > 0 is the degeneracy parameter. When 1 = 0, we recover the generalized
Maxwell-Boltzmann case of [23]; n = 1 corresponds to Fermi-Dirac statistics. We
observe that the moment balance equations (1) and the constitutive relations (2)
are the same as in the generalized Maxwell-Boltzmann case. Fermi-Dirac statistics
enters only in the relation between m and A. Therefore, it is not surprising that
the properties, which are valid for the generalized Maxwell-Boltzmann model, also
hold here:

e Under some conditions on the collision operator (see Proposition 3), the diffu-
sion matrix D = (D;;) € R3WVHDX3(V+1) js symmetric and positive definite.

o If the dominant scattering mechanism is described by a BGK-type (Bhatna-
gar-Gross-Krook) operator (see Remark 6), the current equations can be
written in the drift-diffusion form

Ji=—=Vgi = Ri(9):;VV, i=0,....N,

where g = (go, - .., gn) are the new independent variables. For more general
collision operators, we obtain the formulation

Ji = —divgf — RF(g)g¥ -VV, i=0,...,N, k=1,2,3. (3)

We refer to Proposition 7 for details.

e The convective parts including the electric field —VV in (1) and (2) can be
eliminated by introducing so-called dual entropy variables \;, depending on
the Lagrange multipliers and the electric potential, such that

N
Oy + div jz = Wi, J_Z = — Z CijVE\ﬁ (4)
=0

where the new diffusion matrix (C;;) is again symmetric and positive defi-
nite. This formulation extends the dual-entropy concept from nonequilibrium
thermodynamics and it allows us to derive an entropy—entropy dissipation in-
equality (see Proposition 5).

We notice that the drift-diffusion formulation is less obvious, and the argu-
ments leading to (3) are different from those in [23]. Also the entropy—entropy
dissipation inequality is new. Compared to our previous work [23], the main nov-
elties include (i) new alternative formulations of the model equations and a new
entropy—entropy dissipation inequality; (ii) the derivation of the degenerate drift-
diffusion model; and (iii) the derivation of a new energy-transport model based on
Fermi-Dirac statistics.

Our derivation is formal since a rigorous proof in a general setting seems to
be out of reach. Rigorous mathematical results for low-order moment models can
be found, e.g., in [4, 14].

For BGK-type collision operators and a parabolic band structure, we are
able to make the above model explicit. (Also more general scattering integrals
and nonparabolic bands can be assumed, but the corresponding models would be
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less explicit.) Supposing a constant relaxation time 7, the drift-diffusion model
becomes

On+divJ =0, J=-mnV(ho—V), n=(2r)*" F (N +logn),

where F /5 is the Fermi integral with index 1/2 defined in (20) below. This model
was first formulated by Bonch-Bruevich and Kalashnikov [6] and has been analyzed
by Gajewski and Groger [13]. A numerical treatment can be found in [29]. We
present here the first derivation of this model from the Boltzmann equation. In the
Maxwell-Boltzmann limit 7 — 0, we recover the standard drift-diffusion equations,
whereas in the degeneracy limit  — oo (after a rescaling), the so-called degenerate
drift-diffusion model

n+divy =0, J=—1(NoV(n®?) +nVV), (5)

where Ny > 0 is a number, is obtained. Such a limit was made rigorous in [20].
The initial-value problem was analyzed first in [18, 21], the stationary problem
in [27]. A numerical discretization in one and two space dimensions has been
presented in [19, 24] employing mixed finite elements and in [7, 8] using a finite-
volume approximation. The model (5) coupled to a heat equation with power
dissipation was studied by Guan and Wu [17]. Equations (5) may be employed in
degenerate semiconductors in which the particle density is very large. We mention
that Poupaud and Schmeiser [28] rigorously derived a high-density model from the
Boltzmann equation, but their model differs from the above equations.

Under the same assumptions as above, the diffusive moment model with two
moments becomes the Fermi-Dirac energy-transport model:

i Fi/2(2) go
0 divJo =0, Jy=— ERAVATS
in + div Jy ) 0 vgo+F3/2(z) TV ,
615(716) +divJ; — Jo - VV = W’ J1 = —VQl + F3/2(Z) ﬂV‘/’
F5/2(Z) T

where z = Ao +logn, T = —1/A1, and the variables (go, g1) are related to (n,ne)
by
2T 5T F5/2(Z)

il =2 (ne)T .
3 ne, gi 3 (TL@) FB/Z(Z)

We remark that the mapping (n,ne) — (Ao, A1) is invertible. This model seems
to be new in the literature. In the limit 7 — 0, we recover the energy-transport
model with diffusion matrix (8.21) from [22]; in the limit n — oo, we obtain again
the degenerate model (5).

