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Chapter 1

Introduction

In recent years, many research groups have started a systematic mathematical
study of coupling effects arising in the transition from microelectronics to na-
noelectronics. In this thesis we refer to effects which are especially relevant in
integrated circuit modeling, and whose relevance increases with the decreasing of
the scales, like the ones due to electrothermal coupling [17, 20, 22|, electromag-
netic coupling [23, 27|, and electric network-device coupling [1, 2, 54].

We concentrate here on two main topics: coupling of devices ad electric net-
works, and heat effects in semiconductor devices. Both topics heave the common
feature that they refer to high order effects, which can be neglected when micro-
scopic scales scale are involved.

In the first part of this thesis, we focus on the electric network-device coupling.

Usually the components of an electric networks are described in terms of
constitutive relations which link node voltages and branch current. In the case
of components constituted by semiconductor devices, the representation of the
physical device takes the form at an equivalent circuit, which captures the main
features of the device itself. This is done by introducing a description in terms
of non linear resistor, capacitors and inductors, with a set of fitting parameters
which are recovered by measures. Coupling effects of devices and circuit are
usually introduced by corrections in the equivalent circuit. In this approach, all
quantities are lumped, without any distributed quantity.

Here we follow a different approach. We consider an electric network which
contains semiconductor devices, and we model the devices by multidimensional,
steady-state, drift-diffusion equations.

In this case, the lumped variables are the node potentials of the network and
the fluxes through branches with inductances or with independent voltage sources.
The network equations which describe these variables come from Modified Nodal
Analysis, and consists of Kirchhoff’s current law, with some constitutive laws for
the basic components of the network. The distributed equations enter the defini-
tion of the currents which cross the Ohmic contact of the devices in the network.
These currents show up in the network equations, and are defined by means of
surface integrals of some fluxes of the distributed variables. In turn, the dis-
tributed variables are described by a set of multi-dimensional, nonlinear, elliptic



equations, and the boundary data are related to the network’s node potentials,
which are part of the lumped variables.

Thus, it is generally possible to view the coupled model as a set of lumped
equations with additional components modeled by complicated input/output re-
lations, which involve partial differential equations, or as a set of distributed
equations with additional differential-algebraic constraints. The first viewpoint
is usually followed in the numerical simulation realms, while the second approach
is generally preferable for an analysis of the coupled model. Here, the two view-
points will be used alternatively one with the other. In fact, the analysis of the
coupled is based on the analysis of the device equation, but the main existence
result is established by using a fixed-point map for the network equations.

This kind of coupled model was considered in [29] from the point of view
of abstract differential-algebraic systems, and the modeling of the coupling was
discussed in [54]. An existence result was proved in [1] for a network containing
one-dimensional devices modeled by steady-state drift diffusion equations, and a
uniqueness result for the same model was established in [3], assuming that the
system is close enough to an equilibrium state. We also mention [2], where it is
established the well-posedness of the coupled model of the network equations and
the time-dependent, one-dimensional, drift-diffusion equations, and [18], which
deals with the perturbation analysis.

The first result presented in this thesis is directly related to [1], extending
its results to general multi-dimensional, steady-state, drift-diffusion equations,
when the coupled problem is index-1. This is the first existence result for the
fully nonlinear model of the network equation coupled with multidimensional
semiconductor devices. A second result is established for a special class of index-
2 coupled problems, defined by means of some technical conditions. This is the
first existence result for index-2 elliptic partial-differential-algebraic equations in
microelectronics.

The second part of the thesis, which consists of the last chapter, deals with
thermal effects in semiconductor devices. We propose a general framework to de-
rive energy-transport model from the Bloch-Boltzmann-Peierl equations, which
describe the evolution of the distribution functions of electrons and phonon in
a semiconductor. Starting from an hydrodynamic model with closure relations
obtained by application of the maximum entropy principle, we introduce a dif-
fusive scaling, and derive formally the limit system. The resulting system is an
energy-transport model with no fitting parameters.

The thesis is organized as follows. In chapter 2 we introduce the modified
nodal analysis formalism, to deal with the circuit variables, and we set a general
framework for the coupling with semiconductor devices. In chapter 3 we derive the
semiconductor equations, starting from basic physical considerations. In the next
chapter we prove an existence result for the semiconductor equations, introducing
an iteration map which will be used in the existence proof for the coupled problem.
Also, we derive some basic properties of this iteration map. Chapter 5 contain
the two main results concerning coupled problems, the existence results for index-



1 and index-2 elliptic partial-differential-algebraic equations for semiconductor
devices and electric networks. Finally, in chapter 6 we present the results on the
derivation of the energy-transport model.






Chapter 2

Mathematical modeling in chip
design in nanoelectronics

2.1 Circuit modeling

In microelectronics, an integrated circuit is usually described as an electric net-
work. This is a simplified description, but it captures the main features of the
electric behavior of the integrated circuit, at least when second order coupling
effects between the active and passive components and the substrate can be ne-
glected. Moreover, it is a very efficient description, because it leads to a system
of differential-algebraic equations (DAEs) which can be efficiently solved numer-
ically. For this reason, even when previously neglected secondary effects started
to become important, they were introduced in the network framework by adding
appropriate sub-networks and more and more refined equivalent circuits.

From a mathematical point of view, an electric circuit is a directed multi-
graph, that is, a set of n, vertices (or nodes) connected by n, arcs (or branches)
with a direction. Two vertices may be connected by more than one arc. Each arc
contains a basic component, and is labeled according to the component it con-
tains. The electric behavior of the network is given by a set of time-dependent
variables associated to its nodes and branches. An applied potential is associated
to each node, ex(t), k = 1,...,n,, to each branch is associated a voltage drop
vp(t) and a current i,(t), j = 1,...,n,, with t € [t, t1]. We denote by e(t) € R™,
v(t) € R™ and 4(t) € R™, the vectors comprising node potentials, voltage drops
and currents, respectively.

The connections of the branch-node of the network graph can be described
by an incidence matrix A = (ap) € R™*" defined by

—1 if the branch k leaves the node h,
apk = 1 if the branch k enters the node h, (2.1)
0 otherwise.

This description applies also to networks with multi-terminal elements. In
this case, the network can be appropriately described by an hypergraph, that is,



a generalization of the concept of graph where a branch can connect more than
two nodes. In practice, we can retrieve the incidence matrix formalism by identi-
fying branches with ordered couples of terminals within the same multi-terminal
element. We will provide more details when dealing with elements consisting of
semiconductor devices.

The composition of the basic elements is ruled by the following two Kirchhoff’s
laws, which can be derived by applying Maxwell’s equations.

e Kirchhoff’s wvoltage law (KVL): The algebraic sum of voltage along each
loop of the network must be equal to zero at every istant of time. From
this law we can derive an expression that links the node potentials e(t) to
the voltage drops v(t)

Ale(t)=w(t), VtEe [ty ti]. (2.2)

e Kirchhoff’s current law (KCL): The algebraic sum of current traversing
each cut set of the network must be equal to zero at every istant of time

Ai(t) =0, Vtel[to,t]. (2.3)

2.1.1 Modified Nodal Analysis

In order to describe the behavior of the network quantities we chose to use one
of the most common approaches for network analysis that is the Modified Nodal
Analysis (MNA). This method represents a systematic way to derive equations
for circuits. The main idea of MNA is:

1. Write node equations applying Kinchhoff’s current law (2.3) to each node
except for the reference node, corresponding to the zero reference potential.

2. In equation (2.3), replace the currents of voltage-controlled elements by the
voltage-current relations of these elements.

3. Add the current-voltage relations for all current-controlled elements.

We consider RLC' networks, that is, electric networks containing only resis-
tances (labeled by R), inductances (labeled by L), and conductances (labeled by
(). In addition, we need to allow also for branches with independent current
and voltage sources, labeled with 2;(t) € R"V, vy (t) € R™, respectively. To keep
detailed informations about the structure of the equations arising from the MNA,
we make the splitting of the incidence matrix A, with components described in
(2.1), into the element-related incidence matrices

A= (Ag A, Ap, Ap, Ay) € RrX et = e,

where Ag, Ao, Ar, Ar and Ay describe the branch-current relations for resistive,
capacitive, inductive branches and branches of current sources and voltage sources
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respectively. To keep track of the different labels, we write

VR TR
(e ic

v = vy, s 1 = (35 ,
Uy (3
vy (AV4

for voltage and current respectively. The direction of each branch coincides with
the positive direction of the voltage drop and the current through the branch. To
the above relations, (2.2) and (2.3), we need to add constitutive relations for the
RLC components:

daowe)  dgy (i)

L= — 7,

2.4
dt dt ~’ (2.4)

ip = iR(”R)» ic
where g collects the charges inside the capacitors, and ¢; is a flux term for the
inductors. We also need to consider relations for the branches with sources:

’I:L = I, Vy = V. (25)

Following the formalism of Modified Nodal Analysis (MNA), we use the relations
(2.4) and (2.5) in Kirchhoft’s current law equation (2.3),to obtain the DAE equa-
tion for the unknowns q.-, @, e, 11, ty. Sometimes it is convenient to reduce
the number of variables, eliminating g~ and ¢;. This leads to the following form
of the MNA equations, for the unknowns e, iy, %y:

)
A M\ Ace) | g i (ATe) + Aviy + Aviy + A = O,

dt
de, (i
Pt die = 0,

Aje—-V = 0.

We notice that the constitutive relations q-(v), ¢r(v), ¢ (¢1), depend on the
specific components present in the network.

We will restrict ourselves to linear RLC networks, that is, such that the con-
stitutive relations for q., tr, @, are linear:

qgo(v) = Cv, ig(v)=Gv, ¢.(ir)= Liy. (2.7)

The capacitance, inductance and conductance matrices C € R"c*"c G € R"¢*"¢
and L € R"2*"L appearing in the previous relations, are assumed to be symmet-
ric and positive definite.

For linear RLC networks the system (2.6) can be written in the following
compact form:

Ex = Ax + Bu(t), (2.8)
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where we have introduced the unknowns vector

e
&r = iL ,
iy
and the matrices
AcCA, O O ARrGA,, A, Ay
E = O LO|,A=—-| -A] O O],
o O O ~-A, O O
A; O
It
B=-]10 O], u(t):[v((t))}.
O I

Here, and in what follows, O denotes the generic zero matrix and I the generic
identity matrix.

2.1.2 Charge-oriented Modified Nodal Analysis

The MNA approach presented in the previous subsection leads to the conven-
tional MNA equations (2.6), for the unknowns e, i, 4y. It is possible to choose
an alternative approach, called charge-oriented MNA, in which we consider two
additional unknowns: the charge of capacitances q, and the flux of inductances
¢ [34]. The charge-oriented MNA equations are:

dg

ACE—FAR’LR(A—}I—%B) +AL’iL+Aviv+A1I = O,
d¢
E — A—Ee = O,

Ale-V = 0, (2.9)

q— qC’(AE'e) = 07
®— (i) = 0.
We mention another approach to derive equations for electric network, which

is the stamping approach. We consider Kirchhoft’s current law (2.3), for each of
the n, electrical nodes of the network, writing that

d in=0  h=1...,m, (2.10)

where 7, = apri denotes the current flowing from node h into element k.
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The currents in (2.10) can be expressed in terms of the vector of electrical
state variables s = [s1, ..., s,,]" plus a set of additional (vector valued) variables
7. each of dimension I},

ikh:Akhi“k—i—th(s,rk), hzl,...,na, hzl,...,ny, (211)

where Ay, € RY™* and I, k =1,...,n, being a set of non negative integers. As
the variables r; only appear in the equations defining the fluxes relative to the
k-th element, they will henceforth be referred to as internal variables of the k-th
element. The MNA model is completed by a suitable number I of constitutive
relations for the internal variables of each element

Bkl’rk—Fle(S,’r’k) :0, ]{5:1,...,77,@, izl,...,[k, (212)

where B),; € RY!x. Notice that, although only time derivatives of internal vari-
ables appear in (2.12) and the terms involving such derivatives are linear, no
restriction on the practical applicability of the model has been introduced so far.

2.2 General framework for device models

In this section we provide a general framework for the description of a semicon-
ductor device, which is consistent with the MNA description of a network.

A semiconductor device can be model by means of a domain € RY, with
d = 1,2, or 3, it is characterized by an electric potential ¢(x,t), and by a vector
variable U (x,t), with x € Q. The variable U (x, t) collects the other macroscopic
variables for the device, such as carrier density, flux density, energy, and so on.
Many mathematical models can be used to describe semiconductor devices, these
models have some common features.

The first common feature is that the electric potential ¢ is generated by the
built-in charge, pni(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 - (&Vo) = pvi + p(U), (2.13)

where €4(x) is the dielectric constant.

The second common feature in the semiconductor mathematical models, 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=-Vo¢. (2.14)
Symbolically, we can write

FU,2U,V-U,..;E)=0. (2.15)

The last common feature is that the previous equation is consistent with the
conservation of the charge density:

Ip(U) _
—o otV IU) =0 (2.16)
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in which we have indicated with J(U) the electric current. It is also possible to
include this variable J(U) as a component of the variable U, or can be evaluated
as a functional of the said variable.

The equation (2.13) must be supplemented by appropriate boundary condi-
tions. We assume that the boundary 02 is the union of two disjoint parts I'p
and ['y. The first part of the boundary is the union of all the Ohmic contacts

K
I'p = U I'pg,
k=0

that is, the union of the terminals I'p ;, Here, we assign conditions of Dirichlet
type:
¢ = ¢ni(pwi) +epr, onlpg, k=0,1,... K, (2.17)

where ¢pi(pni) is the built-in potential, epy, k = 0,1,..., K, are the applied
potentials at the Ohmic contacts of the device considered. For later use, we
denote by ep the vector comprising the applied potentials.

The second part of the boundary, I"y, is the union of all the insulated portions
of the boundary, I'y = 99 \ I'p. Here we assign Neumann conditions:

v-Vo=0, only, (2.18)

where v denotes the external unit normal to 0).

The electric current J depends also on the applied potentials epy, k =
0,1,..., K, due to the coupling of (2.15) with the Poisson’s equation (2.13),
through the electric field E.

Using equation (2.13) in equation (2.16), taking into account (2.14), we obtain

Y%<Q%E+JGD>:0 (2.19)

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

y—Q%E+ﬂU) (2.20)

The current jpj through the k-th contact of the device, is defined by:

iog = — / §vdo(x), (2.21)
I'p.k

with £ =0,1,..., K, and we denote by j the vector of these currents.

When connected to an electric network, a semiconductor device with K + 1
Ohmic contacts can be regarded as a multi-terminal element. We have mentioned
that, in presence of multi-terminal elements, the multigraph description of an

14



electric network should be replaced by a hypergraph description. In practice, we
can avoid this complication by introducing internal branches of a multi-terminal
element, as appropriate pairs of terminals.

For a semiconductor device, the simplest way to do so, is by identifying the
node labeled by 0 with the reference potential. Then, the internal branches will
be given by the pairs (0,1),...,(0, K), and we can define the internal incidence
matrix

-1 - -1
R 1 -~ 0
A=| . - (2.22)
0 --- 1
The corresponding voltage drops through the internal branches are given by
Upkr = epr — epo. If we introduce the vector vp of the voltage drops, it is
immediate to verify that R
vp=A'ep. (2.23)
Moreover, introducing the vector
JDa
ip = : , (2.24)
JD.K
it is possible to verify that R

In fact, integrating (2.19) over 2, we find

K
> ipk=0, (2.26)
k=0

so the current jpo can be expressed as the opposite of the sum of the other
currents. For this reason, we can use the vector ¢p instead of j .

Recalling (2.15), the variable U is 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 (2.21). Since the electric field
is not affected by a time-dependent translation of the electric potential,

®p — ¢p +epp(t),

we can conclude that 7, and thus ¢p, depends on the voltage drops vp rather
than on the applied potentials ep.

2.3 Coupled problem

Now we consider an RLC electric network that contains np semiconductor de-
vices, described as in the previous section. That is: each ¢-th device is modeled

15



by a domain Q, of dimension d = 1,2 or 3. This i-th device has K; + 1 contacts

and we assume that the boundary 9 is made of a Dirichlet part '}, union of

K; 4+ 1 disjoint parts, which represent Ohmic contacts, and of a Neumann part
‘7, which represents insulating boundaries (for d > 1),

K;
ty=Ulhy Ty =00\Th, i=1,....nn.
7=0

In total, the devices contain n,p terminals (Ohmic contacts) and n,p internal
branches, with

np np

Npp 1= nD—i-ZKj, NaD ::ZK]-.
i=1 J=1

Following the definition of the applied potential vectors, voltage drop vectors and

current vectors of the previous section, we define:

7 np
€D,0 €p
e, = : e RE+L ep=1| : | ER™D, (2.27)
7 np
€D.K; €p
i ] 1
UD Up
v =| € R, vp=| : | ER"™P, (2.28)
np
Up K, Up
- 1
JD1 ip
ih=1| : | eR  dp=| : | €R™D, (2.29)
np
JD.K; ip

Moreover, we have internal incidence matrices

zi c R(Ki+1)XKi’ 2 — dlag (21’ o ’an) € R™wbXnap

where A’ is defined as in (2.22).

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:

Spa = { 1, if the contact j is connected to the node 17, (2.30)

0, otherwise.

By using this matrix, we can define an incidence matrix for the internal branches
of the devices:

Ap = SpA. (2.31)
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Now we are ready to apply the formalism of MNA to derive equations for
the network variables. We consider an incidence matrix A that comprises the
semiconductor incidence matrix that is

A= (A Ac, AL A Ay, Ap) € R7wX(Mrtnct+nrni+ny+nap) — R0 Xna

To keep track of the different branches, we write

VR TR
Ve ic
v= |t R e L
Vr (2§
vy 2%
_UD - _iD -

We notice that in this decomposition, the vectors vp and 2p appears, which have
been defined above. The presence of the voltage drop vector vp is justified by
the identification

ep = She. (2.32)
In fact, recalling the definition of vp in terms of ep, we have
vp=ATep=ATS e=Ale, (2.33)

consistently with the MNA formalism. We will refer to (2.32) as network-to-
device coupling relation, since it relates the network variables e to the device
variables ep.

As for the presence of the current vector ¢p, we observe that

AD’iD - SD;&’I:D — SDjD,

which is consistent with the interpretation of the term Apip. The current vector
tp is defined by the device equations, through the relations

ip JD1
n . I
iy JD,K; Dok

We will refer to (2.34) as device-to-network coupling relation, since it relates the
device quantities 7' to the network variable i p.

With the above formalism, it is possible to derive, from the Kirchhoff current
law, MNA equations formally equivalent to the ones obtained in the previous
section, both the conventional form (2.6) and the charge-oriented form (2.9).
The conventional form of the MNA equations is:

dqo (AL . . : :
Ac$+ARZR(A;6) +AL1L+Avlv+A1I+AD2D = 0,

Aje—-V = 0.

17



The equations (2.35) need to be coupled with the semiconductor equations, to
express the constitutive relations for the currents ¢p. We will discuss more ex-
tensively this problem in a subsequent chapter.

For a linear RLC network, we can write system (2.35) in compact form, sim-
ilarly to what done for system (2.6). By using the same notation as in (2.8), we
can write (2.35) in the form

Ex = Ax + Bu(t) + o(x). (2.36)

The term o (x), that represent the currents through the devices, is given by

o(x) = —-Aip(A'x) (2.37)
with
Ap
A=| o0 |. (2.38)
o

If there are no semiconductor devices, the matrix A is identically zero, and (2.36)
reduces to (2.8).
We note explicitly the identity

A'x = Aje=wvp. (2.39)

For later use, we introduce also the matrix

Sp
S=|10|. (2.40)
O
The matrices A and 8 are related by
A=SA. (2.41)
We have also the identity
S'z=S8)e=ep. (2.42)

2.4 Tractability index for linear systems

To study the index concept of the DAE equation (2.36), we adopt a perturbative
approach, studying first the equations without the nonlinear term, that is the
equation (2.8). Then we will write down additional conditions depending on the
matrix A that appears in the nonlinear term o (), such that the structure of the
system is preserved.

We consider equation (2.8), that we rewrite here for convenience:

Ei = Az + Bul(t). (2.43)

To define the tractability index of (2.43) we need the notion of projector [51].

18



Definition 2.4.1 (1) A matrix Q € R™*™ is a projector onto T if and only
ifQ*=Q and im Q =T.

(2) A matriz Q € R™™ is a projector along Ty if and only if Q* = Q and ker
Q — T2.

(3) For R™ =T, @ Ty a matriz Q € R™™ is the uniquely defined projector
onto T4 along T if and only if Q* = Q, im Q = T, and ker Q = Ts.

We set
E,=F, Ay=A.

We define Q, projector onto ker E, that is
EQ,=0 Qj=Q, (2.44)
and P, complementary projector of Q,, that is
Py=1-Q,. (2.45)

Let E;, A;i=1,... k, and we consider Q, projector onto the ker E;, such that!

