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Chapter 1

Introduction

In many industrial processes optimization plays a fundamental role since several
important things may be improved such as energy consumption, material require-
ments, or quality. Most of these aspects can be enhanced by experiments but
on the one hand this is time-consuming and on the other hand it is sometimes
extremely costly. One way out may be performing numerical simulations of the
process. This can lead to a deeper understanding and thus facilitate improve-

ments.

The liquid phase epitaxial process which is the subject of this thesis is an im-
portant and critical step in the fabrication process of infrared detectors. A high
quality of the emerging layer which has to be grown onto the substrates is de-
cisive for their further usability. Performing numerical simulations of the liquid
phase epitaxy requires the development of a physical model as well as special-
ized numerical methods. These steps are presented and the obtained numerical

results are discussed.

The construction of an optimal control maintaining the process to receive an
optimal result would even be more sophisticated. For the liquid phase epitaxy
this is impossible until now since the complexity of the arising problem is so high

that simulations of the process are already extremely time-consuming.
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1.1 Infrared detectors

For the industrial production of infrared detectors high quality semiconductors are
needed. The detectors we consider are optimized for wavelengths between 7 and
12 microns on the electromagnetic spectrum. In this region room temperature

objects emit most of their light. The detectors use a semiconductor material

Figure 1.1: Infrared picture of a house. (Source: Internet)

based on mercury cadmium telluride (MCT) as most of the infrared detectors do.
The material is very expensive and difficult to handle and a special manufacturing
infrastructure is required that raises the cost of the chips. The fabrication process
is split into several steps. It starts with the breeding of a single crystalline ingot
(cf. Figure 1.2) by the vertical Bridgman method (see Section 1.1.1). This ingot
is then cut into slices which are, after some further treatments like etching and
polishing, the substrates (cf. Figure 1.3) for the epitaxial growth (see Section
1.1.2). At the end electronic devices are attached onto the layered substrates to

complete the chip.
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Figure 1.2: (Cd,Zn)Te crystal. (Source: AIM)
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Figure 1.3: Slices of the substrate material. (Source: AIM)
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1.1.1 The vertical Bridgman method

For the breeding of the crystal the required components are molten inside a quartz
ampoule in a furnace which is hotter on top and colder on bottom. Through
lowering of the ampoule inside the furnace crystallization starts. A readily grown
ingot of a (Cd,Zn)Te crystal as well as already etched and polished slices of the
substrate material are shown in Figure 1.2 and 1.3.

The Kristallographisches Institut of the University of Freiburg, the Institut fur
Angewandte Mathematik of the University of Freiburg, and the industry part-
ner AIM Infrarot-Module GmbH in Heilbronn analyzed the production of the
(Cd,Zn)Te crystal in an interdisciplinary project. The obtained results led to a
significant improvement of the process (cf. [6,7,8,39]).

1.1.2 Liquid phase epitaxy

In the next step of the fabrication process a thin film, the epitaxial layer, with a
thickness of about twenty microns has to be grown onto the substrate. There are
different techniques available for this purpose. Here
we deal with liquid phase epitaxy: In a complicated

furnace (its sketch is shown on the left side) the com-

mr:;‘;:]et pound materials are molten up. Then the substrate is
o dipped into the melt. By cooling down with an ade-
ron g - - quate rate a thin single crystalline film begins to grow
with the surface of the substrate as nucleation area.
q:'eaar:for The temperature during this process is around 465
degree Celsius. After about 40 minutes the substrate

(Cd.Zn)Te- is pulled out of the melt.
substrate This old fashioned technique has some important ad-
melting pot vantages: a high throughput is possible, the melt can

(Te,Hg,Cd)
be used for several processes, the shape of a substrate

is not relevant, and multiple substrates can be treated
simultaneously. Nevertheless the process is quite costly since the required compo-

nents are expensive and must be very pure. So it is very important to improve the
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Figure 1.4: Epitaxial layer. (Source: AIM)

process rather by performing numerical simulations than by making experiments
where most of the resulting semiconductors have to be thrown away because
they do not comply with required quality standards.

The simulation of the liquid phase epitaxy was split into two separated parts. The
first part deals only with the temperature field in the furnace (cf. next section).
The second part, which is the subject of this thesis, deals with the processes

inside the melting pot with given temperature data as boundary condition.

1.2 Global simulation

As already indicated in the last section the simulation of the liquid phase epi-
taxy has been split into two separated parts. The first part just deals with the
temperature field in the furnace without crystal growth inside the melting pot.

We call this part the global simulation. Since our part requires temperature data
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Figure 1.5: Grid for furnace simulations. (Source: K.-M. Lin)

of the global simulation as boundary condition for the local simulation inside
the melting pot where the epitaxial growth occurs, we shortly present the main
results of the investigation here. The global simulations were performed by Lin

at the Kristallographisches Institut of the University of Freiburg.

For getting a cooling rate in the furnace the heater powers were continuously
adapted, controlled by a connected computer. The idea of Lin was to perform
several stationary simulations of the complete furnace for different heater powers,
assuming thermal equilibrium for each state. Figure 1.5 shows the calculation grid
for 2d and 3d simulations. By interpolation in time an instationary temperature

field in the furnace is given.

The conclusion of Lin's results is that instationary effects can not be neglected
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Figure 1.6: Rotationally symmetric spatial temperature field in °C' on

the boundary of the pot after 18 minutes in the process flow.

(see [19] for the complete results). Thus, an instationary simulation of the
furnace would be necessary. He could overcome this problem by calibrating the
simulation data with experimental data from AIM for their standard process flow.
So Lin could provide us with a continuous time-dependent temperature field of
the furnace with good compliance to measuring data from AIM. For the melting
pot we obtained a rotationally symmetric spatial temperature field on its bound-
ary (cf. Figure 1.6) that cools down with a constant cooling rate of approximately
-0.15 degree Celsius per minute. Ongoing research about the topic of instation-
ary simulations is done for instance at the Center of Advanced European Studies

and Research (Caesar) in Bonn (cf. [54] or visit www.caesar.de).


http://www.caesar.de
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1.3 Outline

In the next chapter we derive a physical model for the liquid phase epitaxy. The
focus of the modeling lies on the calculation of the thickness of the grown layer
and not on microscopic aspects. The model includes the arising convection in the
melt and retains energy and mass conservation. The material constants and the
complete system with initial values and boundary conditions in non-dimensional
form is presented.

In the third chapter we discuss some mathematical aspects of a linearized sub-
problem. This already exhibits the difficulties occuring in the discretization of the
problem. Two mathematical models are presented. The first approach takes all
aspects of the physical model into account and therefore permits mass conserva-
tion also on the discrete level. The second one omits one fact — the geometrical
movement of the phase boundary between liquid and solid part.

In the fourth chapter the basic finite element spaces are presented. Then the
discretization of the Navier-Stokes equations is treated. Afterwards the fully
discretized problems of both mathematical models are derived. Some aspects
regarding stability and damping of numerical oscillations are considered.

The fifth chapter addresses the numerical solution of the resulting algebraic sys-
tem by a Newton method with step size control. Furthermore we derive the linear
system emerging in each Newton step and discuss appropriate iterative solvers.
Since the linear system is quite large preconditioning is an important aspect and
is addressed afterwards.

In the last chapter the discretization is tested. After a comparison of the two
mathematical models the numerical results for different settings are presented.
Finally we discuss them with respect to the experimental results and the modeling

of the process.



Chapter 2

The Physical Model

The liquid phase epitaxy is a part of the production process of semiconductors:
Inside a heated furnace a substrate consisting of cadmium, zinc, and tellurium
(cf. Figure 1.3 on page 3) is dipped into the melting pot which is filled with a
compound of the molten materials cadmium, mercury, and tellurium. By reducing
the temperature of the heaters inside the furnace a thin single crystalline film
begins to grow onto the surface of the substrate to form the epitaxial layer.
The temperature data outside the pot is available from measurements and as
simulation data (cf. Section 1.2) and acts as boundary condition for the inside

temperature.

In this chapter we deal with the derivation of a physical model for the process
taking place inside the melting pot. For this purpose we take a closer look at the
conservation equations of thermodynamics valid inside our area of interest. This
model was developed in collaboration with the Kristallographisches Institut of the
University of Freiburg, based on a model that was already used and tested for
crystal growth by the working group of Kimura (cf. [33,34,32,46,30]). It ought
to allow an easy calculation of the thickness of the newly grown layer which is
our main concern. Therefore it ignores microscopic effects like step bunching or

micro drops as can be seen in Figure 1.4 (on page 5).
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2.1 Prerequisites

The melting pot, denoted by €2, consists of two essentially time-dependent parts:
the substrate ° and the melt Q. The illustration of the geometry is shown in

Figure 2.1.

__—melting pot (£2)

substrate (2°)

\
// [Cdi—pZn,Te] \\

melt (Q°)
,,,,,, iy et S [Cd,HgTe]

/
l/

wt—iv

Figure 2.1: Scheme of the melting pot. On the left side the direction of

gravity g is shown.

For the description of the flow inside the melt we need a parameterization of the
flow over a fixed reference domain, namely the part filled with the melt before

any crystal growth occurs, which we denote by 2.

Assumption 2.1. We assume that for every t € [0,T] there exists a diffeomor-
phism

D(t, ) : Oy — Q(1)
with ®(0, - )=1id and smooth in time, such that x(t)=®(t,Z) is the trajectory

of a particle starting at T.

The velocity of a particle with reference 7 is therefore given by the time derivative

of the diffeomorphism &:

u(t,x) == x(t) = O4(t, 7).
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The velocity u can be understood as a mean velocity of all particles at the spec-
ified place (¢, z) and thus implies a homogeneous distribution of matter, i.e. it is

not the exact velocity of a single particle.

For the derivation Reynolds’ transport theorem is crucial.

Theorem 2.2 (Reynolds).