The paper is organized as follows. The model equations (1)-(2) are derived
in Section 2, and some properties on the diffusion coefficients are proved. The
drift-diffusion and dual-entropy formulations (3) and (4), respectively, are derived
in Section 3. Finally, Section 4 is concerned with the computation of some explicit
models, also including an extension of the six-moments model of Grasser et al.
[16].

go =
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2. Derivation of the moment model

Let B C R3 be the first Brillouin zone, either being the periodic cube B = (-7, 7)3
or (for parabolic band structures) B = R3 [22]. The evolution of the charged
particles in the semiconductor domain @ C R? is described by a distribution
function f(z,p,t) depending on time ¢ > 0 and space-crystal momentum variables
(z,p) € Q x B. The distribution function f = f, satisfies the (dimensionless)
semiconductor Boltzmann equation in diffusion scaling:

PO fa+a(u-Vofa+ ViV -Vypfa) =Q(fa). (6)

Here, a > 0 is the Knudsen number (the ratio between the optical phonon energy
and the typical energy of an electron; see [3] for details). We assume that the
kinetic electron energy is much larger than the phonon energy, i.e. a < 1, and
we are looking for limiting diffusive equations as a — 0. The group velocity u
is defined by u(p) = V,e(p), where ¢(p) is the kinetic carrier energy given by
the semiconductor band structure. The electric potential V' = V(z,¢) is a given
function or self-consistently determined from the Poisson equation

NLAV :/ fadp — C(x),
B

where Ap > 0 is the (scaled) Debye length and C(x) the doping profile, modeling
fixed charged background ions in the semiconductor crystal. The collision operator
is supposed to consist of two parts: a dominant part and a small part,

Q(f) = Q1(f) + a*Q2(f).

This decomposition has been justified, for particular scattering processes, in [3,
10], for instance. Below, we will specify our assumptions on the first operator
@1, whereas the second one @2 will remain unspecified. To this end, we need to
introduce generalized Fermi-Dirac equilibrium distributions.

2.1. Entropy maximization

We define the entropy (or free energy) functional

H(f)(x,t) = —/B (flogf + %(1 —nf)log(l —nf) +€(p)f)dp

for a given function f(z,p,t), where n > 0 is a parameter. When 7 = 1, we obtain
the Fermi-Dirac entropy. In the limit n — 0, we recover the Maxwell-Boltzmann
entropy density f(log f —1+&(p)). Let weight functions x(p) = (ko(p), . .-, kn (D))
and moments m(x,t) = (mo(z,t),...,my(x,t)) be given. We set (g) = [ g(p)dp
for a function g(p), and we call the expression (k;f) the i-th moment of f. The
generalized Fermi-Dirac distribution is that function f* which maximizes the en-
tropy H(f) under the constraints (x;f)(x,t) = m;(z,t) for i =0,...,N, x € Q,
t > 0. The solution of this problem, if it exists, is given by

(o — = !
[ (2, p,t) 0+ exp(—A(z,t) - k(p) +e(p))’
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where A = (XO, DY ~) are the Lagrange multipliers. This representation simplifies
under the following hypothesis:

(H1) The energy ¢ is even in p and the weight functions are given by
’iz(p) :E(p)l, i=0,...,N.
Then, setting \; = Xl —1land \; = Xi fori=#1,

= (n+exp(=Xo + 5))71 for N =0,
= (n+exp(=X- /@))_1 for N > 0.

Furthermore, for given f with moments m; = (k; f), we denote by F; that function
which maximizes the entropy under the constraints (k;Ff) = m; for i =0,..., N.

Hypothesis (H1) on the weight functions is imposed for simplicity only; the
subsequent results are also valid if the functions k;(p) are arbitrary but even in p
(see [23]). The carrier energy may be given by the parabolic band approximation,
e(p) = 3|p|*>. A more refined model is the Kane dispersion relation, which takes
into account the nonparabolicity at higher energies, £(1+d¢) = 1|p|?, where § > 0
measures the nonparabolicity. In terms of £, we have

(p) = 5= (VI F 2P ~ 1), (7)

If § = 0, we recover the parabolic band approximation.

We point out that the mathematical solution of the constrained maximization
problem may be delicate. The problem is uniquely solvable if, for instance, the
Brillouin zone B is a bounded domain and &(p) is a general band structure; or if
B =R3 k= (1,e,¢2), and £(p) is given by (7); or if B =R3, k = (1,¢), and &(p) =
%|p|2. However, when the momentum space B is unbounded and the polynomial
weight functions have superquadratic growth at infinity, the maximization problem
may be unsolvable [12].