E,Q, = O, Q; =Q, (2.46)
Qin = 0, Vi<i, i=1,...,k. (2.47)

We set
P,=1-Q, (2.48)

We define iteratively the matrices Ey, Ay, k > 0, in the following way:

E,=E, Ay = A, (2.49)
E, = Eo,—A1Q, ,, k>1, (2.50)
Ak - Akflpkfl, k’ Z 1 (251)

Lemma 2.4.1 The sequences of matrices defined iteratively in (2.49)-(2.51) us-
ing the projectors defined in (2.46),(2.48), and having the property (2.47), are
such that equation

Ek<Pk_1 s P(]Q}' + QOIL' + - F Qk_1$) = Akw + BU(t), (252)
is equivalent to (2.43) for any k > 1.

Proof. We argument by induction on k.
For k = 1, equation (2.52) becomes

Tt is always possible to choose a projector satisfying these additional conditions.
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Using the identities

E,Py, = (E)—A)Q,)P,= E\P, = E,
E\Q, = (Eo— AiQ,)Q,=—A0Q,,

and the definition of A;, equation (2.53) reduces to
Egi.B — A()QOZU = A()P() + B’U/(t>, (254)

which is equivalent to (2.43), since Q, + Py = 1.
Next, for k > 1, we assume that

Ej1(Py—z- Pox + Qyx + -+ + Q%) = Ap1x + Buf(t) (2.55)

is equivalent to (2.43), and prove the same equivalence for the subsequent integer.
To do so, using Er_ 1Py, = E;_1, we compute

E.Py,---Py = (Ey1—A1Q)_1)Pr_1--- Py
E; Py, Py

and considering (2.46)-(2.47)

EQ; = (Ep1— A1Q1)Q; = Ep Q) j<k-—1,
E.Q,, = (B —A1Q 1)Q) 1 = —Ar1Qy .

Then, using the definition of Ay, equation (2.52) reduces to
Ek<Pk_1 s PO.’,C -+ QOIB + -+ Qk_lw) — Ak_le_lw = Ak_lPk_lm + B’U/(t),

which is equivalent to (2.55), since Q_; + Pr—1 = I. Using the inductive hy-
pothesis concludes the proof of the Lemma. [ ]

The procedure to construct the sequences (2.50)-(2.51) can be continued in-
definitely, but after a finite number of iterations, we will end up with a non
singular matrix E,, with E;, singular for k& < p. Then we will have E,,;, = E,,,
A, = A, for all i > 0. The index p is called index of the system (2.8).

For k = u, the form (2.52) of (2.8) becomes:

E, (P, Px+Qyx+- - +Q, x)=A,x+ Bu(t), (2.56)
since E,, is nonsingular, we have
P, - Pox+Qux+ +Q, x=E,(Ax+ Bu(t)). (2.57)

The matrices appearing on the left-hand side of (2.57) are projectors and
consitute a decomposition of the identity matrix,

I:Pu—l"'P0+QO+"'+Q,ufla (258)
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as we can see from the definition of the projectors Q,, and condition (2.47).

Using the theory of projectors it is possible to decouple the equation (2.8)
following the strategy that we will introduce. By definition of projector, using
(2.58), we can prove that the following multiplicative table holds:

| | Pir Py [Q] Q) [.. ] Qi |
PP, ---P, , | PyP,---P,_,| O O - O
QoPl e Pufl —Q0Q1 Qo o e o
PyQ,---P,1| —PiQQ, | O |PQ ... o
POPI"'QM—l (@) O O P0P1"'Qu—1
In fact
Q@ it j<i<u-1,
Pz‘"'P#—le_{O] if iéjéu—l, (2'59)
po...Pz_QPZ...PM_lQ]._{ o i< i<p—1. (2.60)
Then it is possible to write
¢ Py---P,_ji= Py .p“_lE;l(Auaz + Bu),
—QoQ T + Quzr= QP - 'Pu—lE,;l(Aum + Bu),
—PO s Pi—lQiQi+1$+PO cee Pi—lQim (261)

=Py---P,_1Q;P;y--Pu— 1E;1(A“ac + Bu),

{ —PoP,---P,,Q, x=Py---P, ,Q, E,'(A,x + Bu),

with 0 < ¢ < p — 1. Using the system (2.61) we decouple the equation (2.8) in
the following u + 1 equations:

( y = Py P, E;'(A,y+ Bu),
Z0 = Q0Q1¢‘I‘QoPl"'Pu—lE;l(Auy‘l'B“)a

z; = Po"'PileiQi_,’_la.j‘i‘Po'"PileiPiJrl ---Pu,lE;l(AMa:—i—Bu),

\ Zu-1 = PQ s P#,QQ“_IE;l(A“y + B’LL),
(2.62)
with 0 <7< p—1.

2.5 Tractability index for linear MNA equations

In the previous section we have defined the tractability index in an abstract way.
In this section we specialize the tractability index to the equation of linear Mod-
ified Nodal Analysis. Due to the special structure of MNA equations, following
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[51], we will be able to show that the index can be at most 2, giving topological
conditions for index-1 and index-2 linear MNA equations.
We need some preliminary results.

Lemma 2.5.1 If the capacitance and inductance matrices, C and G respectively,
of all capacitances and inductance are positive definite then the following relations
are satisfied

ker E = ker Ay, x {0} x R"V, and  imE =imAs x R"™ x {0}, (2.63)

where ny, and ny denote the number of inductance branches and voltage sources
respectively.

To prove this lemma we need the following result.

Lemma 2.5.2 If M is a positive definite m X m-matrix and IN s a rectangular
matrix of dimension k x m, then it holds that

ker NMN'" =ker N' and im NMN' =im N.

Proof. (Lemma 2.5.2) We consider the first assumption about the null space of
the matrix NMN'. Obviously, ker N C ker NMN'. Now we assume that
z € ker NM N, then we have

2Z'NMN'" =0, equivalent to (N'z)'M(N'z)=0, (2.64)

being M positive definite, we have Nz = 0. This implies the first statement of
the thesis of the lemma. For the image space we know that in NMN' C im N,
and because of relation (2.64) we have

rank NMN' = rank N' = rank N,

that is dim(im NMN') = dim(im IN). This implies second statements of the
thesis of the and complete the proof. [ |

Proof. (Lemma 2.5.1) The matrices C and L are positive definite since all
capacitances and inductances have positive definite capacitance and inductance
matrices, respectively. Consider the nullspace of E. Obviously

ker E = ker(AcCAp) x ker L x R".

Lemma 2.5.2 implies that ker ACCAE = ker AE, and the regularity of L implies
ker L = {0}, hence the first part of the thesis.
For the image space of E we can write

imE = im(AcCAy) x imL x {0}. (2.65)

Applying again Lemma 2.5.2, we have im(AcCA[) = imA¢, and since L is
regular it follows imL = R™~, and thus the thesis. [ |
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Definition 2.5.1 An L-I cutset is a cutset consisting of inductances and/or cur-
rent sources only.

Definition 2.5.2 A C-V loop is a loop consisting of capacitances voltage sources
only.

Theorem 2.5.3 Let the capacitance, inductance and resistance matrices of all
capacitances, inductances and resistances, respectively be positive definite. If
the metwork contains neither L-I cutsets mor controlled C-V loops except for
capacitance-only loops, then the MNA leads to an index-1 DAFE.

Proof. Let Eqg = E, Ay = A, and we define a projector @, onto the nullspace
of E{ in the following way

Q. O O
Q=0 0 0], (2.66)
O O I

where Q) is a constant projector onto the ker ATC. We will show that the equation
(2.8) is index-1-tractable, that is the matrix

El = EO - AOQOv
is non singular. The matrix E; is given by

AcCAL + ARGALQ., O Ay
E = ~A Q. L O
~AyQc 0 O

Let «* = [e* 4] 1}/] be a vector of the nullspace of E; then &* occurs the following
system

AcCALe + ArRGALQ e + Ayil, = 0, (2.67)
~A;Qqe* +Li;, = 0, (2.68)
~A,Q.ef = 0. (2.69)

Multiplying (2.67) by Q¢ and whereas Q- A¢ = (A-Q.)" = 0, we obtain
QrARGALQqe" + QLA = 0. (2.70)

Let Q< be a projector onto ker AT/QC, then Q?,CQTCAV = 0. Multiplying the
previous equation by QEC we have

QycQrARGALQ e = 0. (2.71)
We notice that we can write the equation (2.71) in the following way
QvcQcARGALQ Qyce” = (QucQcAr)G(QycQcAr) e =0,  (2.72)

23



since from (2.69), e* € ker A}, Q, that is

e =Qyce". (2.73)
Applying the Lemma 2.5.1 and since G is positive definite, we can conclude
ARQcQyce" =0, (2.74)
and considering (2.73), we have
ALQqe" = 0. (2.75)

Taking into account that Q. is a projector onto the ker AE, considering equations
(2.69) and (2.75), we obtain

(AvARAc)TQCE* = 0. (276)

The matrix (Ay ArAc)" has full rank since by assumption the network does not
contain an L-I cutset, then we have

Que* = 0. (2.77)

and by (2.70) we obtain QpAyi;, = 0. Moreover we know that if the network
does not contain a C-V loop except for capacitance-only loops, the matrix AI,QC
has full rank than the nullspace of its transpose is only the zero vector, that is
iy, = 0. Hence by (2.67) and (2.77) we can deduce

ACC’AEe* = 0,

and being C positive definite, since Lemma 2.5.1, we have Aj,e* = 0, that implies
e* € im Q.. Regarding equation (2.77) we can conclude that

e =Qq e =0,

then the matrix E; is non singular and the network equation system is of index
1. |
For a system of index-2 it is possible to prove the following theorem.

Theorem 2.5.4 If the network contains L-I cutsets or C-V loops except for
capacitance-only loops, then the MNA leads to an index-2 DAE.

For the proof of this Theorem we refer to [51].

2.6 Index concept for the nonlinear MNA equa-
tions

In this section we propose index conditions for the MNA system (2.36), that we
rewrite here for convenience

Ex = Az + Bu(t) + o(x). (2.78)

24



This equation is nonlinear, due to the coupling term with the semiconductor
device o (x), definited in (2.37). Anyway, due to the special structure of o(x),
we can extend the method applies for decoupling linear DAEs [40]-[51], described
above, to the specific case by assuming some additional structural conditions.

Following this idea we will assume that the system (2.78) has a given index
when the coupling term o is not present:

Ex = Ax + Bu(t). (2.79)
Then we write additional conditions which ensure the same index for the coupled
system (2.78).

In the next subsections we will treat in details the cases of index-1 and index-2
systems.

2.6.1 Index-1 conditions for nonlinear systems

Let us assume that the system (2.79) is index-1. In this case Ey is singular and
we can define the projector Q, and Py, as in (2.44), (2.45), respectively. We
introduce the new matrices

E,=E;,—- A)Q, A5 =AP,, (2.80)
thus, using Lemma 2.4.1, equation (2.43) can be written in the form
E, (Pyi+ Qyr) = Ajx + Bu. (2.81)
In conclusion, system (2.79) is index-1 if we have
E, is singular, FE; is nonsingular. (2.82)

In this case the projected equations (2.62) become

y = PoE;'[Ay+ Bu(t)], (2.83)
z = Q.E['[Ay+ Bu(t)], (2.84)

with
y=Poxr, z=Q,r. (2.85)

Notice that y and z are differential and algebraic components of . In this way
we have obtained a decomposition of the original DAE in a differential equation
and an algebraic equation [5, 52].

If we we apply the same decomposition procedure to equation (2.78), we get
the following projected equations:

Yy = PoE'[Aiy+ Bu(t) +o(z)], (2.86)
Q.E;' A1y + Bu(t) + o(z)]. (2.87)

z
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As we can see, equations (2.86)-(2.87), are coupled through the nonlinear term.
To decoupled these equations we assume that this term depend only on the dif-
ferential part of x, that is,

o(x)=o(y). (2.88)

Then, we can still use the decomposition (2.85), derived without coupling, also
in the nonlinear case. In fact we have then

Yy = PoE;'[Ay+ Bu(t) +o(y)], (2.89)
z = QuE;'[Ayy+ Bu(t)+o(y)]. (2.90)

If we have that o(y) is Lipschitz continuous, equation (2.89) can be solved for y
and (2.90) gives z as function of y.
Proposition 2.6.1 If A'Q, = O, then we have

olx) = oy), (2.91)
Q.E ‘o 0, (2.92)

where E is defined in (2.80).

Proof. First we prove (2.91). Considering the decomposition
x=Pox+Q,xr=1y+z,

we find immediately

o(x) = —AiD(ATm>

= —Aip(AT(Poz + Q,x))
—A’iD(ATPOm)
= o(y).

The second statement, (2.92), is immediate if we consider the identity

QOEII = Qu(Eo + Q(TAOQO)_lQ(I- (2.93)

in fact we have

QuE ' = —Qu(Eo+ Q) AiQ,)'Q Aip
= 0,
since Qg .A = O. n
The previous proposition shows that system (2.78) has index-1 if conditions

(2.82) hold together with the additional condition

AQ, = O. (2.94)
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Remark 2.6.1 Condition (2.94) has a simple topological interpretation. In fact,
using the explicit representation (2.66), we find

ApQo
ATQO = o
@)
Thus condition (2.94) is equivalent to
ATDQC =0,

which holds, if any device terminal is connected to ground by a path of capacitors.

Equation (2.78), which is equivalent to (2.89)-(2.90), is considered for ¢t €
[to, 1], and must be supplemented with consistent initial data

x(tg) = xo. (2.95)

The consistency of the initial data is related to the decomposition (2.85) of .
Namely we can supplemented the equation (2.78) with the initial data

’y(to) =Yy = Powg. (296)

Then, we can evaluate the component z(t) by using the equation (2.90).

2.6.2 Index-2 conditions for nonlinear systems

Let us assume that the system (2.79) is index-2. In this case we can follow the
same procedure used in the previous subsection, defining Q,, Py and E;, A;. At
this point we have that E is also singular so we need to continue the procedure.

We consider a projector @, onto the null space of FE, satisfying the additional
condition

Q:Q, =0, (2.97)

and introduce its complementary projector, Py = I — Q. Then we can define
the new matrices

E2 == E1 - A1Q17 A2 - A1P1. (298)
Using 2.4.1, equation (2.79), equation (2.81) is equivalent to

Since we assume that (2.79) is index-2, we have that the matrix E, is nonsingular.
In conclusion the index-2 conditions for (2.79) are:

E, E; are singular, (2.100)
E, is nonsingular. (2.101)
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Then using the multiplicative table

| [ PP [Q] Q) |
PP, | PP, |[O] O
QP | -QQ, | Qy| O
PyQ, o O | PoQ,

we obtain the index-2 version of the projected equations (2.62):

§ = PyP\E;'[Asy + Bu(t)]. (2.102)
z = Q)Qw+ Q)P E;" [Ayy + Bu(t)], (2.103)
= PyQ,E;'[Ayy + Bu(t)], (2.104)
with
y = PyP;x, z = Qx, w = PyQ,x. (2.105)

Notice that PP is a projector ((PoP)* = PyP;) such that Asx = Ayy.

In this way we have obtained a decomposition of the original DAE in a differ-
ential equation and two algebraic equations. We can solve the equation (2.102)
for y, then we compute w by (2.104), and finally z by (2.103). We see that in
the solution appears the time derivative of the source term w(t).

Now, we include also the nonlinear term o (x). We can still define the projectors
Q,, Q,, and write the system (2.78) in the form

9y = P.P.E,'[Ayy+ Bu(t)+o(x)], (2.106)
z = Q,Q,w+ Q,P.E,"' [Ayy + Bu(t) + o(x)], (2.107)
w = PyQ,E;"' [Ayy + Bu(t) + o(x)]. (2.108)

We would like to identify additional conditions so that the above nonlinear system
still exhibits an index-2 structure by means of the above decomposition. We will
propose two different strategy to do so.

1. Recalling the structure of o (x), we have
o(x) = —Aip(A'z) = ~Aip(A" (PoPiz + Qux + PoQ,x)).
If we assume the additional conditions
A'P,Q, =0, A'Q,=0, (2.109)

we have

o(z) = —Aip(A Py Piz) = o(y),

and the resulting equations have the same structure as in (2.102)-(2.103):

Yy = PoP\E;' [Ayy+ Bu(t) +o(y)], (2.110)
z = QQw+ QP iE;" [Ayy + Bu(t) +o(y)].  (2.111)
= PyQ,E;"' [Asy + Bu(t) + o(y)], (2.112)

28



2. A second strategy is to allow the function o to depend on y and w but not
on z. This can be done by assuming the condition

A'Q,=0. (2.113)

Moreover, we assume that it is possible to choose @, so that the following
additional conditions are satisfied:

PyQ.E;'A=0, Q,E,'A=0. (2.114)

This amounts to imposing that the components w and z of the solution do
not depend on the nonlinear term o (z) = —Aip(,A'x). Then we obtain:

9y = PoP,E;'[Ayy+ Bu(t) + oy +w)], (2.115)

2 = QuQuib+ QyPiE;" [Ayy + Bul1)], (2.116)

= PyQ,E;'[Ayy + Bu(t)]. (2.117)

In this decomposition, we see that the system is still index-2, since we can
solve w in terms of y by using (2.117), and then solving (2.115) for y.
Finally, z can be reconstructed by (2.116).

The second strategy is slightly more general and will be considered in the
following. Therefore we will consider index-2 system which satisfy conditions
(2.100), (2.101), together with the additional conditions (2.114).

Remark 2.6.2 The additional conditions (2.113), (2.114) define a non empty
class of index-2 differential-algebraic systems. We can show this by exhibiting an
explicit example. We consider the circuit shown in Fig. 2.1.

ip

CDV Tcl ' C;(

Fig. 2.1 Simple circuit schematic.

The respective incidence matrices read:

Acz{_é ﬂ ARz[_ﬂ, AV:M, AD:[_?}.

The MNA equations for this circuit are:

Ciéy = 1/R(ex — e1) —iv,
Cgég = —1/R<€2 - 61) - iD, (2118)
0 = V- €1.
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For Ol,CQ,R 7£ O, 7:D = ’iD(GQ), ’U,(t) = V(t) and

we can recast the MNA equations (2.118) in the above matriz form (2.78) using

C, 0 0 -1/R 1/R -1
E[]: 0 CQ 0 ,A(]: ]./R —]./R 0 5
0 0 0 —1 0 0
0 0
B=|0|, A=|-1
1 0

For this example we find for the matriz chain:

[0 0 0 1 00
Q=1000|, Py=I-Q,=1|010], (2.119)
001 00 0]
consequently
[C, 0 1 ~1/R —1/R 0]
E,=|0 C, 0|, A =|1/R -1/R 0 (2.120)
[0 0 0 -1 0 0]

From this we deduce the general form of the projector Q, (characterized by QT =
Q., E:Q, = O) which satisfies condition (2.97), with free parameter a € R, and
consequentely the matriz Eq:

1 a 0 Ci+1/R a/R 1
le 0 0 0 s EQZEI—AlQII —1/R CQ—CY/R 0
—Cl —CYCl 0 1 (0% 0

If we check the additional conditions (2.113) and (2.114) we will see that

0 0 0
A'Qy=|0|, PQE;'A= 0|, QE;"A= UC . (2121)
0 0 s

Choosing a = 0, which is allowed, the additional conditions are satisfied.

Equation (2.78), which is equivalent to (2.115)—(2.116), is considered for ¢ €
[to, t1], and must be supplemented with consistent initial data
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The consistency of the initial data is related to the decomposition (2.105) of x.
Namely we can supplemented the equation (2.78) with the initial data

y(to) = yo = PoPrxo. (2.123)

Then, we can evaluate the components w(ty), z(ty) by using the equations
(2.115)-(2.116).

31



32



Chapter 3

Basic semiconductor equations

3.1 Outline of semiconductor physics

In literature, the term semiconductor has been introduced to denote solid materi-
als with a much higher conductivity than insulators, but a much lower conductiv-
ity than metals measured at room temperature. Usually, a semiconductor device
can be considered as a device which needs an input and produces an output. The
device is connected to the outside world by contacts at which a voltage (potential
difference) is applied. Depending on the device structure, the main transport
phenomena of the electrons may be very different, for instance, due to drift, dif-
fusion, convection, or quantum mechanical effects. For this reason, we have to
devise different mathematical models which are able to describe the main phys-
ical phenomena for a particular situation or for a particular device. This leads
to a hierarchy of semiconductor models. We can divide semiconductor models in
three classes: quantum models, kinetic models and fluiddynamical (macroscopic)
models. However we can say that it is possible to derive all other descriptions
for the evolution of the electron and in particular the fluiddynamical and kinetic
models, from the Schrodinger equation. For this reason we introduce only this
quantum view-point.

We consider the vector quantity p = mwv called momentum. The space of all
states (x, p) € R?® x R? is the phase space. A path x = x(¢) in the phisical space
identifies a curve (x,p) = (x(t), mx(t)) in the phase space.