Let ® be defined as in assumption 2.1. Additionally let the Jacobian of ® be
regular, i.e. det(D,®(t,x)) > 0. Let Vo C QY be an open subset with smooth
boundary and V (t) := ®(Vj,t). Furthermore let v(t,x) be the outer normal of
OV (t). Then for a function f € C'(IR" x IRY) with d=2, 3 the following equation
holds:

d
(2.1a) E/fdxz /ft—l-V-(fu)dx
40) V()
(2.1b) = fi + fu-vdo,.
[,

Proof. First we transform the integral with the parameterization ® to the fixed
reference volume V= ®~!(¢,V(¢)). Then integration and time derivative can

be interchanged:

d d
< / Ft2)de = E/f(t,cp(t,f)) det(D,®(t, 7)) d7
V(t) Vo

d

_ / S (1, 0(t,7)) det(D,(1,7)) dr.

Vo
Now we use the fact, that the time derivative of the Jacobian can be written as
(see e.g. [25] paragraph 10)

%det(m@(t,f)) = det(D,®(t, 7))V - u(t, B(t,T)).

Using the chain rule and transforming back to the time-dependent control volume
V() yields equation (2.1a). Equation (2.1b) follows by applying GauB's theorem.
1
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2.2 The Navier-Stokes equations

The Navier-Stokes equations describe, under some simplifications, the flow of a
liquid or a gas. They can be derived from two physical laws: conservation of

mass and conservation of momentum.

2.2.1 Conservation of mass

Let us consider a control volume V (t) with smooth boundary inside the melt
Qf, moving around with the flow. Due to mass conservation, the mass inside
the control volume remains constant. Thus the time derivative of this portion
of mass is equal to zero. If we denote the density of the melt by p, by applying

Reynolds' transport theorem 2.2 we obtain:

d
0=— [ pdx = /pt+V-(,0u)dx.

V(t) V(t)

Since the control volume was chosen arbitrarily we get the following relation

which is also known as continuity equation:
(2.2) pe+Vp-u+pV-u = 0.

Now we assume that the variation of the density in the melt is very small and
thus can be neglected, i.e. the density py=p(t, ) is constant. Then we get the

incompressibility constraint

(2.3) V-u = 0.

2.2.2 Conservation of momentum

The remaining equations are derived from Newton's laws of motion. For this
purpose we take a look at the time derivative of the momentum of a control

volume, which should be identical to the appearing forces.

d
(2.4) 7 pudr = /pfdx+ / o(v)do,
V(t) V(t) oV (t)
N A o

Vv
volume forces boundary forces
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We distinguish between two different forces. On the one hand we have forces
affecting the volume such as gravity. They are called volume forces and are rep-
resented by the variable f. On the other hand there exist forces acting on the
boundary of the control volume, e.g. compressive stress. They are called bound-
ary forces. For this second term we already used a result of thermodynamics
which allows writing it as fBV(t) o (v) do, with the stress tensor o applied to the

outer normal v.

To get a representation formula for the stress tensor we split it into two parts:
The first part consists only of compressive stresses which are independent of the
flow velocity. The second part consists of stresses induced by the flow velocity.
If we now use properties of flows, e.g. that homogeneous rotations are not sub-
jected to internal stresses, and under some simplifying assumptions, e.g. that the
gradient of the velocity remains small and that there are no anisotropic effects,

the components of the stress tensor can be written as

Here p denotes the pressure in the system, 1 the dynamic viscosity, d =2,3 is

the spatial dimension, and D(u);; the symmetric gradient of u, i.e.

D(u)y; = (8x~ + ax]) :
j i

Now we consider one component of the left hand side of equation (2.4). Assum-

ing again that the density pg is constant we obtain

d
pr pu; dxr = po / uit + V- (wu) de
V(1) V(t)
= po / Ui +u;V-u+ Vy; - ude.
V(t)

Therefore, using the incompressibility constraint (2.3) and GauB's theorem gives

po(uy+u-Vu) = V-o+pf.



14 2 THE PHYSICAL MODEL

Using again the incompressibility constraint (2.3), the divergence of the stress

tensor as defined in equation (2.5) can be written as
(2.6) V.o = =Vp+nAu.

Combining the above results we can state the incompressible Navier-Stokes equa-

tions for the liquid domain Q¢

po(ut+uVU)—77Au+Vp = pOfa

(2.7)
V-u =0,

with initial condition w4 = uy. On the boundary we assume no slip boundary

conditions which are introduced in Section 2.5.

2.2.3 Boussinesq approximation

For the derivation of the incompressible Navier-Stokes equations we assumed that
the variation of density in the melt can be neglected. In fact, if the variation of
temperature and concentration fields is small and the flow velocity stays small
this is as well a reasonable simplification. Nevertheless, these small variations in
density have a big influence on the term of the volume forces represented by f
(cf. equation (2.4)): Areas with different temperature or composition cause very
small differences in density generating thermal and solutal lifting forces under the
influence of gravity. In consideration of these effects we use the Navier-Stokes
equations in Boussinesq approximation. In principle this approach supposes that

the density is constant, except for exactly the volume force term.

Let pg be the density of the melt at a fixed temperature 6, with fixed concen-
trations ¢; 9. If we assume that the density depends linearly on small variations

of these fixed values we can write

p = po(1= 800 00) = > Bulei = cio))

1=1,2
where 3y denotes the thermal expansion coefficient and 3., the solutal expansion
coefficients in the melt. Furthermore, we only assume one volume force, the

constant gravity g.
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Defining the kinematic viscosity as v:=1/po and introducing a modified pressure
D as
pt,x) =p(t,x) —pog -,
we can state the Navier-Stokes equations in Boussinesq approximation
u;+u-Vu — vAu + lVg‘) = —<ﬁg(9 —0y) + Z Be, (c; — ci70)>g,
(2.8) Po i=1,2
V-u =0,
with identical initial values and boundary conditions as in the last section.

In what follows, we only consider the modified pressure p. For the sake of

simplicity it is again denoted by p.

2.3 Heat equation

For the derivation of the heat equation we consider the energy of the system:

In a control volume the total energy is given as the sum of the kinetic and the

Jul” /
— dx + e dx.
/ p 9 P

V(t) N V(t) int. energy

kin. energy

internal energy,

In Section 2.2.2 we regarded the forces acting on a control volume. We dis-
tinguished between the boundary forces (faV(t) o(v) do,) and the volume forces

(fV(t) pf dx). Thus, the related power consists of the two terms

/ o(v) - -udo, + / pf udr.
oV (t) V(t)
Due to differences of temperature inside and outside the control volume we get
an additional heat flux over its boundary denoted by q. Collecting all parts the
law of energy conservation yields

d 2
pr %—l—psd:p:—/q-Vd0x+/U(V)'“d0m

V(t) v (t) av (1)

—i—/pf-udx.

V(t)

(2.9)
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Taking a closer look at the right hand side of equation (2.9), we get by the

symmetry of the stress tensor o and with GauB's theorem

rhs. = / ~V-q+(V-o)-u+n(D(u): Vu) —pV-u+pf- udz
V(t)
For the left hand side we use Reynolds’ transport theorem 2.2:

2
Lhs. = /(pt+V~(pu))<ﬁ+€>+(p(ut+u~Vu))'udx
—_—— 2 ~ —~

V(t) =0 =V.o+pf

+ / ple: +u - Ve) dz,
V(t)

with respect to the continuity equation (2.2), equation (2.6), and the Navier-
Stokes equations (2.7). If the temperature gradient in the melt is not too big we

can apply Fourier's law. Thus, the heat flux can be written as
(2.10) q = —kV0,

where k denotes the heat conductivity of the melt. Furthermore, the following
thermodynamical relations between the internal energy ¢, the entropy s and the
thermodynamical pressure p'* hold (see e.g. [36]):

pth pih
Er = 98t + —2,075, Ve = 0Vs + —QVp.
P P
Combining these two equations we obtain the relation

ge+u-Ve = 9(st+u-Vs)+Zi:(pt+u-Vp),
S
where the last term vanishes due to the continuity equation (2.2) and the incom-
pressibility constraint (2.3). For the left hand side of equation (2.9) this leads
to
Lhs. = /(V-a)-u+pf-u+p8(st+u-Vs)dx.
V(t)

Altogether, we get the general heat equation

(2.11) p(s;+u-Vs) = n(D(u): Vu) + V- (kV0).
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For obtaining an easier representation of the heat equation without occurrence
of the entropy s we need two more assumptions. First, the flow velocity should
be small compared to the acoustic velocity. Second, the maximal temperature
difference in the melt should be small. In our setting this is fulfilled. Hence, the
variation in density which arises from variations in pressure and temperature is
small and can be neglected. Note, that the same assumption was already used
in Section 2.2.1. Now we get the following relation between the entropy s and

the temperature 6 (cf. [36]) with constant specific heat ¢:
Os; = cb,, OVs = V.

Furthermore, we assume that the change of temperature due to friction can be
neglected as well. This is reasonable since simulations show that we have small
velocity gradients and also a small dynamic viscosity 1. Hence, the viscous term
1 (D(u):Vu) in equation (2.11) vanishes and we get a simpler form of the heat
equation in the melt which we will use in the sequel:
(2.12) 0, +u - VO — Fno—0 ot

PoCo
Here k = k, denotes again the heat conductivity, ¢ = ¢y the specific heat and
p=po the constant density.
The heat equation is also valid in the solid phase €2°. Due to the fact that there
is no flow velocity in a crystalline material the convective term u - V6 vanishes
from equation (2.12). If we refer to the equation in the solid phase, we denote

the heat conductivity k by k;.

