Chapter 2
PDAE Modeling and Discretization

Giuseppe Ali, Massimiliano Culpo, Roland Pulch, Vittorio Romano,
and Sebastian Schops

Abstract We consider mathematical modeling in nanoelectronics, which causes
coupled systems of differential algebraic equations and partial differential equa-
tions. Both modeling and discretization are investigated for the inclusion of
advanced semiconductor behavior, heat conduction and electromagnetic effects
within electric networks.

2.1 Introduction on Modeling and PDAEs

In this chapter, we introduce the mathematical modeling for the simulation of
circuits and devices in nanoelectronics. To include the significant effects, a refined
modeling using partial differential algebraic equations (PDAESs) is necessary.
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16 G. Alietal.
2.1.1 Mathematical Modeling in Nanoelectronics

The mathematical modeling of electronic circuits is typically based on some
network approach. Thereby, we analyse the transient behavior of node voltages and
branch currents. The basic elements of the circuit exhibit corresponding relations
between voltages and currents, which represent differential equations or algebraic
equations. The topology of the circuit is considered via Kirchhoff’s current law
and Kirchhoff’s voltage law, which are algebraic equations. It follows a system of
differential algebraic equations (DAEs).

For example, mathematical modeling using the modified nodal analysis (MNA),
see [26], yields systems of the form

d
Acd—? + Agr(Ake) + Arip + Ayiy + Aji; =0,
d¢

E—A{ezO,

Ale—vy =0, 2D

q—qc(Age) =0,
é—9¢,3G) =0,

where e, iz, iy are the unknown node voltages and branch currents through inductors
and voltage sources. The unknowns q, ¢ represent charges and fluxes, respectively.
The functions r,qc,¢; are predetermined. Independent current sources i; and
voltage sources vy may appear. The incidence matrices A¢, Ay, Ag, Ay, A; follow
from the topology of the electronic circuit.

For a transient analysis of the system (2.1), consistent initial values have to be
specified. The differential index of the DAE system (2.1) follows from the topology
only. An appropriate mathematical modeling implies an index of one or two. Hence
we can use common numerical methods for initial value problems of DAEs.

This modeling approach applies with the assumption of ideally joint lumped ele-
ments in the electronic circuit. No spatial coordinates appear, since the information
on the topology is given by the incidences of the elements. For quite a long time, the
mathematical modeling via time-dependent systems of DAEs has been sufficiently
accurate to reproduce the transient behavior of the underlying physical circuit, i.e.,
the modeling error was sufficiently small. However, miniaturization causes parasitic
effects in nanoelectronics, which cannot be neglected any more. Corresponding
phenomena are, for example:

* Quantum effects: The down-scaling of transistors decreases also the size of the
channel. The channel length comes close to the atomic scale. Hence quantum
effects appear and have to be considered in the mathematical models.

* Heating: The faster clock rate in chips causes a higher power loss in the
electronic network. The down-scaling implies that more heat is produced within
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a unit area. Since cooling cannot ensure a homogeneous temperature any more,
the heat distribution and the heat conduction has to be considered. In particular,
thermal effects of transistors appear due to the semiconductor’s dependence on
temperature.

» Electromagnetic effects: The distance between transmission lines on a chip
becomes tiny due to the miniaturization. The current through some transmission
line can induce a significant current in a neighboring component. Thus the
interference of transmission lines has to be taken into account.

These parasitic phenomena represent spatial effects. Thus corresponding mathemat-
ical models apply partial differential equations (PDEs) in time as well as space.
Firstly, PDE models are required, which reproduce phenomena like quantum and
thermal effects with a high accuracy. Secondly, the parasitic effects are considered
in the electronic network, i.e., the PDEs are coupled to the circuit’s DAEs. It follows
a system of partial differential algebraic equations (PDAEs).

On the one hand, the basic network approaches for modeling electronic circuits
yield time-dependent systems of DAEs, which can be written in the general form

d
F:RF x RF x I — R¥, F(d—f,y,r):o, 2.2)
wherey : I — R denotes the unknown solution in a time interval I := [to, #;]. The

MNA equations (2.1) represent an often used model of the type (2.2). A consistent
initial value y(#y) = yo has to be given. On the other hand, a parasitic phenomenon
is included via PDEs. We arrange the general formulation

L:DxIxV ->R" ZL(xtu=0 (2.3)

with a differential operator .#. Thereby, D C R¢ for d € {1,2,3} represents the
underlying spatial domain. The solutionu : D x I — R” belongs to some function
space V. Initial and boundary conditions have to be specified appropriately.

Coupling the DAEs (2.2) and the PDEs (2.3) yields systems of PDAEs in time as
well as space. The coupling is feasible via

* (Artificial) coupling variables,
¢ Source terms,
* Boundary conditions (BCs).

More sophisticated couplings also appear. The involved PDEs may be of mixed
type (elliptic, hyperbolic, parabolic). For example, the drift-diffusion equations
for semiconductors, the telegrapher’s equation for transmission lines or the heat
equation for resistors are used in practice. The types of PDAEs, which result from
the modeling in nanoelectronics, are discussed in the following subsection.
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2.1.2 Classification of PDAE Models

As introduced above, we consider mathematical models of PDAEs, i.e., coupled
systems of DAEs (2.2) and PDEs (2.3). The notion PDAE is also applied in the
context of singular PDEs. For example, we discuss the linear PDE

Jdu Ju
A— 4+ B— = 2.4
o T B3y s(x,t,u) 2.4

with matrices A, B € R¥*k If A and/or B are singular, then a singular PDE appears.
PDAEs in the sense of singular PDEs are investigated in [44], for example. For elec-
tronic circuits with amplitude modulated signals or frequency modulated signals,
the introduction of different time variables transforms the circuit’s DAEs (2.1) into
singular PDEs, see [51].

If the matrix B is regular and the matrix A4 singular and B~' A diagonalizable,
then the system of PDEs (2.4) can be transformed into the equivalent system

o ~odu; -~

— + Bj— =s;(x,t,u;, 1),

o oy 1( 1,12)
du . -~
—2 =5 (x. 1,1, ).
dx

The result can be seen as a coupled systems of PDEs and ODEgs, i.e., a PODE. The
source term causes the coupling within the right-hand sides. Likewise, a coupled
system of PDEs and DAEs appears for other cases of the matrices A, B. Thus some
singular PDEs correspond to systems of PDAEs.

In the following, we consider PDAEs in the sense of coupled systems of
DAEs and PDEs only. We present a rough classification of PDAE models in
nanoelectronics according to [12]. Two approaches for PDAE modeling exist:
refined modeling and multiphysical extensions.

2.1.2.1 Refined Modeling

Complex elements of the circuit with a spatial distribution like semiconductors and
transmission lines can be modeled via substitute circuits consisting of lumped basic
elements. These companion models include artificial parameters, which have to be
chosen appropriately to approximate the behavior of the element. Alternatively, PDE
models exist, which describe these elements directly. We consider one or several
components of the electronic circuit by its PDE model and couple the PDE to the
system of DAEs modeling the surrounding network.

The resulting PDAE system is more difficult to analyze and more costly to solve
numerically than a DAE system based on companion models. Nevertheless, the
refined modeling allows to describe certain elements of the circuits with a higher
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accuracy, i.e., the modeling error becomes relatively low. Hence we can focus
on critical components of an electronic circuit. Moreover, the refined modeling
yields results, which can be used for the construction and the validation of better
companion models. Sophisticated PDE models for semiconductor behavior have
been developed for this purpose, see [7-9, 48, 49, 53-58], for example. The aim
is to reproduce the electric input-output behavior of the semiconductor with a high
accuracy in the presence of quantum and thermal effects.

The coupling of the DAE network and the PDE systems is performed via
voltages and currents. The node potentials of the connecting network yield boundary
conditions of Dirichlet type for the Ohmic contacts of the PDE model. At other
boundaries without electric contacts, homogeneous boundary conditions of von-
Neumann type may appear. Vice versa, the output of the PDE model represents
an electric current, which enters the surrounding network. It follows a source term
for the DAE system. The refined modeling yields PDAE systems of the form

Aa%u + Zpu—s(u,t) = p(y) (PDEin I x D)
u = g(y) (Dirichlet BC) 2.5)
%u| n= h(y) (Neumann BC) ’
F(ly.y.1) =r() (DAEin I)

with a matrix A and a spatial differential operator .Zp with domain D. The coupling
can be realized via the source terms p, r or the boundary conditions g, h, where the
boundary is decomposed into dD = 7 U I>.

We categorize the refined modeling into the following cases:

* Semiconductors: Several transistors or diodes of the electronic circuit are
modeled via drift-diffusion equations or quantum mechanical equations, which
are coupled to the electric network. Existence and uniqueness of solutions
for models including stationary or non-stationary drift-diffusion equations is
analyzed in [4, 5]. The drift-diffusion equations represent PDEs of mixed type.
Hydrodynamical models for semiconductors, which represent hyperbolic PDEs,
are considered in [6].

o Transmission lines: Telegrapher’s equation describes the physical effects in
transmission lines, i.e., a PDE model of hyperbolic type. The coupling of these
PDEs and the network’s DAEs exhibits the form (2.5). For further details, see
[36, 37].

2.1.2.2 Multiphysical Extensions
Refined modeling can be seen as a partitioning of the electronic circuit, where

we describe some parts by PDEs and model the remaining larger part via the
traditional DAE formulation. Moreover, the involved systems of PDEs always
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describe the electric or electromagnetic behavior of some components of the
circuits. In contrast, multiphysical modeling introduces an additional distributed
effect within the complete circuit. We consider the circuit as two or more layers,
where one layer corresponds to the common network description and the other
layers model another physical effect given by PDEs.

Multiphysical modeling includes the following phenomena, for example:

e Thermal aspects: The faster clock rate implies a significant heat production
in particular parts of the electronic circuit. Thus cooling cannot achieve a
homogeneous and moderate temperature. Since the electric behavior of the
components depends on the temperature (for example, strongly for resistors), the
heat distribution and conduction has to be considered in the numerical simulation.

In addition to the electric network, a thermal network can be arranged, which
describes the heat flow within the circuit, see [29]. The thermal network consists
of zero-dimensional elements as in the electric network. Moreover, a refined
modeling of the thermal network is feasible, where some elements are replaced
by a PDE model based on the heat equation in one, two or three space dimensions.
The heat equation, i.e., Fourier’s law, represents a parabolic PDE. Further details
can be found in [11]. Modeling, analysis and discretization corresponding to two
dimensional heat equations is considered in [3, 20, 21, 25].

A special case is given by the usage of the heat equation with a spatial domain
including the complete electronic circuit. Consequently, we obtain two layers in
parallel: the electric network described by DAEs and the thermal aspects modeled
via a PDE.

* Electromagnetics: On the one hand, Maxwell’s equations imply the network
approaches, which produce the DAE formulations (2.2), via according simpli-
fications. The aim is to achieve an efficient numerical simulation. On the other
hand, the electronic circuit can be described completely by the full Maxwell’s
equations, i.e., a PDE system. However, this approach would cause a huge
computational effort.

Alternatively, just some parts or components of the circuit can be modeled
by Maxwell’s equations or its variants like the magnetoquasistatic formulation.
The systems of PDEs are coupled to the network’s DAEs again. Hence the same
effects are described in different ways, i.e., distinct mathematical models. This
approach is similar to a refined modeling. Nevertheless, the model represents a
multiphysical extension, since the magnetic fluxes are considered in addition to
the purely electric behavior of the circuit. An application based on magnetoqua-
sistatic equations is presented in [59].

We note that refined modeling and multiphysical extensions can also be com-
bined. In a multiphysical framework, we can arrange a refined modeling of some
components (semiconductors, transmission lines) within the layer of the common
electric network. However, such a complex structure is not considered in the
following, i.e., we apply either refined modeling or multiphysical extensions.
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In this chapter, we present some examples of mathematical models, which yield
systems of PDAEs. The chapter is organized as follows. In Sect.2.2.1, a refined
modeling for semiconductor devices is performed, where diodes are described by
systems of PDEs including two space dimensions. The resulting system of PDAEs
is discussed. In Sect. 2.2.2, a multiphysical modeling is performed by considering
thermal behavior at the system level. The electric network is coupled to the heat
equation. In Sect. 2.2.3, multiphysical modeling of the electric circuits is considered
based on Maxwell’s equations. The approach applies a magnetoquasistatic formula-
tion. In Sect. 2.2.4, a description of thermal and quantum effects for semiconductor
devices is presented to obtain according mathematical models. Thereby, the focus is
on the PDE level, which can be used as a module in further refined models.

2.2 Modeling, Analysis and Discretization of Coupled
Problems

We present four applications of coupled problems in nanoelectronics to illustrate the
essential strategies.

2.2.1 Refined Modeling of Networks with Devices

We investigate electric networks including semiconductor devices. Some devices are
described by more sophisticated mathematical models based on partial differential
equations now, whereas the surrounding electric network is still represented by
traditional models using differential algebraic equations.

2.2.1.1 Modeling of Electric Networks

An RCL electric network is a directed graph with n, vertices (or nodes), and n, arcs
(or branches) which contain resistors, capacitors and inductors, and independent
voltage and current sources, vy (f) € R"” andi;(#) € R"/. The branches are usually
labelled according to the components they contain: R for resistors, C for capacitors,
L for inductors, V for voltage sources, I for current sources.

The topology of the network can be described by an incidence matrix A = (a;) €
R">*"a  defined by:

—1 if the branch j leaves the node i,
aj = 1 if the branch j enters the node i, (2.6)
0 otherwise.
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To keep track of different branches, they are collected according to their labels
(R,C,L,1,V), and write

A= (ARsAC7AL7A17AV) e anx(nR+nc+nL+n1+nv) = R"™X"a_

The electric behavior of the network is described by a set of time-dependent
variables associated to its nodes and branches. An applied potential is associated
to each node (u € R"), a voltage drop and a current is associated to each branch
(v,i € R"). To keep track of the different labels, we write

VR 1R
Yc Ic
v={|vr.l|, 1=]1_
Vi 1y
Vy 1y

The direction of each branch coincides with the positive direction of the voltage drop
and the current through the branch. The voltage drops and the applied potentials are
related by the voltage relation:

v=A"u 2.7
The currents satisfy Kirchhoff’s current law:
Ai =0, (2.8)

which ensures charge conservation. To the above relations we need to add constitu-
tive relations for the RCL components:

d d
i = r(ve), ic = d_(tl’ v, = d—‘f, 2.9)
with
q=4qc(v¢), ¢ =¢,@1L). (2.10)

Here, qc¢ collects the charges inside the capacitors, and ¢; is a flux term for the
inductors. Finally, for the branches with sources we assume to know the time-
dependent functions i (¢), vy (¢).

Following the formalism of Modified Nodal Analysis (MNA) [40, 50], we use
the relations (2.9) in Kirchhoff’s current law (2.8), together with the voltage
relation (2.7) and the relations (2.10), to obtain the DAE equation (2.1), for the
unknowns q, ¢, u, iz, iy. Sometimes it is convenient to reduce the number of
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variables, eliminating q and ¢. This leads to the following alternative form of the
MNA equations, for the unknowns u, iy, iy:

dqc (AL
Ac% + Agr(ARu) + Arip + Aviy + Aji; =0,
46 (i
¢§t(u) _ATu=o, (2.11)

Alu—vy =0.

The above equations apply also to electric circuits with semiconductor devices,
provided that the devices are described by concentrated (companion) models,
i.e., by means of equivalent RCL circuits. In this framework, a semiconductor
device is represented by a subnetwork of the overall electric network. In following
subsection we will show how to replace these subnetworks with distributed models
for semiconductor devices.

2.2.1.2 Distributed Models for Devices

In this subsection, we consider an electric network with n p semiconductor devices.
We assume that the i-th device has 1 4+ K; contacts. More precisely, we model the
i-th device by a d -dimensional domain Qi=1,...,np,withd = 1,2, 0r3, and
we assume that the boundary 952’ is made of a Dirichlet part '/, union of 1 + K;
disjoint parts, which represent Ohmic contacts, and of a Neumann part '}, which
represents insulating boundaries (for d > 1),

K;
rp=Urb; Ti=02'\Th i=l..np.
j=0

In total, the devices contain n,p Ohmic contacts, with
np
nyp :=nNp +ZK/
j=1

Each contact must be connected to a node of the electric network. To relate the
contacts of the devices to the nodes of the network, we need to introduce a contact-
to-node selection matrix, Sp = (sp ;) € R">*"P, defined by:

1, if the contact j is connected to the node i,

2.12
0, otherwise. ( )

Spij =

This definition differs with the definition of branch-to-node incidence matrix,
previously given. In fact, the branch-to-node incidence matrix relates each branch
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to two nodes, and the values 1 and —1 give information on the orientation of the
branch, while the contact-to-node selection matrix relate each contact to one node.

The behavior of the i-th device is described by an electric potential ¢’ (x, ), and
by a vector variable 104 (x, t), which collects the other macroscopic variables for the
device, such as carrier density, flux density, energy, etc. Several models can be used,
with different mathematical characters, but sharing some common features.