As is well known to a path in phisical space is associated a total energy of
the particle. Also in the phase space to each curve in this space is related a total
energy. To explain this report we introduce the Hamiltonian function

Hxp) = 2L o) 1)

where m is the mass of the particle and ¢ is the electric potential. Using the
Hamiltonian function we can write the equations of the motion in the form

X=VyH, p=-ViH. (3.2)
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We have to add also the relation that between the Hamiltonian function and the
energy

H(x,p) =E. (3.3)
that is to every path x(t) is related an energy £(t), given by
E(t) = H (x(1), p(1)). (3.4)

In quantum mechanics every elementary particle is associated to a material
wave. Related to this wave there are the concepts of wave vector k and pulsation
w. The wave vector indicates the direction of propagation of the wave front. The
carrier wave and pulse wave associated with a material particle are related to the
impulse and energy of the particle through the law of de Broglie,

p = hk, (3.5)
and the Planck-Einstein relation
& = hw, (3.6)

where i = h/2m is the reduced Planck constant.

In general the dynamics of an elementary particle is described by a wave
complex function ¥ (x, t), related to the Probability that the particle occupies the
position x at time t. We consider now the most simple wave function, that is a
plane wave with wave vactor k and pulsation w

Y(x,t) = gllkex—wt), (3.7)

where 7 is such that i2 = —1. This wave function is related to a free electron under
the action of a constant potential ¢, that in classical mechanics is described by
the Hamiltonian function.

Then, from equation (3.7),

o
— =—i At = —|k[*.
o = it A= [kl
Hence, using the law of de Broglie and the Planck-FEinstein relation, we can write
o
h— =& .
h2
—— A — = , , 3.9
5 Ducth = qéo = H(x, p)i (3.9)

Introducing the following Hemiltonian

h2
Hi= =D —qon,
m
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equation (3.9) can be written as

Hy =H(x,p). (3.10)

we can find the expression for the operator H form the Hemiltonian function H,
usng the substitution
X — X, p — —thVx. (3.11)

Remembering that there is a correspondence between a trajectory total energy
of the physical space of the particle. From equation (3.4), using equations (3.8)
and (3.10), we have

G

ih - = H. (3.12)

This equation, obtained in this case, is called Schrodinger equation, its validity
is postulated in the description of the behavior of matter at the atomic scale or
lower. Finally we have to add the boundary conditions for the wave function

¥(x,0) = to(x). (3.13)

Considering a single electron of mass m, and elementary charge ¢ moving in

a vacuum under the action of an electric field E = E(x,t), its motion is governed
by the single-particle Schrodinger equation, as we have said,

o K

SO
! ot 2m.

A — qo(x, 1), x€R? d=1,2,3,t>0, (3.14)

with initial condition
¥(x,0) =1o(x), x€ RY.

A more precise definition of semiconductor is that a semiconductor is a solid
with an energy gap larger than zero and smaller than about 4eV. Metals have no
energy gap, whereas this gap is usually larger than 4eV in insulators. Therefore
it is necessary to introduce the concept of energy gap &;, and for this aim we
have to explain the crystal structure of solids. A solid is made of an infinite
three-dimensional array of atoms arranged according to a lattice. A lattice L is
a countable subset of R?, generated by d independent vectors a1, ...aq. We can
write

L= {aERd|a:n1a1+---—|—ndad, nl,...,ndEZ}.

where ay, ..., aq are the basis vectors of L. The choice of the basis for the lattice
can be done in infinite number of ways by d independent vectors just choosing a
d-tuple af,...a}, with

d
CL; = Zmijaj, mij € Z, det(mij) = 1.
=1

Usually chooses a basis consisting of vectors of minimum length.
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We define the primitive cell of L in R? a subset D in R? that contains a
unique element of L (usually the origin) and that its translated form a partition
of R%. There are infinite choices of primitive cells of the same lattice. Among
them, the one defined by the basis vectors of minimal length is called the unit
cell. Explicitly, the unit cell of a lattice is the set

D ={x=oma + -+ aqaq, with a1,...,aq € [0,1[}.

We say that the Wigner-Seitz primitive cell is the region Dy g around the origin,
whose points are closest to the origin than to any other lattice point, that is

Dys={xecR?: |x|<|x+al|,Vaec L}

In the following, we consider for simplicity d = 3. Each lattice is translation
invariant if and only if it is traslated with respect one of its element. It is possible
to see that there exists a finite number of traslation lattice called Bravais lattice.
To any lattice L, generated by the vector {a, ay, as}, we can associate a reciprocal
lattice L*,

L* = {TllCLi< + n2a§ + ngCL;, ni,Na, N3 € Z} (315)

where the basis vectors {af, a3, a}}, satisfy the relation

a; - a; = 271'5@', (316)

]

where 9;; is the Kronecker delta, equal to 1 if ¢ = j, 0 otherwise. Explicitly
(4,0 k) =(1,2,3),(2,3,1),(3,1,2).

From (3.16) we can derive

*

e®? =1 VaelLa* el

The reciprocal lattice of any Bravais lattice is still a Bravais lattice. If we indicate
with |Dy| the volume of the primitive cell Dy, of L it is possible to see that the
volume of the primitive cell Dy« of the reciprocal lattice L* is given by

(2m)*

D*_ .
D |Dr|

The Wigner-Seitz primitive cell of the reciprocal lattice

% :={kecR®: k| <|k+a*|, Va* € L*}
is called (first) Brillowin zone, that is the Brillouin zone 4 is the set of the points
in R? that are closest to the origin than to any other element of the inverse lattice

L.
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If the atoms of the solid are arranged in a lattice L, the potential, ¢, gener-
ated by them, will be a periodic with the same lattice periodicity, that is will be
invariant with respect to a translation for each element of L:

oL(x+y)=ou(x), ¥xecR’ yel
As we have seen the energy states that can be filled by an electron are determined

by the solution of the stationary Schrodinger equation

2

Ad} - Q¢L(X7t)¢ = 5% X € RS? (317)

2me

where £ is the total energy. The equation (3.17) is an eigenvalue problem and we
have to find eigenfunction-eigenvalue pairs (1, £).

Now we can apply the Bloch Theorem that says that the Schrédinger equation
is equivalent to the system of Schrodinger equations

h2
2me

Ay — qoL(x, ) = E(k)hk, x € Dy, (3.18)
indexed by k € %, with pseudo-periodic boundary conditions
Y(x+y) = h(x)e®Y, x,x+y €Dy, (3.19)

where Dy, is a primitive cell of L. It is possible to prove that the wave function
Yy and the energy state &, seen as functions of k, are periodic with respect to
the reciprocal lattice L* that is

Vktar = Vx, Exyar =& Va' € L™

The eigenvalue problem (3.18)-(3.19), for any k € & has a sequence of eigen-
functions ¥} with associated eigenvalues &,,(k), m € Ny. the relation between
Yy and v is given by

Pex) = 3 ey (x + £),

lel

We can also write 1" as a distorted waves
U = (x)e, (3.20)

where
up'(x) = Z e_ik'(x+£)1/1(x + )
LeL

is periodic in L. It is possible to see the functions 9" as the plane waves e’
which are modulated by a periodic function uy' called Bloch waves. The function
k — &, (k) is called the dispersion relation or the m-th energy band. It shows
how the energy of the n-th band depends on the wave vector k. The union of the
ranges of &, over m € N is not necessarily the whole set R, i.e., there may exist
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energies £* for which there is no m € N and no k € 4 such that &, (k) = &*.
The connected components of the set of energies with this non-existence property
are called energy gaps. The energy gap separates two energy bands. The nearest
energy band below the energy gap is called valence band; the nearest energy band
above the energy gap is termed conduction band. Now we are able to state the
definition of a semiconductor: It is a solid with an energy gap whose value is
positive and smaller than about 4eV. In other words we can say that at absolute
zero the electrons occupy the states available to more low energy in the energy
bands of the crystal. There may be two very different situations. Some bands can
be completely filled, while all others remain completely empty. In this case it is
called the energy gap &,, the maximum difference between the highest (in energy)
filled band and the minimum of the most low empty band. These bands are called
respectively valence band &,(k) and conduction band &.(k). The energy is given
by

& = min E.(k) — Iﬁle%g”(k) =& -&,>0.

Depending on how big is the energy gap the crystals are insulators or semicon-
ductors. Typically the value of &, is from 1 to several eV in the case of insulators,
for semiconductors is between 0.1 and 0.5 eV. Examples of semiconductors are
silicon (Si), germanium (Ge) and gallium arsenide (GaAs). The second situation
that can occur is one in which at absolute zero some bands are only partially
filled, in this case, we say that the crystal is a conductor.

It is possible to show that the group velocity of the wave packet in the n-th
band is given by

1
va(k) = 2 ViE, (3.21)

Differentiantig (3.21) we have
v, 1d%,0k 1d%,

ot  hdk® ot K2 Ak
where F' indicates the force. Using the Newton’s law

op ov,
F=—=m"——,
ot ot
in wich m™* is the effective mass and p is the momentum, we obtain
L 1d%,

#y—1
()= e

We consider this equation as a definition of the effective mass m*. The second

derivative of &, with respect to k is a 3 x 3 matrix, so the symbol (m*)! is also a

matrix. If we evaluate the Hessian of £, near a local minimum, i.e. V.&,(kg) =0,

then d°E,(ko)/ dk? is a symmetric positive matrix which can be diagonalized and

the diagonal elements are positive:

1 d%€,
v = e k)
m



Assume that the energy values are shifted in such a way that the energy vanishes
at the local minimum kg. For wave vectors k “close” to kg, we have from Taylor’s
formula and

1. -d%,

Enlk) = Enlko) + ViEn(ko) -k + Sk —
h2

K2 kK
= (—ﬂ”+ y+;i>+0<\k—ko!3>,

(ko)k + O(|k — ko|*)

2 \m;  my *
where k = (k;, ky, k.)". If the effective masses are equal in all directions, i.e.
m* =mj =m, =mZ, we can write, neglecting higher-order terms,

h?

En(k) = 2m*‘k’2’ (3.22)

for wave vectors k “close” to a local band minimum. In this situation, m* is
called the isotropic effective mass. We conclude that the energy of an electron
near a band minimum equals the energy of a free electron in vacuum where the
(rest) mass of the electron is replaced by the effective mass. The effects of the
crystal potential are represented by the effective mass. The expression (3.22) is
referred to as the parabolic band approximation and usually, the range of wave
vectors k is extended to the whole space. In order to account for non-parabolic
effects, the following non-parabolic band approximation in the sense of Kane is
used 2

2m*

E(1+a&,) = k|?, (3.23)

where o > 0 is a non-parabolicity parameter.

When we consider the effective mass near a band maximum, we find that the
Hessian of &, is negative definite which would lead to a negative effective mass.
Using a positive charge leads to a positive effective mass. The corresponding
particles are calles holes. Physically, a hole is a vacant orbital in an otherwise
filled (valence) band. Thus, the current flow in a semiconductor crystal comes
from two sources: the flow of electrons in the conduction band and the flow of
holes in the valence band. It is a convention to consider rather the motion of the
valence band vacancies that the motion of the electrons moving from one vacant
orbital to the next.

3.2 Physics of equilibrium of semiconductors

It is possible to describe a statistical ensemble of particles in equilibrium using
three thermodynamic quantities, such as the density of the number of particles,
the temperature and the chemical potential. These quantities do not are inde-
pendent of the another, but it is possible to express each of them in function of
the other two with a relationship called the equation of state. In this section we
determine the equation of state for the density of the number electrons in con-
duction band, and the density of the number hole in valence band. The starting
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point is that in equilibrium the probability of employment of an electronic state
depends only on the energy state and is given by the Fermi-Dirac distribution

1
exp (%) +1

Frp(€) = (3.24)

where kp is the Boltzmann constant, 7' is the absolute temperature and pu is
the chemical potential. This chemical potential represent the energy required to
increase by one the number of particles, at constant temperature and constant
volume. When the energy £ is equal to the chemical potential p, obviously the
distribution function Fgp is equal to 1/2, this value for the energy is called energy
Fermi level &f.

Now we are able to determine the number of electrons in the conduction band
and the number of holes in the valence band per unit volume. We use statistical
methods, and we make two assumption:

e the electrons cannot be distinguished from one another and

e the Pauli exclusion principle that says that each level of a band can be
occupied by not more than two electrons with opposite spin.

At the first we calculate the number of possible states within all energy bands
per unit volume (27)3, this number is

2
ge(&) = P Z /j 5(€ — &,(k)) dk. (3.25)

this quantity is called density of states. In this equation & is the Brillouin zone
and the function ¢ is the delta distribution defined by

/ " 5(E — E)p(€)dE = (&) (3.26)

of all appropriate function . The electron density, that is the integral of the
probability density occupancy of the energy state per unit volume

ne= o 3 [ filE.00)dk (3:27)

Using the (3.26), the definition of the density of states ¢.(€), and the properties
of the delta function, we have

ne — ﬁz L / Zé(é—a,(k))fm(s) dk,

40



in wich &, is the minimum of the conduction band &.(k). Thus using the definition
of the Fermi-Dirac distribution we have the following expression for the electron

density
o 9.(E)AE
c = . 3.29
" /g 1+ exp((€ — &) /ksT) (3.29)

In a similar way for the hole density p,, we obtain the following expression

po = /Z 9e(€) (1 TG - EF)/kBT>> 4

[ g.(E)dE
N /—oo 14 exp((Ep — E)/kpT)’ (3.30)

where &, is the maximum of the valence band &, (k).
For semiconductor we can consider the assumption of non degeneracy, that is

£ —En > kT, (3.31)
Er — &, > kT, (332)

then for (3.31), for all £ > &, we have that & — Ep > kT and then the Fermi-
Dirac distribution function in (3.28) can be approximated with the Maxwell-
Boltzmann distribution function (for electron):

1 E—-Ep

~ exp (_
1+ exp (‘Sk;‘zf) kT

) , VE<E.. (3.33)

In similar way if we assume (3.32) for the hole we have the Maxwell-Boltzmann
distribution function (for hole):

1 oo (_5F ¢
1+ exp (61?-5) k?BT

) . VE<E, (3.34)

kT

Using these approximations we can write

o E—E. E —Er
Ne = {/56 9c(E) exp (— T > dé’}exp <— T ),
& E,— €& Er — &,
Dy = {/Oogv(g) exp (— T ) dé'}exp (— T )

If we define the quantities

(3.35)




the electron density and the hole density have the form

ne = No(T) exp ( - &k;ﬁF)’ (3.36)
o= PT)esp (- )

Multiplying the last two expressions for n. and p,, we obtain the law of mass
action
Nepy = N3, (3.37)

where n; is the intrinsic concentration that, in this case, depends only on the
temperature and is given by

E—E& &
2 c v _ g
n? = N.Pexp ( — )= NePvexp (= %), 3.38
A pure semiconductor crystal with no impurities is called intrinsic semicon-
ductor. In this case the conduction band electrons can only have come from
formerly occupied valence band levels leaving holes behind them. The number of
conduction band electrons is therefore equal to the number of valence band holes:

no(T) = pu(T) = my(T). (3.39)

Using this relation and (3.36), it is possible to determine the chemical potential
(Fermi level) depending on the temperature,

Ee—Ep\ Er— &,
N.(T) exp ( T ) — P,(T) exp ( S ) (3.40)
Then, from (3.40), we have
_ 1 1 P(T)
Now using (3.39), we obtain the carrier density n;,
&g
ni(T) = /N(T) Py (T) exp ( = kBT), (3.42)

that is equivalent to (3.38). Then we can say that the “intrinsic concentration”
is the concentration of the carrier for an intrinsic semiconductor in equilibrium
state.

We notice that the expressions (3.36) are valide also in partial equilibrium,
in which we have to replace the Fermi level £ with £p. for the electrons in
conduction band and with £, for holes in valence band, then we have

o= e (= ). (3.43)
po = Po(T) exp < _ %)
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These relations are equivalent to the following relations in which we consider the
intrinsic concentratio ni and the Fermi level depending on temperature Ep;(T)

Ec —F i E i Ev
N.(T) = n; exp (TTF) P,(T) = ny exp <FI<:T> (3.44)
Using these identities we can write the equations (3.43) as
& c — & i & i & v
e = N €XP (%) ) Dy = 1 €XP <%) : (3.45)

The relations (3.45) are the Maxwell-Boltzmann relations. From these equations
we obtain also

SF’CISFJ—F]CBTIH&, (c;F,U :(C;FJ —]{IBTIH&. (346)

1 nl

The intrinsic density is too small to result in a significant conductivity. How-
ever, it is possible to replace some atoms in a semiconductor crystal by atoms
which provide free electrons in the conduction band or free holes in the valence
band. This process is called doping. Impurities that contribute to the carrier
density are called onors if they supply additional electrons to the conduction
band, and acceptors if they supply additional holes to the valence band. A semi-
conductor which is doped with donors is termed n-type semiconductor, and a
semiconductor doped with acceptors is called p-type semiconductor. Generally
speaking, let £&; and &, be the energy level of a donor electron and an accep-
tor hole, respectively. Then &. — &; and &, — &, are small compared to kgT.
This means that the additional particles contribute at room temperature to the
electron and hole density.

3.3 Derivation of the drift-diffusion model from
BTE equation

We introduce the phase space which is the space with seven coordinates: spatial
coordinates x = (1, Zo, ¥3)", momentum coordinates k = (ky, k, k3)' and time
t. At the beginning we introduce the unipolar case. The electron concentration
is described by a distribution function f(x,k,t), we can find the carrier concen-
tration per unit volume of phase space integranting the distribution function over
the entire momentum volume Vi, that is

f(x,k, t)dk = n(x,t). (3.47)

Vi

The distribution function has the property that in the entire phase space the
derivative along a particle trajectory x(t), k(t) with respect to time vanishes,
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when scattering events are not present that is the Boltzmann transport equation
in implicit form. Expanding the total derivative we obtain

of
ot

dk
+ Vif - ——kaf =0,

clearly Vi and Vy indicate the gradients operator with respect to the momentum
coordinates k, and the spatial coordinates x, respectively.
In the presence of scattering, we have

— t),k(t),t) =C
= FGx(0) (1), ) = CLf].
and then the Boltzmann transport equation becomes

0 dk

a—{—kvxf — + Vif - — =C|[f], (3.48)
where C|[f] represents the scattering events due to the macroscopic external fields,
internal forces and to internal localized crystal attributes like impurity atoms or
ions, vacancies, and thermal lattice vibrations (phonons). Using statistical laws
(Fermi’s golden rule), and placing f = f(x,k,t) and f' = f(x,k’,t) we can write

clf) = - /V (L= F'/g) PO K) — f/(1— f/y)P(K.K)] dK.

where y = 1/(4m)? is the density of the states, and P(k,k’)dk’ represents the
probability per unit time that a carrier in the state k will be scattered into the
momentum volume dk’.

We must introduce some considerations about the collision term described
above. In general, this term should also consider another type of particle or
rather pseudo-particles called phonons. These quasi-particles correspond to the
oscillations of the nuclei of the semiconductor around the equilibrium configura-
tion which determine the lattice, they are bosons, that is, many phonons may
occupu the same quantum state.

If we take into account the thermal effects we have to consider electrons and
holes immersed in a thermal bath of phonons. We consider ny, relevant families
of phonons, then the phonon concentrations, that we indicate with g;, with i =
1,...,npn, depends only from the lattice temperature or rether from the internal
energy.

In this section we consider the equilibrium state for phonons and this state
is characterized by the fact that the number of occupancy, Ng, (average number
of phonons which are in a given state quantum) is given by the Bose-Einstein
distribution

(3.49)

where Aw is the energy of phonon.
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For this reason in general we must write

but in the Boltzmann description we neglect thermal effect and then we have
C =CI[f].

Back to our derivation of the model, we notice that the derivative of k with
respect to time, that appears in (3.48), multiplied times the Planck’s constant i
it’s equal to the sum of all forces F, and the derivative of x with respect to time
is the velocity group of the carriers v(k), that is

dk 1 dx
— = — =wv(k).
@ @ vW
Thus the explicit form of the Boltzmann equation is
0
8—{+v(k)~vxf—%E~ka:C[f]. (3.50)

If we consider the bipolar case we have that the Boltzmann transport equation
comprise a scattering term which describe the collisions also between holes and
electron, that is

of,
ot

where v stands for n or p in electron or hole case, respectively, and © the opposite
of v. The collision term has the form

Cu[fwfl?] = Cuu[fzz] +Cw7[f1/7 fD]?

in this equality the first term represents the scattering between electron-electron
or hole-hole, and the second term is the generation-recombination term.