2.4 Conservation of mass

The melt in the pot is a compound of the three different materials cadmium,
mercury, and tellurium. Denoting by ¢; (=0, 1,2) the respective relative con-

centrations the following identity holds:
cot+c1+cy =1

Obviously, it is sufficient to calculate only two of the concentrations. Thus, the

concentration ¢ (cadmium) will not be considered in the sequel.
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If the concentrations inside and outside a control volume V (¢) differ we get a
flux over the boundary due to diffusion. Considering the concentration of one

component in V/(t) mass conservation yields

d
(2.13) %/Cida: = — / m; - v do,,
V(t) oV (t)

where m,; denotes the mass flux over the boundary OV (¢). Fick's law gives the

link between the flux and the gradient of the concentration

where D; denotes the diffusion coefficient of the concentration ¢;. Applying
Reynolds’ transport theorem 2.2 to the left hand side of equation (2.13) and

GauB's theorem and Fick's law to the right hand side we obtain

/ Cit +u- VCi dr = / V- (DchZ) dx.

V(t) V(t)

Since the control volume was arbitrary this results in the partial differential equa-

tion for the conservation of mass:
Gitu-Ve—DiAc; =0 inQ° (i=12).

Again this equation holds also in the solid part 2%, without convective term and
with diffusion coefficient D; = D;.

2.5 Boundary conditions

During the growth of the epitaxial layer onto the substrate we get a thin boundary
layer in which the phase transition takes place. For our model we assume that the
thickness of this boundary layer is infinitesimal, i.e. it collapses to an interface.
Models of this kind are known as “sharp interface” models. In contrast, the so
called “phase field” models allow a thin boundary layer ( “mushy region”) where
the status of the material is assumed to be neither solid nor liquid.

In this section we focus on the energy and mass balance on this interface which
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we denote by I'. We derive interface conditions such that energy and mass
conservation are fulfilled and look at the physical properties of the materials at
the phase boundary. Furthermore, the boundary conditions on the outer boundary

for flow velocity, temperature, and concentrations are introduced.

2.5.1 Boundary conditions on the outer boundary

At the walls of the melting pot as well as on the surface of the substrate we have
no slip boundary conditions for the flow in the melt, i.e. the flow velocity is equal
to zero. On the surface at the top of the pot the boundary is not fixed and thus
a tangential flow would be possible. The influence of this tangential flow on the
flow in the interior of the melt and in particular on the flow near the interface is

very small. Thus, we assume no slip boundary conditions here as well and get
(2.15) u =20 on 00"

For the temperature simulation and measuring data at the exterior of the pot
are available. We denote it by #.,;. The temperature difference between the
inner and the outer side of the pot causes a heat flux. If we assume a linear
dependency between this difference and the normal derivative of the temperature
which represents the heat flux normal to the boundary, we end up with a Robin

boundary condition. Denoting by R the heat exchange coefficient we get

00
(216) ka—’/ =R (Omt - 9) on 0f).

For the components of the concentrations the boundary condition follows from
mass conservation: No mass can vanish out of the pot during the whole process.
Thus, we get homogenous Neumann boundary conditions

oc;

(2.17) o

=0 on 0f).

2.5.2 Stefan condition for temperature and concentrations

The relation between the values of temperature, and concentrations respectively,

in the solid and the liquid phase is given by a Stefan condition. For deriving it
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we regard a small piece F' of the interface I' which is moving with velocity v - v
in normal direction. The volume that we get if we integrate the surface area of
F'in the time interval (1, ) is denoted by V/, the heat flux over F' out of the
liquid and into the solid phase by q, (g, analogous), and by L the latent heat
which represents the gain in energy due to the phase transition from liquid to

solid.

Now balance of energy implies that the difference of the heat fluxes in the time
interval (¢1,t3) must be equal to the gain in energy of the grown crystal with

volume V:

to
(2.18) //qf —q,-vdoydt = Lp)V = Lpo//v-udoxdt.

t1 F(t) t1 F(t)

Assuming local thermodynamical equilibrium yields that the temperature field is
smooth inside the subdomains Q°, Qf and overall continuous. Nevertheless the
gradient of the temperature may jump on the interface I'. Therefore, the normal
derivatives of the temperature on the interface is defined as follows: For any

sequences (z;)jen CQ° and (z1)ken CQ° converging to x €T, let

4 s
(2.19) g—ey(t,x) = lim % —(t,z;) and % (t,z) = lim §_0<t Tk).

j—oo OV v k—oo OV

Since the temperature is smooth in both subdomains, the definitions are inde-
pendent of the choice of the sequences. Now, the heat fluxes in equation (2.18)
can be replaced by applying Fourier's law (2.10). Taking further the limit to — ¢;

yields the classical Stefan condition for the temperature:

00 06° 00°
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For a concentration ¢; argumentation is similar. The balance of mass implies that
the difference of the mass fluxes my, m, over I' must coincide with the change
of concentration in the volume V:

to

to
(2.21) //mg-u—ms-udoxdt = //(cf—cf)v-udoxdt.

t1 F(t) t1 F(t)
Here ¢! and ¢ denote the limit of the concentration on the interface I" seen from
the liquid and the solid side. Hence, with sequences as in equation (2.19), they
are defined as

(2.22) ci(t,x) = lim ¢i(t,z;) and ci(t,x) = lim ¢ (¢, zp),

j—00 k—o00

assuming that the concentration is smooth in each subdomain. Note, that in
general equation (2.21) requires the concentration ¢; being discontinuous over
the interface T'. Applying Fick's law (2.14) in equation (2.21) yields the Stefan

condition for the concentration ¢;

¢
(2.23) [Dlgfj} = —[e)lv-v,

S
where the normal derivatives are defined analogously to the normal derivatives

of the temperature in equation (2.19).

2.5.3 The phase diagram

In the last section we dealt with the question which boundary conditions on the
interface I' are necessary for ensuring energy and mass conservation to hold.
In this section we clarify how temperature behaves on the interface and how
the composition of the grown crystal layer depends on the composition of the
components in the melt.

Assuming local thermodynamical equilibrium on the interface yields that the tem-
perature has to be continuous over I" and thus is equal to the melting temperature
0,, of the growing crystal layer. For the melting temperature we consider the

general approach writing it as the sum of three different components (cf. [53]):

(224) em = es.t. + en.e. + ezmp
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Figure 2.2: Phase diagram for a tellurium-rich melt with composition
(Hg1-.Cd.)1—yTey. The melting temperature is represented by the solid
lines, the composition x of the crystal Hg,_,Cd,Te by the dashed lines
(from [27]).

The first term 6, represents the portion of temperature which is related to the
surface tension of the melt at the phase boundary and thus depends on the cur-
vature of the interface. Experiments show that the growth of the layer is nearly
uniform. Thus, curvature effects can be neglected.

The second term 6,, .. stands for the influence of non equilibrium states on the
melting temperature. Because of the very small growth velocity of the layer we
assume that temperature is always near the equilibrium state on the interface.
Therefore, this term can be neglected as well.

The third term 6,,,,, is related to the composition and the impurities of the melt.
We will concentrate on this part and use the results of physical experiments done

by the group of Harman (cf. [27]) to get appropriate values.
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To obtain the melting temperature and the composition of the crystal for different
compositions in the melt the group of Harman performed physical experiments
(cf. [27]). Their results are summarized in the phase diagram (see Figure 2.2).
In [14] equations for the phase diagram of Harman can be found giving a good
approximation to melting temperature and composition in the crystal for our
configuration. For the composition (Hg¢,_.Cd,),_,T'e, in the melt the following
equations for the melting temperature 6,, = T'°C' and the composition x of the
crystal Hg,_,Cd,Te hold:

T = 1102 + 250z + 420yz — 785y,
(2.25) p

r = —.
0.22 4+ 0.78z

Note, that the concentrations of the materials jump at the interface I' and
thus are discontinuous. Therefore, we already defined two different values for
each concentration on I' (cf. equation (2.22)) denoted by cf and ¢§. With the
above notation the concentration of mercury in the liquid phase is given by
¢{=(1-2)(1—y) and by ¢{ =(1—x)/2 in the solid phase. For the concentration
of tellurium we get c5=y and ¢ =1/2. Rewriting the phase diagram equations
(2.25) yields:

l
.26a m = (1352 — 365¢; + 420c; — G C on I,
2.26 0 352 — 365¢5 + 420¢] — 670 -

0.11¢
2.26b § = ! r
( ) T 0.78¢4 — ¢} on s
1
(2.26¢) ¢ = 3 onT.

This crystal has a structure consisting of precisely 50% tellurium atoms whereas
the atoms of cadmium and mercury are interchangeable. This can be seen in
equation (2.26b) and (2.26c¢).

2.6 Material constants

The equations derived in this chapter contain several material constants. Since

the involved materials are not in the main focus of material science it is difficult



24 2 THE PHYSICAL MODEL

to find the values for the temperature of the process. We had to collect them
from many different sources (cf. [14, 38,29, 31, 23,37, 35]). A summary of all

constants with utilized values is given in Table 2.1.

constant value unit description
v 2-107 m; kinematic viscosity (melt)
00 6.1-10° % mean density
Be 1.3-1074 < | thermal expansion coefficient (melt)
Be, —3.0-107! — solutal expansion coefficient of Hg
Bey 3.0-1072 — solutal expansion coefficient of Te
g (0,0,-9.81) | 3 gravitation vector
R 4.0-10° | heat exchange coefficient
ko 10.0 jggg heat conductivity (melt)
co 2.0 - 102 ngoc mean specific heat
ag = pféo 8.2-107° mTQ heat conduction coefficient (melt)
as = % 4.1-107 mTQ heat conduction coefficient (substrate)
Dt 5.7-1078 mTQ diffusion coefficient of Hg (melt)
DS 8.2-107° %2 diffusion coefficient of Te (melt)
Dj 2.5-1071% | ™ | diffusion coefficient of Hg (substrate)
Dj 1.2-107% | ™ | diffusion coefficient of Te (substrate)
L 1.3-10° k—‘; latent heat

Table 2.1: Material constants with units and description.

For the heat conductivity of the substrate material at a temperature of about
470 °C we did not get reliable values. Thus, we chose the value to be half as big
as the value in the melt. In fact it does not have a significant influence on the

results of the simulations. For some of the other parameters we found a wide
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range of values depending on the used measurement method. We always tried

to use the most reliable value or calculated a mean value of the available data.