1. The first common feature is that the electric potential ¢ is generated by the built-
in charge, pp;(x), due to the dopants embedded in the semiconductor, and by the
charge density p' (U"), due to the carriers, so that it satisfies the Poisson equation:

— V- (€V¢') = py; + o' (U), (2.13)

where €’ (x) is the dielectric constant. This equation is supplemented with the
following boundary conditions:

¢’ = ¢Il31(pin) + “’D,j’ on Fé’j’ j=01,...,K;, (2.14)
v' - Vo' =0, on Iy,

where ¢y;(pf;) is the built-in potential, u}, j»J = 0,1,....K;, are the applied

potentials at the Ohmic contacts of the i-th device, and the symbol v’ denotes

the external unit normal to 952°. For later use, we comprise the applied voltages

in the vectors:

ip up

u,=| : |eRTN wp=| : | eR".

i np
Up.k; up

2. The second common feature, is that the device variable U’ satisfies a system
of partial differential equations, which is coupled to the electric potential only
through the electric field E = —V¢'. Symbolically, we can write

FI(U, LU, VU, .. E) =0. (2.15)
In the following sections we will see explicitly several of these partial differential
models.

3. The last common feature is that (2.15) is consistent with the conservation of the
charge density:

dp' (U")

S VT =0, (2.16)

Here, J/ (U') is the electric current, which can be a component of the variable U,
or can be evaluated as a functional of the said variable. The electric current J'
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depends also on the applied potentials u"D, j»J =0,1,..., K;, due to the coupling
of (2.15) with the Poisson’s equation (2.13), through the electric field E'.

As a consequence of (2.13) and (2.16), we have

V. (ei%Ei + Jf(U")) =0 (2.17)

The term E%Ei is the displacement current, and represents the current induced by
time-variations of the electric field. Then, the total current in the i-th device is
given by

4 N o
j= e’gE’ + J(U). (2.18)

The current j j), ; through the j-th contact of the i-th device, is defined by:

ipj = —/. jiovido(x). (2.19)
I'p
We introduce the vectors
Jbo ib
-]lD — c R1+Ki , jD — = an'
bk, >

Recalling the definition of the selection matrix, the MNA equations need to be
modified in the following way:

d
Acd_(tl + Agr(Akw) + ALip + Ayiy + Afi; + 4 =0,
d¢

E—AZUZO,

ATu—vy =0. (2.20)
q—qc(Alu) =0,
¢—9,.G) =0,

where the auxiliary variable A € R is given by the device-to-network coupling
relation:

A = Spjp. 2.21)
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To close the system, we also need the network-to-device coupling relation:
up =Sju (2.22)

Remark 2.1 The components of the vector jp are not independent. In fact, by
using (2.17), after integrating by parts over £2, we find

K;
Y ib;=0. i=1...np. (2.23)
j=0

This means that we can express j, and, consequently, jp in terms of the vectors
Jba in
irh=| : |eRN, ip=|: |eR", (2.24)

. np
JD.K; 1p

with n,p = Z?ﬁl K, by means of the relations:

ih=A%i,.  jp=A}ip, (2.25)
where
1. =1
‘ 1 -0
Ay = . . . | eRUTRxE (2.26)
0 -1
A% = diag(A}), ..., A}P) € RM0XNap, (2.27)

Remark 2.2 The components of the vector j’b depend only on the voltage drops
vy = ASTu,. i=1....np. (2.28)
Thus, the components of the overall vector jp depend only on the voltage drops
_AXT
vp = A} up. (2.29)
In fact, recalling (2.15), the variables U’ are coupled to the Poisson equation
only through the electric field E/, and so are the components of the electric

current J/ (U’), and the components of j’, which appear in (2.19). Since the electric
field is not affected by a time-dependent translation of the electric potential,



2 PDAE Modeling and Discretization 27

¢ — ¢h + u"D,O(t), we have a dependence of j' on the voltage drops v"D’j =
uiD’j — “iD,O’ j =1,..., K;, which in compact form can be written as in (2.28).

As a consequence of the previous remarks, the coupling conditions (2.21)
and (2.22) can be replaced by the conditions

A = Apip, (2.30)
vp =Alu, (2.31)

where we have introduced the device incidence matrix

Ap = SDAB. (2.32)
We call this matrix “incidence matrix” because, for devices with two Ohmic
contacts, it reduces to the usual incidence matrix for branches with two-terminal
devices.

2.2.1.3 Displacement Current and Device Capacitance Matrix

The displacement currents, present in the definition of ip, will cause an additional
capacitance effect. To see this, we introduce the auxiliary functions ¢, defined by:

V. (eiV<pj») =0, in Q'

(p;. = 8, onfé’k,kzo,l,...,Ki, (2.33)
v’-Vgo}:O, on Iy,
where J is the Kronecker delta. The auxiliary functions (pj, j=01,...,K;, are

not independent, since
K;
oo =1-Y ¢ (2.34)
=1

Using these functions, we can find an alternative expression for the current j b’ j
through the j-th contact of the i-th device:

jh; = _/ @iy vido = —/_wj. -jldx, (2.35)
82! 2

where we have used the identity (2.17). Recalling the definition (2.18), the current
j' is the sum of the displacement current and the current due to the carriers. For the
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displacement current part, we find

i 00 d iy i i
—/Qdioj-egde:a in'(€V¢j¢)dX

K.

d ! . . . . .

P E /ri v (e'Vol(dy +up o) do
k=0" Tk

K; i
I i i dule
S [ vV ds =L,
ri !

k=0""!Dk

which, using the divergence theorem and identity (2.34), leads to

K .
i i J i l i i i dv’D,k
—/Qi V(Pj'é EE dXZkE=1/Qi€ V(Pj'vﬁl’kdx ar (2.36)

with v"D.k = uiD’k - uiD’O. Combining this identity with (2.35), we find

. S dh, o
Jpj = Zc’llfkd_/ —/Ql_ Vi - J'dx, (2.37)
k=1
with
Chp = / €'Vo' - Vo dx. (2.38)
0i

In concise form, we can write:

d
ip = %% NG (2.39)

with Cp = diag(Cl,,...,C}), C}, = (CBJ.,() € RXi>*Ki "and

TN AN
o= o |oAe=| | =] verax
o Qi
T (30) S (1)
for j = 1,...,K;. Using the expression (2.39), the device-to-network coupling

relation (2.30) becomes

d
A=Apip=Ap cDg +ApIpJ). (2.40)
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The matrix Cp is symmetric and positive definite, and can be interpreted as a
capacitance matrix [2]. Thus we can write the previous relation as

d
A= ADditD +ALIp (), (2.41)

qp = Cpvp. (2.42)

These relations represent an alternative formulation of the device-to-network cou-
pling relation (2.30), to be used together with the network-to-device coupling
relation (2.31).

2.2.1.4 The Drift-Diffusion Model

In what follows we exemplify the coupled equations for an electric network with
semiconductor devices, by using a specific distributed model for the devices. For
simplicity, we consider an RLC network which contains a single device (np = 1),
with K terminals.

The basic distributed model for semiconductor devices is the drift-diffusion
model. In this model, the electric behavior is described in terms of two charge
carriers: electrons, with negative elementary charge ¢, = —g¢q, and holes, with
positive elementary charge g, = ¢g. We denote by n, p, respectively, the electron
and hole number density. The carrier number densities are coupled with the electric
potential ¢ through Poisson’s equation

— V- (eV®) = pvi + p(n, p) = qNoi —qn + qp, (2.43)
with the doping profile Ny, and satisfy the balance laws

on ap
— +V-j,=—R, —+V-j,=—R, 2.44
o +V.j 5 +V-j, (2.44)

where j,, j, are the electron and hole density flux, respectively, given by the
following constitutive relations:

o ==DyVn + uunVo, j,=-D,Vp—u,pVe. (2.45)

In the previous equations, R = R(n, p) is the recombination-generation term,
which is assumed to have the following structure:

R(n.p) = F(n. p) - (’;—’2’ -1), (2.46)

for some rational function F(n, p), with intrinsic concentration #;. In the consti-
tutive relations, D,, D, are the electron and hole diffusivity, respectively, and w,,
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W p are the electron and hole mobility, respectively. Diffusivities and mobilities are
functions of (n, p, E, x). Generally, they satisfy the Einstein’s relations

D, = Vlh,unv Dp = Vth/ips

with thermal potential V4.
The drift-diffusion equations (2.43)—(2.45) are considered for (x,¢) € 2 x I C
R? x R, I = [to, t,], with the following initial-boundary conditions:

* Boundary conditions for the Poisson equation:

¢ =¢u +up;), onlp;, j=01,...,K,
v-V¢ =0, on Iy,

(2.47)

where ¢y, is the built-in potential, given by

Nbl Nbl
P = 1 1
P th n(2nl + (2n1) + )

u"D, j»J =0.1,..., K, are the applied potentials at the Ohmic contacts of the
device, and v is the external unit normal to d§2. Notice that here the time 1 € [
appears as a parameter, through the boundary data up ; (¢).

* Initial-boundary conditions for the continuity equations:

n =N, P = DPoir onlp x1,
v-Vn=0, v-Vp=0, onlyxI, (2.48)
n=mngy, p=po, on 2 x {to},

where the Dirichlet data ny,;, py; are given by

Nb1 Nb1 Nb1 Nbl
l’lblz— w +n17 Pvi = — H

and the initial data ng, po are arbitrary functions. It is interesting to notice the
identities ¢p; = Vin In(ny;/ n3), and ny; py; = "12

The total electric current due to the carriers is:
J=—qj. + qip- (2.49)
It is possible to show that J satisfies (2.16), with p = —gn + gp. Then we can apply

the formalism described in the previous subsections.
For convenience of the reader, we write below the full coupled system.
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®

(it)

Network equations:

d
Acd—? + Agr(ALu) + Aig + Aviy + Aji; + A =0,

d
—¢ —ATu =0,
dt
AIT/u —vy = 0. (2.50)
q—qc(Afu) =0,
¢—9¢,>G) =0,
with initial data for the differential part,
Pcq(to) = Pcqo, @(to) = ¢y, (2.51)

where P¢ is projector which picks the component of a vector outside
the null-space of the incidence matrix A¢ [24]. We also need to assume
index-1 conditions, that is, the algebraic equations can be solved uniquely for
the remaining variables in terms of the differential variables Pcq, ¢.

Poisson equation:

=V (eV$) = gNvi —qn + qp, (2.52)
with boundary data:

¢ =¢uni+up;), onlp;, j=01,...,K,

(2.53)
v-V¢p =0, on ['y.
(iii) Device equations:
on
- V. .n = —R,
ar TV
op .
o TV =R (2.54)

jn=-D,Vn + u,nVo,

jp = _DpVP - Mppvd’v
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(iv)

(v)

with initial-boundary data:

n =Ny, P = Pois onlp x I,
v.-Vn=0, v-Vp=0, onlyxI,
n=ngy, p=po, on §2 X {to}.

Network-to-device coupling:

Vp = ABTuD, up = Sgu,
where
_1 .« —1 MD,O
1 --- 0 Up
A} = » Up =
0 -1 Up K

Device-to-network coupling:

A = Apip,
with Ap = SpA7,, and
Jp.1
iD= . s jD,iZ_/ j'vda, izl,...,K,
o I'pi
JD.K

where

. 0 . .
J= egE —qin +4qjp.

G. Alietal.

(2.55)

(2.56)

(2.57)

(2.58)

As we have seen, the device-to-network coupling relation can be replaced by the
equivalent relation:

(v) Device-to-network coupling (alternative formulation):

d
A= AD% +ApIp().

qp = Cpvp,

(2.59)
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with J = —¢qj, + gjp, and Cp = (Cp) € REXK,

C]_),ij =/ GV(pi'V(pj dX, i,j =1,...,K, (260)
Q
where ¢; are defined by (2.33), and

H1J)
IpJ) = : . fj(J)=—/QV<pj-de.
Ik

2.2.1.5 Space Discretization of the Distributed Model: The Gummel Map

In this section we discuss the space discretization of the drift-diffusion model, for
later use in the following chapter. We need to address two different topics: (1) space
discretization of the PDE model, and (2) derivation of discrete device-to-network
coupling relations.

Whatever method we use, the space discretization amounts to replacing the
space-dependent unknowns, depending on a continuous variable x € £2 C R?, with
corresponding index-dependent unknowns, that is, vector unknowns, depending on
an index i € .# C N. At the same time, the space-differential operators appearing
in the equations are mapped to finite-dimensional operators on R’!, with values on
the same space. This mapping procedure is achieved, for finite difference methods or
Box Integration methods by discretizing the operator itself, while for finite element
methods by “discretizing” the functional space on which the original operator
acts, that is, by constructing appropriate finite-dimensional functional spaces with
dimension |.7|.

Since the starting model is generally nonlinear, the discretization is performed
after linearizing the system by iteration. The linearization procedure is better
discussed at a continuos level. For simplicity, in this discussion we do not
write explicitly the initial-boundary conditions. Let us consider the drift-diffusion
equations, written in the form:

V-D = gNy —gn + qp,

on

v V. .n = —R,

B

p .

o TV =-R 2.61)
D = —€V¢,

jn = —-D,Vn 4+ u,nVeo,
Jp =—DpVp—p,pVée,
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where D is the electric displacement field. In this formulation, we have singled out
the fluxes, and after replacing their expressions in the remaining equations, we get a
parabolic-elliptic system of partial differential equations. Nonlinearities are present
only in the recombination-generation term R, and in the constitutive equations for
the carrier density fluxes jy, j,.

The nonlinearities in the constitutive equations are the more delicate to treat
because, roughly speaking, the solution of the drift-diffusion equations tends rapidly
to the equilibrium solution, in which there is an exponential relationship between
the carrier densities and the electric potential. Thus, in a small region, such as
a discretization cell, there might be small variations of the electric field and the
carrier density fluxes but big variations of the carrier densities. For this reason, it
is not convenient to linearize the system in the form written below, and the natural
variables n, p are usually transformed into a different set of variables. The Slotboom
variables p,, p, are the most common choice. They are defined by the relations:

n = nip, exp (%) , P =nippexp (—%) , (2.62)

where n; is the intrinsic concentration and Vy;, is the thermal potential. In equilib-
rium, the difference

np —ni = ni(papp — 1)

is identically zero, so we can conclude that equilibrium is characterized by the
product of the Slotboom variables to be equal to 1.
In these new variables, system (2.61) becomes

VD = gNyi — gnipae® " + gnippe=?/",
ad
g (nlpnewv‘“) + \Y 'jn = —R,

(nippe™"0) +V-j, = =R, (2.63)
D = —€V9¢,
in = —Dynie?/"eVp,,
ip = —D,nie¢/"uvp,.

a1

This system is usually solved in three steps, by using an iteration procedure called
Gummel map, (¢, pﬁ_l, p];_l) = (¢, pfj , p’;), starting from an initial guess

(@°, oy 05).
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First step We solve the Poisson equation for ¢*:

V-D* = gNyi — C]ﬂiplyf_IE‘pk/V‘h + qu’];_le_fﬁk/lflh,

(2.64)
Df = —eVoF.

This is a nonlinear problem, so it can be solved by using a modified Raphson-
Newton method, which involves another iteration procedure. Starting from an initial
guess ¢”1 which satisfies the boundary conditions, given an approximate solution
¢~ we compute the solution ¢l], given by
¢[i] — ¢[i—1] + 5¢[i]
_V - (eVglly = _V_ (pk 19!/ Vr 4 gl g9t /Vm) sl
th

+V- (€V¢[i_l]) + g Nvi — qn; ,Oﬁ le Vi + gn; pk 1 _¢[l I/Vm

This equation for 8¢l is linear and can be discretized and solved by using any
appropriate numerical method.

Second step We solve the continuity equation for p],j:

LA " k
3 ( "ifn€ ) +Vedy =R (2.65)

jt = —DEnie? /Moy k.

Here, the recombination-generation term Rk is the usual term R evaluated at pk !

,o’; in such a way to be a linear relaxation term for pn. Recalling the general

expression (2.46) for R(n, p), it is sufficient to take
— k—1 1 —pk—1
= Pk e Vo gt V2 gkt ),

As for the diffusivity D,’f, it is usually dependent on the electric field E = —V¢, so
it should be evaluated at ¢ = ¢*. The resulting equation is linear parabolic for the
unknown ,o,’j , and can be discretized and solved by using any appropriate numerical
method.

For the discretization of the constitutive relation for jﬁ, exponential interpola-
tion is the most common choice. The basic example is the Scharfetter-Gummel
discretization, which provides a formula for the carrier density flux

k ‘ny —Dk ¢k/14hdpn

J” A ds

)

along the line connecting two adjacent grid points x;, X ;. In this definition, the vector

X;—X;
n; ;= IXj_I is the unit vector along the segment [X;, X ], and the parameter s is the



36 G. Alietal.

line element on the same segment, so that s; —s; = |X; — X;|. Assuming that the
density flux jf’ii and the electric field

do*

Ef:=EF.n; = ———,
i Y ds

are approximately constant along the connecting line, we have

d dp}
d (D,’jnie"’k/v“‘%) =0, s€[si,s;]
S

ds

Ph(si) = ph; = ph(xi),  pE(sj) = o ;= ph(x)),
with

d2¢k

N =0, s€l[s,s5],

P (s) = ¢f = (xi). ¢ (s)) = ¢F = " (x)).