Continue to investigate the unipolar case, we derive the first and simpler
model for semiconductor device called drift-diffusion model from the Boltzmann
equation (3.50). Integrating this equation with respect to the momentum space
k on the Brillouin zone %, and using the periodicity on the boundary of this
region, we have

+'U<k> 'vxfu_ %E‘kau :Cl/[fl/7fl7]7 (351)

—/ I . Vifdk=—-IE. | fvydok) =0, (3.52)
2 h h 0%

where v 4(k) is the external unit normal on the boudary of 4. We have the same
result with parabolic approximation (3.22) or with Kane approximation (3.23),
if we assume that the distribution function for eletrons quickly vanish to infinity.
It is possible to see that 1 is a collision invariant for C[f] because is a function
that does not depend on k, then

/ Clf] dk = 0. (3.53)
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Apllying (3.52) and (3.53) in the Boltzmann equation (3.50), we obtain the con-
tinuity equation for the electron density,

AR VA 54
5+ Ve dn =0 (3.54)

where the current density for the electrons
Jn = / fo, dk. (3.55)
B
Sometimes we write also 7, = nv, where

1
v, = — / fvdk is the average velocity. (3.56)
nJs

Equations (3.54) for electrons, coupled with the Poisson equation, forms the
much simpler system that describes the carrier in semiconductor. To solve this
system we need the closure relation for j,,. In ather words we have to write 3, as
function of n and ¢,. To have this closure relation from the semiclassical Boltz-
mann equation with elementary methods, is necessary to simplify the collision
term C[f], replacing the integral operator representing the physical scattering
with relaxation term. The basic concept is that the carriers, because of collisions
with phonons and other carriers, tend to relax gradually to the state of global
thermal equilibrium at the lattice temperature 77, and this relaxation takes place
over a period relatively long. During the relaxation the system retain for a time
comparable to that of interest simulations (at least nanoseconds) in a state of
local thermodynamic equilibrium described by a Maxwellian with a carriers tem-
perature 1" different from that of the lattice. With this phisical description we
can replace the collision term with a relaxation term of the following form

_f_feq

i) =~

(3.57)

where 7(€) is the relaxation time and f,, is the distribution function at equilib-
rium that has the form

feq(X7 k, t) = yFM(E(k))7 (3'58)

in which we have posed

E-E
Fu(€) =exp (— k:BTLF> :

At global thermal equilibrium we have that the temperature in a constant value
that is equal to lattice temperature T' = Ty, and the quasi-Fermi level £ is also a
constant value with respect to space and time. We use now the Hilbert expansion,
that is: we rescale the relaxation time in the following way

T(E) — €T(€), (3.59)
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where 7 denotes a typical value of the relaxation time, which is a measure of
its size. The parameter 7 is related to the time scale in which the equilibrium
relaxation becomes important. To express it we rescale the time by introducing
a rescaled time

tos t (3.60)
€

The derivative with respect to time is

9 9
ot ot

Using this new time variable, the Boltzmann equation with BGK approximation
(3.57) for the collision operator becames

of

Ta*‘”( ) - xf——E Vif=—-2

Lf— feq
7 7€)

(3.61)

With the same scaling the electric field equation and the Poisson equation become
E = _vx¢7 _vx : (esvx(b) = q(ND - n)a (362)

with
fxkt) — f(x,k, t/7), o(x,t) — o(x,t/7). (3.63)

Then we introduce the following series expansion of the new distribution func-
tion f, writed with the new time t* around the equilibrium distribution function
feq With respect to the parameter 7

f= Zr fe=fotmh+Tfat o, con fo= fe. (3.64)
Similarly we have for the electric potential
6= Thop= o+ T+ T+ (3.65)
k=0
Using the expansions (3.64)-(3.65) in the Boltzmann equation (3.61), we obtain

v - foo - %Eo : kao

K
+Z {fkl U'fok_%ZEi'kaki}
i=0
:_T(S)f1_7—<5);7kfk+l’
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from which, equating all the coefficients of 7 in both sides of the equation, we
have

Jo= feas (3.66)
fi= 7(5){0 Vxfo— —50 kao} (3.67)

O fr— 7 <
fk+1=—r(8){ Q;,l+v-fok—ﬁ;Ei-kak_i},k:1,2,... (3.68)

Using the same expansion in the Poisson equation we find

- €sVxo) — ZT Vi - (6sVxtr) = ¢(Np — ng) — Zqunka
k=1
then the electric potential ¢, satisfy the Poisson equations
—Vx - (eVx¢o) = q(Np — no), (3.69)
—Vix - (6Vxr) = —qng, k=1,2,... (3.70)
In the previous equations, we have
2

Using this procedure iteratively we can obtain the approximation of f at the
desired order of 7. At the first order of 7, we find

[ = fot+t7h
= fua = 77(E) {0 Vafoa — 1 B0 Vicfua} (3.72)
with
Eo = —Vx¢o, —Vi- (Vi) =q(Np —ny), (3.73)
where

np = / frq dk.
B

Using the approximation (3.72) we can compute the rescaled n, j,,

n= [ gwtkrr [ pak g= [ ofadker [ opak @)
B B B B

Observing that fo, and £ are even function with respect to k, while f; and v are
odd function,

feQ<X7 _k7 t) = feQ(X7k>t>7 8<_k) = S(k)7
filx, =k, t) = —fi(x,k,t), wv(-k)=—-v(k).
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Then in equations (3.74), because of the symmetry, are different from zero only
the integrals of even functions

n —/ feqdk, 3, = T/ v fidk. (3.75)
7 %
Then the continuity equation (3.54), for electrons becomes
on
— +Vx-J3, =0. 3.76
T TV da (3.76)

Considering the previuos time ¢ and the Poisson equation we obtain the system

g—? + Vi 4, =0, (3.77)
E= _vx¢7 _vx ' (Esvx¢) = Q(ND - n)a (378)
with
no= [ fudk, (3.79)
B
. q

To close the system we have to explicit the closure relation (3.79). To this aim
we insert equation (3.58) in the expression for the electron density (3.77),

1
w = [ k= 5 [ nueo)ax
1 _ge

3

£
- = - dk
47r3/,ﬂeXp< k:BT> ’

from which,

Er 1 £
n = N exp (kBT> , N:= 1, exp <_kB_T) dk. (3.81)

and remembering the expression for the intrinsic concentration n; = n;(7) we
can identify the intrinsic Fermi level as

N Eri
Eri = —kgTlog— <= N =njexp | — B
’ n; kBT

1

and we can rewrite equation (3.81) in the form

n = n; exp (%) . (3.82)
B
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Now we compute the closure relation (3.79). Using the expression (3.58), and
considering that, in this case, the temperature is constant and equal to lattice
temperature T' =TT,

1 Cc
VXfeq feq kBTvxgp
Vi f f iv
k.Jeq equT .
then we have,
0 Vifua — LB Vifug = 200 [Vl — 0] (3.83)
h kgT

Using this relation in equation (3.79) we obtain the following expression for the
electron flux

. q
In = —/@T(E)U {’U-foeq—ﬁE-kaeq} dk
— —/ T(E)V @ U feqdk - [_k 1TVX(8,% — q¢)} (3.84)
B B

where ® indicates the tonsorial product between vectors.
Remembering the Maxwell-Boltzmann relation, and that for the quasi-Fermi
level £ and the intrinsic Fermi level £p; we can write the relation

& —Eri=q(d — o), (3.85)

that defines the quasi-Fermi potential ¢,,. Then the closure relation (3.84) be-
comes

1

jn = T 7 7'(5)’0 ® vfeq dk - Vx(gF,i - ngn)
keT )z
= L[ (€)v 0 vfqdk Vady. (3.86)

We have found a a linear dependence of 3, from Vy¢,.

Using phisical considerationit is also possible to write the current as a sum of
two part, one that taking into account the drift of electron and other part that
consider the diffusion of them that is

jn = ,U/nnvx¢n - Dnvxn7 (387)

where 11, is the mobility and D,, is the diffusion coefficient

kT u,,
D,y = infin = Bq“ .

From equation (3.86) we have

Jn:ﬁij_T @T((F/’)U@Ufeqdk' _Tvxn+nvx¢ )
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that represents the fact that

1 gq

- oq dk
nkBT @T(E)IU@/qu

is the motility tensor.
Now we can write unipolar drift-diffusion model for electron is

% + vx ' jn = O;

E= —Vx¢, —Vi - (6svx¢) = q(ND - n)

Similarly we can get a unipolar drift-diffusion model for holes in the valence
band, and starting with a system of Boltzmann equations for electrons and holes,
with a coupling term, we can get the following bipolar drift-diffusion model

on . .
+v.7p = H7 jp = _/'Lp (pv¢+¢thvp)

Ip (3.89)
E= _vx¢7 _vx : (Esvxqb) = q(ND - NA +p - n)

ot

The term H is the recombination-generation term that we will introduce in the
following section.

3.4 Drift-diffusion model form Maxwell equa-
tions

In this section we give a first approach on building the equations that represent

the mathematical models for the analysis of semiconductor devices. In the first

chapter we gave a first idea on these equations, in this section, we show how to
derive such equations from the following Maxwell’s equations

oD

H=J+— .

v x I+ (3.90)
OB

VxE=-—" (3.91)

V-D =, (3.92)

V-B=0. (3.93)

The vectors E and D are the electric field and the displacement vector, H and
B are the magnetic field and the induction vector respectively, J indicates the
conduction current density and finally p is the electric charge density.

From the equation (3.92) we can derive the Poisson equation that we rewrite
for convenience

—V - (Vo) = pri + p. (3.94)
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We introduce the relation between the displacement vector D and the electric
field E
D = ¢E, (3.95)

where € denotes the dielectric constant considered time independent. We assume
that the polarization by mechanical forces is neglected. These assumption are
consistent with the semiconductor devices. Now we introduce a vector field A,
remembering that the operator V - (V x u) applied to any vector u is zero and
solving the equation(3.93) we obtain

B=VxA and V-A=0.

Using these identities in (3.91), assuming that the speed of light is large compared
with to all velocities which are relevant for the device, we have

0A

Then there exists a scalar field ¢ such that

OA
~V¢=E+ —.
T
Finding the electric field E from the previous equality and substituting into (3.95)
and the resulting vector D in (3.92) we obtain

v (%—‘;“) V(0 = (3.97)

We have obtained the Poisson equation (3.94) considering that the first term
of the previous equation is zero if the dielectric constant € can be considered
homogenous. The term p includes the charge density due to the dopans embedded
in semiconductor indicates with pp; and the charge density due to the carriers p.
We can express the charge density p as the product of the elementar charge
g times the sum of the positively charged hole concentration p the negatively
charged electron concentration n and an additional concentration N

p=qlp—n+N). (3.98)

As we will see later this is not only a substitution but we additional assumption
are brought about by modeling the quantities n and p.

From the Maxwell equations we can derive also the continuity equations. Ap-
plying the divergence operator to equation (3.90) and considering (3.92), we have
immediately

ey
v-(vXH)zv-J+a—§=o, (3.99)
The conduction current density J can be expressed as the sum of a component
cuosed by holes J, and a component due to the electrons J,. Assuming that all
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charges in the semiconductor, except the mobile carriers electrons and holes, are
time invariant, and using equation (3.98) in (3.99) we have

0
V~(Jp+Jn)+q§(p—n) =0. (3.100)
This result just means that sources and sinks of the total conduction current are
fully compensed by the time variation of the mobile charge.
Finally, to obtain the two continuity equations we have to define a quantity
H using the following equation

on
Iy —q— = qH, 101
\4 g =4 (3.101)
thus we have from (3.100)
o)
V-J,+ qa—]; — —qH. (3.102)

The quantity H can be seen as a function that represents the net generation
or recombination of electrons and holes. Positive H means recombination and
negative H means generation. As we will see later this term has several different
formulations depending on how one chooses to model it.

Finally, remembering (3.55) and (3.56), we can write that the current density
of charged particles is the product of the charge constant per particle, the particle
concentration and the average velocity (drift velocity) of the particles, so we have,
respectively, for electrons

J, = —qnv,.
that is consistent with the description in prevoous setcion noting that

With same simple consideration we obtain similar thing for holes.

3.5 The recombination-generation term

In this section we describe the expression of the production term H in the drift-
diffusion model. Usually we assume that H is a balance term in which there
is a contribute to generation of electrons and holes, which cause an increase of
the concentrations of particles, and there is also a contribute of recombination of
electrons and holes, causing a decrease of the concentrations of particles. That is

H=G-R, (3.103)

G and R stand for generation and recombination events respectively. The most
basic recombination-generation processes, are described by Auger term and Shockley-
Read-Hall term. We introduce at the first the Auger recombination-generation
process. In this model we have two possible mechanisms of recombination
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e Capture of an electron: an electron moves from the conduction band to
the valence band and recombines with a hole in valence. The energy of
this electron is transferred to another electron in the conduction band. The
recombination rate for this mechanism is given by C,n?p.

e Capture of a hole: an electron moves from the conduction band to the va-
lence band and recombines with a hole in valence. The energy of the electron
is transferred to another hole in the valence band. The recombination rate
for this mechanism is given by C, np*.

There are also two possible mechanisms of generation

e Emission of an electron. The generation rate for this mechanism is given
by C,n?n.

e Emission of a hole. The generation rate for this mechanism is given by
Cynip.

Then the recombination-generation term introduced by Auger is

Ga— Ra = Cynin+ Cypnip— Cyn’p — C,np?
= —(Cun+ Cyp)(np —ni). (3.104)

The other model introduced by Shockley, Read and Hall, describes the effect of
the presence of traps, that is additional levels of energy in the bandgap, due to
the presence of impurities, accessible to electrons and holes. If we indicate with
Ni: the traps density and with ng, the occupied traps density, we have also in this
description two mechanism of recombimation

e Capture of an electron. An electron moves from the conduction band to
an unoccupied trap. The rate of this recombination mechanism is given by

Can(Ntr — ntr).

e Capture of a hole. An electron moves from an occupied trap to the valence
band. A hole disappears. The rate of this recombination mechanism is
given by Cyp ny,.

The following are possible mechanisms for generation.

e Emission of an electron. An electron moving from one trap to the conduc-
tion band occupied. The rate of this recombination mechanism is given by

Ccntr .

e Emission of a hole. An electron moves from the valence band to an unoc-
cupied trap. A hole appears. The rate of this recombination mechanism is
given by Cy(Ny — ngy).
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Thus, the recombination-generation rate for electrons and holes are given, respec-
tively, by

gRH - RgLRH = Ceng — Oan(Ntr - ntr)a
GgRH - RgRH = Od(Ntr - ntr) — Cyp ngye.

Moreover must be valid the balance equation for the occupied traps density

= Can(Ntr - ntr) - Cbp Ngr — Ccntr + Cd(Ntr - ntr)-
Then we can assume that ny, is in equilibrium and does not depend on time
0= Can(Ntr - ntr) - Obp Ny — Cvcntr + Od(Ntr - ntr)-

Requiring that two terms of recombination-generation terms are the same, we

have
Can + Od

“Cont Cp+ Gt Cy

Ntra

Nty

whence

CaC’b np — C’ch

— N,
Con+Cyp+C.+Cy "

Gsru — Rsru =

Dividing numerator and denominator of this expression by C,C}, introducing the
idensities

C. Cy
Ny = =, * — N
¢ "Tq
and the electron and hole life-time
1 1
= C’b]\ftr7 Tp B C’a]\]"w7

2

remembering that n.p, = n{, we obtain the recombination-generation Shockley-

Read-Hall term

Gann = o =~ — 2 (3.105)
Then we have the expression for the recombination-generation term
H =G — Rr + Gsga — Rsgu = —F(n, p)(np — nlz), (3.106)
with
F(n,p) = (Cyn+ C,p) + L > 0.

To (04 1n2) + 7 (p + ps)
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3.6 Boundary conditions of the drift-diffusion
model

As we have wrote in the previous chapter, the semiconductor is modeled by a
doman € in R?, with d = 1,2 or 3. The boundary of this region 02 is divided in
two parts ['p and I'y representing the ohmic contacts and the electrically isolated
regions, respectively. Since the ohmic contacts are generally more than one, say
np, we write

np
Ip=JTps,  Tn=02\Tp.
i=1
At the first we consider the steady-state drift diffusion model
V- (&Ve) = q(N —n+p),
Vejo=H, o= a0V — 0, Vn). (3.107)
Vej,=H,  j,=—(OVo+uVp),

where N = Np — N4. In this case we have the possibility to choose between dif-
ferent sets of variables. The first set of three variables consists of (¢, n, p). Ohmic
contacts on the boundary conditions are found by requiring that the semiconduc-
tor is in equilibrium, the conditions of neutrality charge and the law of mass
action are valid, moreover the quasi-Fermi potentials are equal to the applied
potential,

N—-n+p=0, np=n? ¢On = ¢p = Up, sul'p.

Using the previous equations and the Maxwell-Boltzmann relations

n = n; exp (¢_¢n> , P =mniexp <_¢_—¢p) > (3108)
Gth Gtn
we find that on I'p must be valid:
¢ =ep+ ¢, m=np, p=pp, (3.109)
with
np
Pri = P log o (3.110)

1

np = @H/(@)an, (3.111)

pp = —¥+\/(®>Q+n?zn—? (3.112)

Usually the value of the applied potential is constant on each ohmic contact,

ep(x,t) =ep,(t), xe€lp; i=1,...,np. (3.113)
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Another possible set of three variables for (3.107) is made up of (¢, ¢n, ¢p,), with
respect to which, using (3.108), the constitutive relations for the flows of carri-
ers take the simplest form, j,, = p,nVé,, j, = —p,pVe,, and system (3.107)
becomes

—V - (&V¢) =q(N +p—n),

V-j,=H Jn = oV oy, in Q. (3.114)

Vg, =H  J,=—pVop,

For these variables, the boundary condition on I'p are:

¢ =e€p+ dvi, Pn=¢€p, ¢, =¢€p. (3.115)
The last tern is that we consider is (¢, u, v), where u, v are the Slotboom variables,
defined by:
_ Pn _ Pp
u=mnijexp|——1], v=mexp|—]. (3.116)
Ptn o
With respect to this tern, the Maxwell-Boltzmann relations become
n = uexp (i) , D =Uvexp (—i) , (3.117)
Gth Gth
and the costitutive relations for the fluxes are
j. = —D,exp (i) Vu,  j,=—Dyexp (—i> Vo, (3.118)
Pth Pth

with D,, = ¢wmpin, Dp = denptp. On I'p must be valid the boundary conditions

u = n; exp (—;—D> , U=n;exp (;—D) . (3.119)
th th

For each of the previous choices of variables, on Neumann region of the bound-
ary 'y the conditions of isolation are valid

v-E=0, v-j,=0, v-j3,=0, (3.120)
where v is the unit external normal on the boudary of €2, and E = —V¢. The
above conditions for the three choices of variables became respectively

0¢p on dp

B I i 121
ov 0 ov 0 ov 0 (3.121)
op _  O0Pn o 09y

3 = 0, 5 0, o 0, (3.122)
0¢p ou ov

W 0, W 0, e 0. (3.123)

Let us now consider the drift-diffusion equations depending on time:

—V - (e,Vo) = q(N —n +p),

on . .

=+ V-j,=H, Jn =t (NVP — ¢, Vn), (3.124)
0 . .

a]Z_i_v.Jp:H’ Jp = —tp (PVO + ¢ VD) .
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In this case the choice of variables is of course the first (¢, n, p) then the boundary
conditions are

¢=¢w+Up, n=np, p=pp, onlp, (3.125)
9o on dp

- =0, =0 == Ty 12
o 0, o O, o 0, on 1y (3 6)

In addition, we must impose the initial conditions for the main variables of the
continuity equations, in which they appear derivative with respect to time:

n(x,0) = ng(x), p(x,0)=po(x), on €. (3.127)
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Chapter 4

Analysis of the basic
semiconductor device equations

4.1 The steady-state drift-diffusion model

We consider a semiconductor device with np+1 terminals and model it by means
of a domain 2 C R? characterized by a doping profile N(x), with x € Q. We
neglect all thermal effects, and assume that two carriers are responsible for the
diode’s output current, that is, electrons with negative charge —¢q, and holes
with positive charge ¢. In the steady-state case we describe the behavior of the
device in terms of number densities of electrons and holes, n(x), p(x), quasi-Fermi
potentials for electron and holes, denoted by ¢,(x), ¢,(x), current densities for
electrons and holes, denoted by j,,(x), j,(x), and electrostatic potential, denoted
by ¢(x). As we have seen in the previous chapter, these variables satisfy the
following drift-diffusion system:

—V - (eV¢) = q(N +p—n),
V-j,=H Jn = nnVo,,  in . (4.1)
V- jp =H jp - _Mppv¢p7

In this section we write the steady-state drift diffusion system for electron and
hole current density, that are related to electron and hole fluxes by the relations

J, = _QJna Jp :quv (42)
then the system (4.1) become
—V (V) = ¢(N +p—n),
V-J,=—qH J,=—-a,V¢,  in . (4.3)
V-J,=qH J, = —a,Voy,

with
an = qlinn, ap = qlipD, (4.4)
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We choose as unknowns of the problem the electrostatic potential ¢, and the
quasi-Fermi potentials ¢,, ¢,. The densities n, p, are related to the quasi-Fermi
potentials by the Maxwell-Boltzmann relations,

n = n; exp (¢ q;jn) , P = n;exp (—¢¢1h¢p> , (4.5)

where n; is the intrinsic concentration.
The system (4.3) is supplemented with mixed boundary conditions

¢ — ¢pi=¢n=¢p,=¢€p;, onl'p,;, i=0,1,... ,np,
96 O O¢, (4.6)
w o v oy

with 0Q = FD U FN with FD = U:L:Dl FDJ and FN = 002 \ FD- In (46) we have
indicate /0v = v - V the normal derivative along the external unit normal to
the boundary, v.