2.7 The non-dimensional system

For the mathematical treatment of the equations it is useful to rescale them and
dispose the physical units. For this purpose we define a characteristic length,

time, and velocity:

characteristic length X 0.01lm (=1cm)
characteristic time T 1s
characteristic velocity V' 0.01%2 (=1<%)
Now we use these characteristic quantities to rescale all unknowns of the system

collected in Table 2.2. Setting

.t
(2.27) = and &= %

we define the rescaled flow velocity and pressure in the Navier-Stokes equations

as

. t - t
aff )= 7 and (0.8 = 7;(0 2,
the rescaled temperature and the interface velocity as
PP Co NI Ur(t,x)
(2.28) 0(t,z) :== T (0(t,x) —6y) and op(t,z):= T

and the rescaled concentrations as
éz(tA,Lf?) = Cz(t,SU) (’ZI 1,2)

The offset of the temperature 6, is chosen to be the melting temperature for the
initial composition of cadmium (coo=7.623%0), mercury (c10=14.6377%), and
tellurium (c2,0=84.6%) which yields 6, = 467.85°C". For the time derivative of

the temperature, for instance, using equation (2.27) and (2.28) now yields

0u(t, ) = i(éé(f,i)—eo) - i(

LA
=0
dt 2o dt (

co

) = Z0,(1, ),

><|&

9

N
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variable | unit description
u o flow velocity of the melt
kg
D s pressure
< temperature
c1 — relative concentration of mercury
Cy — relative concentration of tellurium
up ™ | velocity of the interface (in normal direction)

Table 2.2: Unknowns of the system with physical unit and description.

and for the temperature gradient we get

Vibi(t,z) = Vo (£0(,3) — 00) = Vo(20(%, %)) = L Vib(E 7).

co

Substituting all derivatives of the temperature in equation (2.12) we obtain

L+ Lea V0 —

coT coX

. ng (aV@é) =0

Thus, the non-dimensional form of the heat equation results from the last equa-
tion by multiplying it with the constant <L
0; + YL 4 V0 — Vi - (LV:0) =

\,./
=1

with the non-dimensional heat conduction coefficient a = Proceeding sim-

X2
ilarly with all other equations as well as the boundary conditions we obtain the
non-dimensional system. For the sake of simplicity we drop the hat “™ for all
non-dimensional variables and use again their former notation whereas we keep it
for all material constants. The complete description of the problem is now given

as follows:
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System of partial differential equations

In Q¢ the flow velocity u = 0. In Q we have:

(2.29) Ve éAu V= - (39 0+ z‘zm Beq (e — Ci,o)>g,
Veou = 0.
For the temperature and the concentrations in 2° U Q¢ we have:
b +u-VO—V-(ave) = 0,

(2.30) .
ci7t+u-Vci—V-(Dchi) =0 (Z:1,2)

Conditions on the interface

On I' the Stefan conditions hold for the temperature and the concentrations:

AN . 9¢;]"
(2.31) {aa—y]s = —up and [Diék = —[eflvor (i=1,2).
The remaining equations on I" are given by the phase diagram:
1.03¢}
0 = 1.36 — 0.56¢, + 0.65¢/ — 1—0;
(2.32) . g
) 0.11¢§ N
c, = n Co = —.
b 1-0.784 — ¢ )
Outer boundary conditions
u =0 on 9%,
0 R,
(T o9,
(2.33) 50 ag( ¢+ —0) on
Je; .
8IC/ =0 (i=1,2) on 09.
Initial values
u(-,0) =0 in Q°,
(2.34) 0(-,0) =0 in Q° U Q*,

ci(+,0) = co (i=1,2) inQUQ
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Values of the non-dimensional parameters

parameter | non-dim. value parameter | non-dim. value
Re 50 iy 8.2-1072
By 8.45 - 102 s 4.1-1072
Be, ~3.0-10" D! 571074
8., 3.0-1072 DY 8.2-1075
g (0,0, —981) Ds 2.5-10"1
R 3.3-107" Ds 1.2-10°1

2.8 Some remarks on the model

The derived model is developed to allow an efficient numerical simulation of the
liquid phase epitaxy in two and three space dimensions. A model including all
physical aspects of this difficult process would be far from practical benefit. Nev-

ertheless, we want to discuss some aspects we did not consider.

Segregation. Due to gravity the heaviest component mercury will start sinking
to the bottom of the melting pot. In contrast a high flow velocity prevents this
effect from happening too fast. Segregation is one of the reasons why triggering
a high flow velocity in the melt by a large temperature gradient along the side

walls of the melting pot is crucial.

Missing gradient terms. Taking a closer look at the derivation of the heat
equation we realize that the heat flux (cf. Fourier's law (2.10)) in a material
with several components does not only depend on the temperature gradient but
also on the chemical potential of the involved materials. Furthermore Fick's law
(cf. (2.14)) only holds for a melt with constant temperature and thus an addi-
tional term with the temperature gradient should be taken into account. Since
the mixing effect of the flow in the melt is dominating these terms can be ne-

glected.
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‘sharp interface’ versus ‘phase field’. For our problem we have made the de-
cision to use a sharp interface model. Since our main interest is the calculation of
the thickness of the emerging film and thus the exact position of the interface, a
sharp interface model is much more appropriate: The big disadvantage of phase
field models is that they need a very high grid resolution near the interface to
get the accurate position of the interface itself. If a grid resolution of about one
micron around the interface is required this yields about four millions degrees of
freedom for the nonlinear system in a 2-dimensional simulation. Since with our
model calculations on much coarser grids are possible, only around thirty thou-
sand unknowns in a 2-dimensional simulation and around one million unknowns

in a 3-dimensional simulation are required to obtain satisfying results.

Topological changes and nucleation. The disadvantage of sharp interface
models is that they do neither allow topological changes of the phase boundary
nor nucleation. However, in our process this is no limitation. The industrial
production of the wafers show that the growth of the layer is nearly uniform and
thus no topological changes occur. Furthermore, experiments showed that the
pure melt without the substrate as nucleation area can be undercooled more than
fifty degrees below the melting temperature without occurrence of nucleation. In
our model the phase boundary exists from the beginning of the simulation and
is constituted to be the surface between the solid and the liquid part, exactly

where the crystal growth starts in the real process.






Chapter 3

The Mathematical Model

In this chapter we present some basic notations and give a short introduction to
Sobolev spaces. In order to understand the spaces required for a weak solution of
the physical model as well as the arising difficulties we derive a linearized model
problem and study its properties. We then present a variational formulation
of the problem. We consider two different approaches. The first is the weak
form of the full system on the halfed domain with respect to symmetry. The
second omits the geometrical motion of the phase boundary. Both approaches are
suited for discretization with finite elements which we will use for the simulations.
Existence and uniqueness of the full system are not covered, since both are still

open questions.

3.1 Sobolev spaces

For the derivation of the weak formulation we need Sobolev spaces for the cal-
culation domain as well as for its boundary. In this section we present a short
introduction to this field. The definitions and results are mainly taken from the
books of Alt [2], Lions/Magenes [40], and Hackbusch [26]. Further results can
be found in [1,41,55]. For extensions of the results to domains with curvilinear,

polygonal, or polyhedral boundaries we refer to Grisvard [24].

Let 2 be a bounded domain of IR? with Lipschitz boundary T'=9Q. For p>1
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let LP(§2) be the classical Banach space consisting of all Lebesgue measurable

and p-integrable functions ¢ on €2 with the corresponding norm

Il = / (@) do < oo

The Banach space L>({2) consists of all Lebesgue measurable functions ¢ on €

which are essentially bounded, equipped with the norm

[@llzee() = esssup |o(x)].
e

The functions with all weak derivatives up to k-th order (k€Ny) lying in L?(2)
span the Sobolev space H*?(2). This is again a Banach space when equipped

with the norm 1
lollepo = ( Z ||Da90||1£p(9)>p>

lal<k

where

= T=d A o’ a=(ag,...,0q), o € No, a:ZO&i
[Tz, 07" =

denotes the weak derivative for the multi-index «. In the special case p=2 we
use the common notation H*(Q) instead of H*?(2) and drop the index p for
the norm, i.e.
lellke = llellke0-
The spaces H*(§2) are Hilbert spaces with inner product
(0 0)pa = D / D D™y dx.
la <k 7 <

For k=0 the index k for the inner product and the norm may be dropped.

Up to now, we have defined the Sobolev spaces for an integral order of derivatives.
This can be extended to real numbers s>0. For a non-integer number s define
k € N and 0 <A <1 such that s=k+A\. Then the Banach space H*(f2) consists
of all functions ¢ € H*(2) satisfying the Sobolev-Slobodeckij norm

lelZa == llellia+ Y (D%, D%) < oo,
|a|=k
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where

Li(, 1) = H (p(2) = o(y) (=) — ¥(y))

_ d+2\
o |z — 9

It is again a Hilbert space with inner product

dx dy.

((‘O’w)s,ﬂ = (‘va)k,ﬂ + Z (D%, D).

laf=k

Next, we define Sobolev spaces for the boundary I". Since €2 is a Lipschitz domain

there exist a positive integer M € N, open and bounded subsets U; C IR?, and
bijections ¢; : U; — K{(0) = {¢ € R| [¢] < 1}, such that for 1 <i < M

I'c UUZ', ®; € CO,l(Ui% ¢@_1 S COJ(F@))?
¢(U;NT) = {€ € K{(0) | & =0},
¢(U; N (R*\ Q) = {¢€ € K(0) | & < 0}

Furthermore one can construct a partition of unity for I' on (U;)!, (cf. for
instance [55]), i.e. there exist

o, € C*(U;), supp(o;) CU;

M
Zaf(w) =1 Vrxel.
i=1

Defining a; : K{71(0) — U; NI as a;(z) = ¢; (,0), the space H*(T') consists
of all measurable functions A : I' — IR such that

(02X\) o a; € H*(K{71(0)) for 1 < i < M.
It is a Hilbert space with inner product

M

A\ p)sr = Z ((67X) 0 i, (o7 p) © ai)s,Kf’l(O)'

=1

The proof of independency of H*(T") regarding the choice of atlas (U;, ¢;), and
partition of unity (0;)*, as well as the equivalence of the resulting norms can
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be found, e.g. in [55].
The connection between the Sobolev space H'(f2) and the boundary space
Hz=(T) is established by the following trace theorem (cf. [40]).