The result for the electric potential is

— k
= -Ef,

P4 () — #*(s1) _ 94 () — 9 (s1)

S —8; §j =S

and thus, assuming that the diffusivity depends only on the electric field, we find

k K\ Lk k
ko pk i Vag (P90 Pri = Pu
= Dk i/ Ve B , 2.66
Tnig = Dngie ( V ) x; —xi 200
where D;/fq =D, (Ei];), and B is the Bernoulli function,
= ifz#0
B — e‘_l bl bl
@ { I, ifz=0.

Third step We solve the continuity equation for p];:

0 4k .
E(mpﬁge M) 4V = —RY,

. (2.67)
—Df,nie_‘l’ /V‘hV,O];,

iy
with

— k—1 1 —pk—1
R = F(nipf™'e? /Yo miph=le™ /Moyn2 (o ok — 1).
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As before, the diffusivity D is evaluated at ¢ = ¢*. This equation is linear
parabolic for the unknown p]]‘,, and can be discretized and solved by using any
appropriate numerical method. A Scharfetter-Gummel discretization for the hole
density flux j]]‘7 can be derived using a similar argument as before. The result is

) (2.68)

k k k k
k ko =K/ ¢j — i Pni = Pn,j
Jpi = ijnle h B ( Ve

IX; —X;]|

with obvious notation.

The Gummel map generally converges after few iterations. Instead of separating
the original nonlinear problem in three subproblems, it is also possible to apply a
Newton-like method to the full system. In either case, we end up with a sequence of
linear problems that can be thought as a method for solving a nonlinear differential
algebraic system. As we have seen in the description of the Gummel map, it is not
simple to obtain an explicit representation of this differential algebraic system, nor
is it relevant to know it. In fact, what really matters is the convergence and stability
of the method.

For later use in the next chapter, it is nevertheless useful to have at least an explicit
example. For this reason we derive a space-discretized system by using the Box
Integration method [27, 60]. The discretized coupling conditions will be discussed
diffusely for this example, since the general treatment follows along the same line.

2.2.1.6 Space Discretization of the Distributed Model: The Box
Integration Method

The Box Integration method consists of two sets of equations — a set of exact
equations for the fluxes on the boundaries of the Voronoi cells of a numerical
grid, and a set of approximate equations for the fluxes in terms of the value of
the unknown function on the grid points. In addition, we need discrete equations for
supplementing the boundary conditions. To exemplify the Box Integration method,
first we give a rough sketch of its application for the Poisson equation, and then we
just show the result of the method for the continuity equations.

Some notation, first. We consider a tessellation .7, of the domain £2, which might
be a Delaunnay triangulation, a rectangular grid, or a hybrid grid, with vertices (grid
points) 2, = {X1,...,Xy} and edges &, = {ey, ..., en}. We also consider the set
of the internal grid points, 2,/ = {Xi,....Xy}, and the set &, = {e1,...,en’}
of the internal edges, for which at least one of the two end vertices is internal. We
denote by ¢; € &, the edge which connects the grid points x;, X; € &,. For each
grid point x;, we introduce the set of indices /(i) of the neighboring grid points,
thatis, j € I(i) if and only if e; € Z},.

We consider the Dirichlet tessellation &, dual to .7}, made of the Dirichlet (or
Voronoi) cells of the grid points 2, and we denote by &, the Dirichlet tessellation
corresponding to the internal grid points .Z;. We denote by V; € %, the Voronoi
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cell of the grid point x; € .Z},. The Voronoi cell V; has at most as many faces as the
cardinality of /(i), and we use the notation v; = V; NV, j € I(i). The face vy,
whenever the area |v;| # 0, is orthogonal to e;; for any j € I(i), and equidistant
from x; and x;, so the external unit normal on vj;, external with respect to V;, is
n; = ﬁ, which we have already encountered when discussing the Scharfetter-
Gummel discretization.

Now we are ready to apply the Box Integration method to the Poisson equation

VD = p:= gNyi — qnipue®’ " + qnip,e=?/ ",
D = —€V9,

with p = p(X, ps, pp, ¢). Integrating the first equation on the internal Voronoi cell
Vi € 9, and using the divergence theorem, we get:

> / D-n,;jdozfpdx, i=1,...,N. (2.69)
Vij Vi

JEI@)

These exact equations are approximated as

> gDy =1Vilei. i=1.....N, (2.70)
JEI@)

where D;; := D - n;; is evaluated on the mid point of the edge e;;, that is, on x;; :=
%(X,‘ + X;), and the index i in the source term denotes evaluation on x;, in all its
arguments.

Next, we need to approximate the flux D;;, and this is done by assuming that the
electric field is constant along the edge e;;. Then, we can derive the expression

Du=—eu%, jel), i=1,....N', @.71)
y

where the dielectric constant is evaluated on x;;, and is generally approximated by
€ ~ 2(e +€)).
Using (2.71) in (2.70), we find

3 wiles =2 — Vg, i=1.... N 2.72)
jel() lei
which is a nonlinear system of N’ equations for the N unknowns ¢y,...,¢y. In

compact form, we can write

A¢¢ + A(ap¢a = b¢(¢s Py pp)v (273)
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with ¢ = (¢1,....0n) ", ¢° = (pn/41.....¢n) . This equation is the discrete
analog of the Poisson equation.

The remaining N — N’ equations, needed to determine the unknowns, come from
the boundary conditions. We have N — N’ = Np + Ny, where Np is the number
of nodes on I'p, and Ny the number of nodes on I'y. It is simple to impose Np
Dirichlet conditions,

@i = ¢uij +upr, ifx; € I'py. (2.74)

It is a bit more complicated to impose Ny Neumann conditions, at least in the
framework of the Box Integration method. A possible way of doing it, is by using
a BDF formula for expressing the normal derivative on a Neumann grid point in
terms of inner grid points along the normal direction, possibly with the help of
some interpolation. Whatever method we use, we end up with Ny equations of the
form

N/
¢+ Y agp; =0, ifx; €Ty, (2.75)
j=l1

with many zero coefficients. Combining Egs. (2.74) and (2.75), we can write them
in the compact form

A% +¢° = b} (up). (2.76)

We notice that the matrix A? does not depend on the differential equation but only
on the tessellation .7, and on the formula used for expressing the normal derivative
with respect to the internal nodes. Equation (2.76) is the discrete analogue of the
boundary conditions for the Poisson equation, and together with (2.73) form a set
of equations which can be solved for ¢ and ¢°.

We can apply the same procedure to the electron continuity equation,

on
-— + V * .l‘l = _Ra
ar T 2.77)
jn = _Dnnielﬁ/Vtthn’
and to the hole continuity equation,
dp .
o TV =R (2.78)

jp = —Dpnie™#"uvp,,
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with n, p given in terms of p,, p, and ¢ by (2.62). Using the Scharfetter-Gummel
discretization (2.66) and (2.68) for the fluxes, we obtain the discretized equations

dn;
|V|—’+ > viljng = —IVilR;.
JEI@)

(2.79)
jn,ii — Dn,ijnie¢i/l/lhB (¢z _¢j) Pn.j = Pni L e I(I),
‘ Vin lejil
and
dp;
|V|_ + Z |U11|]p11 = _|Vi|Ri7
JEI0 (2.80)
Jpij = Dpymie #/"0 B (d”' _¢f) PriZ i e 1),
Vin leiil
with i = 1,..., N’. To these equations we need to add the discrete Dirichlet and
Neumann boundary conditions for both equations,
pni = e Pk ifx; € Ipy, (2.81)
N/
pni+ Y agpn; = 0. ifx; € I'y, (2.82)
j=1
and
ppi = e"PK/V i x; € Ipy, (2.83)
N/
ppi + Y aipp; =0, ifx; € Iy. (2.84)
j=1

In compact form, the spatially discrete continuity equations can be written as:

d s Pn
ML) N @p, + AL = BuBopp,). 285)
A’p, + p, = b} (up), (2.86)

dp(¢.p,)
Ag—— =+ A,@)p, + A, ()0, =Dy(@.p,.0,), (2.87)
A’p, + p% =D (up). (2.88)

with notation analogous to the one used for the discretized Poisson equation (2.73)
and (2.76). Besides the presence of the time derivative, the main difference is that
now the matrices corresponding to the elliptic operators, that is, A,, and A ,, depend
nonlinearly on the electric potential.
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We notice that, within the Box Integration method framework, other spatial dis-
cretizations are possible. In particular, we can start from the drift-diffusion system
written for the natural variables ¢, n, p. In this case, the discrete Poisson equation
becomes linear and it is possible to write the Scharfetter-Gummel discretization for
Jn,ij as a linear combination of n;, n;, with coefficients depending nonlinearly on
the electric potential,

. _ Duy b —di\ o (P—di)
P (B( Vin )n, B( Vin )n,), (2.85)

B () e
Jod lejj] Vin Pi Vin pr)- (250)

Then, we obtain a linear ordinary differential equation for n, with coefficients
depending nonlinearly on the electric potential, and similarly for p. This form
looks much simpler than the one we have derived above, but it becomes unstable
if we try to decouple the three main problems by iteration, as in the Gummel map.
Nevertheless it can be used if the system is solved by Newton iteration, without
using the Gummel map. For this reason, we will apply it in the next chapter, and we
summarize it as follows:

Ay +AL9" =by(n. p). 2.91)

A% +¢" = b (up). (2.92)

AT+ Av(@)n + AL = b, (n, p). (2.93)
Aln4+n’ =1, (2.94)

AL A, @)p + AL = Dy ). 2.95)
A'p+p’ =1, (2.96)

Note that Egs.(2.94) and (2.96) do not depend on up, because the Dirichlet
boundary conditions for the variables n, p are now given by (2.55).

2.2.1.7 Space Discretization of the Distributed Model: The Coupling
Conditions

The last item to be discussed is the coupling conditions with the network. The
network-to-device coupling condition is immediate, because the term bg (in the

formulation with the Slotboom variables, also b? and bap) depends on the applied
potentials up, which are related to the network node potentials by the coupling
relation (2.56). The device-to-network coupling is more delicate, because we need to
introduce the discretized current transmitted to the network through the k-th Ohmic
contact, I'py,k =1,..., K.
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First, we implement the coupling condition as in (2.57). At this aim, we consider
the Voronoi cells V; corresponding to grid nodes x; in I'pk, and we integrate
the charge conservation equation on the union of these Voronoi cells, Vp; =

Uxiefu,k 1/1
/ [at( gn+qp) + V- (- qJn+qu)} dx = 0. (2.97)
Vb

Using Poisson’s equation, we find

d )]
—(— :V.—’ D: E:—V .
at( gn + gp) 5 € Ve

Then, by the divergence theorem, we can write

oD . D .
V. a——qJn+q1p dx = n- a——q1n+qu do
Vb k t WVp t
oD
= N qn +qjp | do
Wp NI !

oD
+ n- —qjn +4qijp | do=0.
Wpx\os2 o

The first integral is approximately the outer current flux through the Ohmic contact
I'p i, that is, with our convention,

oD . .
n- | — —qj, +qijp | do =~ —jpk.
WVp NI ot

The maximum error in this approximation occurs when the grid points on I'px
closer to the neighboring Neumann boundary are located on the junction between
Dirichlet and Neumann boundary, in which case dVp N 9$2 consists of I'py
bordered with a strip whose thickness is the order of half the diameter of the Voronoi
cells. On the other hand, we can write

oD .
n-|— —gj, +4qjp | do
Wi \I2 ot

>y /nu [——qJn+qu}d

x;€lpy Jjeli) 7Y
Xj EIp

Z Z t/||: CI]nt/+CI]pU:|

X;€lpy JEIl)
Xjérb.k

%
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where Dj;, j, i, jp,; are defined as in (2.71) and (2.79), (2.80), or (2.89), (2.90).
Combining the previous relations we find the approximation

. dD; . .
iox= X ol TG = i +aina) 2.98)
x;€lpy  JEI()
xj € k

which can be used as device-to-network discrete coupling condition. In short,
recalling the definition of the coupling term A, we can write

A =Apip, ip= AC% + Al (p)n + A;(¢)p. (2.99)
We note that in this coupling condition, the time derivative of Dj; occurs, that is,
the time derivative of ¢, which is an “algebraic variable” for the discretized device
equations with no coupling.

Next, we formulate the discrete version of the alternative formulation of the
device-to-network coupling conditions (2.59). We need to evaluate the capacitance
matrix Cp, defined by (2.60), and to formulate the discrete version of the operator
1 (J) appearing in (2.59). As for the capacitance matrix, we can write

N
Cpu = Z/ eV - Vo dx

i=1

N
= Z [/ €pr Vo, -ndo —/ @kV'(GV(pl)dXi|
i=1 L/ Vi Vi

N
= Z/ €(@r — ¢r.i) Ve -ndo,
Vi

i=1

where @; are defined by (2.33), and @ ; = ¢ (x;). The last equality follows because
V - (eVyy) is identically zero due to the definition of ¢;. If x; € £}/, this integral
can be approximated by

/ e(px — )V -mdo = / €(@r — i)V -mydo
% JEIE) Vi

~ > vgles(ori — i)

jeli)

D1.j — PLi
le;l

3
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with €; = e(x) ~ %(ei +€), Orij = o (X)) ~ %((pk,i + @k,j). Then, we find the
following approximation:

Vii
/ Vo - Vordx~ » %ézj((ﬂk,j = ki) (P1j — Pui)- (2.100)
: jeri ~Y

If x; € 25, N 052, we have

/ e(pr —pe)Ver -ndo = / €(px — ¢ri) Ve -mjdo
av; ij

JEI(i) Vi
+ / €(ox — ¢k.i)Ve -ndo.
aV;iNas2

The second integral vanishes because either Vg; -n = 0, if V; touches the Neumann
boundary, or ¢ — ¢r; = 0, if V; touches a Dirichlet boundary, so we are led to the
same approximation (2.100).

In conclusion, the capacitance matrix is approximated by

Cou = Z Z ] —€ij(@k.j — ori) @ — @ui). (2.101)

i=1 jel(i) 2ley

In a similar way, we can approximate .7 (J). We can write

S(J) = —Z/ Vi - Jdx

i=1
=—Z|:/ (ka-ndcr—/ (ka-dei|
Vi

i=1 Vi

N

—Z/ (¢x — ¢r.i)J -ndo,

i=1

%

SO an approximation is given by

N
|Ui'| ; i
- Z Z _2; (Pr.j — i) (—Qjnij + 4Jpij)- (2.102)

i=1jel(i)
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In short, the coupling conditions can be written as:

dqp ~ -
A=Ap 3L AL Tp. Tp = Al()n + AS ()P,
Py pD D (9) »(@)p (2.103)

ap = Cpvp = CpAfu.

2.2.2 Electro-Thermal Effects at the System Level

The typical trend associating new technology generations with a reduced power
consumption has been reversed in the last decade making an accurate electro-
thermal analysis of ICs a necessity for a reliable and cost-effective design. To
support this need computer aided design (CAD) tools must provide dependable
means to simulate coupled electro-thermal effects.

The development of a robust algorithm for this purpose requires a high degree
of integration inside usual industrial design flows to be effectively usable, and
the possibility to account for 2D/3D heat diffusion to properly describe thermal
effects at the system level. In particular it should allow an efficient handling of
the space-time multiscale effects associated with the problem at hand. Figure 2.1
shows a brief sketch of a new strategy (originally proposed in [20]) to automatically
perform system level electro-thermal simulations inside an industrial design flow.

IC design 2D thermal PDE

i Coupled
lectrical/Thermal Network

thermal |
T2 | element (1)

Multiscale T Lo 20O
Electro-Thermal Simulation 3

Fig. 2.1 Automated design flow for the electro-thermal simulation of ICs. A thermal element
model is automatically constructed from available circuit schematic and design layout, permitting
the set-up and simulation of an electro-thermal network that accounts for heat diffusion at the
system level
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In this approach the electrical behavior of possibly each circuit element is modeled
by standard compact models with an added temperature node. Mutual heating is
then accounted for by a novel circuital element embedding a 2D or 3D diffusion-
reaction partial differential equation (PDE) in its constitutive relations to describe
heat-diffusion on a distributed domain. By imposing suitable integral conditions this
element is casted in a form analogous to that of usual electrical circuit elements,
so that its use in a standard circuit simulator requires only the implementation of
a new element evaluator, but no modification to the main structure of the solver.
This permits the automatic set-up and simulation of an electro-thermal network that
accounts for heat diffusion at the system level.

2.2.2.1 Definition of the PDE-Based Thermal Element Model

A suitable thermal element balancing power fluxes at junction temperature nodes is
required to extend a purely electrical description of a circuit to an electro-thermal
one. In the following it is shown how a multiscale model that fits such a purpose
can be derived starting from information that are readily available during IC design
phase, i.e. 2D or 3D layout geometry and possibly 3D package geometry.