The built-in potential ¢y, is defined euquation (3.110) in chapter 3.

To prove an existence result for the steady-state drift-diffusion system (4.3)
we need some assumption on the geometry, data and parameter models.

(T.1) Let © is a bounded domani in R¢, with d = 1,2,3 of class C%! and the
(k — 1)-dimensional Lebesgue measure of I'p is positive.

(T.2) The Dirichlet boundary data satisfy
€Diilr,, S LOO(FD)7
in particular they are constants on each I'p ;.

(T.3) The doping profiles satisfies N € L>°(£2). We denote with N := infq N(x)
and N := supg N(x).

(T.4) We assume that €, is a bounded function, and there exists a positive con-
stant €, such that:
€s(x) > ¢, > 0.

(T.5) For the generation-recombination term H = H(n,p) we assume

H(n,p) = —F(n,p) (% - 1) = F(n,p) (exp (— ¢"¢:h¢f7) . 1) . (47)

with F' > 0 and continuous with respect to the arguments. This expres-
sion for H comprises the Shockley-Read-Hall and the Auger recombination-
generation terms.

(T.6) The electron and hole mobilities, that appear in equations (4.4) for a,, and
a,, will be assumed to be bounded, strictly positive functions of the space
variable x and the densities n, p.
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In this chapter we introduce the proof of the following main theorem for the
existence of solution of the system

Theorem 4.1.1 Under the assumption (T.1)-(T.6), the problem (4.3) has a weak
solution (¢, ¢, ) € (H () N L>(Q))3, which satisfies the L*-estimates:

inf ¢p; + minep; < ¢ < sup ¢y + maxep,;, (4.8)

T'p i T, i

minep,; < ¢, < maxep;, (4.9)
K3 3

minep,; < ¢, < maxep;. (4.10)
KA T

The proof of this Theorem requires several step. For convenience, we intro-
duce in the following section some preliminary results, which will be used in the
subsequent sections to prove the existence theorem. The proof is based on an
appropriate iteration map, which will be shown to be a fixed point map. The
iteration map introduced here is more general than needed by the aim of the
chapter, since this more general form will be used in the next chapter. In the last
section we study some properties of the iteration map, for later use.

4.2 Some preliminary results

We start by introducing two basic lemmas. We will see later that these lemmas
allow us to study the decoupled steady-state drift-diffusion system.

We introduce and prove these Lemmas in a more general case, that is compar-
ising the time dependence because this is important in order to prove the results
for the coupling with circuit.

Assumptions.
Let f(x,t,u) a continuous function with respect to t € [to, ;] such that:

(A.1) f(x,t,u) is a non increasing function with respect to u, that is:

g—z(x,t,u) <0 VYueR, V(x,t)eQx][0,T]. (4.11)

(A.2) There exist two functions f(t,u) and f(t,u) such that:

flt,u) < f(x,t,u) < f(t,u) Vu e R, VY(x,t) e Q2x[0,T]. (4.12)

(A.3) There exist two functions u(t) and w(t) such that:

f(t,ut) =0, and f(tu(t))=0. (4.13)
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We consider the following problem:

-V - (a(x,t)Vu) = f(x,t,u), in QX [to,t1],

u = ’U/D’ on FD X [t07 tlL (414)
ou
= = 0, on 'y X [to, t1],

where I'p Uy = 0 and T'p N Ty = 0 and up(x,t) continuous with respect to
t € [to, t1].
For semplicity we introduce the notation

up(t) = HFlinuD(-,t) up(t) = maxup(-,t). (4.15)

D I'p

Lemma 4.2.1 Let a(x,t) is a bounded function and continuous with respect to
t € [to,t1], such that:

a(x,t) >a >0, forall (x,t) € Qx1[0,7], (4.16)

for a positive constant a. Under the assumption (4.11)-(4.13), there exists a
unique solution u(-,t) € H'(Q) of the problem (4.14), continuous with respect to
t € [0,T). Moreover, this solution satisfies the following estimate:

min {up,(t), u(t)} < wu(x,t) < max{up(t),u(t)}. (4.17)

Proof. For convenience, we divide the proof of the Lemma in three parts.
1. A priori estimates.
We first prove the estimate (4.17). By (4.12) and (4.13) we have

=V (alx,)Va) =0 = f(t,a(t)) = f(x,t,a(t)).
Then, if u is a solution to (4.14), we find
V- (a(x,t)V(u—1)) < f(x,t,u)— f(x,t,7)
= {/0 %f(x,t,ﬂ—i—e(u—ﬂ))d@} (u — )

= c(u—m).

where, from (4.11), we have ¢ = fol Lf(x,t,u+6(u—1u))df < 0. Then, we
obtain

—V - (a(x,t)V(u—1)) — c(u —u) <0. (4.18)
From the maximum principle, we have
max(u — u) < max(u —u) ", (4.19)
Q I'p

where we use the notation v = max(v, 0) for any function v.
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Since u does not depend on x, it follows that
max(u — W) = maxu — U
Q Q

and therefore

max(u) < T+ max(u —u
Q s

Now we observe that

H%ax(u —u)" < max{up(t) —u,0}.
D

and consequently

u(x,t) < max u(x,t) < max{up(t),u(t)}.
Then, since w;(—q) Similarly we obtain also

=

u(x,t) > m(%n u(x,t) > max{u,(t), u(t)}.

then the estimate (4.17) is proved.
2. Uniqueness.

Let us assume that there exist two functions u’ and «”, satisfying problem
(4.14). Subtracting the equations obtained from (4.14) with v = v and v = ",
we find

=V (ax, )V = u")) = f(u) = f(u").
Multiplying by (v — u”) and integrating by part on 2, we have
0
— /m(u’ —u")a(x, t)%(u' —u")do(x)
+/ a(x, )|V —u")|*dx = /(u’ —u") (f(u) — f(u")) dz.  (4.20)
Q Q

Recalling assumption (4.11), the right-hand side is a negative quantity. Moreover,
using the boundary conditions we obtain

/ a(x,t) |V(u' —u")|* dz < 0.
Q
This inequality can hold if and only if
V(u —u")=0 a.e in(, (4.21)

because of the assumption (4.16). From (4.21), v’ — " is a costant quantity but
for the bonduary conditions this costant is necessarily zero.
3. Existence.
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To prove the existence of solutions of the problem (4.14), we must define a
fixed point map. Let K > 0. For ' € L?(Q), we define, for all x € Q, the
following cut function

K if u'(x) > K,
e (x) = u'(x) if —K <u(x) <K, (4.22)
—-K if u'(x) < K.

This function is in L>(R2), and if v’ € H'(Q) also v} € H'(Q).
Now we choose K = max (|ul, |u|) and define an operator

M:L*(Q) x [0,1] = L*(Q) by M@/ o)=u"
where u” is the solution of the problem

—V - (a(x,t)Vu") = of(x,t,uy), inQx][0,T];

W = oup, on I'p x [0, T, (4.23)
a "

au — 07 on FN X [OaT}

1%

Every fixed point u* of M(-,1) which satisfies |u*(x)] < K a.e. in Q is a weak
solution of (4.14). Let u* be some fixed point of M(.,1). A standard regularity
result implies u* € C*(Q2). Thus the set 2, C Q of points x at which u*(x) > K
holds is open in {2 and the boundary of €2, consists of point x at which either
u*(x) = K or which are contained in 9{2. Assuming that 2, is nonempty and
letting x* € Q,, we denote with (2% the maximal connected component of €2
containing x*. Then u* € Q7 is solution of the problem

(V) = fhK), i 93 x[0,7)
u* = up, on 0Q NI'px[0,T],

o (4.24)
9 = 0, on O NIy x[0,T7,
\ vt o= K, on O\ 02 x [0,T].

Since f(x,t,K) > 0 in  and maxp, up < K, we can conclude that ©* = K is
an upper solution of this problem, which is a contraddiction. Therefore €2, is
empty and u*(x) < K in Q, similarly we obtain u*(x) > —K in Q. It follows
|uj,(x)| < K. Thus any fixed point of M(-,1) is a weak solution of (4.14).

The operator u/ — uf, L*(Q) — L2*(Q) is continuous, then it is possible to
show that the right hand side of the first equation in (4.23) o f(x,t, u) depends
continuously in L?(Q) on (v/, ) € L*(Q2) x [0,1]. Thus, by the continuous depen-
dence of solutions of elliptic equations in H*(Q2) on L?*(Q)-right hand side and
H'(Q)-boundary data, it follows the continuity of operator M. The range of M
is bounded in H'(Q)

' hee < cllfGet ul)llon < cu()V? F(t, K),

64



where ¢ is a generic constant and p({) is the measure of Q. Since H'(Q) is
compactly imbedded in L?(Q) we can conclude that M is completely continuous.
Moreover M (u/,0) = 0 holds for all ' € L*(Q2). The maximum principle implies
that u” = M (v, o) satisfies ||u”||c.0 < const. indipendently of v’ € L*(Q) and
o € [0,1] since || f(x,t,ux)||ooc < f(t,K). Thus the Leray-Schauder Theorem
proves the existence of a fixed point u* of M(-,1). [

Next, we consider the problem

( —V- (al(X, t)vul) = f(tha Uy — UQ), in {2 X [07T]a
=V - (a2(x,t)Vug) = —f(x,t,ug —uz), inQxI[0,7],
< Uy = U = Up, on FD X [O,T], (425)
8u1 . 8u2 .
L E = E—O, on FNX [O,T]

For this problem we can proove the following Lemma.

Lemma 4.2.2 Let a;(x,t), as(x,t) are bounded functions, continuous in t and
such that:

ar(x,t) > a; >0, as(x,t) > a, >0, (4.26)

for positive constants a,, a,. Under the assumptions (4.11)-(4.12) and

f(t,0) = f(t,0) =0, forallte0,T], (4.27)

problem (4.25) has a unique solution (u1,us) € C([0,T], (H'(Q))?). This solution
satisfies the estimates

up(t) <up(x,t) <up(t), up(t) <us(x,t) <up(t), nQxI[0,T]. (4.28)

Proof. The proof of the Lemma is based on a fixed point argument. To define
a fixed point map, we consider two functions u/, u, € C([0,T], L*(2)), satisfying
the estimates in (4.28). Then, let us consider the two decoupled problems:

(V- (a1(x,)Vu1) = fi(x,t,u1), inQ x[0,T],
uy = up, on I'p x [0, 7], (4.29)
\ % — 0, on Dy x [0, 7].
(V- (as(x,)Vuy) = fo(x,t,ug), in Q x [0,T],
Us = Up, on FD X [O,T], (430)
ou
\ a—j = 0, on 'y x [0,7],
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where we have introduced the functions

fi(x, tuy) = f(x,t,up — uh(x, 1)), (4.31)
fa(x,t,ug) i= — f(x, t,ul(x,t) — us). (4.32)

Both problems (4.29) and (4.30) satisfy the hypotesis of Lemma 4.2.1, with a, f, u
replaced with ay, fi, uy, and ao, fo, ug, respectively. Specifically, let us consider
problem (4.29), first. Recalling the assumptions (4.11), (4.12), and using the
estimate (4.28) for u}, we find

ft,ur —up) < fi(x,t,ur) < f(t,ur —up).

Then we can introduce the functions

i1<t7u1) = i(tvul - QD)? fl(taul) = 7<t7u1 - ﬂD)?

and assumption (4.12) holds with f = I f = f,. Moreover, recalling (4.27), we
get
fi(tup) = f(t,0) =0, fi(t,ap) = f(t,0)=0,
thus assumption (4.13) holds with u = uj,, w = up.
Similarly, for problem (4.30) we find

—f(t,up —uz) < fo(x,t,u2) < —f(t,Up — us).

Then we can introduce the functions
ig(t7u2) = —f(tup —ug), [yt ug) == _i(taﬂD — Up),

and assumption (4.12) holds with f = Iy f = f5. Then, recalling (4.27), also in
this case assumption (4.13) holds with v = up, @ = Tp.

In conclusion, applying Lemma 4.2.1, there exists a unique solution u; (-, t) =
uf(-,t) € HY(Q) of problem (4.29), and a unique solution wus(+,t) = uj(-,t) €
H'(Q) of problem (4.30). These solutions satisfy the estimates in (4.28).

In this way we have defined a map

(), uy) = M (uy, uh) = (uf, uy),
which acts from
X = {(v1,12) € C([0,T],(L*(Q))*) | up < v1 < TUp, up < us <Up}

in to itself. It is possible to see that X is a nonempty, closed, bounded subset
of the Banach space C([0,T], (L?(Q2))?), and that the map M is compact. Then,
using Schauder’s fixed point theorem, we obtain the existence of a couple of
functions (vy,v9) € (H'(€2))? that is solution of problem (4.25), and satisfies the
estimate (4.28).

The uniqueness of this solution can be obtained by using the same arguments
used for the uniqueness proof in Lemma 4.2.1. [ |
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4.3 Proof of the existence result

In this section prove the existence result for the system (4.3). We use this strat-
egy: we decouple by iteration the system into two systems, one containing the
Poisson equation and other containing the continuity equations. In the following
subsection we introduce an iteration map that will be used also in next chapter.

4.3.1 Iteration map for the device equations

We consider ep, e}, € R"?*! with components

€D,0 €D,o
*
€D,1 . €D,1
€p = . ) eD = . )
e e;
D,np Dnp

and define the following elliptic system

-V - (65V¢*) — q(N +p* _ n*)7
V- J, =qF*(n*np — 1), J,=—a:V¢,, inQ (4.33)
V-Jp:—qF*(n;an—l), Jp=—a,V,,

in which we have posed a;, = qu,n*, a, = qupp*, and boundary conditions

¢* - d)bi = e}‘),ia ¢n = ¢p =€p,, On FD,i7 1= 07 17 <., Np,

4.34
%:a¢":%:0, on ['y, (434)
ov ov ov

where: n* = n(¢*, ¢;,), p* = p(¢*, ¢;), with

e q;tf") . p(¢,dn) =niexp (%Tj) : (4.35)

The * on F denotes evaluation on n*, p*, that is, F* = F(n*, p*).

n(d, pn) = n; exp <

We divide the system (4.33) in two systems.
First step. The first system is one that includes the nonlinear Poisson equation

=V - (e,V¢*) = q(N + p(¢*, d5) — n(o*, d5)), inQ,
¢ — v = €p onI'p,,
dp
o =

(4.36)

0, on 'y,

where the built-in potential ¢y,; depends on N(x), as defined in chapter 3. On
€s(x) and N(x) we make assumptions (T.3)-(T.4).
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Observing that the problem (4.36) has the same structure of problem (4.14),
then, using the Lemma (4.2.1), we have that this problem admits a unique solution
¢* € H*()). Moreover, the solution satisfies the estimate:

irnf ¢ni +minep; < ¢" < sup ¢p; +minep,,;, a.e. in Q. (4.37)
D 7 ’ T'p A ’
Second step. We consider the problem:

(—V - (a:Vo¢,) = qF*(n;*np — 1),

—V - (a;Ve,) = —qF*(n;*np — 1), inQ

¢n - ¢p = eD,i) on FD,'L; (438)
0pn 0,
o Y on Ly,

The functions ay,, a;, F* are evaluated for ¢ = ¢*, ¢, = ¢},, ¢, = ¢;. Thanks to

4.35), the term n. ?np depends only on ¢,, — ¢,, since we have
i p

n._an = exp (M> .
1 Ptn

The above problem has the same structure of problem (4.25), then using Lemma
(4.2.2) , we find that the problem (4.38) has a unique solution (¢,, ¢,) € (H'(Q)N
L>(€))?. This solution satisfies the estimates

minep,; < ¢, <maxep;, minep; < ¢, < maxep; a.e. in (L. (4.39)
(A (A 1 1

Using the system (4.33) with boundary conditions (4.34), it is possible to de-
fine an iteration map for the device current in the following way. For any given ep,
e}, € R"*! with components ep = (ep, ... .€pn,)" s € = (€EHgr---2€hn,) s
we introduce the function ®*(ep;el), which maps the function ®* = (¢7, or);
taken in a set .# to be specified later, to the function ® = (¢, ¢,) defined by
the elliptic system (4.33) with boundary conditions (4.34). We use the notation

@ = Q)ﬁ(eD; e*D> q)*)a (440)
that is,
(qbn) ¢p) = (QSEL(eDa GB, ‘I)*)a qbg;(eDa e*D) Q*))
Thus, for any given ep, e}, € R"2T! we have defined the map
d(ep;el) 1 B — B(ep; e}, BY).
We can also view the above map in the following way: for any given ep € R">*1,
we consider the map

di(ep) : (eh), @) — B (ep; e}, ®*).

This view will be adopted in the next chapter. In this chapter we will always
take ep = e},. Nevertheless, for later use, we will considered the map with the
most general variation of arguments.
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Lemma 4.3.1 (Well-posedness of ®(ep;e’)) For any ep, e, € R™*1 | the
problem (4.33)—(4.34) defines uniquely a map

' (ep;e}) : A(ey) — M (ep) = .4 (ep) N H(Q),
M(€}) > ®* — B (ep; e}, ®) € A (ep).
where

M (ep) = {1y € L*(Q) | minep; <9 < maxep; a.e. in Q}>.

The first equation in (4.33) is decoupled from the other two equations, and
defines the electric potential ¢* = ¢*(e},, @), which is then used in the next two
equations. So the definition of ‘Pﬁ(e p) actually takes place in two steps. Thus,
the proof of Lemma 4.3.1 will result from the uniqueness of the solutions of the
systems (4.36),(4.38).

Using the same considerations we have also that

Lemma 4.3.2 If ®" € . (e},)), that is, ®* € Ly(2) and
miney,,; < ¢, <maxep;, a.e inf, (4.41)

miney,; < ¢ <maxep;, a.e inQ, (4.42)
i b i )

then problem (4.36) has a unique solution ¢* € H'(Q), which we denote also by
¢*(er), ®*). Moreover, the solution satisfies the following estimate:

ian ¢pi +minep,; < ¢° <sup gy + minep,;, a.e. in (4.43)
D ? ’ i ’

I'p v

4.3.2 Existence of fixed points

In this section we conclude the proof of the existence theorem 4.1.1, the main
result of this chapter.

In the previous subsection we have introduced the iteration map (I)ﬂ(e D;€r),
and we have shown that it is well defined from .Z(e}) to .#(ep) N H'(Q2). In
particular, if we take e}, = ep, we find that the map <I>ﬁ(eD; ep) is well defined
from .# (ep) to .# (ep) N H'(Q).

We observe that any fixed point of ®*(ep;ep) is a solution of the drift-
diffusion equations (4.3), as can be seen by inspecting the defining problem (4.33)-
(4.34). Moreover, since for any fixed point ®* we have

(I)* = q)ﬁ(BD;GD,(I)*> € %(BD)7

it follows that its components ¢}, ¢y satisfy the estimates (4.9), (4.10). Then, by
using lemma 4.3.2, the electric potential ¢* = ¢*(ep, ®*) satisfies the estimate
(4.8). Thus, theorem 4.1.1 is proved if can show the existence of a fixed point of
the map ®*(ep;ep).

We have that .# (ep) is nonempty, bounded, closed, convex subset of L?(2).
Also, ®*(ep; ep) is an compact automorphism of .# (ep), since H' is compacly
embedded in L?(Q). Then, Schauder’s Theorem implies the existence of a fixed
point, and the proof of theorem 4.1.1 is completed.

69



4.4 Device current and passivity

In this section we define in a proper way the electric currents flowing through the
Ohmic contacts, and establish some properties which will be used for the coupling
to the circuit.

As we will see, the electric currents at the terminals are defined once we have
a solution of the drift-diffusion equations. We have seen in chapter 2 that, in
principle, these currents depend on the applied potentials. Moreover, we can
show that they are invariant under translation of the applied potentials, so they
actually depend on the voltage drops with respect to a terminal, chosen as ground
terminal for the device.

In fact, theorem 4.1.1 establishes the existence of at least a solution, but says
nothing on its uniqueness. In general we do not expect to have uniqueness of so-
lutions without additional assuptions, and there could be more than one solution
corresponding to the same applied potentials. Then the previous considerations
on the dependence of the currents on the applied potentials are valid only locally,
and we cannot define a map that to any applied potentials associate the resulting
terminal currents. In this respect, the device-circuit coupled problem does not
appear to be well-posed in a simple way.

Nevertheless, we will see in the next chapter a way to give a meaning to this
coupled problem. The key idea is that the iteration map defined in the previous
section gives rise to a well-defined current, which is Lipschitz-continuous with
respect to the applied potentials.

In the next two subsection we define the currents through the terminals of
the device, and prove the passivity of the device. Then, we will discuss in more
details the current defined by the iteration map ®*(ep;ep), and prove some
relevant properties.