2.2. Assumptions on the collision operators

For the dominant collisional part )1, we have in mind the simple BGK-type oper-
ator Q1(f) = (Fy — f)/7, where F; is the Fermi-Dirac distribution defined in the
previous subsection and 7 > 0 is the relaxation time, since this operator allows
us to derive explicit models (see Section 4). Our results are also valid for more
general operators satisfying the following hypothesis:

(H2) All moments of Q1(f) vanish, (k;Q1(f)) = 0 for all functions f
and all ¢ = 0,..., N. Furthermore, Q1(f) = 0 if and only if f = F;.
Finally, (Q2(f)) = 0 for all functions f.

This assumption mainly expresses the collisional invariants. The conservation
property for Q7 with respect to all moments is rather strong but it is satisfied,
for instance, by the BGK-type operator. In Sections 4.1 and 4.2, we only assume
that mass and/or energy are conserved, which corresponds to elastic collisions,
(Q1(f)) = (eQ1(f)) = 0, since k9 = 1 and k1 = ¢ by (H1). In Section 4.3, we
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discuss an extended energy-transport model based on conservation of the quan-
tity (¢2f), which has no direct physical interpretation. Notice, however, that the
moments of the total collision operator Q@ = Q1 + a?Q2, (k;Q(f)), are of order a?
and thus, we do not require complete conservation of the collision moments.
Another example for ), is the electron-electron scattering operator

QW) = [ ot prop)3(E e =2 =)
< (PR = F) = TR0~ £~ J0)d dpy di,

where f' = f(p'), f1 = f(p1), fi = f(p}) and the scattering rate o is symmetric
(see [22, formula (4.31)]). It is shown in [3] that this operator conserves mass and
energy and that Qee(f) = 0 if and only if f is a Fermi-Dirac distribution. An
example for Q5 is the inelastic phonon scattering operator

(Qpu(f))(p) :/B(sph(p,p’)f/fsph(p’,p)f)dp/,

where spn(p,0") = Gpn(P, D) [(Nph + 1)0(e — €’ + epn) + Npnd(e — &’ — epn)] and
¢’ = ¢(p’) [3]. The number N, is the phonon occupation number, and epy, is the
phonon energy. A computation shows that (Qpn(f)) =0, i.e., Qpn conserves mass.

2.3. Moment equations and Chapman-Enskog expansion

First we derive the balance equations.

Proposition 1 (Balance equations). Let (H1)-(H2) hold, and let fo be a solution
of the Boltzmann equation (6). We assume that the formal limits F = limy—q fa,

G = limq—o(fa — Ff. )/ exist. Then the moments m; = (k;Fp) and the current
densities J; = (uk;G) are solutions of

oym; +divJ; —iJ;_1-VV =W;, i=0,...,N, (8)

where W; = (k;Q2(F)) are averaged collision integrals, Wy = 0, and the differen-
tiations are taken with respect to x.

Proof. We multiply the Boltzmann equation (6) by k;, integrate over B, integrate
by parts in the electric force term, and observe that the moments of Q1(f,) vanish
by (H2),

O (kifa) + ail(divx<u“ifa> - ViV <vp’€ifa>) = (kiQ2(fa))-

Inserting the Chapman-Enskog expansion f, = Fy, + g, in this equation, taking
into account that, by (H1), p — u(p)ki(p)Fy, (p) and p — V,ki(p)Fy, (p) are odd
functions, and performing the formal limit o — 0, we infer that

O (ki Fr) + divg (uk;G) — Vi,V - (VpkiG) = (k;Q2(F)).

Since, by (H1), V,k; = ie""tu = ir;_ju, we obtain (8). O
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In order to specify the current densities J;, we need a hypothesis on the
linearization of Q1 at Fr, i.e. L = DQ1(Fp). We introduce as in [3] the Hilbert
space L?(B) with the scalar product

g g / 912
1,92 ]:F 1—77FF

and the corresponding norm.
(H3) The linear operator L = DQ1(Fr) is continuous, closed, and sym-
metric on L?(B), and Lg = 0 if and only if g = Fp.

Hypothesis (H3) is needed to solve the equation LG = H. By the Fredholm
alternative, this equation is solvable if and only if H € N(L*)* = N(L)* and its
solution is unique in N(L)*, where N(L) is the kernel of L. Since the kernel of L
consists of the generalized Fermi-Dirac distributions, LG = H is solvable if and
only if 0 = (H, Fp)r. In the case of the BGK-type operator Q1(f) = (Fr — f)/T,
the limit function G can be explicitly determined (see Remark 6), and we do not
need to impose (H3) in this situation.