Theorem 3.1 (Trace Theorem).
Let QC IR? be a Lipschitz domain with boundary T'. The trace operator

v HY Q) — H2(T) with ¢ — ~vo
is linear, continuous, and onto. Furthermore it has a right continuous inverse.

Note, that for continuous functions u € C°(Q) the trace 7 is nothing else than
the restriction of the function to the boundary, i.e. yu = u|r. Now, by means
of the trace theorem, we obtain an equivalent norm on H%(F) better suited for

later calculations. For a given function A€ Hz(I') we define

3.1 A = inf .
(31) Iy = _inf lielho

Ye=A

The dual space of H*(T"), defined as the set of all bounded linear mappings from
H*(T') to R, is denoted by H*(I"), equipped with the usual operator norm

(N
(3.2) lull—sp == sup ——=—.
rers(m IA|sr

A0

For A\e H*(I") and p€ H=5(I") we define the duality pairing as

(3.3) {u, )‘>s,F = pu(N).

3.2 Existence and uniqueness of a subproblem

In this section we derive a linear subproblem of the full problem presented in
Chapter 2. The spaces required for existence and uniqueness of a weak solution

are used to derive a variational formulation of the complete system in Section 3.3.
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The domains Q,Q°, Q* CR? (d=2,3) are defined as in Figure 2.1 on page 10.
These domains are Lipschitz, the subdomains ©° and QF are disjoint, separated
by the interface I'. The interface between the subdomains is connected and
possesses nonzero finite (d— 1)—dimensional Hausdorff measure. Furthermore,
we assume that I" is smooth. Note that both subdomains as well as the interface

are time dependent. The entire domain 2, however, remains fixed.

3.2.1 Derivation of the subproblem

We require a subproblem which is as simple as possible while still yielding in-
formation about the appropriate space containing the interface velocity. This is
realized by the following simplifications to the system as described in Chapter 2

on page 27:
e The Navier-Stokes equations (2.29) are not considered. The flow velocity

u in the temperature and concentration equations (2.30) is set to zero.

e To decouple the remaining system we assume that the concentrations in
equation (2.30) are known a priori.

e To obtain a stationary problem from (2.30) we consider the semi-discreti-
zation in time for any ¢ € [0, T] with (¢, z) =~ (0(t,z) — 6(t — 7, 2)) /7
and time step size 7. We assume that 0(t — 7, x) is already known.

e The motion of the interface is neglected. As a consequence 2%, Qf and T
are fixed, thus eliminating the Stefan condition for temperature (cf. equa-
tion (2.31)).

e The Robin boundary condition in (2.33) is replaced by a homogeneous

Neumann boundary condition.

We obtain the following Helmholtz equation for temperature at time ¢ in the

solid and liquid domain

0 — V-Vl = f in Qf, Q°,
(3.4) 0 = g(cf,cg) onT,
g—i =0 on 012,

with right hand side f = 76(t —7, x) and Dirichlet boundary condition g(ct, c) =
1.36 — 0.56¢5 + 0.65¢t — 1.03c% /(1 — ¢5) on the inner boundary T (cf. equation
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(2.32) on page 27). Assuming g € Hz2(I'), the variational formulation of equa-
tion (3.4) is to find a solution 8 € H, = {9 € H'(Q) | y¢ = gon T} of

(3.5) (9, go)Q + 7(aVve, ch)Q = (f, go)Q Yo € Hy.

Existence and uniqueness of the weak solution # follows from standard elliptic
theory (cf. for instance [21]). In order to calculate the related interface velocity
vr we must apply the Stefan condition for the temperature (cf. equation (2.31)
on page 27)

¢
(3.6) {&g_iL = —up.
As the Trace Theorem 3.1 does not ensure the existence of the normal derivatives

on T for 6 € H'(Q2) we require the following theorem stated in [3].

Theorem 3.2. Let he L*(R2), ¢>0, and u be any weak solution of
u—cAu = h in ).

Then we have du/dv e H™2(9) and
’ ou

£ < Ce,d, ) (lullig + 1 fllo0)-
Since 0)qs, 0| fulfill the requirements of Theorem 3.2 in the subdomains Q°, Q°

1
—-ir

we may infer the existence of normal derivatives on I'. Equation (3.6) can now

be applied to calculate the interface velocity vr € H_%(F).

3.2.2 Saddle point problem

The complete coupled system as given on page 27 must be solved in both vari-
ables 6, vr simultaneously. We will state an alternative formulation of problem
(3.5).

In this section the domain (2, the right hand side f, and the boundary condition
g are the same as in (3.4). Define a bilinear form a on H'(Q2) x H*(Q) as

(3.7) a(p, ) = (p,90), +7(aVe, Vi),



3.2 EXISTENCE AND UNIQUENESS OF A SUBPROBLEM 37

and a bilinear form b on H'(Q)x H~2(I') as

(3.8) blp, ) = (v @)

’F'

=

Since it is clear that the duality pairing <-, ->l - always acts on I' we omit the
27

trace operator 7y in the sequel.

Now, the alternative formulation of problem (3.5) is to find a solution (6, ) €
HY(Q)x H=2(T") of the equations

a(@, ) +70(p, N) = (f,9)g Vo e H'(),

3.9 1
39 b0, 1) = (u9)r . Vpe H2(T).

This is an example of a saddle point problem as defined for instance in [11]):

Considering the function

Lip.p) = 3a(p,0) = (f,0)q + 7 [ble 1) = (1.9), 1]
we observe that the solution (6, \) of equation (3.9) is a saddle point of L, i.e.

L0, 1) < LON) < Lp,N) Vg, p) € H(Q) x H2(T).

This new formulation has the advantage of solving simultaneously for the temper-
ature # and the constraint A. The latter turns out to be related to the interface

velocity vr:
Lemma 3.3. The problems (3.5) and (3.9) are equivalent with A\=—ur.

Proof. For problem (3.5) we have, as already mentioned in the last section,
existence and uniqueness of a weak solution § € H'(Q). By application of
equation (3.6) we obtain the related interface velocity vr € H~2(T") . We must
now demonstrate that (8, —up) € H'(Q)xH~2(T') is a solution of equation (3.9)
and that this solution is unique.

First, we note that 8° = 0

s is the (unique) weak solution of the Neumann
problem
u—7V-(aVu) = f in Q°,
0 06°
- onlI.

ovs ovs
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Since C3°(R%) is dense in H'(Q®) (cf. for instance [24]) we get, using an ap-
proximation argument, that for any ¢ € H'(Q*)

s . 00°
(3.10) (QS,QO)QS + T(aVH ,Vg&)ﬂs = (f, <p)Qs + T<CL%, 90>%,r‘
Analogously, on the liquid domain we obtain for any ¢ € H'(Q)

. _00°
(311) (egvso)gz +T((ZV9£,VQO)Q£ = (f7 QD)QZ +T<amagp>%f'

Combining (3.10) and (3.11) yields for any ¢ € H*(Q)

i 09"
(0.0 + T@V8. V) = (Fio)y =7 [i50s] 9y

= (£r9)q+ (v, 9) 1 1
= (fv SO)Q - T<)\,Q0>%7F,

and thus the first equation of problem (3.9). Since 6 = g, the second equation
of problem (3.9) is also satisfied.
To show uniqueness of the solution of problem (3.9) we consider the difference

(w, ) of two solutions and observe that it solves the homogeneous problem, i.e.

(3.12) a(w,p) +7b(p,9) =0 VYo H(Q),
(3.13) b(w,p) = 0 VYue H2(D).

Testing equation (3.12) with ¢ = w and using equation (3.13) yields
a(w,w) = —7b(w,¥) = 0

and thus w=0. Looking again at equation (3.12) and using a(w, ¢) =0 yields
¥=0. |

By interpreting problem (3.9) as a saddle point problem, existence and uniqueness
may be shown by means of the abstract saddle point theory developed since
Brezzi's famous paper [10]. The starting point of the investigation in this field
was a work of Babugka [3]. It dealt with the usage of Lagrange multipliers for the
weak formulation of Dirichlet boundary conditions for the Poisson problem. A
good summary of the results may be found in the book of Brezzi and Fortin [11].

Applied to problem (3.9) the saddle point theory yields (cf. for instance [11]):
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Theorem 3.4. Let the bilinear form a as defined in equation (3.7) be invertible
on the kernel of the trace operator vy, or equivalently, that a constant agy > 0
exists such that

(3.14) inf  sup ale, %)

_ W F) s
W*HWwGMrvﬂwﬂlaﬂﬁﬂlﬂ ’
©FO0 et

Additionally, the bilinear form b as defined in equation (3.8) fulfills the LBB-

condition, meaning that there exists a constant ko >0 such that

b,

(3.15) sup PP
cern Tl
30760

Then, there exists a unique solution (6, \) € H'(2) x H~2(T") of problem (3.9)
for any given f € L2(Q) and ge Hz2(T).

Remark 3.5. The LBB-condition (3.15) in Theorem 3.4, named after Ladyzhen-
skaya, Babuska, and Brezzi, plays an important role in the choice of a finite
element spaces suited for the discretization of a saddle point problem. It must
be uniformly fulfilled for the discrete spaces approximating H'()) and H _%(F)
to obtain a stabile discretization with respect to mesh refinement (cf. Section
4.5.1 in the next chapter).