4.4.1 Device current

To define the electric current flowing through the Ohmic contacts of the device,
we introduce the auxiliary functions w;, : = 0,1, ..., np, defined by the following
elliptic boundary value problem:

-V - (EDvwi) = 07 in Q,
w; = 51]7 on FDJ, ] :()717""nD’ (444)
awi
al/ g 07 on FN,

where 0;; is Kronecker’s delta (6;; = 1 if ¢ = j, 0;; = 0 if 7 # 7).
Then, the electric current jp,; flowing through the 7th Ohmic contact I'p; is
defined by the surface integral

Jp.i(t) = — /Q Vw; - (Jp(x,t) + Jp(x,1)) dx. (4.45)
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Remark 4.4.1 [t is possible to see that the definition (4.45) leads to the usual

definition of current. In fact, summing up the two equations V - J,, = —qH and
V - J, =qH of the drift-diffusion system (4.3) we find that
V- (J,+J,) =0. (4.46)
From Gauss divergence theorem, recalling the boundary values of w;, we obtain
ot) == [ v (Falx.t) + Ty 1) o), (4.47)
I'p

that s, the natural definition for the electric current through the i-th Ohmic con-
tact I'p,, (given in chapter 2, (2.21)). The expression in (4.47) is equivalent to
the one in (4.45), if the right-hand side is well defined.

By definition, the currents jp, depend on epy, 7,k = 0,1,...,np. Actually
the currents are not independent quantities. Furthermore, they depend only
on the voltage drops epy — epo, K = 1,...,np, where epy is the potential
corresponding to the ground contact, arbitrarily chosen. These concepts are
formally expressed in the following propositions.

Proposition 4.4.1 The currents jp;, i =0,1,...,np, defined in (4.45), satisfy
the relation

ijD,i(t) =0, (4.48)

in according with the conservation of charge.

Proof. The function wy + wy + - - - + wy,, satisfies the elliptic equation in (4.44)
with Dirichlet data identically 1 on I'p and uniform Neumann conditions on I'y.
It is simple to verify that the function 1 satisfies the same problem. Then, from
uniqueness, it follows

> wi=1 (4.49)

Thus, using (4.49), we have also

()

i=0
which yields (4.48). ]

Proposition 4.4.2 The currents jp,;, ¢« = 0,1,...,np, are invariant under the
translation of the applied potential

eD,k;_>€D,k+éDa k‘:071,...,nD. (450)
Proof. The translation (4.50) produces a translation

(¢> ¢n7 ¢p) - (¢ + éDa ¢n + éDa ¢p + éD)-

The relation (4.45) which defines jp; depends on n, p, Vo, Vo, V¢,. Recalling
(4.5), it follows that jp; is independent of ép. n
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4.4.2 Passivity condition

Now we introduce a property of the device current, said passivity condition, as
we will see, this property is fundamental for the description of the coupling with
circuit equations. We remember the definition of applied potential vector ep and
voltage drops vector vp introduced in chapter 2,

€D, €D1 — €D
€p = : ) Up = : ) (4.51)

eD,nD eDanD - 6D7()
and we define the vectors which components given by (4.45)

JD,0 Jp,1
jio=1 : |, dip=1| : |, (4.52)

We notice that
eLip =vhip. (4.53)

Lemma 4.4.1 For a fized t > 0, let (¢, pn, ¢p)(X,t) be a solution of the drift-
diffusion equation (4.3) with boundary condition (4.6). Then, we have the pas-
sivity condition

vhip >0, (4.54)

where vp, ip are defined in (4.51), (4.52) respectively.

Proof. To prove the passivity condition we consider the equations for ¢,, ¢, in
the system (4.3)

v(_anv¢n) = _qH>
V- (-a,Vo,) = qH,

multiplying them for ¢, ¢, respectively, integrating over {2 and summing them,
we have

- /Q (627 - (@ Vba) + 6,V - (a,V,)] dx — / (60 — dp)qH dx < 0,

Q

the inequality come from the expression of H in (4.7). From conservation of
charge, we have the identity

V- (anVon)+ V- (a,Ve,) =0,

then we get

L[{o e a5 o o)
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where wy, is the auxiliary function defined in (4.44). It is possible to verify that

np np
¢n - E Wkep .k = 0 and ¢p — E WkeD Kk = O, on FD.

k=0 k=0

Then, integrating by parts the previous inequality, and using the definition of 7,
we obtain

/ (0| Vnl? + 4, V,[2] dx — ehp < 0.
Q

Using (4.53), the previous inequality gives immediately the passivity condition
(4.54). ]

4.4.3 The current map

The map ®*(ep; ) defines also the modified electron and hole currents, j, =
3t (ep;es, @), J,= jfo(eD; el,, ®*), by the expressions in (4.33), that is,

jn = _a;vgbna jp - _a;v¢p7 (455)

with ¢,, = ¢! (ep; e}, ®*), ¢, = gbﬁ(e[); e}, ®*). We use the notation

[ jﬁD’O(eD;eE,q)*) ]
J(en;ep, @) = : , (4.56)
_j}),nD(eD;eE’é*)_
[ jhalensen, @) ]
i (vp; ), ®) = : : (4.57)

| 5y, (eDi €, 7) |

where we have introduced the voltage drops
vp=Alep. (4.58)

Propositions 4.4.1 and 4.4.2 can be extended also to the modified equations
(4.33)-(4.34). This explains why we consider i% as a function of vp instead
of 2p. We have also the relation

jh(ep; e, &%) = 217:33(1;]3; ep, ®"). (4.59)
Using the result in [5] we have the following Lemma.

Lemma 4.4.2 (Lipschitz-continuity and passivity) Let us consider e}, €
R+ and ®* € M(e},). Then, the map

R" 3 vp — i (vp; eh, ®) € R™P
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1s Lipschitz-continuous with respect to vp, that is,
15, (vp; €5, @) — i (vh; ep, @7)|| < clep)|[ v — v, (4.60)

for all v, v, € R™P, for some positive constant c(e},) depending on e}, and on

the data of the problem. Moreover, iﬁD satisfies the passivity condition

vhit (vp; e, &) > 0. (4.61)
Proof. Let us consider any vectors €/, €, € R such that
v=ATe, v =ATéel.

Let us introduce the two functions ® = ®%(e)); 5, ®*), " = ®*(e’); e}, D),
which for simplicity we denote just by ®" = (¢, ¢,), ®" = (¢, ¢,). We will
use the notation dg(ep, ®) = g(ef, ®') — g(e},, @") for any suitable g, e.g.,
56 = o, — o, and

5jﬁD,i(eD;eEv(I)*) = jﬁDﬂ‘(elD;equ)*)_jg),i(e/é;ejjvq)*)

= / Vw; - (aZV{Sd)n + a;‘,V(SQSp) dx.
Q

Subtracting the equations for ®' and ®”, and omitting to write explicitly the
dependence on x, we get

=V - (azVé9,) = 0 f(dn — ¢p), (4.62)
=V (4, Vog,) = =0 (¢n — &p), (4.63)

where we use the notation f(v) = ¢F*(exp(—t¢/¢wm)—1). Now we multiply (4.62)
and (4.63) by d¢, and d¢,, respectively. Summing the resulting equations, we
obtain

=Y 66V - (a5 V5¢a) = 6(bn — ¢p)6 f(dn — &) < 0. (4.64)

a=n,p

The right-hand side is a non-positive quantity since f is a non increasing function.
Next, summing up (4.62) and (4.63) , we find

— Y V- (a;Véga) = 0.
a=n,p
Then the following identity holds:

‘/ 2 (6% - iw@m) V- (a3V66,) dx
Q k=0

a=n,p

_ / > 66aV - (a,V00,) dx. (4.65)

a=n,p
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We note that

[5¢a - Z wk5€D,k]
k=0

np
= 56D,z’ - E 5z'k56D,k =0, a=mn,p,
k=0

I'p;

that is,
np np
6¢n — Zwkéeak = §¢p - Zwk56D7k = 0, on FD.
k=0 k=0

Integrating by part the left-hand side of (4.65), and recalling (4.64), using the
definition of jgi(eD; e, ®*), we obtain

np
/ Z a;|Voga|* dx — Z5€D,k5jﬁD,k(€D;6B@*) dx
0 =0

a=n,p k

S / 5oV - (a5V66,) dx < 0, (4.66)
Q

a=n,p
which gives

/Zavaay? dx < de}, 5% (ep; e, ®)
Q

a=n,p

= v}0i’ (vp; el, ). (4.67)
On the other hand, we have

np 2
|64, (vp; ep, ®7)° < lew»lI;/Q(Zané%) dx
i=1

a:n7p

< ¢ / S an Vo[ dx, (4.68)
Q

a=n,p

with ¢ = 32" [|[Vw; |7, max{]|a}||~, [|a}|/z~}. This constant depends only on
the bounds on ®*, that is, on e}, and on the data of the problem, that is, on the
mobility functions and the doping profile. Using (4.67) in (4.68) we obtain

|5iuD('vD;e}3,<I>*)|2 < cév}éiﬁD('vD;e}B,Q*)
< c|ovp||0d},(vpien, 7)),

dividing by |04% (v p; €3, ®*)| we have

055 (vp; ely, ®)| < ¢|dvp| . (4.69)

This proves the Lipschitz continuity of iﬁD('v p; €5, ®*) with respect to vp.
We can prove the passivity condition as in Lemma 4.4.1. [ ]
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Proposition 4.4.3 Under the same assumptions of Lemma 4.2.1, the function
RtnLtnv 5 o.ti(m; €5, ") ¢ Rty

with
ol(x; ey, D) == —8ih (ST x; ely, D),

18 Lipschitz-continuous with respect to vp, that is,
lo#(z'; ep, @) — o (a"; €]y, ®*)|| < c(ep) |2 — 2", (4.70)

for allx', " € Rt - for some positive constant c(e%,) depending on e}, and
on the data of the problem. Moreover, o' satisfies the passivity condition

x' ot (x; el, %) < 0. (4.71)
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Chapter 5

Analysis of the circuit-device
coupled model

In the previous chapter we have discussed the steady-state drift-diffusion model
for semiconductor devices introduced in chapter 3 and in chapter 2 we have
described the circuits using the MNA formalism. In this chapter we discuss the
coupling between the steady-state drift-diffusion model and the circuit of index-1
and index-2, and we prove the existence results in both cases.

5.1 The circuit-device coupled problem

In this section we summarize the equations that will be considered. We have used
two similar symbols for two different concepts: we have used the notation x(t)
to denote the circuit variables, and the notation x to denote the semiconductor
space variable.

We consider a circuit containing only one device. The case of circuits with
many devices can be dealt using the same arguments, but the notation would be
much heavier.

Network equations. We consider the compact form for the network equa-
tions

Ex = Ax + Bu(t) + o(x), in [t 1], (5.1)

with consistent initial data. The unknown is

Device equations. For the semiconductor device we consider the steady-
state drift-diffusion model discussed in details in previous chapters.

—V - (Vo) = q(N +p —n),
V- J, = —qH, Jy=—a,Vé,, nQ (5.2)
V-J,=qH, Jp=—a,Vy,
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As unknowns we choose the electric potential ¢(x,t), and the carriers potentials
(Pn(x,1), Pp(x,1)) =: ®(x,1). For the system (5.2), we assign the following mixed
boundary conditions

¢ — i = ¢ = Pp =e€p(t), onl'p,;, i=0,1,... np,
8¢ 06,  0b, (5.3)
w o o  only

The unknowns of the problem (5.2)-(5.3) depend parametrically on ¢t € [to, ]
through the boundary data ep,; = ep;(t).

The densities n, p, are related to the quasi-Fermi potentials ¢,, ¢, by the
Maxwell-Boltzmann relations by equations (4.5).

For the generation-recombination term H = H(n,p) and for the mobilities we
assume hypothesis (T.5) (T.6) given in chapter 4.

Coupling conditions.

In chapter 2 we have defined the potentials ep j as the external electric poten-
tials applied to the device. They are determined by the equations for the electric
network. Recalling equation (2.32) in chapter 2, the network-to-device coupling
condition are:

ep = S)e, (5.4)
where
€D,o
E€p —
€Dnp

and the selection matrix Sp is defined in (2.30).
The relation that expresses the coupling device-to-network is given by equa-
tion (2.37), that is

o(x) = —Aip(A'z), (5.5)
with
Ap
A= O |,
@)

where Ap is the incidence semiconductor matrix, and 2p is the current vector

defined in (4.52).

We note that Sp is related to Ap by the identity Ap = S DZ&. Then recalling
(2.33), we find
A'x = Aje=wvp,

thus
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For this coupled problem we can prove an existence theorem if the DAE circuit
equations are of index-1 and also if they are of index-2. The difference between
these systems will be described in the following sections.

5.2 Existence theorem for index-1 model

We consider the coupled problem (5.1)-(5.2), with boundary conditions for the
device system given by (5.3). First of all we have to introduce the initial condi-
tions for the network system. In the index-1 case, as discussed in chapter 2, it is
possible to show that the network system (5.1) is equivalent to the two projected
equations

y = PE;'[Ajy+ Bu(l) +o(z)], (5.7)
z = QE{'[Ay+ Bu(t) +o(x)], (5.8)

for the differential part y = Pz, and the algebraic part z = Qx, where the
matrix Q is a projector onto ker E, P is its complementary projector. In (5.7),
(5.8) we have used the matrices £y, = E — AQ, A; = AP. We assume the
index-1 condition

FE is singular, FE; is nonsingular, (5.9)
and the following additional topological condition

A'Q =0. (5.10)

Recalling proposition 2.6.1 in chapter 2, the topological conditions (5.9), (5.10)
imply
(@) =oly), QEi's(x)=0.

Thus equation (5.8) become

z=QE;'[A1y + Bu(t)]. (5.11)

We need to assign initial conditions only for the differential part of x, and
subsequently determining consistent initial data for the algebraic part, that is,

Pm(to) = y07

and thus
zZo = QEI1 [A1y, + Bu(t)] .

Now we are ready to introduce the existence result of the coupled index-1
problem.
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Theorem 5.2.1 The problem (5.1)—(5.2), with the topological conditions (5.9)—
(5.10), admits a solution, (z,®) € C°([to, t1]) X C°([to, t1]; H () N Loo (), with
Px c C'([to, t1]). Moreover, any solution satisfies the estimates:

Pa(t)? < e, (Jyol* + w0 ) (5.12)
Qa(t) < c. (Pa(t) + [u(t)?) (5.13)
lrn,f Pui + miin ep; < ¢ < Sélg) Ovi + max ep,i, (5.14)
miin epi < ¢p < maxep,i, (5.15)

(5.16)

minep; < ¢, < maxep,
1 K]
for some positive constants c,, ¢, and k depending only on E, A.

The proof of the main result requires several steps. First we prove a priori es-
timates for the network variables, employing the passivity condition. Next we
define an iteration map, extending the map used in the previous chapter to prove
the existence result for the steady-state semiconductor device equation. Finally
we show that the iteration map is a fixed point map.

For simplicity, we present the above steps separately in the following three
subsections.

5.2.1 A priori estimates

For any finite dimensional vector space R™, let | - | denote the Euclidean vector
norm, that is, for w € R™ we have |w|?> = w'w = w - w.
In the following Lemma we prove the a priori estimates for the network un-

knowns.

Lemma 5.2.2 Let E be symmetric, positive semidefinite, and let the index-1
topological condition (5.9), and the additional topological condition (5.10) be sat-
isfied. Furthermore, let £ € C%([to,t1]) be a solution of the network equation
(5.1), with consistent initial value xy. We assume that o satisfies the passivity
condition

a o(z) < 0. (5.17)

Then, for all t € [to,t1], the differential part y = Px, and the algebraic part
z = Qx of the solution, satisfy the estimates

O < e (lyol + [l ) - (5.18)
202 < . (Jy®F + u(®)?). (5.19)

for some positive constants c,, c, and k depending only on E, A.
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Proof. Equation (5.11) implies immediately (5.19).
Next we prove (5.18). Multiplying (5.1) by y" = ' P", we get

Yy Ey=y Ay+y'Az+y Bu+y'o. (5.20)
Noting that it is possible write the differential part of « in the following way
y =z —Qu,
recalling (5.10) and the passivity condition (5.17), we find
yox)=z'o(x)—z'Qox)=x"o(x) <0.

Then, we use the previous inequality and (5.19) in (5.20), we integrate over [to, ],
and apply Cauchy-Schwarz and Young inequalities, obtaining

zFEySyJEym+{/ﬂyﬁﬂ”+m&ﬂﬁdf (5.21)

to

Since FE is positive semidefinite, it is positive definite when restricted to PR™,
with m = n 4+ np + ny, that is,

aly)? <y By < elyl?,

for two positive constants ¢, ¢o. Then, from (5.21) we find

t
< 6 (luol? + ulfagee) + & [ woP dr
to

with ¢,, k positive constants. Estimate (5.18) follows from Gronwall’s lemma.

We can prove that the passivity condition (5.17), assumed in previous Lemma,
is satisfied for our problem. In fact from Lemma 4.4.1, we have

T.
vptp > 0,

and, using (5.6) we have
x'oc=—a'Aip=—v})ip,

that implies the passivity condition for o.
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5.2.2 Iteration map for the coupled problem

In this subsection, we introduce an iteration map for both the device variables
and network variables by estending the map ®* defined in (4.40), in the previous
chapter. The map ®* is defined by ®*(ep;el, ®*) = (¢n, ¢,), solution of the
following problem:

—V - (e,Ve*) = q¢(N + p* — n*),
V-J, = qF*(nZZTLp — 1), J, = —quin*Vo,, in Q (5.22)
V-d,=—qF*(n*np—1),  J,=—qup'Vé,

with boundary conditions

O = Qi =€pyy On=¢p=¢py, onl'p,; i=0,1,...,np,

5.23
%:a@l:%:(}, onI'y. ( :
v ov v

The definition of the iteration map for the device equation given above, de-
pends on the Lemmas 4.2.1, 4.2.2, in chapter 4, which apply to equations with
a parametric dependence on time. Thus, all the discussion in the previous chap-
ter can be extended to functions e%,(t), ®*(¢) in the spaces C([ty,t], R"PT1),
C([to, t1], L*(2)), respectively, defining the set M(e%},) C C°([to, t1], L*(2)) by

M(ep) = {1 € C°fto, 1], L*(Q)) |

minep,; < 1 < maxep; a.e. in{, for all ¢t € [to, t1]}2.
1 1

In particular, as we have shown in Lemma 4.4.2, in the previous chapter, for
any 87)(75) € CO([t0>t1]7RnD+l)7 D" € M(e*D)> the map
CO([to, tl], RnD) 2 vVp iﬁD(’UD; eE, (I)*) € CO([to, tl],RnD),
Up = ATGD,
is Lipschitz continuous and satisfies the passivity condition (4.61).

We fix (e},, ®*) in an appropriate set M, which will be rendered explicit later,
and we solve the coupled system

Ei = Az + Bu(t) + o’(x; e}, ®%), in [ty 1], (5.24)
ot(x; e, ®*) = —Ait (A x; ely, D7), (5.25)
Px(ty) = y,, (5.26)

which is just a modified version of the original coupled system (5.1)—(5.2). The
network equation (5.1) is replaced by (5.24), with a modified coupling term o*.
The device-to-network coupling condition (5.5) is replaced by (5.25), with a mod-
ified current vector i%. Denoting by & the matrix

Sp
s=|0], (5.27)
o)

82



we can see that the device equations (5.2) are implicit in the notation for the mod-
ified current % (A’ x; e}, ®*), defined by & = ®4(S ' x; e}, ®*), which satisfies
the system (5.22)-(5.23).

Since the modified nonlinear coupling term o is Lipschitz-continuous, we can
regard (5.24), (5.26) as an index-1 differential-algebraic system, which admits a
unique solution &, depending on the pair (e},, ®*). Then, x determines uniquely
the device variable ® = ®*(ep; el,, ®*). In this way, the coupled system (5.24)—
(5.26) defines a map

T - (e*D7(I)*) = (eDv(I)) = (Squ)ﬁ<eDaer(I)*))

To make this statement more precise, we need to specify the set M where the
map 1T’ acts.

5.2.3 Existence of fixed point

In this section we define the set M where the map 7' is defind. We use the a priori
estimates found in chapter 4.

We can apply Lemma 5.2.2, because of the passivity condition, and the solu-
tion x uniquely defined by (5.24)-(5.26) satisfies the estimates (5.18)—(5.19):

Pa(t)” < e (Jyol + [l (5.2)
Qa(t)” < c. (IP()” +1Qu(n)). (529)

In particular, the applied potentials e, = 8@ are bounded by a constant which
depends only on the data of the network problem and on the time interval [to, 1],

lenllco < Cp(to, 1) (5.30)

This estimate defines a bounded subset B of C([to, 1], R">T1),
B— {eD  lenllos < CD(tO,tl)}. (5.31)

Let us consider the subset M of C°([tg, t1], R">*1) x C([to, t1], L*(Q2)), defined
by

M = {(eD,q)) I ep E B, P c M(ep)}

Lemma 5.2.3 (Fixed-point map) The set M is a nonempty, bounded, closed,
conver subset of C°([to, 1], R">*1) x CO([to, t1], L*()). The map T is a compact
automorphism of M.

Proof. The first part of the Lemma is immediate.