Proposition 2 (Current equations). Let (H1)-(H3) hold. Then the current densities
can be written as

Jo = 7D00V(>\0 — V) fOT’ N = 0, (9)
N

— Z (DUVAJ —&—j)\jDi,j_lVV) fO’f' N >0, (10)
j=0

where i = 0,..., N, the diffusion coefficients D;; = (fo) € R¥*3 are defined by
Dij = —(rkiu ® ¢;),
and ¢j = (i1, P2, d;3) is the unique solution in N (L)L of the operator equations
Lok = kjupFr(l—nFp), j=0,...,N, k=1,2,3. (11)
Formula (10) has to be understood in the following way:

. oV
Jik == ;(ijla+ A k,ﬁ_lafw), k=1,2,3.

7=0 1

Proof. First, we notice that the operator equations (11) are solvable in L?(B),
by the Fredholm alternative, since kjurFr(l — nFp) is odd in p, and hence,
(Fr,kjurFr(l —nFr))r = 0. Next, we expand the collision operator Q1(fa) =
Q1(Fr.)+aDQ1(Fr.,)ga+O(a?). Inserting the Chapman-Enskog expansion f, =
Ft. + agq into the Boltzmann equation (6), dividing the equation by «, and per-
forming the formal limit o — 0 gives

u-VoFr+ V.,V -V, Fr = LG,
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where we recall that G = lim,_. go. We claim that

G:(bovr()\of‘/) fOI‘N:O,
N
G=> (VaXj-¢;+iAVsV-¢;_1) for N >0. (12)
j=0
Indeed, observing that

N N
VoFp =Fr(l=nFp) Y 5;Vadj, VpFr=Fr(l—nFr) Y jrj 1ul;
j=0 j=0
(it N =0, V,Fp = —Fr(l —nFr)u), we compute for N > 0
N
LG =Y (VaXj-Loj + jA;VaV - L)
=0
N
=Fr(1=nFr) Y (5Vadj - u+ jrj 1\ VaV - u)
j=0

=V, Fr-u+V, V-V, Fp.
The conclusion now follows from J; = (ux;G). The proof for N = 0 is similar. [

2.4. Properties of the diffusion matrix

We show that the diffusion matrix D = (D;;) is symmetric and, under an addi-
tional condition on the operator L and the band structure, positive definite. Notice
that the symmetry of D expresses the Onsager principle of thermodynamics [25],
whereas the positive definiteness shows that the balance equations (8) together
with the current relations (9)-(10) are of diffusive type. The condition on L reads
as follows.

(H4) The operator —L = —DQ1(Fr) is bounded and coercive on the

space N (L)%, i.e., there exist g, 1 > 0 such that for all g € N(L)*,

(—Lg.9)r = pollgllz and || — Lgllr < p gl

Proposition 3. The diffusion matriz D = (Dag) € RINTDX3WNHD s symmetric
and positive semi-definite. Moreover, if (H4) holds and {k;ux : i = 0,..., k =
1,2, 3} is linearly independent, D is positive definite.

The explicit expression of D for BGK-type collision operators (see Remark 6
below) shows that the proposition also holds in this situation.

Proof. First, we prove the symmetry of D. Let «, 5 € {1,...,3(N + 1)}. There
exist unique indices i, j € {0,..., N} and k, ¢ € {1, 2,3} such that « = 3i + k and
B =3j+ ¢ By (H3), L is symmetric on L?(B). Hence,
Dag = Dif = —(kiurdje) = — (Lo, bje) p = — (i, L) r = —(kjuedir)
= Di¥ = Dg,.
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Next, we compute, for & € R3WV+D ¢ £ 0:

N 3 N
§'DE= " > GirwlsreDyff = (- L(Z

1,j=0 k=1 i=0

N 3
uoH( 2 _ o
> 5l Eoivitne )| = L
(o)l -4 ]

i=0 k=1

N 3
£3i+k¢ik:> 55 §3j+e¢jz) -

=0 £=1

3
Z E3irkRilly

In view of the linear independence of k;uy, the sum and hence the integral are
positive. O

dp.

- 11

:

3. Alternative formulations

Similarly as in the Maxwell-Boltzmann case of [23], the moment model (8)-(10) can
be rewritten either in a dual-entropy variable or in a drift-diffusion formulation.
In the case N = 0, we do not need to rewrite the model. Therefore, let in the
following N > 0. We suppose that (H1)-(H4) hold.