The bilinear form a( -, -) as defined in equation (3.7) is bounded and positive
definite. Thus, equation (3.14) holds. The problem of proving the prerequisites
of Theorem 3.4 is reduced to fulfilling the LBB-condition (3.15).

Lemma 3.6. The bilinear form b as defined in equation (3.8) fulfills the LBB-

condition.

Before proving this lemma let us state another lemma which simplifies the proof

decisively.

Lemma 3.7. Let the norm on Hz(T') be defined as in equation (3.1). Then for
all \e H=2(T') we have:

(A ¢> T <)"¢>l,r
(3.16) = sup —2—.
%HQ ||¢||7 cerri() 1@l
$#0 ¢¢0
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Furthermore, the solution we H'(Q) of the homogeneous Neumann problem

(3.17) (w,go)LQ = <)\, cp>%’r Yo € H'(Q),
fulfills the following equation:

(3-18) ||w||19 = H/\”—%,r-

Proof. First we wish to show equation (3.16):
“>": For arbitrary ¢ € H%(F) let o€ H'(Q) with v o =1). We get by definition
of the norm on I" that

= inf < .
[Wlye = ot lélha < lilho
Yo=9

“<": Let any € Hz(T"). Consider the convex functional B(v)= [v]|3.q- If we
minimize B(v) under the constraint yv=1) there exists a p € H'(Q) such that
lellie = B(p) = inf B(v),

veH(Q)
yo=1

which is the solution of problem (3.4) witha =7 =1, f =0 and g = 1. Using
the definition of the norm and the fact that the square root function is monotone
gives that

[Wllr = inf Jlulie = VB(e) = llelhe

veH' ()
Y=t

Combining the two cases yields that equation (3.16) is fulfilled.
Equation (3.18) follows by application of equation (3.16) and (3.17):

<A’¢>%I (w7¢)LQ
Alcap = sup ——+—= = sup ——— = [w]li0.
2 PEHL(Q) sell10 peHL(Q) sell10
©#0 p#0

The proof of Lemma 3.6 is now a simple application of Lemma 3.7.
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Proof of Lemma 3.6.
Let any A€ H—2(I'). Choosing w as the solution of equation (3.17) in Lemma

3.7 we obtain

A @)ir Aw)yp iy lwlie @
sup > = =
perr@ M1 rllelle = M1 pllwllie A1 pllw

p#0

1.

1,0

3.3 Variational formulation of the system

The main focus of our work lies on the treatment of the growth process of the
crystal layer on top of the substrate described by the Stefan conditions and the
equations of the phase diagram. Thus, we assume for the derivation of the
variational formulation of the system that the flow velocity u is already given.
Hence, the Navier-Stokes equations (2.7) are not required for the solution of the
remaining problem and are not treated in this section.

For the mathematical model we use the fact that the melting pot as shown
in Figure 2.1 on page 10 possesses a plane of symmetry. Because of this it
is enough to consider only one half of it. A sketch of the new geometry with
corresponding boundaries is shown in Figure 3.1. By the bisection of the melting
pot we obtain a new boundary segment, the symmetry boundary I';. To complete
the system we have to choose boundary conditions on I'; for the temperature 6
and the concentrations c; 5. Assuming that they are smooth near I'; and show
the same symmetry as the domain, their normal derivatives on I'* must vanish.
The boundary conditions on I" are therefore homogeneous Neumann boundary

conditions, i.e.

00 oc oc

(3.19) — = = =
ov ov ov

For the flow velocity no slip boundary conditions are assumed. This is reasonable

since the substrate holder, which is not included in our geometry, separates the

melting pot.
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_~ melting pot (£2) \

| substrate (02°) ~__

L(t)
| melt (Q°) —

FO

Figure 3.1: 3- and 2-dimensional geometry for the simulations with

description of the different boundary types.

3.3.1 Functional framework

From the previous chapter we already know that the concentrations may jump
over the interface I'. This will need to be incorporated in an appropriate solution
space. For the sake of simplicity let us first introduce the following notation for

the union of the two open subdomains 2* and Qf. For fixed ¢t > 0 let
(3.20) Q) = L UQ) = Q\T(@1).
Dropping the dependency on ¢ the space of concentrations can be defined as

(3.21) H"P(Q%) = {9 e LP(Q) | ¢

o: € H'P (%) A plge € H'P(QF) }.

Together with the HP-broken norm

[N

lellipos = (Ielipas + 1517 00)

where ©° = @|gs and ¢° = p|q, it is a Banach space, because H*(Q*) and
HP(Q*) are Banach spaces themselves and T' has a vanishing Lebesgue mea-
sure. Again as for the definition of the usual Sobolev norm we drop the index p
in the special case of p=2. Keep in mind that while I, Q°, and H*?(Q*) are
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time-dependent, the domain €2 is always fixed.

Since temperature, concentrations, and interface velocity are time dependent
we introduce the space of LP-functions with values in a Banach space (cf. for
instance [55]). Let X be any Banach space with the norm ||-|| x and let 1 <p<o0.
Then LP(0,T; X) denotes the space of all functions (¢, z) satisfying p(t) € X
for all t € [0,7] and ||p(t)||x € LP(0,T). It is again a Banach space equipped

with the norm

T 1/p
(3.22) T ( [ e dt)

if p < o0, and
(3.23) [l Lo o,rix) = esssup [[o(t)]|x
te(0,7
if p = 0o. Concerning the derivatives of functions with values in Banach spaces

we cite a lemma which for instance can be found in [51].

Lemma 3.8. Let X be a given Banach space with dual X' and let u and g be
two functions belonging to L'(0,T; X). Then the following two conditions are

equivalent:

(i) w is a.e. equal to a primitive function of g, i.e.

u(t) = CJr/Otg(s) ds, (€X, aetel0,T].

(ii) For each test function ¢ € C§°((0,7)),

/0 u(t)% it — — /O G(D)6(2) dt.

Moreover, if (i) or (ii) are satisfied, u is almost everywhere equal to a continuous
function from [0, T into X.

In principle this lemma is the equivalent to Sobolev's embedding theorem for
real valued functions in one space dimension. It legitimates the specification of
pointwise initial conditions in time for the temperature and the concentrations

in the fixed interface approach (cf. Problem 3.11).
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3.3.2 Moving interface

In this section we derive a variational formulation of the physical problem as de-
fined in Section 2.7 on page 27, as already mentioned without the Navier-Stokes
equations (2.7). Therefore we require space-time-dependent test functions which

vanish for time 7" and define
(3.24) XNT,Q) = {e H'((0,T) x Q) | y¢=0o0n {T} x Q}.

To obtain the variational formulation we use the standard technique and multiply
for fixed t € [0,7T] the partial differential equations (2.30) with a space-time-
dependent test function ¢ € X'(T,2). Then, we integrate over the subdomains
2, Q. For the temperature equation this yields

(etv (p)Q‘s(t) + (’LL -V, SO)Qs(t) - (V ’ (fLV@), @)Qa(t) =0,
(eta SO)Qf(t) + (U, -V, @)sz - (v ’ <&V‘9)7 SO)Qe(t) = 0.

The two equations in the two subdomains are then summed:

(3.25) (O ©) ey + (w0 VO.9) oy = (V- (aV0), ) gy = O

Assuming that the temperature is smooth in the subdomains 2°, Q¢ and overall
continuous, the second order term can be integrated by parts. Thereby we get
boundary integrals and use the Stefan conditions (2.31) on I, the outer boundary
conditions (2.33) on I'°, and the boundary conditions (3.19) for the symmetry
boundary I'* to substitute them:

—(V - (aV9), @)Q-(t) - (&V97V90)Q-(t) - (dsaa_:i>90)aszs(t) - (dﬁaa_.fw @)am(t)

N ~ 6 ~ 4
(326) — (a/vg, VSD) Q'(t) - (aéad_yge’ @)Fo(t) —I— ([aaa_,i}s7 w)r(t)

~

= (CALVQ, VQO) 0 - (R(Qe:ﬂt - 9)7 gp)l""(t) - (Ul—‘; SO)F(tV

where v, v, are the outer unit normals of Q°, Q. Recall that for a weak solution
0(t,-) € H(Q) the interface velocity vr is only in H=2(T") (cf. Section 3.2.2).
Thus we have to replace the boundary integral (vr,¢)r by the duality pairing

<UF’(’D>%,F'
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Next, we integrate equation (3.25) in time over the time interval [0, T']. We wish

to integrate the first term with time derivative by parts. Note that

d
E(& 90>Qs(t) = (6, SO)Qs(t) + (0, 90t>gs(t) + (0, UF)F(t)’
d
E(e’w)fﬂ(t) = (0, ‘P)Qf(t) + <9>90t)m(t) - (9907UF)r(t)=

where vr denotes the normal velocity of ' with direction towards Q‘(¢). Since

the temperature 6 is continuous on I', we obtain that

(3.27) /0 (@t,go)ﬂ.(t) dt = —/0 (9,g0t)9.(t) dt — (9(0)7<P(0))Q.(0).

In the last term of equation (3.27), 6(0) is replaced by the initial value 6y = 0.

Collecting all parts gives the variational formulation of the temperature equation

T T T
—/ (9,%)th+/ (u.v9,<p)9dt+/ (aVe, V), dt
0 0 0

+/OTR((0—961t)7<P)FOdt—/OT (vr, ¢)

where the time argument for the spatial integration domains is dropped and €2°

Lt =0,

1
29

is replaced by €2, since this does not affect the value of the integrals.