As sketched in Fig. 2.2 this information is used to describe the overall physical
region where to simulate thermal effects as an open, bounded domain:

RcR! (d=203),

Fig. 2.2 Layout or package information from IC design are automatically converted into a
geometrical description of the domains in which suitable PDEs describing heat diffusion at the
system level are casted. Notice that while 6; and 6, refer to mean temperature values over £2; and
§2, respectively, 63 represents ambient temperature. (a) Inverter layout. (b) Extracted geometry
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and to associate each thermally active device with a subset related to its layout
positioning:

2r c Lfork=1,...,K

where its power flux is supposed to be dissipated. Each subset is required one to
fulfill the following properties:

int(§2) # @ Vk=1,...,K,
2 CR Yk =1,....K,
2N =0Vjk=1,....K, k#j
Furthermore it is supposed for either £2 and 2 (k = 1,..., K) to have Lipschitz

boundary. The unknowns considered in the thermal element model are the junction
temperature vector:

0 = [915---90K+I]T )

where the first K components are associated with each subset region while the last
one represents ambient temperature, the power density vector:

p=1[p.....p«]",

where each component represents the Joule power per unit area dissipated in each
region and the distributed temperature field 7'(x, ¢) on £2.

Assuming (-, ) to denote the usual 1*(£2) scalar product and 1 2, to denote the
indicator function of the set §2, then the distributed temperature field 7'(x,¢) is
linked to junction temperature nodes through:

1

|.le(T,l_qk) =6y fork=1,...,K,

i.e. 6 represents the mean value over §2; of 7'(x, ¢). In the same way the power flux
entering each node is related to the Joule power per unit area via:

(pk, lgk) = pk|9k| = Pk fork = 1, ey K.
The total power Py dissipated over §2; is thus equal, for every fixed time instant, to

the product of a mean power density pj times the area of each active region |§2]|.
Finally the power flux to ambient temperature node is defined to be:

K
Pxri == prls%l.
k=1
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to ensure energy conservation inside the thermal element. Though the decisions
to uniformly distribute the dissipated power Py inside §2; and define 6; as the
mean temperature over §2; are somehow arbitrary, they constitute a sound physical
approximation at a macro-scale level, if it is considered that usually:

diam(§2;) <« diam($2) fork =1,..., K.

Anyhow, other shapes for the power distribution inside §2;, as well as any other
means to define junction temperatures starting from the distributed field 7'(x, ) may
have been adopted in principle.

If packaging information is available, then heat-diffusion on a 3D domain is
supposed to be modeled by a quasi-linear PDE:

AT (x, 1) K ,
(T —=+ Z3T(x 1) =) ()1, (®)  in 2, (2.104)
k=1
where:
’ 9
LiT(x1) = —”Z; D; [K,-,-(T, x) D, T(x, z)], Di = g (2.105)

In (2.104) the term cy(T,x) represents the distributed thermal capacitance of
the material, while in (2.105) the terms «;(7,x) (i,j = 1,...,3) account
for possibly anisotropic heat-diffusion. A common assumption, stemming from
physical considerations, is that:

Kki(T,x) = Kk;i(T, x),

so that the associated tensor results to be symmetric. This PDE has to be comple-
mented by suitable boundary conditions that are, here and in the following, assumed
to be of Robin type:

aT(x,1)

on = R(T,0k+1) onas2. (2.106)
<
aT(x,1) .

In (2.106) the term TR denotes the conormal derivative of T'(x, ¢) on d§2 and

&
is defined as:

3
0T (x,t
%.%) = Z l’l,‘K,:,'DjT(X,I) s

ij=1

where n; is the i-th component of the normal outward oriented unit vector on 952.
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In the case that only layout information is available, or that package temperature
field is not of interest, then heat diffusion can be modeled by a quasi-linear PDE
similar to the one used in the 3D case:

K

+ LT 1) =) p()1g(x)  in2,
k=1

AT (x, 1)

¢y (T,x) o

the only difference being that now the operator .%, defined as:

2
LrTx) ==Y D [lei,-(T, x) D, T(x, z)] + (T, %) T(x,1),
ij=1

embodies a reaction term ¢(7, X) to model heat loss in the missing third direction.
Suitable boundary conditions are needed also in this case to close the model.

2.2.2.2 Analysis of the Thermal Element Model

The well-posedness of the thermal element model when externally controlled by
independent sources fixing the Joule power per unit area stems directly from its
definition in Sect.2.2.2.1. The reader interested in a broader treatment of this
subject is referred to [20, Chapter 3]. Existence and uniqueness of a solution can
also be proven in the case where the external independent sources fix the average
temperature over a region. In particular, a result of this type is given in this section.

In the case at hand heat-diffusion processes are restricted to the case of the linear
operator:

d
LT :=-Y. D, [KU(X)D jT(x)] +e®T(X), (2.107)

ij=1
where k;;(x), c(x) € L°°(£2) and:

c(x) >0 a.e.in 2,
ki(x) =kp(x) i, j=1,....d .
Furthermore it is assumed for .Z to be uniformly elliptic in £2, i.e. it exists 7 > 0

such that:

d

Z k()€ & > T |E]. (2.108)

ij=1
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for each & € R? and almost every x € £2. The PDE employed to describe thermal
effects is enforced in a weak formulation that reads:

K

d N

E(T’ v) +a(T,v) + &(T — Og+1, V)90 = Zpk(lxzk, v), (2.109)

k=1

where:
d

a(T,v) := / (Z k;j(x) D; T D;v) dx—}-/ c(x) T v dx. (2.110)

e - o

i,j=1

is the bilinear form associated with ., while (,-)s denote the L?(92) scalar
product. Under these hypothesis it is possible to prove the following:

Theorem 2.1 Given:

1. Ty € L2(R2),
2. 0, € (CO[O, t1] and 6, (0) consistent with Ty (k = 1,..., K),
3. Ok41 € Cl0, 4],

there exist unique:

1. T € C°([0,4,]; L*(£2)) N L*((0, t;); H' (£2)),
2. preClo.ty] (k=1,....K),

such that:

K

d . A
E(T’ v) +a(T,v) + (@T,v)ye = Z P, v) + (@0k+1,v)ae
k=1
forall v e H' (),

T (x,0) = To(x),
(T.1g,) = 6c(0)|2| fork =1.... K.

Readers interested in the proof of this theorem are referred to [20, Chapter 3.2],
where further considerations on the practical role played by Theorem 2.1 and its
elliptic counterpart are also given.

2.2.2.3 Evaluation of the Thermal Element Model

The structure most commonly adopted in the design of a software package for
transient circuit simulation is usually based upon a set of element evaluators that
provide a non-linear solver with the local Jacobian matrices and residuals needed
to assemble the linearized system corresponding to each Newton iteration. These
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local contributions, commonly referred to as stamps, completely define the behavior
of each circuit element and are usually represented in a table-like format [20,
Chapter 5]. In the following the stamp associated with the thermal element model
defined in Sect. 2.2.2.1 will be given.

Introduce to this aim the vectors:

0r = [01(tk). . ... Og+1(10)]",
P = [p1(). ..., pr(@)]",
Ti = [Te (). Ti (%) ... Tx ()]

associated with the thermal element unknowns at the time instant #;. The particular
structure of the vector Ty stems from the space discretization of the distributed
temperature field 7'(x,¢) with the patches of finite elements methods [34]. If the
linear operator (2.107) is assumed to properly describe heat-diffusion effects, and a
p-step linear multi-step method of the form:

P P
P+ fOW) )~ Y ey () +h Y By (i) te—s) -
j=0 j=0

is supposed to be used for time-discretization purposes, then the stamp associated
with the thermal element reads:

0k Iy
Jeo Jkr | Frs

Qro  Qur | Gk

Pk
ry = .

Assuming T to have nr components, and defining:

where:

@] 0

2 e REFXK quchthat 2 := o : ,
0 2]
=82y -+ —[2k]
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then it is possible to provide an explicit formulation for the entries referring to the
first line of the stamp:

T € REFUKAT with Jy 9 == [0] |
Tir € REFDET with Iy = [2 0] ,
F; € REH! with Fy := 2 p; .
The definition of the remaining entries results to be a bit more involved. Assume

{¢j, j = 1,...,n7} to represent the full basis set associated with the space
discretized vector T and define:

1---00
My e R with My :=1|:-. 1 o],
0---10
, 1
My € RFT with [My]; := W(%’ o).
1

The space discretized counterpart of the relation linking junction temperatures and
distributed temperature field reads then:

My — MiT=0.
Denote with:

0---0 b

B e R'TK+! with B = e )
0---0b,,

P e RHTXK Wlth [P]U = (IQ‘/-,(,bi) )

the matrices accounting for the PDE boundary conditions and heat generation terms,
respectively. Notice that only the last column of B has non-zero entries, as boundary
conditions depend only on the environment temperature. Assume finally A and C
to be the stiffness and mass matrix stemming from patches of finite element method
(for more insight on the construction of these matrices the interested reader is
referred to [20, Chapter 4]). The space discretized formulation of the heat-diffusion
equation reads then:

CT+ AT+ Pp+ B =0.
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Applying the linear multi-step time discretization introduced before it is possible to
write the Jacobian contributions as:

M
REFKE with Qg = |, 0 |
Qi € with Qy ¢ hBoB

0 Mr }

" RK—FH’[‘XK—H‘!’[‘ ith r =
Qrr € with Q. [h,BOP (@C + hBoA)

while defining:
P P
g = ZajCTk—j +hZ.3j (ATi—j + Ppi—; + BOi_;) .
j=1 j=1
RK—H’IT:

gives the following expression for the residual G €

0
Gi = — .
k |:h,3030k + I’Z,B()Ppk + (aoC + I’Z,B()A)Tk + gk:|

2.2.2.4 Analysis of the Coupled System

To conclude this section the existence and uniqueness of a solution to the whole
electro-thermal system is discussed. This result is of major importance to show that
under non-restrictive assumptions the extended electro-thermal netlist introduced in
Fig.2.1 enjoys the same smoothness of the original electrical netlist, that is here
formalized as:

d
Ac S+ Arr(Afe.0) + Aviv + Aviy + Asi(4fe.0) = 0.

d¢

v ATe =0,

Ale—v(t) =0, 2.111)
q—qc(A{e) =0,

¢—¢.>) =0

Notice that an additional dependence on junction temperatures is assumed for resis-
tors and controlled current sources. The electrical part has then to be complemented
by the balance of Joule power at the thermal network nodes:

|2k | px — Wi(0,e) =0fork =1,...,K, (2.112)
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by the thermal element interface conditions:
|26 — (T, 1) =0fork =1,...,K, (2.113)

and by the PDE describing heat diffusion:

d A < A
S (T0)+a(T,v)+&(T v)ae =) pr(lo, v) =8 (g, V)ae =0 Vv € H'(£2).
k=1
(2.114)
The electrical part (2.111) is supposed in the following to be index-1 for any
given # € C°[0,1,]. Defining Q¢ to be the orthogonal projector onto the kernel of
Ag and Pc to be its complement, then sufficient conditions to fulfill the index-1
requirement are [24]:

. ker(Ac, Ag, Ay)T = {0} . ker QL Ay = {0},

. i(ALe, ) uniformly continuous in # and Lipschitz continuous in A~ e,

. V() continuous,

. ¢, () and qc (-) differentiable functions of their arguments,

dqc(Ale) 3¢, (ir)
dALe) T d(iL)

. r(Ake, 8) uniformly continuous in @ and differentiable in A%e,

or(ALe, 0)
d(Age)

Under these assumptions the existence and uniqueness of a global solution to
an initial value problem with consistent initial conditions on [0, t;] follows from
standard results [35, Theorem 15]. Furthermore, for each component of the solution
in the time interval [0, t;] a bound of the form:

positive definite,

positive definite and uniformly continuous in 6.

lx(@)] < |da(@@))] + /0 ldp(8(z)ldz , (2.115)

holds, where d4(-) and dp(-) are continuous functions. Notice that the form
of (2.115) is due to the index-1 condition, thanks to which the time-derivatives of
0 (t) do not appear in the bound. In this case also the following a-priori bound,
uniformly in @, can be shown to hold:

[x(0)] = max |d4(6)] + |t| max |dp(9)] . (2.116)

where ¢ is a closed set, such that:

F=1seRK:|s| < n%ax]|0(t)| c¥ cRF . (2.117)
t€[0,t;
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The assumptions made on the thermal part of the system are:

1. g(x.1) € € ([0.1]. L*(92)).
2. Wk (:,-) continuous function of its arguments (k = 1, ..., K),

To provide system (2.111)—(2.114) with consistent initial conditions it is possible
to prescribe arbitrarily T(x,0) := Ty(x) € L2%(£2), Pce(0) and iz (0). Then
0 (0) is obtained from (2.113), Qce(0), iy (0), ¢(0), q(0) are computed from the
algebraic constraints of (2.111) once 0 (0) is known, and p(0) is finally determined
from (2.112).

The existence and uniqueness of a solution to (2.111)—(2.114) in a given time
interval ¢ € [0, ;] is investigated in the next:

Theorem 2.2 Consider system (2.111)—(2.114)with the further hypothesis that:
1. There exist Cy > 0 such that |W,(0,e)| < Cwfork =1,...,K.

Suppose furthermore that the assumptions outlined in the previous paragraphs on
the electrical and thermal part of the network are fulfilled. Then, given consistent
initial conditions, there exist a unique solution to an initial value problem on a given
time interval [0, t,] and:

1. Pce, ir, q and ¢ are differentiable,
2. Qce, iy, 0 and p are continuous,
3. The regularity of the PDE solution is at least:

T e L?((0,1,), H'(£2)) N C° ([0, t,], L*(2)) .

while:

%—f eL?((0,t). H'(£2)) ,

4. The energy estimate:

t 1 t
1T OIE20) + 1 / T D gy 4 < 1Ty + / st

holds for each t € |0, t] where:

K
S = S(Cw.0.2.8) = Cw Y_ V|2 +&1g0) 200 -
k=1

Proof In the following the so-called Faedo-Galerkin method is exploited to con-
struct a sequence of DAE systems that approximate the PDAE system (2.111)—
(2.114). The line followed stems directly from the one usually employed to prove the
well posedness of parabolic PDEs casted in a weak formulation (see [52, Chapter 11,
Theorem 11.1.1]).
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That being said, since H'(£2) is a separable Hilbert space it admits a complete
orthonormal basis {¢; } ;1. Define then:

VN = span{;,....Pn} .
Substitute the PDE appearing in (2.111)—(2.114) with the approximate problem:
d K
(T ) +aT, 0)+a(T" v)ie =3 pif (1o, v)—=G(g, v)ae =0 (2.118)
k=1
forallv € VN, where N > K in order to fulfill the constraints imposed by (2.113).

Writing:

N
TVx.1) = eV ()gs(x) . (2.119)
s=1

then (2.118) results to be equivalent to:

de" N N N
M=+ ac¥ — Bp" —F* () = 0. (2.120)

where the stiffness and mass matrices are defined as:
M e RVN with [M;] := [(¢i.9))] .
A e RVN with [Ay] := [a($;. i) + &), di)oc] .
B e RM  with [By] := [(1g,.¢1)]
while the known vector F¥ reads:
FY e [C°0.1,]]" with [FY] := [a(g. 1 )ae]
Finally the unknown vectors in (2.120) are:
p' (@) = [p{ (©)..... PR O]
@) =[N (@), ....eNO]T .

Similarly it is possible to substitute (2.119) in (2.113) and obtain the equivalent
system:

260" —BTcN =0, (2.121)
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where:
2 e RE¥*K with 2 := diag(|21],....|R2k]) .
and:
0N () = 0N (1),....08 O] .

Reformulating (2.112) in matrix notation:

2p¥ —-weV,eV) =0, (2.122)
with:

W@V, eV) = [W (0", eN), ..., Wk, eV)]",

it is possible to write the DAE system approximating (2.111)—(2.114) as:

d N
Ac% + Agr(ATeY, 0Y) + ALY + Ayil + Asi(ALeY,0Y) =0,
deV
7 — AEeN =0 s

AleN — V(@) =0,
q¥ —qc(Ale) =0,
oY —9, (1)) =0,
2pY —We",eN) =0,
20" — BTV =0,
N

dce

Mdt

+Ac¥ —BpY —FVN(1) =0.
(2.123)

Notice that M can be inverted as it is positive definite. Thus (2.120) defines an
explicit differential equation for the variable ¢V :

deN

— = M~ [AcY — BpY —FN(1)] . (2.124)

From (2.121) it holds:

oY = 27'BTcN | (2.125)
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due to the regularity of 2. Differentiating (2.125) and taking into account (2.124)
the following explicit differential equation is obtained for 8 :

N
=@ 'BT = _@27'B"M'[AcY — BpY —FN(1)] .
dt dt [ ¢ P ()]

Substituting (2.125) into (2.111) reads:

d A R
Acd—fl + Agi(A%e, V) + ALip + Aviy + Aji(ALe, c) = 0,

d¢
E — A{e = O,
Ale—V(@) =0, 120

q—qc(Ale) =0,
¢—¢.G(L) =0,
where:
t(A%e, V) :=r(Ake, 27'BTcV),
i(AZe,cV) ;= i(4le, 27 'BTc) .