The dual-entropy formulation is similar to the corresponding one in the
Maxwell-Boltzmann case [23]. Indeed, let the transformation matrix P = (P;;) €
RWHDX(N+1) he defined by
Qij = (Z)aijVJ_", Pij = (—1)l+]Qij with Qi = { (1) iiz ; “;:

where 4, j = 0,..., N. Notice that @ = (Q;;) is the inverse matrix of P. Define
the dual-entropy Varlables A = (Ao,...,An) T, the transformed moments m =
(o, ..., my) ", and the thermodynamlc fluxes J = (Jo, ..., Jn) " by, respectlvely7

A=Q\, m=P'm, and J=P'J.

Proposition 4 (Dual-entropy formulation). The model equations (8)-(10) can be
equivalently written as

N
Oym; + div; = (PTW); — i Vim;_1, Ji=—=> CyVA;, (13)

where i = 0,...,N, W = (0,Wy,...,Wn)T and the new diffusion matriz C =
(Cikje) is defined by C** = PTD* P or, more precisely, by

CH = ZP :DFE Py, 4,j=0,...,N, k,{=1,2,3.

m,n=0

The current relation has to be understood in the following way:

ZZC{;‘gi i =0,...,N, k=1,2,3
£

j=0 /(=1
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The proof of the above result is exactly as the proof of Proposition 4.6 in [23] and
is therefore omitted. One advantage of the “symmetrized” formulation is that it
allows us to derive an entropy—entropy dissipation inequality. Here, the (relative)
entropy is defined by

H@:Aﬁmm

T /Rg (m - (A= Aeq) — 0~ {log(1 +ne ™)) + 0~ (log(1 + ne*a™))) da,

where h(\) is the entropy density and Aeq = (V,—1,0,...,0) the equilibrium
value. Notice that in the Maxwell-Boltzmann limit 7 — 0, we recover the entropy
suggested in [23] since

7~ log(1 + ne*™) = log (1+ ne)“”)l/") — M asn — 0.

Proposition 5 (Entropy—entropy dissipation inequality). Let the electric potential
be time-independent and let W in (13) be monotone in the sense of [oo W - (X —
Aeq)dx < 0. Then any (smooth) solution of (13) satisfies

——+/Z )T Cij(VA))dz <0.
R3 <

The second integral is called the entropy dissipation. If D is symmetric posi-
tive definite (see Proposition 3 for sufficient conditions), so does C, and hence, the
entropy is nondecreasing in time.

Proof. A simple computation shows that

<17 og(1 +ne™ )"“)>:</ii(n—|—e/\"‘)_1>:mi, i=0,...,N.

o\
Therefore, the derivative of the entropy density h(A) becomes
oh om 0, 4 N om
=— (A= — log(1 ")) =— (A= .
Moreover, we have
N N
om oh
Om - (A — Aeq) = 2 o, (A= Aeq)OrA; = —i y o, —— A = —0th(N). (14)
Hence, multiplying (13) by A — Aeq, where Aeq = QAeq = (0,—1,0,...,0) T, inte-
grating over R?, and summing over i = 0,..., N, it follows that
/ (PToym) T (X — Neq)d +/ (div J) T (X = Aeq)dx = / (PTW)T (X = Xeq)dez.
R3 R3 R3

The integrand of the right-hand side equals W T PQ(X — Aeq) = W T (A — Aeq), and
thus, its integral is nonpositive, by assumption. Because of (14), the first integrand
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of the left-hand side is equal to 9;m " PQ(X — Aeq) = —0;h()\). Then, integrating
by parts in the second integral, we conclude that

N
— [ 0h(N)dx +/ D (VX)) TCii(VA))da <0,
R3 R? ;=0

proving the proposition. O
Remark 6. The expressions for the diffusion coefficients can be simplified if the
collision operator @ is of BGK type and the band energy (p) only depends on
Ip|]. We will use this fact in Section 4.1 for the drift-diffusion case. Indeed, let
Q1(f) = (Fr — f)/7 and e(p) = E(3|p|?) for p € B = R? and for some function
E. Inserting the Chapman-Enskog expansion f, = Fy, + ag, into the Boltzmann
equation (6) and letting @ — 0, we obtain an explicit expression for the limit
function G = lim, . ga:

G=—7(u-VoFp +V,V-V,Fr)

N
= 3" (wju- Tads + g adgu- VoV ) Fr(l - nFp)
§=0

Comparing this relation with (12), we see that
fo = —(kjuxpje), where ¢pjp = —Tr;ueFr(l —nFp).