To prove the second part, we need to show that T (M) C M, and that T'(M)
is precompact in M. The inclusion 7'(M) C M follows by construction. To prove
that T'(M) is precompact in M, we note that

T(M) C B x T(B),
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with

T(B) = {®<cCto.t1], H'(Q)) |
& = d(ep; e}, ®}), ep € B, (e}, ®}) € M}

The set 7(B) is a compact subset of C%([to, 1], L*(€2)). Then also B x 7 (B) is
a compact subset of CO([tg, 1], R™T1) x C%([tg, 1], L*(Q)), and thus T'(M) is a
compact subset of the same functional space. It follows that T'(M) is precompact
in M. |

The previous Lemma implies that the map 7T fulfills the hypothesis of Schauder’s
fixed point theorem. Than, T admit a fixed point, which satisfies

Ei = Az + Bu(t) + o*(x;ep, ®), in [to, 1], (5.32)
ot(x;ep, ®) = —Ait (A x; ep, ®), (5.33)
ep=3S8"x, (5.34)
Px(ty) = y,. (5.35)
By definition,
o(x;8"x,®) = o(x; Sz, P), (5.36)

and the fixed point (ep, ®) leads to a solution (x, ®, ¢) of the original problem
(5.1)—(5.2), with « solution of (5.33), and ¢ = ¢(ep, ®). Thus the main result,
Theorem 5.2.1, is proved.

5.3 Existence theorem for index-2 model

In this section we consider index-2 conditions for the coupled model (5.1)-(5.3).
As we have discussed in chapter 2, these conditions are given by

E,=E, E, = E,— AiQ, are singular, (5.37)
E, = E;— A;Q, isnonsingular, (5.38)

together with the additional conditions
A'Q,=0, PQE;,'A=0, Q,E;'A=0. (5.39)

In the previous equations, Q,, Q, are projectors onto ker Ey, ker E; respectively,
A=Ay, A = AyPy and Py is the complementary projector of Q,. Considering
the conditions (5.37), (5.38), we have decomposed the network equation (5.1) in
the following projected equations:

y = PyP\E;'[Ayy+ Bu(t)+ o(z)], (5.40)
z = Q,Q,w+ Q,P.E;" [Ayy + Bu(t) + o(x)], (5.41)
w = PyQ,E;' [Ayy + Bu(t) + o(x)], (5.42)
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with
y = PoPx, w = PyQx, z = Qz, (5.43)
and P complementary projectors of @, and Ay = A; P;. The equations (5.40)—

(5.42) are coupled through the coupling term with the device o. Using the
additional conditions (5.39) we obtain

y = PoP,E;'[Ayy+ Bu(t) + oy +w)], (5.44)
z = Q,Q,w+ Q,P.E,"'[Ayy + Bu(t)], (5.45)
= PyQ,E;'[Ayy + Bu(t)]. (5.46)

Then we can assign the following initial data for the network equation (5.1) in
the coupled problem

P()Pliﬂ(t()) =Yy (547)

In the following subsection we prove the existence result for the coupled index-
2 model.

Theorem 5.3.1 The problem (5.1)—(5.2), with the index-2 conditions (5.37)—
(5.38), and the additional conditions (5.39), admits a solution, (x, ®) € C°([to, t1]) %
CO([to, t1]; HY(2) N Lo (2)), with PoPyx € C'([to,t1]). Moreover, any solution
satisfies the estimates:

[PoPya(t)|* < e, (|yo|* + [uol* + llullm (o.n)) » (5.48)
1PoQ,z(t)]* < o™ (Jyol? + |uol® + [|ullm (o)) » (5.49)
1Qox(t)” < . (ly(t)| + |[y(t)] + |u(t)| + |u(t)]), (5.50)
inf ¢p,; + minep; < ¢ < sup ¢r,; + maxep,, (5.51)
T'p i ' i

minep; < ¢, < maxep;, (5.52)
minep; < ¢, < maxep,, (5.53)

or some positive constants c,, ¢, ¢, and k depending only on Eq, Aj.
Y 9 Y

5.3.1 A priori estimates

Lemma 5.3.2 Let E be symmetric and positive semidefinite, and let the index-
2 topological conditions (5.37), (5.38), and the additional topological condition
(5.39) be satisfied. Furthermore, let & € C°([to,t1]) be a solution of the network
equation (5.1), with consistent initial value xy. We assume that A and o satisfies
the passivity conditions

x' Az <0 (5.54)
x' o(z) <0. (5.55)
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Then, for all t € [ty,t1], the differential part y = PyPix, and the algebraic parts
w = PyQ,x, z = Q,x of the solution, satisfy the estimates

[y < e, (Jyol* + [aol® + 1wl ro.11) (5.56)
[w(®)? < cwe™ ") (yol® + [uol* + [ull o)) (5.57)
2] < e (Jly@O] + [y(0)] + |u@)| + |u@)]), (5.58)

for some positive constants cy, ¢, ¢, and k depending only on E, A.

Proof. Multiplying (5.1) by =", and using the passivity properties (5.54) and
(5.55), we obtain
x' Ex < ' Bu(t).

Here we can replace ' with Pyx' because of the symmetry of E and definition
of Py. Then, we obtain

(Pox)' E(Poi) < ' Bu(t).

Using again the symmetry of E, we find

%(Pow)TE(POw) < Pz E(Pomo) + / T (fBu(r)dr.  (5.59)

to

N | —

PoQ, +Q,P1=PoQ, — Q)Q, + Q
Using the decomposition (5.44)-(5.45) and the hypotesis (5.39), we have

x'Bu = y Bu+w Bu+z' Bu

y' Bu + [PyQ, E;' (Ay + Bu)|' Bu
[QoQ\(w — w) + QuE; "' (Asy + Bu)]' Bu
y I+ ASM'|Bu+u B"M'Bu

W (Qu@) Blut i)+ [w(QuQ,) Bul

+

with M = (I — PoP,)E;". In the last equality there appear no terms quadratic
in the components of . Then, using the Schwarz inequality, we find

/ 2’ ()Bu(r)dr < c / (I + ()2 dr

to to

+ c/1(||w(¢)||2+||u(¢)||2+||u(7>||2)df

to

+ wT(Qle)TBU - wg(QoQJTBuO

t1
C/ Uy (DI + [l (T)[1?) A7 + cllwll g1 .0y

to

IA

+ lw®)I* + c(0)u(®)* — wo (QuQ))" Buo,
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where ¢ is a small positive real number which will be chosen later.
On the other hand, we have

1
5(Pom)TE(POm) > || Pox|?

> cp(llyl® + [lwl).

Using the previous two inequalities in (5.59) and choosing § = £, we get
1 1
seellyl® +llwl?) < S (Poxo)" E(Poxy) — w;(QeQ1)' Buo

t1
+ CIIUHHl([to,m)JrC/ y (DI + lw(r)|*) dr.

to

Here we have used the Sobolev embedding H!([to,t]) C C°([to,?1]). From Gron-
wall Lemma, we find the inequality

lyl* + [lw]® < Coet' 1), (5.60)

with Co = co(lyol* + [wol* + [[w]l 1 to.a1)-
Finally we obtain (5.58) considering that

z = Q,Q,w+ Q,P.E,'[Ayy + Bul]
= QleEz_l[Azy + Bu] + Q0P1E2_1[A2y + Bul).

]
Now, as for the index-1 case, we can apply Lemma 4.4.1 to prove that the
passivity condition (5.55) is satisfied also in this case.

5.3.2 Iteration map for the coupled problem and existence
of fixed points

As in the previous section, also in this subsection we introduce an iteration
map for both the device variables and network variables by estending the map
®(ep; e}, ®*), defined in the previous chapter, to functions eh(t), ®*(¢) in
the spaces C°([to, 1], R"2T1), C%[to, t1], L*(Q)), respectively, defining the set
M(ep) € CO([to, ta], L(2)).

We fix (e7,, ®*) in an appropriate set M’, which will be rendered explicit later,
and we solve the coupled system

Ei = Ax + Bu(t) + o*(x; e}, ®%), in [to, 1], (5.61)
ot(x; eh, &) = —Ait (A xz; e, ), (5.62)
PoPx(lo) = yo, (5.63)

which is just a modified version of the original coupled system (5.1)—(5.2).
Since the modified nonlinear coupling term o is Lipschitz-continuous, we can
regard (5.61), (5.63) as an index-2 ordinary differential-algebraic system, which
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admits a unique solution x, depending on the pair (e},, *). Then, & determines
uniquely the device variable ® = <I>ﬁ(e p; €5, ®*). In this way, the coupled system
(5.24)—(5.26) defines a map

T : (e, @) — (ep, ®) = (Sx, ®*(ep; e}, ®*)).

To specify the set M’ where the map T” acts, we use the a priori estimates
found in chapter 4.

We can apply Lemma 5.3.2, because of the passivity condition, and the solu-
tion & uniquely defined by (5.61)-(5.63) satisfies the estimates (5.56)(5.58):

‘y(t)|2 S Cyek(titO) (‘yo‘z + ’u0‘2 + HU’HHl([to,tl])) ) (564)
[w(t)> < et (lyo|* + [wol? + [Jullm (ro.)) - (5.65)
|z(t)] < c. (ly@®)| + [y@)| + |u(t)| + |u(t)]), (5.66)

In particular, the applied potentials ep = 8 x are bounded by a constant which
depends only on the data of the network problem, on their time derivatives, and
on the time interval [to, t1],

lepllco < Cph(to, ta). (5.67)

This estimate defines a bounded subset B’ of C°([ty, ], R">T1),
B' = {ep : llepller < Chlto.t1) }. (5.68)

Let us consider the subset M of C°([tg, t1], R">*1) x C([to, t1], L*(Q2)), defined
by

M = {(eD,@) I ep < B, P c M(ep)}

Lemma 5.3.3 (Fixed-point map) The set M is a nonempty, bounded, closed,
convex subset of C°([to, t1], R"P*1) x C([tg, t1], L*(?)). The map T is a compact
automorphism of M.

Proof. The first part of the Lemma is immediate.

To prove the second part, we need to show that (M) C M, and that T'(M)
is precompact in M. The inclusion T'(M) C M follows by construction. To prove
that 7'(M) is precompact in M, we note that

T(M) C Bx7T(B),
with

T(B) = {®eC%to,t:], H'(Q)) |
P = @ﬁ(ep;eB,Q*D), ep € B, (e}, ®},) € M}.
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The set 7(B) is a compact subset of C°([tg, 1], L*(€2)). Then also B x T(B) is
a compact subset of C°([tg, 1], R™T1) x C%([to, 1], L*(Q)), and thus T(M) is a
compact subset of the same functional space. It follows that T'(M) is precompact
in M. [ ]

The previous Lemma implies that the map 7" fulfills the hypothesis of Schauder’s
fixed point theorem. Than, T" admit a fixed point, which satisfies

Ei = Ax + Bu(t) + o*(x;ep, ®), in [to, 1], (5.69)
ol(x;ep, ®) = —Ait (A x;ep, D), (5.70)
ep =S8z, (5.71)
PyPix(ty) = y,. (5.72)
By definition,
o(x; 8"z, ®) = o(x; Sz, P), (5.73)

and the fixed point (ep, ®) leads to a solution (x, ®, ¢) of the original problem
(5.1)-(5.2), with @ solution of (5.70), and ¢ = ¢(ep, ®). Thus the main result,
Theorem 5.2.1, is proved.
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Chapter 6

Mathematical modeling of
thermal effects in devices

In this chapter we present a systematic way to derive models for the thermal
effects in a semiconductor device. The methodology we present is consistent with
the linear irreversible thermodynamics.

6.1 Thermodynamic approach and energy trans-
port model

In this section we describe a semiconductor in a state near equilibrium using the
approach of the Linear Irreversible Thermodynamics.

We assume that it is possible to define an entropy S for a thermodynamic
system around equilibrium. The entropy of the system will depend on some
extensive thermodynamic quantities, which we denote by FE;, with ¢ varying in
an index set /. Than we can write the Gibbs relations

dS =) LdE, I = gg. (6.1)

il

We assume that each thermodynamic quantity F;, ¢ € I, satisfies a balance
equation of the form
OF;
ot

+V-j,=H;, iel, (6.2)

where 7, is the flux density and H; is the production term of the quantity ;.
We assume also that the Gibbs relations (6.1) are valid also in non equilibrium
states. Using these relation and (6.2) we can obtain an entropy balance equation
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in the following way:

oS OF;
= X

iel
= Y L(-V i+ H)
el
= —-V- <j£:-hji> %-EE:VVZE ‘ji4‘:£:-bf{r
el el el

If we identify the entropy flux

jS = Zlijia (6.3)

i€l

and the entropy production term

HY=Y"VI-j,+ > LH, (6.4)

iel iel
we obtain the entropy balance equation

S .
— +V-j°=H">0. (6.5)
ot
The inequality expresses the second principle of thermodynamics. The entropy
production term, defined in (6.4), is the sum of the flux densities, called thermo-
dynamic fluzes, multiplied by the gradients of the conjugate quantities I;, that
is X := VI, called thermodynamic forces, plus a combination of the production
terms. According to the Linear Irreversible Thermodynamics, the thermody-
namic fluxes depend linearly on the thermodynamic forces, that is, there exist
matrices L;; such that

ji=> LyX; i€l (6.6)

jel

The second principle of thermodynamics, expressed in (6.5), is satisfied if the
following inequalities hold:

> VI j, >0, (6.7)
el
> LH; >0. (6.8)
el

Using (6.6), the inequality related to the thermodynamic fluxes (6.7), becomes

X (LX) >0, (6.9)

i,j€l
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which implies that the matrix (L;;); jer positive definite. In addition, we know
that the Onsager reciprocity principle is valid, that requires the symmetry con-
ditions

Li; = Ly, 1,7 € 1.

The inequality (6.8) provides a constraint on the production terms, which must
hold for a thermodynamically compatible model.

Now we apply this theory to a semiconductor, in which we want to consider
thermal effect. If we take into account the thermal effects, besides the ther-
modynamic effects of electrons and holes, we have to analyze in terms of the
thermodynamic behavior the whole lattice. To this aim we describe the first two
thermodynamic systems as immersed in a thermal bath of phonons, which rep-
resents the thermodynamic contents of the lattice. This means that we assume
that the concentration of phonons in the lattice depends only on the tempera-
ture of the lattice, or rather on its internal energy. Phonons are quasi-particles
which correspond to the oscillations of the nuclei of the semiconductor around
the equilibrium configuration which determine the lattice. They are bosons, that
is, many phonons may occupy the same quantum state.

Summing up, we consider three thermodynamic subsystems:

1. Electron in conduction band, whose thermodynamic state is identified by
the chemical potential p,. and the temperature 7.

2. Holes in valence band, whose thermodynamic state is identified by the chem-
ical potential u, and the temperature 7.

3. Phonons in the lattice, whose thermodynamic state is identified the tem-
perature 17..

For the chemical potentials u. and p, we have

He = EF,ca Moy = _SF,M

where Ep, and &, are defined in chapter 3. The minus sign in p, depends on the
fact that a hole is lack of an electron so —, is the chemical potential for electrons
in valence band, in accordance with the definition of &£r,. If we introduce the
entropy functions S, S, and Sy, for the electrons in conduction band, the holes in
valence band and the phonons in the lattice, respectively, we can write the Gibbs
relations

He 1
c — T c e ) 1
ds, T dn. + 73 du (6.10)
Ho 1
I (TR vy 11
ds T dn, + T du (6.11)
1
dSp, = —d 6.12
L TL Ur, ( )



where u., u,, uy are the internal energy corresponding to the three subsystems
above described. The quantities n., u¢, Py, Uy, ur, satisfy the balance laws

on,

jo= H, 1
BT +V.j. (6.13)
Ou,. . " .
Ipy .

. p— H,U7 -1
T +V-7, (6.15)
Ou, ) )
;;JrV-Jlf = Hj—qj, Vo, (6.16)
du L
8—tL+v-gL = H (6.17)

The terms ¢j. - Vo, and —qj, - Vo, that appear in equations (6.14) and (6.16)
represent the dissipation due to Joule effect.

The entropy is an additive quantity, then the total entropy of the system is
S =S.+ S, + S, which satisfies the Gibbs relation

c 1 v 1 1
ds = _;—Cdnc+iduc— ;—Udnv+iduv+T—LduL- (6.18)

Using the approach described at the beginning of this section, we obtain the
following balance equation for the entropy of the system

oS e .
- - _ Tty Hc
5 Tc[ V-j.+ H]
1 . .
b=V g HE g V)
Ho .
- V. Hv
Ty[ V J’U+ ]
1 . U .
1 .y U
+ T_L[_v JL+HL]7

that is equivalent to

oS Le . 1 My . 1 1 "
v (& — L — —
<TCJC + TCJC + T,UJU + TUJU + TLJL)
:uC ]- ,uv ]- 1
S Ry T Ly BNy s Uy
T, et e T et e T e
1 . 1 .

T, T,
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Then we can write

85 5 5
Ew-js—;&-m;w@-,

with thermodynamic forces

_ —v_He) 2
X1 = V]1+qIQV¢_V( Tc>+ch¢,

1
Xg = VIQEV<TC)7

Xy = V- qLlV6=V (—&> - Tiw,

T,
X4 = VLLEV(i),
T,
X5 = V[5EV<A>,
17

and production terms

Hy=H., H,=H

c

Hy=H,, Hy=H,

v

Hy = H.

The presence of the electric charge affects the definition of the thermodynamic
forces, but it is possible assume that the fluxes depend linearly on the forces

5
ji=> LyX, i=1,.5 (6.19)

j=1

Finally we must consider, for the electric potential ¢, the Poisson equation
because of the presence of the charge

—V - (epVo) = p=q(N] — N;) — qne + qps. (6.20)

The system (6.13)-(6.17) with costitutive relations (6.19), coupled with Poisson
equation (6.20), is the most general energy transport model for semiconductor.

This thermodynamic approach does not give a way to determine the explicit
form of the matrices L;;, nor the expression for the production term. It just give
a general form of the equations and the “measure” for the matrices. Then we
have to consider other approaches or fitting the data given by the measurement.
The Linear Irreversible Thermodynamics provides only the general constraints
on L;; and H; by the second principle of thermodynamics, that are:

(Lij)ijer, symmetric and positive definite, (6.21)
> LH; > 0. (6.22)
i€l
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The last thing that we want to note in this section concerns the choice of
unknowns in energy transport system above introduced. We can choose for the
equations (6.13)-(6.17), (6.20) the variables n., uc, py, t,, uy and ¢. Another
choice, provided by the constitutive relations (6.19), could be

w 11

e 90 1w
Tc ,-Z—‘c7 zﬁc7 Tv T'v7 Tv7 jﬁL7

that are related to the opposite of variables I;.

It is possible to determine the relations between the first type of variables
and the second from the following relations introduced in chapter (3). For the
electrons on conduction band, we have

Ne(pie, Te) = y/ Frp(E(k); pie, Te) dk, (6.23)
.

where y = 2/(27)3. For the holes in valence band, recalling that u, = —&p, and
noting that

1
exp —i;féﬁ; +1
1
14 exp —&_k‘;}v”
- FFD(_S;,UJvaTU))

1= Fpp(=& o, T,) = 1-—

we have also
Poljin, Ty) = y/ Fon(—&,(K): 10, T)) dk. (6.24)
gg

Similarly we obtain expressions for internal energies
WD) = o [ E00Fen (.0 T dic
»

uv(“vaTv) = y/%(_gv(k))FFD(_gv(k)a#vaTv)dk

For the phonons internal energy uj, using the Bose-Einstein distribution Ng,
introduced in chapter 3, equation (3.49), we have the following expression

ur(Ty) = Z/%hw<q)NB(hw§TL) dq,

where z = 3/(27)3.

6.2 Electron-phonon kinetic model

We consider an ensemble of electrons, with charge —¢., in a semiconductor with
npn relevant families of phonons. We denote by f(x,k, t) the electron distribution
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function, and by ¢;(x,q,t), 7 =1,..., nyn, the phonon distribution functions, with
x € QCR3 Kk qe B CR3tecRT, where Qis the domain of the semiconductor,
and 4 is the first Brillouin zone of the inverse lattice.

For simplicity we use the scaling:

i - fa & — i,
Y z
keeping the same name. Thus the distribution functions f, g; must now be inter-
preted as occupation probabilities.

These distribution functions satisfy the Bloch-Boltzmann-Peierls (BBP) equa-
tions:

(9f Qe —cd \- cl ;
g_t+v(k).vxf—EE-ka—Co (+ 2 Clf o) (6.25)
9i

E—Fcz(q)vxgzzczph(fu%)v Z.:]-a-“)nph'

Below we explain the meaning of the terms appearing in (6.25). The term £ (k) is
the electron dispersion relation (conduction energy band), and v(k) is the carrier
electron velocity related to the energy by the relation

1
v(k) = ﬁvke(k), (6.26)
where the h is the reduced Planck constant. The group velocities of the phonons
are indicated with

ci(q) =Vaqwi(q), i=1,...,npn,

where w;(q) are the phonons dispersion relations, i = 1,..., nyp.
The operator C(f), represents the collision electron-impurities and is given
by

cs(f) = /j Rk, K /(1 - f) — Po(k, K)F(1— f)]dK,  (6.27)

where Py(k’, k) is the transition probability per unit time from a state k' to a state
k, we assume that these collisions are elastic and anisotropic, and we assume that
Py does not depend on temperature. In equation (6.27) and in the following, we
use the short notation €& = £(k), & = E(K'), f = f(x,k,t) and f' = f(x, K/, 1).