For the concentration equations we proceed in the same manner. Here we only
present the two parts which differ:

First, integration by parts of the second order term, the use of the Stefan condi-
tion (2.31), and the use of the boundary conditions (2.33) on I'* and (3.19) on
I yields

(328) —(V . (DZVQ), SO)Q'(t) = (bivci7 Vgp)ﬂ-(t) - ([Ci]ﬁ@[‘, gO)F(t)

Second, the concentrations are discontinuous on I'. Hence integration by parts

of the term with time derivative yields

T T T
/ (Ct, QO) Qs (1) dt = — / (CJ Spt)ﬂ.(t) dt + / ( [C]i ¥, UI‘)F(t) dt
(329) o 0 °

— (c0), 9(0)) g
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In contrast to equation (3.27) an additional nonlinear term occurs which is iden-
tical with the one arising from the partial integration of the second order term
in equation (3.28) — but with a different sign. Thus the nonlinear term in the

concentration equation cancels out.

The equations of the phase diagram (2.32) which are valid on the interface I'
are also reformulated in weak sense. Since the third equation containing the
temperature is necessary for the determination of the interface velocity vr we
have to take u € H‘%(F) as test function. Hence, we have to replace the
boundary integral by the duality pairing. On the other hand the equations for
the liquid-solid coupling (the first and second equation in (2.32)) are used for
the determination of the boundary values of the concentrations and thus are
multiplied by trace functions ¢» € H2(I) of H'().

Problem 3.9 (Moving interface approach).

For a given velocity field w e L>((L>°(Q))¢) find the interface T'(t) and almost
everywhere in (0,T) a temperature field (t) € H*(S)), concentration fields c;(t) €
HYQ (1)) (i=1,2), and the interface velocity vr € H2(T'(t)) satisfying

T T T
—/ (9,¢t)0dt+/ (u-V@, <p)th+/ (dV@,VgD)th
0 . Ao . 0
—|—/ R(Q,g@)rodt—/ <U1",(,O>lrdt
0 0 2’

~

T
:/ R(Ocat, ), dt Yo € XY(T,Q),
0

T T T
- / (Ci7 %Ot)Q dt + / (u : vcia @)Qo dt + / (D@'VCZ', VSO) Qe dt
0 0 0

= (ci0,9(0), (=12 VoeXY(T,Q),
and
(1 ¥)r = (o= V) Vi € H3(T),
(5,0)p = (0.5,9), Vi) € H2(T),

<“’ 9>%,r = <,u, 1.36 — 0.56¢, + 0.65¢% — L 03621>

o Yne HTAD),
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a.e. in (0,7).

Remark 3.10. Assuming that the velocity field w is divergence free and has no
slip boundary conditions on Q) the concentration equation in Problem 3.9 yields

mass conservations for the solution ¢; (under appropriate regularity assumptions),

/ (T, z)de = / cio(z) da.

Q Q

Ie.

3.3.3 Fixed interface

The derivation of the variational formulation with fixed interface I' is similar to
the derivation in the last section. The interface is fixed at its initial position, i.e.
[' = I'(0). Hence, the domains Q% = Q°(0) and Q¢ = Q%(0) are fixed as well.
Performing the same steps as in the last section we obtain equation (3.25) and
(3.26) on the fixed domains. In contrast to the last section we do not integrate
in time. Thus, the variational formulation of our system of partial differential

equations as given in Section 2.7 on page 27 with fixed interface reads as follows:

Problem 3.11 (Fixed interface approach).

Let ' = I'(0) be fixed. For a given velocity field w € L>(0,T;(L>(Q2))?)
find a temperature field 0 € L?(0,T; H'(S))), concentration fields c;,cy €
L2(0,T; H-(2*)), and the interface velocity vp € L*(0,T; H2(T")) satisfying

(01, 0) + (uw-V0,0),+ (aV0, V)
+R(0,¢) ., — (vr, O)rp = R(Ocor ) Vo € HY(Q),
(ci,tagp)go + ('LL vcla ) (D VCZ,VQO)
—(vr e S,@u =0 (i=1,2) VYo HY(Q),
and
(1 9)r = (o Ve V) € H3(D),
(5,0), = (05,9), vy € H2 (D),

(10) 0= (1130 =036 +065¢ ~ 553, 0 W€ HHD),
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a.e. in (0,T), with initial values

6(0,-) =0 a.e. in §,
¢(0,-) = co(r) (1=1,2) a.e. in Q.

The thickness of the interface can then be calculated as

/O " () dt.

Remark 3.12. Assuming that the velocity field w is divergence free and has

no slip boundary conditions on Q) the concentration equation in Problem 3.11

generally yields that
d
0 # /Ci,td:v = c; dx.
Qe Qe

Thus, mass conservation is violated.

Remark 3.13. Using the prerequisites and the partial differential equations in
Problem 3.11 we can see that for the solution 6 and cq,cy Lemma 3.8 can be
applied. Hence there exist continuous representatives in time and the initial

conditions as given in Problem 3.11 make sense.



Chapter 4

Discretization

In this chapter the discretization of the systems in Problem 3.9 and 3.11 is
presented. Since the basis for all spatial discretizations are Lagrange finite ele-
ments, we first of all supply the definitions and some extensions required for the
discretization of our problem.

The Navier-Stokes equations (2.7) in both approaches (cf. Algorithm 4.4 and
4.6) are decoupled in time, i.e. we take the flow velocity of the last time step for
the calculation of the convective part in the temperature and the concentration
equations. Since their treatment is not in our main focus we only give a short
introduction with Taylor-Hood elements in space and a fractional theta scheme
in time and refer to the literature for further details.

For the approach in Problem 3.9 which comprises the motion of I we derive a
space-time finite element method. The approach in Problem 3.11 neglects the
geometrical movement of the free boundary I". For it we derive a finite element
discretization in space and use a backward Euler scheme in time. Afterwards
some aspects regarding stability and numerical oscillations of the discretizations

are addressed.
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4.1 Finite element spaces

Let ag,ay,...,aq € R (d = 2,3) such, that the vectors v; = a; — aq for

t=1,...,d are linearly independent. Then the convex hull

d d
T = co(ag,...,aq) = {x:Z)\iai\OSAiél, ZAizl}
1=0 1=0

is called a non-degenerate d-simplex. The convex hull of every subset S C
{ag,...,aq} # 0 is a sub-simplex of T. If e1,..., e, are the canonical basis
vectors of RY, T = co(0,e1,...,eq) is called the unit simplex. 2-simplices are

triangles and 3-simplices are tetrahedra. The diameter of a simplex is defined as
hy = diam(T) = max{|z —y| | z,y € T},
the maximum radius of all balls lying inside the simplex as
pr = sup{r € R| B.(z) C T, z € T}.

A triangulation 7;, = {T; non degenerated simplex |i=1,...,1} of a polygo-
nal or polyhedral domain Q, C R? with ), = UTGTh T is called conforming if
the intersection of two different elements 17, T5 is either disjoint or a sub-simplex
of both elements. The index h is called mesh size and is defined as

h = max hrp.
TeT,

A sequence (7, ) jen of triangulations is regular if there exists a positive constant
c such that for all T' € 7j,,
pr > chr.

Denoting by Py (T) the space of all polynomials up to degree k on T the space

of the Lagrange finite elements of k-th order is defined as
(4.1) XE(Q,) = {goh e O | onlr € PUT) VT € Th}

Note, that since the functions of this finite dimensional space are locally smooth

and overall continuous, it is a subset of H* ().
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For the pressure p in the Navier-Stokes equations (2.7) a similar space is required.
Since p is only unique up to a constant we demand that the mean value of function

in the space vanishes, i.e.
(42) Pi@w) = {on e xh@w)| [ onde = o}.
Qp

For the discretization of the flow velocity w in the Navier-Stokes equations (2.7)

the vector variant of XF(€),) is required, i.e.

43) V) = {gph e (CO())" ‘ onlr € (PE(T))* VT € 7;}

(4) Vi) = {on € VEQ) | onlon, =0}

Figure 4.1: Local Lagrange grid points Li(T") (left) and L3(T") (right)

for an arbitrary triangle T'.

Our next concern is to construct a basis for X} (£2;,). For this we define the set

of end points of a partition of [0, 1] into k equal parts:

1 k—1
Sk—{O’Ew”?T’l}'

If we consider for an element T" having vertices aq, . . . , a4 the local Lagrange grid

points (cf. Figure 4.1)

d d
Lk(T) = {.’JJET‘QZ:Z}\iCLi, AZES}C?Z)\zzl},
=0 =0
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we observe that a function ¢, € XF(€,) is uniquely determined on T by its
values in all z € Ly(T) and on the whole domain by its values in the union of

all local Lagrange grid points

Li(Ty) = | Lu(D).
TeT),
We order the Lagrange grid points and denote them by x;, where i = 1,..., Nf
and N} = |L(73,)|. Now the functions o; € X () defined as

oi(z;) == &j, 4,5=1,...,NJ.

form a basis of XF(£2;,). Therefore, the dimension of XF(€,) is NF.

g
& \ ]

.

A | e |

—

Figure 4.2: Basis function for elements of first (left) and third (right)

order with underlying grid for the marked node in two dimensions

For continuous functions v € C’O(ﬁh) we require an interpolation operator [}, :
C%(Q,) — XF(Q). Therefore we define I,v as the element of XF(€2,) that

coincides with v in all Lagrange grid points and thus can be written as

k
Nh

Ly(z) = Z v(z;)pi(x).

=1

As we have seen in Section 2.5.2 the concentrations ¢; may have a jump on the
interface I'. To define an appropriate solution space we now extend XF(£,)
by additional basis functions. For this we require a regular triangulation of the

whole domain €2, such that the discrete interface I', is represented by faces in
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3d or edges in 2d of the elements. An example of such a triangulation of the
domain €2, is shown in Figure 4.3. Note, that these sub-simplices in turn form
a regular triangulation of I';, with dimension (d — 1). In the following we always
assume such a triangulation 7;, of the domain €2y,.

Without loss of generality we can renumber the Lagrange grid points and denote
by @1,z (j% < NF) the points lying on the interface T';,. Following the
idea of [17] we consider the basis functions ¢; for i = 1,...,j* and multiply

them by the Heaviside function

1, ifzeQ

H(z) = . —
0, ifzeQ,\Th.