Using the radial symmetry of e(p), we compute

Dy = 7(e(p) @ uFe(l — nFe)) = T/ B (E'2p @ pFr(l — nFr)dp

R3
=% [ B E PR L (15)
R3
where I is the identity matrix in R3*3. Thus, we can identify the matrix D;; by
the above scalar value. (]

We are able to write the current densities in a drift-diffusion-type formulation
which may be convenient for a numerical decoupling of the equations.

Proposition 7 (Drift-diffusion-type formulation). Let g; € R3*3 be defined by g; =
—(kiu ® X), where x = (x;) are the unique solutions in N(L)* of Lx; = u;Fp,
j=1,2,3 (see (H3) for the definition of L). Then the current densities (10) can
be written as

agi ke ke OV .
k= — . () gkt —— —0,...,N, k=1,2 1
Jlk Z ( axz + RZ (g)gl al'[)’ t O? ’ ) k ’ 737 ( 6)

=1
where g = (go,---,gn) and

N pkt
R (g) =) j—22t);, i=0,...,N, k(=123

2

=0
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Furthermore, if the assumptions of Remark 6 hold and {ko,...,kn} is linearly
independent, we may identify g; by its scalar value, and the current equations (16)
become

Ji = —Vgi —Ri(g)giVK % :0,...7N, (17)
where Ri(g) = >, 3(Dij-1/9i)A;, and X = (X;) is uniquely computed from g =
g(\) € RNFL

In the Maxwell-Boltzmann case n = 0, the functions x; and ¢g; coincide (up
to an element of N(L)), and we can choose g; = D;o.

Proof. The new variables g; are different from those in [23], therefore we give a
complete proof. From

9
() = 83: (urFr) = Z’““’“ r{l=nFr) =

and the unique solvability in N (L), we obtain dx}/0x, = 22 (0X;/0xe)@jk+cFF,
where c is a constant. Then

3 Oxe N 8 N3 ke OA)
Z Dur ~ —Z@“k )= Z; o) gk =323 Dl Dz

J 7=0¢=1

corresponds to the first term in (10), and (16) follows.
Under the assumptions of Remark 6, we can write fo = D;;dke and gfz =
giOre, where, similarly as in Remark 6,

/ E'(E')?|p|* Frdp . (18)

The linear independency of (k;) implies, arguing similarly as in the proof of Propo-
sition 3, that the matrix D = (D;;) € RINFUX(N+1) ig positive definite. It remains
to prove that A; can be uniquely defined from the mapping g = g(\). We show
that the mapping A — g(\) is one-to-one. To emphasize the dependency of Fr on
A, we will write Fr(X - #). Let A A2 be such that g(A®M)) = g(A?)). By (18),
identifying g” with its scalar value g; and summing over ¢ =0,..., N,

Z)\(’)/ EYE)?Ip* (FrAV - k) = Fr(A®) - k))dp =0, j=1,2.

=0

Taking the difference of the above equation for j =1 and j = 2, we find that

0= Z/ E(E?p(FrOAD - k) = Fr (0@ 1)) (A =AY dp

:/R( D2 (Fr(AD - k) = Fr(A® - 1)) (A1 - 5 = X)) dp,
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observing that k = (1, E,...,EYN). Since Fr is increasing, the last integral is
nonnegative and hence, its integrand vanishes:

(FrOW - k) — FrA® - k) (A -k = A3 . k) = 0.

The same argument shows that A1) - x = A(?) . k. By the linear independence of
{ko,...,kN}, it follows that A(Y) = A3 proving the claim. O

4. Explicit models

The diffusive moment model (8)-(10) can be made explicit under additional con-
ditions. We assume that the collision operator @) is of BGK type and that the
energy is given by the parabolic band approximation,

1 1 .
Q(f)=_(Fr = f), )= §Ipl2, p e R (19)
Below, we need the Fermi integrals
F.(2) = ! /OO & dt, zeR, a>-1 (20)
T Tla+1) Jy 14etmz7 ’ ’

where I is the Gamma function satisfying I'(1) = /7 and T'(a 4+ 1) = aI'(a). We
recall the following properties:

F, 1 (2) =Fu(2), z€eR, a>—1; (21)
F,(z) ~€* asz— —oc; (22)
Z(z+1
Fu(z) ~ Tat2) as z — oo; (23)
(a+2)Fy 1(2)Fay1(2) — (a+1)Fy(2)> >0, 2€R, a>0. (24)

Here f(z) ~ g(z) as z — b signifies lim,_,;, f(2)/g(z) = 1.

4.1. Drift-diffusion models
In the case N = 0, we obtain a drift-diffusion model based on Fermi-Dirac statis-

tics.