The assumptions on the electrical part of the system ensure that only one differen-
tiation of (2.126) is needed to derive, through appropriate algebraic manipulations,
a set of explicit differential equations for the variables e, q, ¢, iy and iy. Finally
from (2.122) it stems:

p¥ =27 'wW@e" V).

Even here only one differentiation is necessary to derive an explicit differential
equation for pV. The index of system (2.123) results then to be one.
Defining the orthogonal projection:

Py :L2(2) > VYV,

it is possible to derive a set of consistent initial conditions for (2.123). In fact, it just
suffices to define the initial conditions for the approximate problem (2.118) as:

TV := Py(Ty) , (2.127)

and proceed as done in the original PDAE system. Notice that the initial condition
for system (2.120) equivalent to (2.127) is given by the solution of the linear system:

(MM (0)); = (To, ;) forj =1,...,N .
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As consistent initial conditions have been obtained, then (2.123) admits a unique
global solution [35].

To proceed with the Faedo-Galerkin method it is necessary at this point to
recover, for all the variables in (2.123), upper bounds in ]LZ(O, t;) that are inde-
pendent of N. These bounds will be employed afterwards to pass to the weak-limit
N — oo and determine then a solution to the initial PDAE system. Due to the
hypothesis made on the boundedness of |Wj (-, )| it is convenient to start from the
thermal part of the network, noticing that:

pY € C0,t,] CL*0,ty) k=1,..., K,
¥ eC'lo,y] cH'(O,4) k=1,....K,
hold, from which it follows naturally:
TV e H' ((0,1,), H'(2)) .

Choosing T as a test function in (2.118) gives:

(%TN,TN) +a(TV, V)Y +a(T", TV)s0 (2.128)

. TY) +a(g. T ) . (2.129)

M=

k=1

Exploiting the coercivity of the bilinear form it is possible to obtain:

1d ) 5
2dt ”TNHLZ(.O) +a|T" ”Hl(_rz) (2.130)
= (%TN,TN) +a(TV, Ty + (T, TV )0 | 2.131)

while from the continuity of the right-hand side in (2.128) and the hypothesis on the
boundedness of | Wy (-,-)| (k = 1,..., K) follows:

K

Y o pY (g, TV) +6(2, TV )so
k=1 (2.132)

K
< (CWZ V2| + @ ||g(f)||JL2(arz)) ”TN(t)HILZ(Q) :
k=1
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K
Recapitulating the definition of S(Cw,&, 2,g) = CWZ |26 +
k=1

@ |g@) |12 e) - and combining (2.130) with (2.132) it is possible to obtain:

b dt ”TN(t)HILZ(Q) +7 ”TN(t)HH @) = S(Cw. @, 2, 8) HT (Z)”ILZ(Q)

Integrating over (0,¢) with ¢t € (0,t;), employing Young’s inequality and taking
into account that:

N
175 ||]L2(Q) ”TO“]LZ(.Q)’

as TON is a projection of Ty onto a finite dimensional space, it follows then:

t 1 t
||TN(z)||sz(m + "/o ||TN(T)||§H1(Q)dr <1 Tollf2q) + ;/0 S*dv. (2.133)

The sequence 7% is thus bounded in L ((0, t;), H'(£2)) N L™ ((0, t;), L*(£2)) and
from (2.112) it is trivial to infer that also p" is bounded in the L*(0,t;) sense.
From (2.113) it is possible to obtain, after some algebra:

Iek (I)I2 ||TN( )”]LZ(Q) k = 13""K7

IS2 |2

and derive an upper bound in 1.2(0, t;) for 8" by means of (2.133):

1 1 [
O OF < 5 [ITiEg + 1 [ $r] k=1.K.

Also this bound does not depend on N. It is now possible to define:

Coi= max <|9 |2[|| Toll?s0) + i}/o szdf]),

and then:
9 .= {SERKZ|S|§\/C_0} .

As ¢ does not depend on N and fulfills condition (2.117) then the bound on the
variables of the electrical part is derived from (2.116). Notice that this is possible in
our framework due to the index-1 hypothesis made on (2.111). Finally, due to the
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continuity of the non-linear functions in (2.123) also the terms:
rV=r(AkeV, 0"), iV :=i(4leV,0"),
af i=qc(aleV) oY =0.G) |
WV = W@V, eV)
are bounded in the L?(0, t;) norm by a constant that is independent of N. At this
point upper bounds for every entity in (2.123) have been determined. Hence it is

possible to select a subsequence (still denoted with the N super-script) in which
(see e.g. [42]):

* TV converges in the weak* topology of L™ ((0,t;), L*(£2)),

« TV converges weakly in I ((O, t1), Hl(.Q)),

« eV i, q¥, ¢V, i), p" and 0" converge weakly in the L*(0, t;) sense,

o ViV, q¥, ¢2 and WY converge weakly in the L*(0, t;) sense.

Anyhow, to exploit weak convergence properties in order to construct a solution to
the original PDAE system it is still necessary to prove that:

r¥ —r(Ake 0), iV —~i(Ale 0),
9 = qc(Ae) . ¢y — ¢, () .
WV —~ W, e |,
when:
eV —~e, iy —i,, 0" ~90.

This will be shown in the following taking advantage of regularity results that hold
for the PDE part of this system. Indeed it will turn out that the convergence of the
DAE part of (2.111)—(2.114) is to be intended at least pointwise.

Let us start then multiplying the first term at the left hand side in (2.118) by:

v e CY(0,4]), ¥(t) =0,

and integrating by parts (j = 1,..., N):
wrdrTh i dv
[ (G @) v == [ o.0) G - @ v,

Passing to the limit in (2.118), choosing an arbitrary Ny > K and recalling that
T converges in L?(£2) to Ty while p) converges in L*(0,t;) to py, it is finally
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obtained:

t

u dy
- [ r@.0) G @dr = @gpro + [ ar g
0

0
ty y K
+ / ST (0.8 ¥ (T = / 0 ;pk(lgk,qu)wu)dr

5]
+/ a(g, ¢,)oe¥()dt  j=1,...,No.
0
(2.134)

Since the linear combinations of ¢; are dense in H'(£2), then (2.134) can be written
equivalently testing on each v € H!(£2). Thus:

T(x,t) € L? ((0,t;), H'(£2)) N L™ ((0,t,),L*(2)) . (2.135)

fulfills (2.114) with p; (k = 1,..., K) as source terms. From (2.135) it follows
also:

T(x,t) € L ((0,t;), H'(2)) N H' ((0.t,), H'(2)) , (2.136)
and using the arguments in [52, Chapter 11, p.369] and [43, p.23]:

T eC([0,4],L*(£2)) aa—f e L?((0.t), H'(22)) .

Define:

ATY@) =TV ~T@) . Ap) @)= pl () — pe(0) .

Subtracting (2.114) from (2.118) and choosing ATV (¢) as a test function reads:

1d
S IATY |

K
2 dt et a(ATN, ATY) + &||ATN||iz(ag) = Z ApY (1g,, ATV) .
k=1

Integrating over (0, ¢) and exploiting the coercivity of the bilinear form it is then
possible to obtain the following inequality:

|ATY )], < AKN (1) 0, (2.137)

(£2)

with:

K t
AKN (1) == || ATN(0) ||fm) +2)° [/O Apd (1) (g, ATN(I))dT] :
k=1
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As both sides of (2.137) are continuous, this inequality holds also in the form:

) N—o0
ATV - AKN(; 0.
max ATV (012 g, < max AKY (1) =

Introducing AGI?' = 9,?’ (t) — 6k (¢) and noticing that:

k=1,....K,

max |A8N (1)]? < max [ATY @)|?
tG[O,ﬁ]l k ( )| — |Qk|2 tG[O.ﬁ] H ( )”]LZ(Q)

it follows that the convergence of 8" to @ is not only weak, but uniform. Then, due
to the stability properties of (2.111) the electrical variables also converge to their
limit uniformly and not only weakly. In particular it can be inferred that:

e Pce,ir, q and ¢ are differentiable,
¢ (Qceandiy are continuous.

As at this point e and @ are known to be continuous, then it follows that WV
converges to W pointwise and thus p is also continuous.

Finally it remains to show that 7'(x,0) = 7y(x) in order to prove that the
constructed solution actually solves the initial value problem prescribed in the
beginning. Multiplying (2.114) by:

v eC'([0.4]). ¥() =0,

and integrating by parts it follows:

! a(T,v)¥(r)dt
0

- / 0 (T0).0) W wyde — (10).0)9(0) + /

t t K
+ /O Q(T(1),v)s¥(t)dt = /0 ;pk(lgk, V¥ (t)dt

t
+/ a(g,v)se¥(t)dt  Yve H(R),
0

thus, taking ¥ (0) = 1:
(T(0)—Typ,v) =0 YveH(2).

This implies 7'(x, 0) = Ty(x), and proves the existence and uniqueness of a solution
to a prescribed initial value problem for system (2.111)—(2.114).
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2.2.3 Multiphysics Modeling via Maxwell’s Equations

The mathematical model of circuit analysis is given by element relations connected
by Kirchhoff’s laws, yielding a system of DAEs. Each relation originates from
Maxwell’s equations, but typically it is simplified to avoid the simulation of PDEs,
where it is not necessary. But if an application demands distributed field effects,
e.g. eddy currents, those effects need to be reintroduced by a PDE, in which some
conducting parts are identified by circuit branches. We consider here two examples,
that are especially important in the analysis of magnetoquasistatic fields, the solid
and stranded conductor models. Finally the coupling of the networks DAEs with
the (magnetoquasistatic) field PDEs yields a system of PDAEs.

Let us start with the network model of circuits, as introduced in system (2.1).
[26], that yields a system of DAEs. We extend the current balance equation by two
additional vectors iy, € RMol and i € RNS", that describe the unknown currents
through Ny solid and Ny, stranded conductors

d
AC d_lq + ARI‘(A-II;II, Z) + ALiL + AViV + AII(Z) + Astristr + Asolisol =0,

d
d—t¢ —Aju=0, Alu—v() =0,
qa—ac(Afu,t) =0, ¢ — ¢ (iL.1) =0,

with consistent initial values for the node potentials u, charges q, fluxes ¢, and
currents ir, iv. We will address the whole system in the following more abstractly
by the semi-explicit initial-value problem

Vi =fi(y1.21,225), with y;(0) =yio
(2.138)

0 =gi(y1,21.22p),
with the unknowns
yii=(q9) z:=@i,iv) and 2y = (iur ko)
We assume that System (2.138) is an index-1 DAE, i.e., dg;/0z; nonsingular, which
is the case if several topological conditions are fulfilled, [24]. The field PDE will
describe a relation between the unknown currents z,; and the voltage drops

o AT o AT
Vs 1= AU and Vool i= AU,

that will serve as an external excitement of Maxwell’s Equations.
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2.2.3.1 Maxwell’s Equations

Maxwell’s equations can be applied to describe a wide range of electromagnetic
devices; in our focus are device parts that are typically embedded in electrical
circuits exhibiting significant magnetic effects and dissipation losses, but with a
disregardable displacement current. This kind of application is covered by the
magnetoquasistatic (MQS) subset of Maxwell’s Equations, [39], that is given by
the partial differential equations

VxE:—g, VxH=J,
dr (2.139a)

V-D=p, V-B =0,
with algebraic material relations

J=0FE , D =¢ys.E =¢E , B=pouH=puH,
(2.139b)

on a domain £2 and typically with the flux wall boundary condition

B-n, =0 onds2, (2.139¢)

where E = E (r,t) is the electric field strength, depending on its location in space
r = (x,y,z)" andtime ¢, similarly B = B (r, ) is the magnetic flux density, whose
normal component is vanishing at the boundary, since the vector n defines here
the outer normal at the boundary. H = H (r, t) denotes the magnetic field strength,
D = D(r,t) the electric flux density, p = p(r,?) the electric charge density and
J = D(r,t) the electric current density. The material parameters ¢ = &(r), 0 =
o(r), u = u(r, H) are rank-2 tensors describing the permittivity, conductivity and
permeability; the first two tensors are assumed constant but the permeability may
depend nonlinearly on the field strength. If we neglect furthermore hysteresis, the
Jacobian 0B /0H is symmetric positive definite, [38], and we can derive from the
second relation of (2.139b) the HB-characteristic

H =vB
with the (nonlinear) reluctivity v = v(r, B) acting as the inverse of the permeability.

Now when expressing the magnetic flux and the electric field in terms of the
magnetic vector potential A = A(r, ¢) and the electric scalar potential ¢ = ¢@(r,?)

B=VxA, E=-Vo——-. (2.140)
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Ampere’s Law may be equivalently given as the curl-curl equation
Vx(WVxA)=J. (2.141)

The curl-curl equation does not determine the potentials uniquely, because the
definitions (2.140) are still fulfilled after a gauge transformation. Typically one
defines a representant from the class of equivalent potentials as the desired solution
by enforcing an additional gauge condition, for example Coulomb’s gauge

V-A=0, (2.142)

which ensures on simply connected domains a unique solution of the problem in the
vector potential formulation, [14].

In the 2D case, where a planar model is embedded in an 3D environment both,
the magnetic vector potential A and the source current density J exhibit only
components in z-direction, which are perpendicular to the planar model in the x — y
plane, i.e.,

A=(004.) and J=(00J)" .

Thus the potential A fulfills automatically the Coulomb gauge

04, 04, A,

V-4 —
0x dy 0z

0 ’

since Ay, = A, = Ois trivial and A, is independent of z and therefore the potential
is uniquely defined without enforcing a gauge explicitly; this is in contrast to the 3D
case.

2.2.3.2 Conductor Models

In the following the models for the solid and stranded conductor are derived, whose
characteristics are determined by Maxwell’s Equations (2.139), but on the other
hand allow us to identify parts of the field domain £2 as branches in a circuit using
voltages Vo, Vo and currents igop, isyr, [13]. We denote the corresponding parts of
the domain by

Qsol,l C 2 and Qstr,k C 2 for 1 =< / =< Nsol, 1 =< k =< Nstr

and assume furthermore that they are mutually non-overlapping.

The solid conductor model describes the behavior of a massive bar of conducting
material, as shown in Fig.2.3b. For high frequencies there is a tendency for the
current density in the core of those conductor to be smaller than near the surface,
[39]. This phenomenon is called skin effect. It causes the resistance of the conductor
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al»>
sol

Fig. 2.3 Conductors Models. (a) Sketch of a 2D domain with two stranded and one solid
conductor, (b) solid conductor made of massive conducting material causing eddy currents and
(c) stranded conductor made of thin strands

to increase with the frequency of the current. A similar phenomenon appears in
a solid conductor when localized in the neighborhood of other current carrying
conductors. Also then, eddy currents and eddy-current losses appear in the solid
conductor. These effects are to be simulated in the following: the solid conductor
will serve as the device in a electrical circuit, where skin- and proximity effects are
considered.

The voltage drop along each solid conductor is applied as the potential difference
between two electrodes, i.e.,

Nsol

_V(p = Z Xsoll (Vsol)l

=1

where ., is the potential distribution function of the /-th solid conductor with
SUpp Xso1; = $2s01.- Inserting the voltage drop into Ohm’s Law, first equation in
(2.139b), and applying it as the only excitement of the curl-curl equation yields
(2.141)

Nsol

dA
o TYX(VxA) = ;axw (Veo); - (2.143a)

The current through the solid conductor is found by integrating the current density
over the electrodes. This is equivalent to integrating the quantity x. - J over the
whole computational domain, i.e.,

. dA
(is01); = / Xsors +J A2 = (Gso1);; (Vsol); — / OXsold " g d$2, (2.143b)
2 2
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for/ =1,..., Ny, where each entry of the positive definite diagonal matrix

(Gsol)l,l = [(JUXSOI,[ * Xsol,l ds2 . (2143C)

corresponds to the lumped DC conductivity of a solid conductor.

In contrast to the solid conductor, the stranded conductor is not built of a single
solid material, but consists of thin individual strands wound to form a coil, as
depicted in Fig. 2.3c. Each strand does not exhibit significant eddy currents because
of its cross section, which is assumed to be substantially smaller than the skin depth
related to the frequencies occurring in the model, hence the conductivity, which
introduces eddy current effects in the curl-curl equation, is assumed to vanish within
stranded conductors

dA
O' —
dr

=0 withk =1,..., Ny (2.144)
str k

We assume furthermore windings with constant cross-section and thus a homoge-
neous current distribution holds in the conductor domain, i.e.,

Nstr

J = Z Astrk (islr)k
k=1

where y ., is the winding function for the k-th stranded conductor with
SUPP Xswy = $2su.t, such that the curl-curl equation becomes

Nstr

Vx WV xA)=Y" g Gy - (2.145a)
k=1

The flux linked with the winding is given by

I//k Z/ Xstrk <A df2
2

and the total voltage drop along the stranded conductor consists of this induced part
and a resistive part, i.e.,

d
(Vsw)r = Rato)ge e (s + % , (2.145b)

where the diagonal DC resistance matrix Ry, can be computed from the model by

|
(Rstr)k,k = / -0 letr,k * Nstrk ds2, (21450)
@ far

and fi € (0,1] is the fill factor accounting for the cross-sectional fraction of
conductive versus insulating materials; in this equation the o~! is only evaluated
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in the domains Q244 (kK = 1,..., Ny), where 0 > Obut anywhere else in £2 the
inverse is not necessarily well defined due to non-conducting materials.