The other two collision terms in equations (6.25), C3(f, g:), C™(f, g:), are the
collision operator between electrons and phonons. To obtain the form of this
collision operator we have to sum the probabilities of the phenomena of collision
that we have chosen.

1. Probability that an electron goes from a state k’ to a state k releasing the
i-th phonon

5(q)0(E — &'+ hw;)o(k — K +q)(g: + 1)f'(1 = f).
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2. Probability that an electron goes from a state k to a state k’ assimilating
the 7-th phonon

5(Q)0(€ — &+ hw;)o(k =K +aq)g. f(1 — f).

3. Probability that an electron goes from a state k’ to a state k assimilating
the 7-th phonon

s(@)d(€ — & — hwi)d(k =K' — q)gif (1 - f).

4. Probability that an electron goes from a state k to a state k’ releasing the
i-th phonon

s(q)0(€ — & — hw)o(k — K —q)(g; + 1) f(1 = f).

Here, s(q) is the Fourier transform of the scattering potential, and 4§ is the delta
function definted in chapter 3.
Using these considerations we can write

Cf,g) = /%w?(k, K.qN (g +D)f'A—f)—g f1— f)]dK
n /j wr (o, K, q) g (1= ) — (g + DF(L— f)]dK
- /Q P K g /(1= f) — P(k, K ) F(1 — )] K.

with g* = £(k’ — k).
Noting that
W’L:t(k7 kl? q) = w:F (k/7 k7 q)

and
ok -k +q)=0k—-k Fq),

the phonon collision operator has the form
e (f.0) = 2 [ [ s(@EE - &+ sk =K + @)o+ DI (1= f)
—0(E =&+ hw)d(k —K' +q)g:.f(1 — f)} dk dK'.
= // 0(E — & + hw;)d(k — k' +q) x
P
{(g:+ D A= f) =g f(1 = [)}dkdK"
= 2/@ si(@)d(E" = &+ hwi){(g: + Df' (1= f7) — g "(1 = f)} dK'.
in the last integral f* = f(x,k* t), where k* =k’ — q.
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6.3 Maximum Entropy Principle

Macroscopic models for semiconductors can be obtained from a suitable finite
subset of the infinite moment equations hierarchy of the Bloch-Boltzmann-Pierls
equations. To this aim we consider the sets of weight functions for electrons and
for phonons:

Wl = (k) acly, #P"={vq):acl}, i=1,... ,nm,
with I, I; index sets, and introduce the electron and phonon moments:
M*(x,t) = / (k) f(x,k,t)dk, a€l,
B
Mia(Xat) - / wza(q)gl()gqut) dq7 (OAS Ii7 1= ]-7"'7nph-
B

This moments satisfy the coupled electron-phonon moment equations

Ma
O G M*4+4E N =C4+C°, acl,
a%a (6.28)
7 . MOéz — (% [
5 +V ; C, aecl
with
1
M) = [ wrerdic No() = [ SV di (6.29)
% 2 N
R (6.30)
B

Nph

G = [ weinak =3 [ veiraak (63
i=1 V%

Co(f, g1) = A SECP (£, g) da. (6.32)

System (6.28) is not closed, since the new moments in (6.29),(6.30) depend on
Y and ¥;", and the collision term in (6.31),(6.32) are not express in terms of

70
moments of f or g;.
To solve this closure problem we use the Maximum Entropy Principle. We
introduce the entropy functional

H(f, 915 Gng) = HY() + HY (91) + -+ HE" (gny)- (6.33)

where

H(f) = - /j Flog f+ (1— f)log(1 — f)] dk,
H™(g) = H™(g;) = — /g (g3 log.gi — (1 + g:) log(1 + ¢,)] da,
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equivalent to
m = [
HP(g) = /ﬁ h™(g)da,

with 2*(f) = —[flog f + (1 F f)log(1 F f)].

The maximum entropy principle (hereafter MEP) leads to a systematic way
for obtaining constitutive relations on the basis of information theory. According
to the MEP if a given number of moments are known, the distribution function
fumE, or respectively gyg, which can be used to evaluate the unknown moments
of f and g, corresponds to the extremal of the entropy functional under the
constraints that it yields exactly the known moments.

In other words the maximum entropy principle says that if we know the mo-
ment M* and M, a € I, a; € I;, we need to find (f,g) = (f,91,---,9n,,) that
maximizes the entropy functional H in (6.33) with the constraints

/ ¢af dk = M*, a €1, / walgz dq = Mzal> o; € ;. (6'34)
B

This is equivalent to find (f, g, A%, A\J") that minimizes

Nph
A = —H(f,g)+ Y A (M(f) = M)+ > MM (g:) — M)
acl =1 o;€1;
Nph
- /{ hr(f +Z)\awaf}dk+2/{ h(g) + > Afiig}dg
acl a; €1;
Mph
=D XM=Y A MY
acl i=1 a;€I;

To this aim, we compute the Fréchet derivatives of the functional ‘H with respect
to f and g¢;, and we equal them to zero

el = [ {0 efna—o

of df
0 dh~
—(f,9)m] = /{—— Gi +Xz}7h‘dq:07
50 (f,9)[mi] Alrr (91)
with
X = Z)\awa, Xi = Z A
acl a;€1;
Because of
L P AN PV
dafF ~ T dg . Plyg
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we have

fME gME
log ———= = —x, log —"—m = —Xi
1 — fME 1+

and, inverting the above equations, we obtain the maximum entropy distribution
fuctions indicate with fM¥ and gME

1 1
ME . — ME = —— (6.35)
expx +1 expx; — 1

The Lagrangian multipliers are implicitly defined as functions of the moments
{M* o €I}, {M{, o € I} by the constraints

/ oM Ak = M®, ae / YrigMEdg = M, o; € 1. (6.36)
2
We choose the following sets of weight functions

W ={1,v,8,Ev}, W = {hw;, hwei},

thus we consider electron and phonon moments M“(f) and M;"(g;):

electron number density n =n(f) = y/ f(x,k,t)dk
%
electron current density j = j(f) = y/ vf(x,k,t)dk,
2
energy electron density W =W (f) = y/ Ef(x,k,t)dk,
%
energy electron flux % =3V (f) = y/ Evf(x,k,t)dk
energy phonon density W; = W;(g;) := / hwi(q)gi(x,q,t) dq,
W o W L
energy phonon flux ji" = j;' () = / hwi(a)e(a)gi(x,a,t) da.
This moments satisfy the coupled electron-phonon moment equations
( On )
Z
N + V- 7 +q¢E-Z% = Cyo+C,
ow
E + V]W+QEE.7 = C(‘)/V—{_CW’
2+ VB 2" = e+,
oW, -
o TV P
93;"
\ Ot + leW = CYV7 v = 17 » Tph,
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with

J(f) = y/%’v@vfdk,
IV = y/%€v®vfdk,
@) = = [ hoesegda
and

1
gg(f) =y QVk®Vk8fdk

z I
AV (f) = y/ v®v+5h2vk®vk€ fdk.
%

For the collision terms we have

Co = y[,v(k)C5(f)dk, C = X%y ,v&C(f g)dk
=y [,EX)CS(f) dk, Vo= "phyfﬂ k)CS(f, gi) dk
Co' = y[E&uK)C(f)dk, €V = Py [, EkvK)C(f, g) dk
CZVV = ngmlcfh(fagz) dqa CZV = ij)hwcz (f>gz) dq

(6.38)

Now we apply the Maximum Entropy Principle and we obtain the maximum

entropy distribution functions fME gME’ definited in (6.35), depending on the
Lagrange multipliers, more precisely dependlng on

X = A+v-A+EN +Ev- AT, (6.39)
Xi = hwA + hwie; - A} (6.40)

The Lagrange multipliers are implicitly defined as functions of the known mo-
ments, that is,

n(fME) = n, J(fME) = 7,
W(PMF) = W, vt = v, (6.41)
Wi(fME) = W, g (fM) = 4"

6.4 Diffusive limit

In this section we consider the diffusive limit of the MEP-based models (6.37).
First we have to identify the smallness parameter from the collision term.
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First scaling. We introduce the first scaling for the transition probability
Py(k, k') in the collision term for electron-impurities C&! in (6.27)

1 .
Po(k, k/) — Epo(k, k/) (642)

The scaling for the other transition probabilities is in the terms s;(q) and Aw; in
C¢ and CP"
si@) = Zai(q),  hw = ohds. (6.43)
€
This second part of the first scaling, uses other small parameters o that will be
later related to the small parameter € in (6.42).
Second scaling. The second scaling, that we propose for the Lagrange mul-

tipliers, corresponding to the fluxes, is the following
A=ex, AV = eS\W, A= ES\ZV (6.44)

Using both previous scaling, we can write x and x;, defined in (6.39), (6.40), as
follows

Y o= @4 (6.45)
Xi = O (XEO) + e)é”) (6.46)
in which we have posed
X0 = A4 ENV, = v A+Ev- AT,
O = R, A0 = e - 3 (6.47)

Now we introduce a lemma that that will allow us to write the distribution
functions, in (6.35), in series form.

We use a parameter v which can take values —1,0, 1, in order to characterize
in an unified way the expansion of the Fermi-Dirac, Maxwell and Bose-Einstein
distributions, respectively.

Lemma 6.4.1 Let

fulz) = eaH,i > (6.48)
with a,b € R. Then
L) = 1S 1 () (6.49)
n=0
with v =—1,0,1, and .
-

and the function p,, is defined iteratively by

1 d
pl/,O(S) - 17 pu,n(s) - E(l - VS)&[SPV,(nfl)(S)]a n Z 1.
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Proof. The first observation, easly to show, is the following relation between the
function f, definited in (6.48), and its first defivative

fo(x) = =bf,(1=vf,). (6.50)
Now we prove, by induction, that
F (@) = nl (=) f (@)pun(ful®), 0> 1. (6.51)

The first step of induction, for n = 0, is trivial. Let us now assume that (6.51)
is true for some n = ¢ and prove that it follows for n = ¢ + 1. To this aim we
compute

@) = S50

= d% (=D £, (2)pue(fo ()]

= (DO el folo)

I d%(fx:c)py,e(fy(x»)} f1(2)
()W bf (o) (1 — v (2)] {diﬁ(fy(ﬂf)py,e(fu(x)))

= (1) DU (@)puy ey (fo(@)),

where the last equality follows from (6.50). Evaluating the derivatives at z = 0
we obtain the series in the right hand side of (6.49). ]

Using the previous Lemma, we can write both maximum entropy distribution
functions

1 1
ME ME
— s gi,(f _— 9 (652)
exp (X +exW) +1 exp (a<x§°> n exﬁ”>) —1
as o o
PIE=N"rO gME =N gl (6.53)
/=0 =0
with
fO = fO>=1) L (FO) (M)
YA _ 1
O = g1t (g ()
where

0 _ 1 0 _ 1
- © 11 YT ©_ |’
exp x\¥ +1 expoy; —1
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and the functions p}t are defined iteratively by

1 d
(@) =1 pf(@) = ;(1F2)lepa(@)], (21,
and y, x; defined in (6.45) and (6.46).

It is possible to see that, since

1
llm Jg( ) = = (6.54)
Xi

and that the leading order coefficient of the polynomial p,; is equal to 1, we have

1
lim o 0 _ L XE )
o 0Yie = O\

Xi

In the expansions (6.49), we have that,

@ (k), if ¢is even
0/ _ _ f ( )7 1 !
fH(=k) { —fO(k), if £ is odd,

and similarly

gw( ), if £ is odd.

Using this property, and the fact that £(k) is even functions, expansions (6.49)
lead to analogous expansions for each term in (6.37). For the electron number
density n we have

() = 3 ey / O dle= 3 ey [ 700 a

, if £ is even,
g~ q)Z{ g“’( )

In a similar way, we obtain

8

I =7 = > ey [ vk evk) k) dk

(=0 %

o0

_ Ze%j 2€)

remembering that v(k) = Vi€ (k), then it is an odd function. Using the same
argument, we have for the other term
R =AM = > €y hgvk ® Vi€ (k) f9 (k) dk

=0
00

= ) A (k).

=0
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Similarly for the energy electron density, we have

W =wW(f") = ge@ ﬂg(k)f(e)(k) dk = g €2ey/£5(k)f(2€)(k) dk
_ ie%W(%)(k)
and
= g ij [ £19009 & 00911k
S e,
=
A — BV () g&y j [U(k) 2 v(k) + 5(k)%vk 2 Vie(K)| £ (k) dk

= Y AV (k).
£=0

Taking into account that w;(q) is an even function, for the energy phonon density,
we have

Wi =Wi(ghe?) = D €z / Twi(a)gio(q) dg
=0 #

o0

= > W),

£=0

and

WK

IV =7 =

=0

/ hwi(@)ei(q) ® ei(a)g(q) dg
B

e 7V (q)

[
[M]#

~
Il
o

Instead for the electron current density 7 and for the energy fluxes for electron
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and phonon 7" and jgv respectively, we have
G=3() = 3y [ o)k dk
=0 %
_ ZG%—HJ.(Q“_I)(I()' (655)

£=0

=) = S ey /ﬂ £ (K)o (k) FO (k) dk

— Z 62@+1jW,(2€+1) (k) (656)
=0

. 4 Z
3 =d @) = Y [ halaelasla)da
(=0 7

= Y el ), (6.57)

=0

Third scaling. These expressions lead to the third and last following scaling

w A,W ”‘,W

t==, j=¢5, ¥ =¢ , iV =¢j . (6.58)

(N IS N

Applying the three scalings introduced in (6.42), (6.43), (6.44) and (6.58) to
system (6.37), the system of the moment equations becomes

( on -
~ + V ) pr— 07
oF J
28_7' _ 1p o/
€ af + V/—i‘qu% = ECO—FEC,
ow - A x A
o Vi 4qE j = LCV+3Cv,
et (6.59)
€’ ?)f + Ve gV E- 2V = ¢ +2¢"
oW, AW R
/\Z + V .Z' = ECJ/V,
ot J <
05,
, AW
\ €2 ;% + V/Z/V = 2C;, i=1,...,np

The “on the collision terms, in the system (6.59), refers to the use of the scaled
quantities introduced in (6.42), (6.43).

Next, we need to see the consequences on the collision terms of the three
scalings that we have introduced. This is done in the following proposition.
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Proposition 6.4.1 Using the scalings (6.42), (6.43), (6.44) and (6.58) in the
collision terms, definited in (6.38), we obtain that

1. The terms %éo and %é(t)/v are O(1) around € = 0.

2. The terms

%éw, %d/v are O(1) around e =0 and o = 0.

e,
3. The terms CYV, 5CV, SCI are of order €(1) around e = 0, assuming

o= 0().

Proof. We define
7 (kK k) = f(K)(1 - f(k)), (6.60)
then, the collision term, describing the scattering electron-impurities, has the

form

c = / [Py (K, k).Z (K k) — Py(k,K).Z (k, k)| dk. (6.61)

If we introduce the expansion for the distribution function f, given in (6.53), we
can write -
F (K k) =Y FOK k) (6.62)

£=0
with Z© (K k) = fO(K)(1 - fO(k)) and

¢
, N —m m
ZOK k) =Y (-1)'epl, () (x(” ) ph(FO) (xV)
m=0
in which
FO = FO), O = fO0),
and

X( ) — X(l)(k) X(l)’ _ X(l)(k/)_

Then we can write

1@o = / / )P (K, k).Z (K k) — Py(k,K').Z (k, k)] dk’ dk
€

= —Z / / ) [0 0 FOK K) — Bk, K)FO (K, K)] dK dk

. = ¥ 10
= - Z €Cy’.
=0
Recalling the expressions in (6.47) for x(© and x(!), we notice that
(10 = V0, (1) = V()
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thus we find .#©(-K, —k) = .ZO (k' k) and

FO(K k), if £is even,

~FO(K k), if(is odd. (6.63)

FO(-K, k) = {

Moreover, we have Py(—k’,—k) = Py(k', k). Then, since v(—k) = —v(k), the
previous expansion reduces to

1. 2@+1)
-Cy = 2‘ZC
-Co >

=0

In the same way, since £(—k)v(—k) = —€(k)v(k), we find

1-

“ew - Z Qgc (20+1).
=0

In particular we have:

Co = C\V+0(),

A

¢, = ¢+ o),

a |

which proves the first statement.
Recalling the form of the electron-phonon collision term, given in the previous
section, and the definition of the function .#, we have

Co(f,g.) = / PAK K 6,) Z (K, K) — Py(k, K g,) 7 (k, K)] dK.
P
in which the transition rates is given by
Pk, K ;) = w; (k, X, q")g" +w; (kK ,q7)g; +w; (k, K ,q7)

where

w;(k, X', q) = 5;(q)0[E(k) — E(K') + hwi(q)].
and g = gi(q¥), with q* = £(k’ — k)).
We notice that w;(—k, —k', —q) = wi"(k, K/, q).
We define the function
(K k,q) = gi(q)Z (K k).

Using the scaling (6.43) and the expansion given in (6.53) for the distibution
function g; we can write

(K k,q) Zgﬂ K k
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with

g - g
C = ‘Z/

i=1 7%
+5i(q7)0(E(K) — E(k) — hwi(q7))%0 (K k,q7)
+5i(q7)0(E(k) — E(K') — hwi(q))F (k, k')
—$i(a")o(E(k) — E(K') + hwi(a"))%0 (k. K, q")
—5i(q7)0(E(k) — E(K') — hwi(q7))%0(k, K, q7)
—5i(q7)0(E(k) — E(K) — havi(q7)).F (k,K')]  dkdk

[ olsta i) - €09 + a0

+5,(a7)I(EK) — E(k) — hwy(a )G (K k,q")
+5,(a7)3(E() — E(K) — hin(a7)F O (k,X)
—5,(a")0(E(k) — E(K) + hay(a)G) (k. K, q)
—5(a7)8(E(k) — E(K) — hiy(a )9 (k, K, q7)
—5(q7)8(EK) — E(K) — hy(q )TV (k,K)] dkdK’

Iy e,
€=
Using (6.63) and since g( )(

g (— k' —k,—q)

then ©
0 L e
%(?( k k’ _q> gz(,?) (k 7ka q)? lf 6 l‘S evel, (664)
-9, (K, k,q), if £is odd.
Then, since w;(—q) = w;(q), we have
o =N o0
ZC = 2€CU(2€+1) 6.65
A (069
7" = gy e, (6.66)
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Recalling the expression for the phonon-electron scattering, using the defini-
tion of the functions .#,¥, we have

C(f,9) = 2/@{&@5(5*—5’+ﬁwi)[€¢(k’,k*q)—f(kﬁk*)—g(k*,k’,q)]}dk’,

with k* = k’ — q. Then, doing the same consideration made above, considering
that ¢;(—q) = —¢;(q) we can find

Zew = oy et (6.67)
€

The relations (6.65), (6.66), (6.67), in particular imply

Z¢ = o0+ O(e),

€
eV = e 4 O(e).
€
o -

¢V = "W 4 o).

Using (6.54) we can prove the second statement of the proposition.
To prove the third statement, we consider the following expansion for C}:

20 AW(QE
6_2 = 3 Z Cy (6.68)
with
% W(é) / / P() k/ ) (é) (k,, k) - p()(kv k/)g(f) (ka k,)] dk/ dk

The expansion does not contain the odd terms in e since £(k) is an even function.
From (6.68) we find

1 .w 1 w0 ~W,(2)
E_QCO 26—200 +c0 +ﬁ<€2)
We have
el — / / £(k) [Po(k',k)%o)(k',k) 2ok, k)70 (k, k)| dK’ dk
B JRB

2 J.
=0

The remaning terms 5CW, ;%C,LW can be treated in a similar way. Thus we obtain
[
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Denoting by (0) the leading order terms of the right-hand side of the previous
scaled equations, using (6.49), we find

é(O) 5\ _ 5 5 R N4
(émo)) =P (XW) e <§'W oMY =bAY = —biai g

In conclusion, taking the formal limit of (6.37), after the three scaling we
obtain the following limit system:

( On A
-+ V- = 0,
o J
V- 7 +q¢E-Z% = é(o),
oW . . .
— 4+ Vi +qE-j = VO
ot (6.69)
V-/W+qu-%W = éw(o),
ow; W 5W(0)
L+ V-3, = "
ot Ji !
\ v gV =" =1

The equations on the left column constitute the energy transport system, while
the equations on the right column are the constitutive relations for the flux, which
can be written in the compact form

i) = —as V- 79+ qE-2Y
3W - AV /W(O) +eE - (/(O) +%W(o)) (6.70)
i = et gV i1 .,

All the coefficients in the above expressions are given in closed form. The limit
model (6.69), (6.70) is consistent with linear irreversible thermodynamics.
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