Proposition 8 (Drift-diffusion model). Let (19) hold. Then equations (8) and (9)
specify for N =0 to

Fl/Q(Z)
F_q/2(2)

where z = Ao + logn and the zeroth moment n = mqy and the Lagrange multiplier
Ao are related by

on+divdy =0, Jo=-nV(h—V)= —T( Vn — nVV), (25)

n = (27)*/2n~ ' Fy j5(Ao + logn).



Diffusive semiconductor moment equations 15

Proof. The expression Dy in (15) becomes, using 0F /0N = Fp(l — nFr) and
the substitution e = |p|?/2,

4w O b
Doy = 7(p @ pFr(l —nFp)) = — o= [ |pI"Frdlp|
3 6)\0 0

drr O [ (22)3/2de (2m)3/27 (9F3/2( )
— — z

3n 0Xo Jo 1+exp(—Ao—logn+e) n 2%

o )3/2r
= ()T’Fl/g(z),

where we have used (21) and z = Ao + logn. Moreover,

4r [ \/2ede (2m)3/2 1
n = (Fr) = ) Tres T Fi2(2) = 77" Doo.

Thus, by (9), Jo = —mnV (Ao — V). The drift-diffusion formulation of the current
density follows from Vn = (2m)3/2)71F_; /5(2)Vo. O

The quantity ¢ = A\g—V is called the Fermi potential and the current equation
can be written in terms of ¢ as

Jo=—mnVe, n=(2n)"2 T EF p(6+ V).

We recall that the corresponding drift-diffusion model was first formulated by
Bonch-Bruevich and Kalashnikov [6] (see the introduction).

Remark 9 (Limits » — 0 and n — o). Notice that in the Mazwell-Boltzmann
limit n — 0, the second current relation in (25) reduces to Jo = —7(Vn — nVV)
(employing (22)), which is the current density of the standard drift-diffusion equa-
tions. In the degeneracy limit n — oo, we rescale the particle and current densities
by setting ns = nn and J; = nJy. Then, by (23), as n — oo,
Fi/5(Ao +1logn) N 8v2m
F_1/5(Ao +logn) 3

This implies that

2
~ g()\o +logn), mns (Xo + logn)3/2.

Fy5(Xo +1ogn) N n2/® S 11— 00
Foipto+logn)  206m2)78 7

and, using (25) and setting Ny = 3/(10(672)'/3),
Js ~ —T(NOV(’[’L‘E/?’) _ nSVV) as 17 — 0o. (26)

This relation, together with the mass conservation equation, is the degenerate
drift-diffusion model first analyzed in [18, 27]. d
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4.2. Energy-transport models

Energy-transport models are obtained for N = 1. The balance equations are
on+divdy =0, 0Oi(ne)+divd; —Jy-VV =W, (27)

where we have set n = mg and m; = ne for the particle and energy densities.
To simplify the notation, we define the (generalized) particle temperature T' by
T=-1/\.

Proposition 10 (Energy-transport model). Let (19) hold. The particle and energy
densities simplify to

3 Fya(2)

n=(2rT)**n ' Fs(z), ne= 2 Fp(z)

where z = Ao + logn. The diffusion coefficients of the energy-transport model read
as

357 F5/0(2)
T?, Dy =— T
ni-, 11 1 F1/2<Z)n

In the drift-diffusion formulation, the current densities can be written as

2) go Fz/2(2) g1
DGy, Ji= Vg + Tyy,
F3/5(2) T ! & F50(2) T

where the variables (go, g1) are related to (n,ne) by

2T 107 F1/2(Z)F5/2(Z) (ne)2
- ne, g1 = —— p) .
9 F3/2(z) n

9o = 3
We recall that, by Proposition 7, the mapping (go, 1) — (Mo, A1) is invertible
on its range.

Proof. The relation for the particle density follows after substituting t = —\;e:

0= (Fp) = 4i/°° V2ede 44/2m /°° t1/2dt
I o lte=H
(271.)3/2

= WF1/2(Z)

T+ exp(—2— \ig)  (—An)P2

The expression for ne is shown in a similar way. Because of 0Fr /0 g = Fr(l —
nFr), formula (15) simplifies to

4T i

AT /Oo 4 (20)3/2 Fpde — 82T i/oo citi+3/2 s
" 3 o Jo ¢ © rae 3 O Jo 1+4+exp(—z— M\e)
82T (i+j+35) 0 s  8V2rrl(i+j + 3)

= Tan )R a2 = Ty i Lik2(2);