Now summing up all excitements for solid and stranded conductors, i.e.,
Egs. (2.143)—(2.145), and putting everything together, we obtain the following PDE
system

dA ,
ot Vx(WVxA4)= Zk: Xk (sew)g + ZI:UXSOLI (Vsol); (2.146a)
dA .
[ tuws - G 42 = Wy~ R -G (2.146b)
2
dA .
O Xsoll E e = (Gsol)l,l : (Vsol)l - (lsol)l s (2.146¢)
2

with Coulomb gauging, flux wall boundary and initial conditions
V-4A=0, Axngp =00nds2, A(r,ty)=Agatt =1. (2.146d)

Finally the coupling of the field PDE (2.146) and the circuit DAE (2.138) yields the
full field/circuit PDAE problem.

2.2.3.3 Discretization

Following the method of lines, a spatial discretization of the PDE has to be
applied first and a time discretization of the overall system in the second step. For
spatial discretization we apply the Finite Integration Technique (FIT), [63], which
translates the continuous Maxwell equations one by one into a space-discrete set,
called the Maxwell grid equations (MGE). The topology is approximated by a finite
number of cells V(n) for 1 < n < N.In3D those cells are hexahedra when applying
the simplest mesh, such that the scheme is equivalent to the finite-difference time-
domain method proposed by Yee, [66]. Other methods (FEM) are analoguously, see
[15].

The hexahedra discretization yields a cell complex G, composed of intervals
defined by equidistant distributed coordinates x;, y; and zx

G:{V(l’l) = V(lvjvk) | V(lvjvk) = [xisxi-i-l] X [yjsyj-i-l] X [Zkvzk-l-l];
i=1,....1-1;j=1,....J—-Lk=1,...,K—1},

where the three indices i, j and k are combined into one space index, which allows
us to number the elements consecutively:

n=n(,jk)y=i+G-0)-T+Gk=1)-1-J, (2.147)

suchthatn <N :=1-J -K.
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The intersection of two volumes is by construction either empty for non-
neighboring volumes or one of the following p-cells, where p € {0, 1,2, 3} denotes
the dimension of the geometrical object and w € {x, y, z} a direction in space:

¢ 0O-cell: a simple point P(n),
e l-cell: anedge L, (n),

e 2-cell: a facet A,,(n),

¢ 3-cell: a volume V(n).

Every object is associated with its smallest numbered connected point P(n). An
edge L,,(n) connects two in w-direction neighbored points P(n) and P(n") (n < n’)
and is always directed from P(n) towards P(n’). A facet A,,(n) is defined by P(n)
and the direction w, in which its normal vector points.

The basic idea of FIT is the usage of two grids, the primary grid G is supported
by the dual grid G, which is identically but shifted in x-, y- and z-direction by half
of a cell length, see Fig.2.4a. The definition of the dual p-cells, i.e., edges L,,(n),
facets A,,(n) and volumes V(1) is analogous to the primary grid (w € {x, y,z}). In
the following each primary p-cell of G will be related to one (3 — p)-cell of G.

As state variables of the FIT, we introduce electric and magnetic voltages and
fluxes. They are defined as integrals of the electric and magnetic field strengths and
flux densities over geometrical objects of the computational grid, with respect to the
directions w € {x, y, z}. The state variables are assigned diacritics (+) according to
their dimension p of the underlying object. The grid voltages over the edges read as

e,(n) :/E ds, a,(n) :/A ds, and h,,(n) =/H ds.
Ly(n) Liy(n) L)
The fluxes are located on the grid facets and read

b, (n) :/B dA ., d,(n) =/D dA, and  j,(n) =/J dA .

Aw(n) Aw(”) Aw(”)

primary
point™~~_|

o ]

S
dual
N \ ,,,,,,,,,,, cell

primary Somnt
cell p

primary point

Fig. 2.4 Examples for primary and dual grid cells in 3D and 2D discretizations. (a) Staggered
hexahedra. (b) Barycentric triangulation
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Fig. 2.5 Discretization of
Faradays Law

Y

>
e, (n +1f

e,(n) &0 +1)

b.(n)
y

kfx € (n) >

To simplify the notation we will build augmented vectors for each of the newly
defined quantities with a length of 3N, including every spatial direction. For
example the discrete electric field strengths are collected in

e=(e(l),....ex(N),e,(1),...,e,(N),e(),..., e.(N)". (2.148)
The remaining vectors a, h, ﬁ, d and T are defined analogously.
Using these notations we are able to discretize Maxwell’s Equations (2.139) in

terms of FIT. For example, Faraday’s law, Fig. 2.5, for a single grid facet A,(n) can
be written discretely as

em+e,n+)—e(n+1)—e,n) = —d%ﬁz(n) , (2.149)

which exploits the new order of numbering and is easily generalized to all facets.
The relations for all grid facets are collected in the matrix equation

éx.(n)
leoe—leo—11 é“‘("f]) z—d% ﬁzin) : (2.150)
&, (n) RS
c e,(n+1) b
- 2
e

Applying this procedure to all continuous MQS equations yields the MQS
Maxwell’s Grid Equations, where the differential operators are represented by
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the discrete curl operators C, C=C" and divergence operators S, S, which live on
the primary and dual grid, respectively

D)

Ce=——b, Ch=j,
dr (2.151)

Sd=q, Sh=0,

with the vector q containing the electrical charges allocated at the dual grid
cells, resembles closely the continuous system (2.139) and maintains several of its
properties.

The laws of the continuous magnetic vector potential (2.140) transfer to

Ca=bh and €= —%ﬁ —STo . (2.152)
with the discrete electric scalar potential ¢. The discrete potentials are not uniquely
defined, similar to the continuous ones, because the curl matrix C has a non-trivial
nullspace.

Working towards a complete discretization of Maxwell’s Equations, the material
relations (2.139b) have to be given in terms of the discrete quantities. This relates
the fluxes on the primary grid G to the voltages on the dual analogon G and vice
versa. Hence, the material relations establish a coupling between both grids, but their
construction requires approximations through averaging processes and here lies the
fundamental difference between the various discretization approaches, e.g. FEM
and FIT, [15]. FIT has the advantage, that for isotropic and anisotropic materials,
whose principal directions coincide with the mesh directions, the material matrices
are always diagonal.

For example the magnetic flux density B is related to the magnetic field strength
H through the permeability . In coherence with our earlier requirements we will
assume that there are local permeabilities p(n) for each grid volume V(n). When
we start with the definition of the discrete magnetic field strength in conjunction
with constitutive relation and averaging its value over the facet A,,(n) to | B|, we get
the integral quantity

h,,(n) :/H-ds :/,u_lB -ds

Ly (n) Ly ()
=i~ (n) [L,(n)| - |B| + O(h") (2.153)
= i\ (n) |L,(n)| - |B], (2.154)

with averaged permeabilities ji(n) that gives an error, whose order / depends on
the used discretization grid (in this particular case of a Cartesian grid / = 2) and
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the maximum length of the cell edges & := maxL,(n), with w € {x,y,z} and
1 <n < N.In asimilar manner, we derive for the magnetic flux density

ﬁAmZ/BdA
Ay (n)
= |Aw()| - |B| + O(h'*)
= [Aw(n)| - |B. (2.155)

Both Eqgs. (2.154) and (2.155) contain the averaged magnetic flux density | B|, which
is unknown. Eliminating this unknown through inserting one equation into the other
leads to

s A
bw(}’l) = p,(n) |I:w(n)| hw(n) s

=iy (n)

finally arranging of these permeabilities as a matrix gives

M,, := diag (fix (1), ... fie(N). (D)oo Ay (V). fio(D). - (V)

Similarly the other two material matrices are obtained, such that the laws can be
given as

(=)

=M,é€, d = M.,e, h=M,

Gt )

’

where M, M and M, are the (diagonal) matrices of conductivities, permittivities
and reluctivities. As before in the continuous case the first two matrices are assumed
to be constant, and the reluctivity matrix M,, = M, (b) may depend nonlinearly on
the magnetic flux. Furthermore the matrices of permittivities and reluctivities (for all
ﬁ) are positive definite, while the conductivity matrix is only positive semi-definite,
due to vanishing conductances in electrical insulators.

2.2.3.4 Discrete Vector Potential Formulation

Now having obtained a discrete version of Maxwell’s Equations, we can deduce the
discrete curl-curl equation with the same steps we used to derive the continuous
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formulation. The PDE (2.146) becomes the following space-discrete DAE

d ~ 0
MU d_tﬁ + CM\JCQ = Qslrlstr + MUQsoleol s (21563)
T+ d_ .
Qstraa = Vyr — Ryyrlyr (2.156b)
T do .
QsuMs aa = GsolVsol — Isol (2.156¢)
where the matrix Q = [Qsol, Qsi] is the discrete analogue to the characteristic

functions y in the continuous model: each column of this matrix corresponds to
a conductor model and imposes currents/voltages onto edges of the grid, while
each row in the transposed matrix Q' corresponds to the integration of the vector
potential over the domain £2 in system (2.146). The conductor domains shall not
overlap and we assume this to be true even after the spatial discretization, which
affects the coupling matrix as follows

(Q)n (Q),,; =0forallmand k # 1. (2.157)
Additionally we find especially for the stranded conductor coupling matrix

(Ms)sn (Qstr),,y = O forallm, k and [, (2.158)

which is a consequence of the disregard of eddy currents in stranded conductors,
see Eq. (2.144). The matrices of lumped resistances and conductivities are extracted
from the model, as explained in Egs. (2.143c) and (2.145c) and they read in their
discrete form as

Ry := QM Qu and Gl := Q) M, Quor . (2.159)

str

where M;j « 18 the pseudo-inverse of the conductivity matrix with conductivities
only in the stranded conductor domains, hence

(Moste) g (Qsol)yy = Oforallm, k, I and MM =0, (2.160)

o,Str

where MI st 18 the pseudo-inverse of My -

2.2.3.5 Gauging of the Curl-Curl Equation

In 3D the curl-curl equation (2.156a) has no unique solution since both the
conductivity matrix M, and the curl operator C have non-trivial nullspaces, and
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thus the matrix pencil
AM, + CM, C for A € R

is in general only positive semi-definite, but a gauging, can enforce positive
definiteness. For example a special Coulomb gauging, see (2.142), which applies
only to the non-conducting parts of the problem, is proposed in [18]

where M; is a special material matrix with artificial conductivities on the diagonal,
if the entry corresponds to a non-conducting material, such that all its columns are
in the nullspace of M. Using a Schur complement the restriction can by integrated
into the curl-curl matrix, which becomes for example

K, := CM,C — M;S"NSM;

and gives the grad-div regularization, [19]. Finally the matrix pencil AM, + K, is
positive definite for a simply connected domain £2 (without cavities), if the matrix
N is negative definite, [18].

The positive definiteness of the gauged matrix pencil can still be enforced, if
nonlinear reluctivities are considered, i.e., M, = M, (ﬁ). The structure and hence
the kernel of the nonlinear curl-curl matrix remain unchanged, as the following
derivative shows

d db -~ d

%(@Mu (ﬁ)Cﬁ) = (~3£<MU (ﬁ)ca) = C—ﬁ<M (E)ﬁ) (:

C,

| o
=

where both the reluctivity matrix M, (ﬁ) and the differential reluctivity matrix
M,q := dh/ db are still positive definite, [33]. In any case only the (constant)
nullspace of the curl-operator has to be covered by the gauging and thus it is
assumed in the following that

= d =
AM, + K, (b) and AM, + — (K (b)ﬁ)
da

are positive definite fora A € R.

2.2.3.6 Structure of the Coupled System

Having now transformed the field PDE into a uniquely solvable DAE, we discuss in
the following the coupling of the subproblems using a more abstract formulation.
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Lemma 2.1 The field system (2.156) is equivalent to the semi-explicit initial value
problem

V2 = (y2, 224, V1), with y2(0) = ya0.
0 = g24(y2, Z24), (2.161)

0 = 25, (¥2, 224, Z2p),

. a o a e (3 NG . T
where Y, .= P, 1yq .= 2,8, Zzp 1= (igr, Iso1) and vi := (Vgyr, Vol

Proof In a first step system (2.156) is reformulated, such that there are no
dependencies on derivatives in the two solid and stranded conductor coupling
equations (2.156¢) and (2.156b). In a second step the curl-curl equation (2.156a)
is split into equations coming from conductive materials and non-conductive
materials, since only the first materials did yield a differential term %ﬁ.

Equation (2.156b) is left-multiplied by Q..R_! and added to Eq. (2.156a), which
yields

str

(Ma + Qstr str Qstr) a + Kv (b)a - QerRS[r Vstr 1 MJQsolvsol s (21623)

where the new mass matrix M, + QmR;rl Q—Is—tr is still symmetric positive semi-
definite and can be interpreted as a special conductivity matrix, but it is obviously
less sparse.

Left-multiplying Eq. (2.162a) by Q! M astr and adding to Eq. (2.156b) gives

str
i — R/ QL M K, (b)a =0, (2.162b)

because the conductors do not overlap MU «Ms = 0, see Eq. (2.160) and due to the
definition of the lumped resistance matrix for stranded conductors Qslr o F Qo =
Ry in Eq. (2.145¢). Similarly a left-multiplication of Eq. (2.156a) by QSOl added to
Eq. (2.156c) gives

i — QI K,(b)a =0, (2.162¢)

because of the definition of the lumped solid conductor conductances Gy, =
Qsol GQsol-

Let us now split the curl-curl Equation (2.162a) according to the conductivity
of the materials. The symmetric positive semi-definiteness of the mass matrix
guarantees an orthogonal matrix 7 that transforms the mass matrix into its Jordan
Normal Form

7 (M, + QuR,'Ql,) 77 = (J” 0) ,
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where J, is a diagonal matrix consisting of the (positive) eigenvalues of M, and

QR Q-Srtr. This transformation depends only on the topology, there is neither a

dependence on the vector potential nor on the time. Thus its application to the whole
Eq. (2.162a) gives automatically a splitting of the vector potential a into differential
and algebraic parts, that is constant in time

y2 1= P,a:=(10) 7a and L, = 2,a:= (01) 7a,

such that a = c@;ryz + o@—arzz“, while the currents are just collected in an additional
algebraic variable

) = (istrs isol)T .
The application of .7 to the right hand side of (2.162a) yields

y (QstrRS_trl Vstr + MU Qsolvsol)
=7 (Mo + QuR'Ql) 77 7 (Qur(Q Q)™ Ve + QuotVial)

- (JU 0) T (Quur(QL Qur) ™' Vatr + QuotVsot)

by just utilizing the properties (2.157)—(2.159) and thus the transformation of
Eq. (2.162a) using the new variables read

d
JU &y = _QUKV 32;)’2 - c@aliuoglzhl + 9{7 (QerRs_u—letr + MaQsolvsol)

0=2,K, 2y, + 2,K, 2] 75, . (2.163)

The first equation defines the function f, after a left-multiplication by the inverse J !
of the Jordan Normal Form, while the second Eq. (2.163) defines the first algebraic
constraint @,. Finally the definition of the additional algebraic constraint g,
follows immediately from Eqgs. (2.162b) and (2.162c¢).

Using the new abstract notation, the field/circuit coupled problem consists of the
two subsystems (2.138) and (2.161), i.e.,

Vi= fl(Yl,Zl,, and V2= fz()’z,lz,,
0= gl()’l,zl,, 0 = g>(y2. 22),

where the coupling terms are highlighted by boxes. Note, that the notation was
abused slightly, since the algebraic variables z; and z, contain more than the actually
needed node potentials u and the currents iy, and iy, through solid and stranded
conductors.

The coupled problems from electromagnetics are considered again in Chap. 2.
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2.2.4 Thermal and Quantum Effects in Semiconductors

In semiconductor technology, the miniaturization of devices is more and more
progressing. As a consequence, the simulation of the today nanoscale semiconductor
devices requires advanced transport models that take into account also quantum
effects and the heating of the crystal. These effects are not very relevant in microm-
eter devices, but they are crucial for the electric performance in the nanoscale case.

At semiclassical kinetic level the thermal effects are modeled by describing the
energy transport in solids with a phonon gas obeying the Peierls kinetic equation
while the charge transport is described by the Boltzmann equation, coupled to the
Poisson equation for the electric potential. However such a complex system is very
difficult to face from a numerical point of view and the simulations require long
CPU times not suitable for CAD purposes in electrical engineering. For this reason
simpler macroscopic models are warranted in order to use them in the design of
electrical devices. A physically sound way for getting macroscopic models is to
consider the moment system associated with the transport equations and obtain the
closure relations with the maximum entropy principle (hereafter MEP) [9, 53, 54].

Concerning the quantum effects, the typical physical situation we want to
describe is the case when the main contribution to the charge transport is semi-
classical while the quantum effects enter as small perturbations. For example, this is
reasonable for MOSFETs of characteristic length in the range of 10-20 nanometers
under strong electric field. Now the semiclassical Boltzmann equation for electrons
is replaced with the Wigner equation and a singular perturbation approach is used
with a Chapman-Enskog expansion in the high field scaling.

What follows is based on [56] and [57].

2.2.4.1 The Electron-Phonon System

At semiclassical kinetic level, the transport of energy inside the crystal is modeled
through quasi-particles called phonons (Fig. 2.6).

The electron-phonon system is described by the Boltzmann-Peierls equations for
the distribution functions of electrons and phonons, coupled to the Poisson equation
for the electric potential

9 e E _
3_{ + V() Vof = —= Vi f =C[f,2“). g™, (2.164)
ag(ac) dw (@) ag(ac) N )

el e R CA (2.165)
9 ) _
ga—z = §On[glm) gl f] (2.166)

E=-V.®, V(eV®)=—e(Cp(x)—n), (2.167)
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SEMICLASSICAL KINETIC PHYSICAL SYSTEM

ELECTRONS PHONONS
_— ENERGY
CHARGE
SCATTERING TRANSPORT
TRANSPORT -+ IN THE LATTICE
BOLTZMANN EQUATION\ / PEIERLS EQUATION
MOMENT SYSTEM

\

MACROSCOPIC MODELS VIA MEP

Fig. 2.6 Schematic representation of the electron-phonon system describing the coupling between
the charge transport and the crystal thermal effect in a semiconductor and general strategy for
getting macroscopic models

where ac and np stand for acoustic and non-polar optical phonons. f(x,Kk, ) is the
electron distribution function which depends on the position x € R>, time ¢ and
wave vector k. C[f, g\, g""P] is the collision operator of electrons with phonons
and impurities. We will neglect electron-electron interaction because it is relevant
only at very high density, usually not reached in the most common electron devices.
e represents the absolute value of the elementary charge. V, and V. denote the nabla
operator with respect to x and K, respectively.

We assume that the conduction bands of semiconductor are described by Kane’s
dispersion relation

22
, k € R,

1 h
Ek)y=—|—1++/1+4
(k) 7 + +a2

m*

with & (k) the energy measured from the valley minimum, m* the effective electron
mass, 7k the crystal momentum and « the non parabolicity parameter (for Silicon

1
a = 0.5¢V1). Consequently, according to the quantum relation v = 7 V& (k), the

hk
electron velocity is given by the relation v = —————.
m*4/1+ 405%
g = g(x,t,q¥) is the phonon distribution of type A (acoustic or non

polar optical) which depends on the position x, time ¢ and the wave vector q‘4).
S [gla) o) £]is the collision operator of phonons with electrons. The phonon-
phonon interaction is described by the relaxation time approximation.

The phonon energy sw¥ is related to q'4 by the dispersion relation. Here we
will consider a simplified isotropic model w = w(q), ¢ being the modulus of q. In
particular in the acoustic branch the Debye approximation @ = ¢ ¢ will be adopted
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with ¢ the Debye velocity, while in the optical branch the Einstein approximation
o = const will be used. Moreover we assume that the non-polar optical phonons
are described by the Bose-Einstein distribution.

Cp(x) is the doping density, considered as a known function of the position, € is
the dielectric constant and n(x, ¢) the electron number density

n(x,t) =/]R3 fdk.

The direct solution of the system (2.164), (2.167) is very expensive from a
computational point of view (for a deterministic numerical solution see [16, 30])
and not practical for electron device design. An alternative approach is to replace
the transport equations with a macroscopic model deduced as moment equations
of (2.164)—(2.166). These are obtained by multiplying (2.164) with a weight
function ¥ (k), (2.165) and (2.166) with a weight function 7(q) and integrating over
the first Brillouin zone.

We will consider the 8-moment electron system comprising the balance equa-
tions for the electron density, average crystal momentum, energy and energy-flux

‘3_’: L9 g’;‘/ ) _o. (2.168)

0pP) (90U g e (2.169)
ot dxi P ’

W) | 3 (n') ¥ neViE* = nCy. (2.170)
ot ax!

2(n5) + 2 (nF) +neE;GY = nC! (2.171)
ot ax' / w '

coupled to the 9-moment phonon system comprising the balance equation for the
phonon energy, average momentum density and the deviatoric part of its flux

% + 0k = P, 2.172)

ap; + 1 du 8N(,-k)
ot 3 0x; Xk
NGy | M

dt X

=P, (2.173)

= Py. (2.174)
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The basic quantities entering the electron equations are defined in the kinetic
framework as follows (the density has been already defined above)

Vi

1 ; . .
— / fv'd*k is the average electron velocity,
n Jgr3

w

% /R . &E(k) fdk is the average electron energy,
St = %/3 fv'&(k)d Kk is the energy flux,
R
P = % /R} fhk'dPk = m* (Vi + 2aSi) is the average crystal momentum.
The other electron quantities including production terms are given by
Lt

S| _ "
Ui=—[| fonk/dk, GV=-
n Jgs n Jgs h

0
—(Ev)d’k,
S5 6w
.. 1 .
Fi=— / foiv/ &(k)d* k
n Jgr3
nCy = / C[f.g"“, ¢"& (k) d’k, nC!) = / C[f.g"“), g"hk! Ik,
R3 R}
nCi, = / CLL g ), g™ & (k) k.
R3
The basic quantities entering the phonon equations are defined as follows
u= / hw g d* qis the phonon energy density,
RS
o 5 . .
O = hw— g d’ qis the phonon energy density flux,
R3 g
pi=h / g; g & qis the phonon momentum density,
RS
ho 3 . .
Ni = —4iqk & 4" qis the momentum flux density.
R 4
Phonon momentum flux can be decomposed into an isotropic part and a deviatoric

part Ny = 4 Si + N(iy. The deviatoric part of the momentum flux Ny, and its
flux are represented by

hw 3 o’ 3
Ny = /R} ?q«q,sgd q. Mgy = /RS ?q«qqu gd q.
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The phonon production terms are given by
Po= [ oS g™. ¢ a P= [ haSg*. g™, f1d
R3 R3

hw Y o
Py = A} P SIS S[g), g, f1d*q.

2.2.4.2 The Maximum Entropy Principle

The set of balance equations (2.168)—(2.174) does not form a closed system since
more unknowns appear than the number of equations. Therefore the problem of
prescribing suitable closure relations arises.

The maximum entropy principle (hereafter MEP) gives a systematic way for
obtaining constitutive relations. In the information theory framework the principle
has been formalized by Shannon [61]. In statistical physics, it has been introduced
in [22, 41] (see also [65] for a review). In [7-9, 49, 53, 54] the approach has been
applied to charge transport in semiconductors considering the phonons as a thermal
bath. Here the phonons are no longer supposed to be at equilibrium and therefore
one has to maximize the phonon distribution.

In the case under investigation, since it is assumed that the non-polar optical
phonons are described by Bose-Einstein distribution

ha(op) -1
= — 1 .
8BE [GXP ( ksTL ) i|

with 7 the lattice temperature, MEP can be formulated as follows. If a given

number of moments Mfl‘f ) ,A = 1,...,N of f as well as a given number of
moments M ég) ,B =1,...,M of g = g% are known, the distribution functions

which can be used to evaluate the unknown moments of f and g, correspond to the
maximum, ( fyg, guE), of the entropy functional

s(f.g) = —kp [/1;3 f(logf—l)d?’k—f-/l;3 (gln%—(y+g)ln(1+§))d3q:|

under the constraints
/]RS lpjle)(k)fMEd?) Kk = M;f), /]Rs lp[(;p)(q)gMEd?) q= Ml(ig)7

where 11//(16) (k) and llfl(gp ) (q) are electrons and phonons weight functions, respec-

tively, relative to the basic moments Mfl‘f ) and M g” ) k p 1s Boltzmann constant and
3

T
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From a statistical point of view, fyr and gy represent the least biased estimators
of f and g that can be obtained using only the knowledge of a finite number of
moments of f and g. Assuming as fundamental variables for electrons, the density
n, the velocity V, the energy W and the energy-flux S, this procedure leads for
electrons to the non-equilibrium distribution (see [9, 53])

fouz = exp (—% - kWé"(k)) -7,

with! y = AVv' + A%v; &(k) where Lagrange multipliers associated with the
density, the momentum and the energy flux have the expressions

i:—l nh3

ks og W*—x/m)’ AV = b1 Vi + b1pSi, A = biaVi + by S;

while A" is the Lagrange multiplier related to the energy. It depends on W and it is
obtained by inverting the relation

W [ &JEAFab) (14 2a&)exp (-1 &) d&
[ JEA +al) (1 +2aE) exp (—AV £)dE

. . an ap apn .
The coefficients b;; are given by b1; = ——, b1y = ———, byy = — with
ij g Y D11 A 12 A 22 A
a — _ﬂ a — _i a — _ﬂ A = anda — a2
11 3m*d0’ 12 3m*d0’ 22 3m*d07 11422 12°

including dy and py defined by

dp = / EXVE (L +ad) (1 + 2a&) exp (—)LWé") dé&,
0

3 /00 [€ (1 + a&)]? &
Pk = 1+ 2a&

exp (—Awg) dé&.

For acoustic phonons, assuming as fundamental variables the energy u, the momen-
tum p and the deviatoric part of the momentum flux Ny, the following phonon
non-equilibrium distribution has been deduced as in [23]

3¢c2h 15hc u
= ) = + T pil; L (Nalit; - %)
8ME = EyE 8gBe + 8ap |:4I/lkBTL pili + SukpT, ijlil 3 s

IEinstein’s convention is used: summation with respect repeated dummy indices is understood.
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where

h
exp (kBC}fL )
2 9
hic

(e (57) =)
and 1 = (I, I, I3) belongs to S?, the unit sphere of R3. We assume as definition of
Ty, the Debye relation u = o TZ‘ .

The previous acoustic phonon distribution is valid up to first order in the
deviation from the equilibrium.

Putting fje and gy into the kinetic definition of the variables appearing in the

balance equations (2.168)—(2.174), one gets the desired closure relation in terms of
the fundamental variables n, V, W, S, u, p and N;).

+ _
8B =

2.2.4.3 Closure Relations: Phonon Subsystem

Each term is given by the sum of two contributions: one due to the acoustic and
another due to the non-polar optical phonons. The details can be found in [56].

Concerning the energy-flux one has Q,(:'C) =c? p,(:c), ](C"p ) = 0 wherefrom

Ok = ¢ px.
since p](("P ) = 0. Similarly, concerning the divergence of the deviatoric part, one has

M _ 22 0py
Xk 50x;y

The production of the energy and the production of the deviatoric part of the
momentum flux due to interaction between acoustic phonons and electrons vanishes

P = 0, P((;; ) — 0 while the production of momentum for this scattering
mechanism is given by

(ac) 4rch © 4
P = —nI V= [ @) (o) b W) + 41 @) b (W) g dg

s 7 /0 205(@) (Ao(q) bis(W) + A1(@) ba(W)) ¢* da,

(2.175)
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D2

1672 p5 vs v/2(m*)*2d
silicon density, v, the longitudinal sound speed and

where I =

, with Dfl the deformation potential, ps the

oo oo
Ao (q) = [, kexp(—A" &) dk, A1 (q) = /; k& exp (—A" &) dk.
2 2

Since the non-polar optical phonons are described by the Bose-Einstein, the
production of momentum is zero along with the deviatoric part of the momentum
flux: P =0, P =0.

The energy production can be easily obtained by taking into account that the
total energy of the electron-phonon system must be conserved. Since the energy
production vanishes in the case of acoustic phonons, we have Pu("p ) = P, = —nCy,
where Cyy is the electron energy production.

The production terms of energy, momentum and the deviatoric part of the
momentum flux arising from the phonon-phonon (ph) acoustic interaction are
given by

(Ph) CON on _ Ly
PV =0. BTV =——pi Py =Ny,
where tg is the relaxation time for resistive processes and 7 is total relaxation time.
Summing up the above relations the production terms read as follows. The

production of energy, momentum and deviatoric part of the momentum flux read
as

Pu = —I’lCW,

P=ncPW.T) Vi +ncD w1y 5 — 2
R

N
Py =——"

where the coefficients ¢{” (W, T) and ¢\2 (W, Ty.) originate from Eq. (2.175).

2.2.4.4 Closure Relations for Electrons

The general expression of the production term for acoustic phonons based on fyg
reads as

(ac)
C,/,(e) =
2k 4
I / v W0 2ge + 1exp (-1 6) % (A1 4+ 451 &(k)) dg dk.
R’ JO
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The production of the energy is zero since the scattering is considered in the elastic

approximation C V(Ifc) = 0. The production of the crystal momentum is given by

i@y _ 2l OO w
C, ) = TV,- hk C (kyexp (=AY &) (b1 (W) + &b (W) dk
0

2nl

=S / Tk C (k) exp (—AY &) (bia(W) + Ebp(W)) dk,  (2.176)
0

where C (k) = fOZk q* 2gpe + 1) dg.
The production of the energy flux has the same structure

(bii(W) + &b1(W)) dk

i) 2wl y /oo ﬁ@@ C (k)exp (A" &)

‘ m* / 22
1+ 40[2m—*

' ===
2l ® hk & C (k)exp (—A" &)
/ p—y (bra(W) + Ebpu(W))dk.  (2.177)

0

4

3
3' m*

1440 Z’;kj

In the case of electron—non-polar optical phonon scattering we have the same
expressions already found in [9, 53] but with the lattice temperature which is no
longer constant.

Summing up the above results, the production terms in the electron moment
system can be written in general forms as the sum of terms due to productions of
acoustic and non-polar phonon—electron scattering (electron-electron scattering is
negligible). In particular, the production of energy, momentum and energy-flux read

Cw =CY,
Ch =YW T)V; + el W.T1)S:,

Cly = ¢ (W.TL)V; + ¢ (W. TL)S;.

where the coefficients ¢\ (W, ), ¢\ (W, T1.), ¢\ (W, Tp) and ¢ (W, T..) origi-
nate from Eqs. (2.176) and (2.177).

2.2.4.5 Limiting Energy Transport and Lattice Heating Model

Under an appropriate scaling, an energy-transport model for electrons coupled to
the crystal energy balance equation can be derived. Such a model comprises three
balance equations: one for the electron density, one for the electron energy density
and one for the crystal temperature. This allows a comparison with the existing
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models, already known in the literature, for the lattice heating in presence of a charge
flow. We assume long time and diffusion scaling, that is with spatial variation on

large scale,
1 1
=o(z)v=2()

and that the variables vanishing at equilibrium are of first order
V=0@),S=0@), p=0(6), Ny =0 (),

4 being a formal small parameter which is related to the anisotropic part of fi (see
[53]). Moreover we suppose that

1 1
Cy =0 (8_2) and t=0 (8_2) (2.178)
The last assumptions have the following meaning. If we introduce the energy relax-
W —3kpTy

ation time Ty, one can write Cyy = — . Therefore relation (2.178); is

w
equivalent to require a long energy relaxation time. Since the experimental data
indicates T > Ty, it is quite natural to assume also (2.178),.

By proceedings formally as in [53], we write
t =8%, x=8% V=8V,8=68,p=35p, Ny =N,

and substitute into relations (2.168)—(2.174).

By eliminating the tilde for simplifying the notation, observing that C }; and C I’,V
are of order § and by putting equal to zero the coefficients of the various powers of
§ in the previous system, one gets again the balance equations (3.72) and (3.74) of
density and energy, and moreover

J . J .

—nV' =0, —nS' =0,

Btn Btn

1 9 (0) i @) y,i (e) qi
;WI’ZU = —¢F +C11V +C12S7

19 FOg. — EiGO ,(e)Vi (e)Si
P j=—e toy Vo teps.

The last two relations allow to express V and S as functions of n, W, Ty, and ¢.
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Concerning the phonon part, solving the previous compatibility conditions at
each order in § gives

ou  dc?pi

ou = —nCy. 2.179

TR P 2.179)

1 ou ») )

pi= gyt (n Vit ncl? S,-) , (2.180)

8N(,~k) 8N(,~k)

N _ 90V 2.181
Jt T ( )

a .

P _ . (2.182)

8xj)

We remark that, as expected in a diffusive regime, only the resistive processes

are relevant and that neglecting the convective part due to the electron flow

TR (n cif) Vi +ncg) Si) in (2.180) leads to the well known Peierls relation

1, du
Ok ——EC TRE-

Collecting all the previous results, the following energy transport model for
electrons coupled to the lattice energy equation is obtained

on .