Diffusive semiconductor moment equations 17

employing (21). Furthermore, we specify (18):

dwr [ (2¢)3/%de (2m)3/21
- = F3/5(2) = 5
3n Jo l1+exp(—z—Ae) n(=X)5/2 3

Tne,

T
go = g(lplzfﬂ =

5213/ 21 57 ne F5a(z) 107 Fiya(2)Fs)2(2) (ne)?
1= 2T Fygale) = o - : .
n(—A1) 3 =1 F3/a(2) 9 F3/5(2) n
Since Dyg = (5/3)7(ne)T, these formulas allow us to compute
Dyg Fijo(2) 1 Dqo Fy5(2) 1
Folg) = 220, = — Z F(g) =20 = L
() g F3)5(2) T 1g) o F55(2) T
which proves the current relations. O

Remark 11 (Energy-dependent relaxation time). Above, we have assumed that
the relaxation time in (19) is constant. Different energy-transport models can be
derived by assuming that the relaxation time depends on the macroscopic energy,

T = T0<<€fF>)_B7

(Fr)
or on the microscopic energy, 7 = 7(¢) = 79 ?, where 8 > 0. We refer to [22,
Remark 8.9] and leave the details to the reader. ]

Remark 12 (Limits  — 0 and 1 — o0). In the Mazwell-Boltzmann limit n — 0,
the diffusion coefficients and the energy density become, using (22),

5 35
Doo =T, Dy = D1p= iTnTQ, D1 = ZTnT3, ne = —nT,

which are exactly the expressions derived in [23, Example 3.4]. The current densi-
ties read as

Jo=—7(V(nT)—nVV), Ji= —gT(V(nTQ) —nTVV).

For the degeneracy limit n — oo, we rescale the variables and introduce
ns = nn, (ne)s = n(ne), Ts = (logn)T, J; s = nJ;, and g; s = ng; for i = 0,1.
Then, employing (23),

n~ NiT3?n Y (logn)*/?, ne ~ §N1T5/2n_1(10g17)5/2 as n — oo,

where N1 = 8\@7r/3, and we obtain in the limit n — oo the relations ny, = NlTS?’/2

and (ne)s = %Nle - %nSTS. Notice that the limiting energy density differs

from its Maxwell-Boltzmann limit ne = %nT by a factor. Since
Fyija(2) L5
F3/5(z)  2logn’

the particle current density can be written in the limit n — oo as

_ 5 gO,s
Jos = Vg0 + 5 FVV.
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Furthermore, since gg s = %T(ne)s = %N;Q/?’mi/?’ and %Nf
9 for the definition of Np), we conclude that

Jo,s = —7(NoV(n2/?) —n,VV),

which equals the degeneracy limit (26). Since the temperature T is completely
determined by the density n,, the energy equation becomes obsolete, and the
energy-transport model reduces to the degenerate drift-diffusion equations (26).

O

213 = N (see Remark

4.3. Extended energy-transport model

The balance equations (8) and current relations (17) for N = 2 read as
Oymo + div Jy =0,
Oymy +divJy — Jo - VV = Wh,
Oyme + divJy — 2J; - VV = W,

D; D; .
Ji=—Vg; — ( ‘0 A+2 g‘l >\2>9iVV7 1=0,1,2.
The variables g; and the diffusion coefficients D;; are given by
o 821 /°° git3/2de D 0Git;
9= 3 Jo l4exp(—Xo—logn— Mg — Xae?)’ Y 0N

Interestingly, the current equations can be expressed in terms of m; only. An
integration by parts yields

_ 4/or /°° et1/2 e
a o 1+exp(

i 7 —Xo —logn — Mg — Aae?)
_ 421 /°° 2 d (92 de
n Jo 2i+3de 1+ exp(—Xo —logn — A1e — Aae2)
42 [ 2 d git3/2
- / 53N 2hes) 5 g I pv— w— e L
n Jo 2i+ o 1+ exp(—Xo —logn — A1 — Aa2e?)
3
=% (Digh +2D;10s),
(2i+3)7( oA +2Dis o)
and, since ¢g; = (27/3)m;41,
2 24
Ji= =2 (Omen - 22 ov) im0,

This is the same expression as in the Maxwell-Boltzmann case, see [23, formula
(4.5)]. The Fermi-Dirac statistics enter only through the relation between mgs and
(Mo, A1, A2) or, alternatively, (mq,m1,ms). This model extends the six-moments
model of Grasser et al. [16] to the Fermi-Dirac case.

Notice that, according to Section 2.1, the entropy maximization problem with
N = 2 is solvable if the Kane dispersion relation (7) is employed, but it may be
unsolvable in the parabolic band approximation. In order to justify the above
derivation for parabolic bands, we derive the extended energy-transport model
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first for the band structure (7) and perform then the limit ¢ — 0, which leads to
the above model.
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