37 Tdv@ev) =o. (2.183)

a(’;tW) + div(nS) —neV-V¢ = nCy, (2.184)
aT,

pcy B_IL — div[k(T)VT.] = H, (2.185)

0
where pcy = % with ¢y specific heat in Silicon at constant volume, k(77) =
L

2 ¢g is the thermal conductivity and

%pcvc
H = =nCy — cdiv (tk ne{'V + tenc(?s) (2.186)

is the crystal energy production.
The electron velocity and energy-flux have the same expression as in [54] but

with a lattice temperature which is not kept at equilibrium

V=D,W,Ty) Vlogn + Do(W, T)VW 4+ Di3(W, TL) V¢, (2.187)
S=Dy(W,Ty) Vlogn + Doy (W, T))VW 4+ Dys(W, T) Vg, (2.188)
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where

Du(W.Ty) = Dy [l F = U], DpW.T0) = Dy [l F' = U]

©) © _ 1
2¢7 EG] - DM T) = oo @
Cip G —CnCpy

Dai(W.Te) = Ds [ef{ F = U], Da(W.Tu) = Ds [¢l F' = U],

1
D23(W, TL) = DS C;)e — CS)EG] . Ds(W, TL) =

ey - e
The explicit form of the coefficients can be easily obtained when taking into the
account expressions reported in [9, 53].

In the literature several expressions of H have been proposed (see for more
details [60]). In [32] only the Joule effect has been included H = —en'V - E,
while in [1] the following formulation was suggested H = —div (E¢ n V), with
E¢ the conduction band edge energy. A different model has been given in [17]
H = —enV.-V¢,, with ¢, the quasi-Fermi electron potential. It is evident that the
previous models can cover only part of the effects present in (2.186).

In order to compare our results with those reported in [62], we sum up Egs. (3.74)
and (3.75), obtaining the balance equation for the total energy

d(nW aT,
W) oer S8 4 div (S — k(TL)VTL) =
ot ot
~J-E—c2div (pne{'V + renci?)s) . 2.189)
where J = —enV is the current density. The production terms in Eq. (2.189) are

given by a Joule heating term and a divergence term. The argument of the divergence
operator can be written as

_PI‘IJ_PSnSa

6'2 TR Cif)

with P, =
e

cients. The main difference with [62] (eq. 31 therein, without holes and recombina-

tion-generation term), is that n S is not neglected. Moreover, P, and Ps have an

explicit expression directly related to the scattering parameters, and both electrons

and lattice have different temperatures.

and Ps = —c? g cg) a kind of thermoelectric power coeffi-
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2.2.4.6 Quantum Corrections

Besides the crystal heating, also quantum effects must been included in the
simulation of nanoscale devices. What follows is based on [57]. The starting point
is the single particle Wigner-Poisson system in the effective mass approximation
which represents the quantum analogous of the semiclassical Boltzmann-Poisson
system. In the following the explicit dependence on the lattice temperature will be
not written since the results does not change with respect to 77 .

In the effective mass approximation the Wigner-Poisson system reads as

W v Vew + 0w = . (2.190)
Jt m*
div (eVds) = —e(Cp(x) —n). (2.191)

where the unknown function w(x, v, t), depending on the position, velocity and time,
is the Wigner quasi distribution, defined as

W) = F ot o x— gl =
2m

2m*

1 h h ivy 33
e — — d’ ».
(2r)3 /;@ px+ 2m* ¥ 2m*r;,t) ¢ g

Here p(x,y) is the density matrix, which is related to the wave function v (x, ¢) by

p(x,y) = ¥ (x,0) ¥(y,1).

Z denotes the Fourier transform, given for function g(v) € L' (R?) by

Fewio = [ gwe™ ey,

v

and .7 ! the inverse Fourier transform
a—1 1 ive 3
T ] = —— [ h(e™d .
@) Jr

The potential @ is usually given by the sum of a self-consistent term @y, solution
of the Poisson equation (2.191), and an additional term @p which models the
potential barriers in hetero-junctions and is a prescribed function of the position.

As well known, w(x,v,?) is not in general positive definite. However it is
possible to calculate the macroscopic quantities of interest as expectation values
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(moments) of w(x, v, ¢) in the same way of the semiclassical case, e.g.

density n(x,t):/ w(x,v,t)d3v,
RS

1
velocity V(x,t) = / vw(x,V,t) v,
n(x,t) Jr3
1 1 *x 2 3
energy W(x,t) = - m* v wx,v,t)d’v,
n(x,t) Jr3 2
1 1 * 2 3
energy-flux S(x,t) = —m> vurwx,v,t)d’v.
n(x,t) Jr3 2

It is worth to mention that the previous definition of energy and energy flux are valid
only in the parabolic band, consistently with the effective mass approximation.
O|[®] represents the pseudo-differential operator

O v.0) = / o (x4 1) Rt
X,V, 1) = —— X+ —nt]—-®[x—=—1,
v h(2m)3 R} xR?, 2m* ! 2m !
wx, v, 1) e VI Py @y,

@'[w] is the quantum collision term. Its formulation is itself an open problem.
Some attempts can be found in [10, 28], but a derivation suitable for application
in electron devices is still lacking. Here we propose an expression which is a
perturbation of the semiclassical collision term, useful for the formulation of
macroscopic models.

As general guideline €’[w] should drive the system towards the equilibrium. If
we consider the electrons in a thermal bath at the lattice temperature 7, = 1/kgf,
the equilibrium Wigner function w,, has been found in [64].

For our purposes we locally parameterize the equilibrium Wigner function in
terms of the electron density. Up to first order in /2 on has

m*p 3/2 .
g =W + 0wy + 00 =t (L) e x

W B%e [A® 0P 4
%l—i_ 24 |:m* _'Bvrvsf)x,.axs}}—i_ﬁ(h)’

where

*pN 3/2
) _ m*p —B&
Weg —n(x,t)(zﬂ) e

is the classical Maxwellian.
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We suppose that the expansion
w=w? +a2wh 4 ok

holds. By proceedings in a formal way, as & + 0 the Wigner equation gives the
semiclassical Boltzmann equation in the parabolic band approximation

aw©
a1

+v-Vor® 4+ 2V, 0. Vo ® = gOO0]. (2.192)
m

At first order in A2 we have

RN P w©
Vo) + L v .vum_ ¢ =W,
TV Vaw +m* * oW 24m3 9 x; Xj xp dv; v Vi
(2.193)

awD
ot

with €'V to be modeled.
Since w® must be positive, being a solution of the semiclassical Boltzmann
equation, we make the following first assumption
Cw] = COWO + 1 VW] = Cew ] —mv (WD —wl)) + oY)
(2.194)
with  €c[w®] semiclassical collision operator (W@ > 0!)
and v >0 quantum collision frequency.
Remark 2.3 At variance with other approaches, only the #> correction to the

collision term has a relaxation form. This assures that as # +— 0 one gets the
semiclassical scattering of electrons with phonons and impurities.

The value of the quantum collision frequency v is a fitting parameter that can be
determined comparing the results with the experimental data.
We require that %[w] conserves the electron density (second assumption)

/ Elw]dv = 0.
]R3

Proposition 2.1 The collision operator €|w)] of the form (2.194) satisfies up to
terms O'(h*) the following properties:

1. Ker (€'[w)]) is given by the quantum Maxwellian

0 1 42,

Wieq) = Weq eq

with wig) the classical Maxwellian.
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2.
w©
—kg / OOl I ———— &y =
R? exp(—£27%)
*,,2
]R3
3.

1 _a 1 1 1
_ECK( )[w( )] (w( ) _ szq)) > 0.

Moreover the equality holds if and only if w is the quantum Maxwellian, defined
above.

Properties 1 and 3 are straightforward. Property 2 is based on the proof in [45—47]
valid in the classical case.

2.2.4.7 Quantum Corrections in the High Field Approximation

In the case of high electric fields, it is possible to get an approximation for w") by a

suitable Chapman-Enskog expansion. Let us introduce the dimensionless variables

. X . t . v . .

X = e = P v = —, with [y, 7o and vy = ly/t typical length, time and
0 0 Vo

velocity. Let /gy be the characteristic length of the electrical potential and 1/¢¢ the

characteristic collision frequency. After scaling the collision frequency according to

v = tc v, Eq. (2.193) can be rewritten as

1 ow®
i + @V. v,ow) + Yo [ivxq) - V,w®
to Ot ly lo Lm*

e P¥o  PwO :| 1

— - @ _ M
24m3 9 x; X; xx 0vi vy vk | tcv(w Weq).

We will continue to denoted the scaled variables as the unscaled ones for simplifying

the notation. Note that the scaling of w) is unimportant.

Let us introduce the characteristic length associated with the quantum correction
of the collision term (a kind of mean free path in a semiclassical context) [¢c = v t¢
We assume that the quantum effects occur in the high field and collision dominated
regime, where drift and collision mechanisms have the same characteristic length.

/
Therefore we set formally l_c = 1 and observe that in the high frequency regime
@
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lc . L .
the Knudsen number ¢ = — 1is a small parameter. Substituting in the previous
0
equation, we get

w»
o

e
+av- Vol + —v.@.v,uW
m*

e e 93> w©
C24m3 o x; Xj X 0V; V) Uk

=-v (w(l) - wi}])) .

The zero order in o gives

e RN 3 w©
C 24mP o x; Xj X 0V; V) Uk

q
$Vx¢ . VuW(l) = —V (W(l) — WSI))

and by Fourier transforming one has

w(l)(x, v,t) ="

1 [ ie PP

i - 10 Fw®
v+ Ly Vi@ 24m*38x,-xjxknn]nk W

+v.Zwl) ()]} (x,v.1).
Approximating w(® with fy;z, we obtain
w(x,v,t) ~ fue(x,v,t) + hzw(l)(x, v, 1), (2.195)

which will be used in the next section for evaluating the unknown quantities in the
moment system, associated with the Wigner equation.

In analogy with the semiclassical case, multiplying (2.190) by suitable weight
functions v, depending in the physical relevant cases on the velocity v, and
integrating over the velocity, one has the balance equation for the macroscopic
quantities of interest

9 ; o
5 /R}w(x,v,t) V(v) d V+VX/R3w(V)V wdlv

+%/R} Y (v) O@lwd’y = /R V() Ew]dv.
(2.196)

In the 8-moment model the basic variables are the moments relative to the weight

. 1 1
functions 1, m* v, — m* v2, = m* v2v.

2 2



2 PDAE Modeling and Discretization 95

By evaluating (2.196) for ¥ = 1, under the assumption that the necessary
3.,(0)
moments of w)(x, v, ) and ld

with respect to v exist, one has
av; v vk

i/ @[q)]wdf”v:ivx-/ Vow® @y
m* R3 m* R3

PP 3w
| v / Vo @y — & / Y #v|=o,
m* e 24m3 0x; xj X Jgs 0v; vj vk

obtaining the continuity equation

9 I(nVi)

o T ox

=0. (2.197)

In order to get other moment equations we observe that from (2.195) it follows

e e R 33 w®
—V.®- v @y — —/ R
m* " /Rs YV Vow Y 24m3 9 x; xj xi Jgs v dv; vj vk Y

+v/ y(v) (W —wl)) Pv=0, (2.198)
]R3

for each weight function 1 (v) such that the integrals exist.
By taking into account (2.198), multiplying Eq. (2.190) by the weight functions

m*v, Lm*v?, %m* v2v, after integration one finds the balance equations for
momentum, energy and energy-flux

> 2

9 A(nU,
V) + (g U ek, =nC,, (WO,v "5, (2.199)
9 AnS;
(W) + % + ner(O)Ek =nCy (W), (2.200)
X
d(nF, ‘
—( Si) + (" ’) + 37 e*E,-W(0>:nnc;V,(Wm’,V,.‘O),S;O’). (2.201)

Here Vi(o), W© and § i(0) are the zero order components of the average velocity,
energy and energy-flux. Also for other quantities, the superscript (0) will mean zero
order with respect to #2. The components of the flux of momentum and the flux of
energy-flux are defined as

1
n(x,t)
1
T on(x.1)

Uj = m* v; v; w(x,v,1)d>v,

m ViV v 2w(x,v,t)dv.
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The production terms are defined as

nCé,:/sm*vi‘@”[W]dz”v,
R
1 * 2 3
nCy = —m v Ew]d’v,
R} 2

; 1
nnCl,, = —m*viv; €[w]d’v.
w R3 2

Remark 2.4 The quantum corrections affect only the free streaming part, while the
drift and production terms appear only at the zero order.

Therefore Cy (W), Czl;’ (W(O), V}(O), Sl.(o)) and Cj,, (W(O), V}(O), Si(o)) are as in

the semiclassical case.

The system (2.197), (2.199)—(2.201) is not closed because of the presence of the
unknown quantities Uj;, Fy;, C ;, Cyw and Ci,,. We solve the closure problem with
the approximation (2.195), assuming a collision dominated high field regime for the

quantum effects. The results are given by the following proposition

Proposition 2.2 [n the high field approximation one has

Ji=nVi =n VO + omY,

h2
w=wo_ hpe AD + O(hY),
24m*

W’ Be 0°®
i 12m* 0x;0x;
202 ,2
o _ h B e 5
! 24m*2y

h2e 0

—— — A®+ OGY,
8m*2v 9 x; +ow)

h2Be3

+ O0(h*),

Fo— O I® PP 0P

’® 00 09
— + — AP
ox;0x, dx, + d x; )

hz ez

0P

v 3m*3v? 9 x(; 0xj)0x, ax,  4m*3? 0x;0x; 0, x,

W Be’ (0 0P
12m*3p2
h2e? 0AD 0@ h2e
4m*3v2 Ox; Ox;y  24m*?

8x,~ 8xj

— — AP+ |V

(A@Sij—i-S

h’e (8A<1§ >

Cam*y \ oxg 7 0X( Xj Xk

’P
8x,~ an

Vk) + ﬁ(fﬁ)

*d

axi an
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In the previous relationships round brackets indicate symmetrization, e.g.

1

iGk) — =< iji ikj) »
Aigy = 5 (A + A)
1

Ay = B (Ajic + Aig + Ajic + Aji + A + Agi) -

Remark 2.5 In the limit of high frequency v — co one has the simplified model

Ji=nV =n VO + 0@,

hﬂ

W=wO-_—"—Ad+ 0",

hﬂe Po

U = U0 s, —
v v v 12m* axi 3Xj

+O(hY),

S, =80+ om),

e Ete)
F,=F9%_ AD S+ 5
! i 24m*2 ( i+ 0x; BXJ)

From Eq. (2.195) one sees that in the limit v —> oo, wl reduces to the quantum cor-
rection of the equilibrium Wigner function w ). The resulting quantum corrections
to the tensor Uj; are the same as those obtalned in [31] by using a shifted Wigner

function, but with the semiclassical contribution which contains also a heat flux, not
added ad hoc.

2.2.4.8 Quantum Corrected Energy-Transport and Crystal Heating
Model

Assuming the same scaling of Sect. 2.2.4.4, one gets (formally) the energy-transport
equations (3.72) and (3.74) with the closure relations

1 (e) Uik on 3Uik 0P
Vi=— — st —e—
A {CZZ |: n o0xy + Xk ox;
Fu n | OFi _ Se 0)0P
n dx; = Oxx  3m* ax; |}’

noo0xy dx,  3m* ax;

S =2 { © [ﬂa_”+@_5_€w<o>3£}

Usin U, _ 00
n o oxg Xk ax;
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where

A0 = e - el
If also the effect of the crystal heating need to be included, the lattice temperature is
no longer constant and one has to take into the account equation (3.75) as well.
The zero order terms are strictly valid in the parabolic band case (¢ = 0),
in particular the c( s A simple way to extend the results in the case of Kane
dispersion relatlon is to consider for the semiclassical part of V and S the
relations (2.187)—(2.188), but including the quantum corrections for Uy and Fj
according to the proposition 2.2.
For example, in the case v — 0 the complete model reads as

on AV
a ox!

8(nW) o(nS7)
ot ox/

=0,

+neViEX = nCy,

T
pcy a—f —div[k(T,)VT] = H
E=-V.d,
GACDS = —E(ND — NA —I’l),

along with the constitutive relations

a1 ow d
V, = Du(W®, 1) Og" + DTy S + DO, 1) 2
i Xi X;
1 (e) thg e 82¢> (e) h2 e 82¢> 8logn
+A |:( 2 12m* 0x; 0xi * 24m*2 Kt 0x; 0x dx
) (WBe &P 9 [ hle PP
(e) (e)
— A —[——= AP ; 5
T2 G axy (12m* 8x,~8xk) + axy (24m*2 ( et dx 8xk))i|
810gn A

Si = Dy (W, Tp)

+ Dy (WO TL) Wy Dy (W, Ty) o=

1 o h*Be 82¢> © h%e 0?d dlogn
A - AP 5,’ 5
+A |:(c21 12m* 9x;0xx ‘i 24m*2 Kt ox; 0xy X

ad hzﬂe 0?d ad he 0’P

(e) (e)

+ — |/ | - — | ——= | A®P 8y + 5

el Xy (12m* 3xi8xk) ‘n Xk (24m*2 ( ¢ ox axk))i|

Xi
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If one introduces the equation of state

3
wO = EkB T, (2.202)

the previous energy-transport model can be written using the electron density and
temperature 7', besides the electrical potential, as variables. However, it is crucial
to remark that (2.202) is valid only in the parabolic band case (in analogy with the
monatomic gas dynamics) and it is not justified in the non parabolic case, e.g. the
Kane dispersion relation. In this latter case it is more appropriate to retain the energy
W as fundamental variable.
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