The additional basis functions are denoted by ¢y, = Hy; (1 = L...,55.
Figure 4.4 shows an example of this approach in one space dimension. Note,
that in this situation the interface I';, consists only of a single point.

Enriching the finite element space X[ (€);,) with these discontinuous basis func-

tions we obtain the discrete solution space for the concentrations as

(4.5) XEQn) = XF(Q) Uspan{ Hy; | i=1,...,5}},

which is of dimension dim(X%(Q2)) = NF + j&. For this finite element space
the definition of an interpolant operator is more complicated. If v : Q;, — Ris a
bounded function which is continuous on the subdomains €25 and Q% we denote
by @ and @ its continuous extension to €2, and ﬁfl The interpolant can now
be defined as

Li*(z), € Q\Ty

Lw(z) = ., .
I0%(z), €.

Consider a function ¢ € X¥ (). We denote by ¢* : I';, — R its limit on 'y,
from the liquid domain Qf and by ¢* : T, — R its limit on ', from the solid

domain Q7. If ¢ is given as

ko ik
Ny +ip

=1
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Figure 4.3: Example triangulation (2d) of the domain with solid part
(green), liquid part (blue), and interface (red)
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1 1 (1 1 1 IR\ 1 ( 1

T, O T, Q

Figure 4.4: Normal basis function (dashed green) and enriched basis
function (blue) for elements of first (left) and third (right) order in one

space dimension

Y and 1)° can be written as follows:

it
(4.6) V= ki,
=1
ik N +ik
(4.7) V=) kipile, + Y kg,
i=1 I=NF+1

The normal interface velocity vr as used in equation (2.31) is only defined on T.
As a consequence we require a finite element space representing functions on I',.
As already mentioned above the triangulation 7, of €2}, induces a triangulation S,
of I';, with dimension (d — 1). Similar to equation (4.1) we define the Lagrange

finite elements of k-th order on this discrete interface as
(48)  ME(T) = {un € COMh) | dulr € PUT) VT €S}

Again a function v, € MF(T'},) is already defined by its values in the Lagrange
grid points denoted by m;, where i = 1,...,nf. Thus, the basis functions 1;

are again characterized by
Yi(my) = 05, 4,j=1,... ,ny,

and the dimension of the space is dim(M}(T';)) = n¥. Note that for the same
order of Lagrange elements the boundary space M[(T';,) consists of the trace of
the functions in XF(€2,).
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4.2 The Navier-Stokes equations

The instationary Navier-Stokes equations (2.7) form a complex dynamical system.
For large values of Reynolds number one expects turbulent flow and the nonlinear
term u - Vu becomes quite important. For such cases numerical simulations are
difficult and very costly. Since our Reynolds number is relatively low (Re =
50) we are in a better situation. The flow induced by the temperature and
concentration variations in the melting pot usually tends towards a stationary
equilibrium. Nevertheless we require a discretization which is efficient and stable
as well as accurate. The combination of the fractional step 6-scheme (cf. [12])
in time and the Taylor-Hood element (cf. [28]) in space is known to have these
properties. In this section we give a short introduction to these techniques.
Since the main focus lies on the remaining nonlinear system we will not present
all details. For the theory and also some practical aspects we suggest the book
of Temam [51]. For discretization aspects with finite element methods we should
mention at least the book of Girault/Raviart [22].

4.2.1 Discretization in time

For the description and the properties of the discretization scheme we consider

the linear scalar evolution equation

w(t) + Au(t) = 0,
u(0) = wuo,

the solution of which is given by u(t) = e *uq (¢t >0). The purpose of time
discretizations with a fixed time step size 7 is to calculate successively the ap-
proximations u" & u(t,), where t, = n7 (n € N). For one-step procedures
the approximation may be written as u" = (w(\7))"ug with a rational function
w : € — €. This function is called the damping factor of the scheme and it

allows us to examine its basic properties (cf. for instance [16]).

For the fractional step 6-scheme used for the time discretization of the Navier-

Stokes equations, we split the time interval [t,,, ¢, 1] into the three subintervals
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[tn,tn+97—], [tn+97, tn+9/7—], and [tn+917—, tn+1], with =1 — \/5/2 and =1 — 6.
Furthermore we need two parameters o, 5 € (0, 1) where a>0.5 and f=1 — «.

Algorithm 4.1 (Fractional step 6-scheme).

Set u’=uy. Forn=0,1,2,... find u"*?, ut?, and u"*! such that
(1) W + an™ + Bt = 0,
(2) % + A+ ™t =,
(3) W + a ™t 4+ gttt = 0.

The damping factor of the fractional step 6-scheme is given by

w(z) = (1—£602)*(1 —a(l —20)2)
(1+ab2)?2(1+B(1 —20)z)

Now, by examining w we can deduce the properties of Algorithm 4.1. First we
observe that |w(z) — e ™| = O(|z]®) for z — 0. Thus the scheme is of second
order. Looking at the asymptotic behavior we recognize that sup_ g |w(2)| <1
and that lim, . |w(z)| = B/a < 1 since § < a. Hence the scheme is strongly
A-stable (cf. [16]). If we further choose o= (1 — 26)/60' the implicit parts in Al-
gorithm 4.1 are identical and |w(iT)| & 1. This means that the scheme is nearly
non-dissipative (cf. [16]). So the fractional step #-scheme has all advantages of
the Crank-Nicolson scheme (w(z) = (2 — z)/(2 + z)) and even better stability
properties. In comparison to the implicit Euler scheme (w(z) = 1/(1 + 2)) we
observe that it has a higher approximation order and is less dissipative, meaning

that the damping effect is lesser.

For the time discretization of the Navier-Stokes equations we use the operator
splitting variant of the fractional step #-scheme which was proposed by Bris-
teau/Glowinski/Periaux [12]. For further informations on the analysis of this

variant one may also look at [43].
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Algorithm 4.2 (Time discretization of the Navier-Stokes equations).
Let ug be an initial velocity field and f the time-dependent right hand side of
equation (2.7). Set u® = wy. Forn >0 find u™*?, ™%, u™*! and p"+?, prt!

such that

unJr;T_ u” _ %Aun+9 + vpn+€
(1) = frf 4 %Au" —u" - Vu" in Q°,
u"t? =0 on 09,

’U;n+9, — 'u/n+9 ’ ’ ’
(1 — 26)7— . %Aurwr@ + un+9 . vun+9

(2) = RiAu"Jre — vptt in QF,
e
u"t? =0 on 9%,
n+l _ ,,n+0’
u 97_'“ _ %Aunﬂ vt

(3) _ fn+1 + %AU"H’/ — ™ o yurt? n er

V-u" =0 in QF,
u"t =0 on 00

This algorithm splits the Navier-Stokes equations such that for each time step
two linear saddle problems (step (1) and (3)) and one nonlinear problem (step
(2)) have to be solved. This is a very efficient approach even though the scheme
in the operator splitting variant loses second order (cf. [43]).

Note that the algorithm keeps its characteristic features if in step (1) £ is
replaced by f" and in step (2) 0 py ot (cf. [43]). This saves one calculation
of f per time step.
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4.2.2 Spatial discretization

For the discretization in space we use the so called Taylor-Hood element proposed
in [28]. It uses Lagrange finite element spaces for the flow velocity and the
pressure with the constraint that the polynomial degree of the pressure space is

one less than the degree of the velocity space, i.e.
(wn,pn) € V() x BEH(O)

for k > 2. For the definition of the spaces see equations (4.4) and (4.2). With
this choice of the finite element spaces we obtain a stable discretization for the
Stokes problem which occurs in the first and the third step of Algorithm 4.2.
This is a saddle point problem, i.e. for the stability of the discrete solution with

regard to the mesh size h the discrete spaces must fulfill the LBB-condition

(qha V : Ivh)Qfl

inf sup > ap >0
a€PE @) w,evpasy 1anllag 1onlli g
qn#0 fvh;é()

with a constant «y independent of h (cf. [11] and section 3.2.2 in the last
chapter). For the polynomial degree k = 2 the proof for the LBB-condition
can be found in [22], results for higher polynomial degrees can be found in [44]
although are not used in this work.

4.2.3 The fully discretized problem

Before we state the complete discrete algorithm let us introduce the following
oy ™ ° k—
bilinear and trilinear forms. For wy,, v, w;, € VF(Q5) and g, € PF1(Q5) we

define

a(up,vy) = /Vuh : Vo,
Ql

b(up; vy, wp) = /uh'vvh Wy,

14
Qh

clqn, vp) = _/th"vh~

14
Qh
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Now we can formulate the algorithm for the calculation of the Navier-Stokes
equations with homogeneous Dirichlet boundary conditions and initial condition

UQ:O.

Algorithm 4.3 (Discretization of the Navier-Stokes equations).
Set u) = 0. Forn > 0 find w'™, w'™ wl™ e VFQ,) and ppt? pi*t e
P18 such that

n+0 o n

u u «
h h n+60
- 'vh) + —alu vy,
( ot ’ o Re (uii™ o)

— %a(uz, vp) — b(up;up,v,) VYo, € th(Qfl),
c(qn, up™) =0 Vg, € P (),
n+6’ n+0
u, — —u, ) ﬂ n+'
( A=20)r oy T R vn)
(2) -+ b(uz+0/; u2+6,7 ’Uh) = ( Z+1, ’Uh)Qfl
« .
- Ea(uz—i_ea vh) - C<pz+97 vh) v,Uh € th(Q;;)v
n+1 n+6’
U, —u ) Q4
(S ) oo
g O = (g
— Rﬁa(uﬁel, o) — b(u™ ult vy Yo, € VEQL),
e
c(gn,upt™) = 0 Vg, € PFHQL).

For the calculation of the Navier-Stokes equations we use the Navier-Stokes
library of the finite element toolbox ALBERTA (cf. [49]) which provides all nec-
essary tools for an easy assemblage of the above steps. In fact all that is needed

is a user defined routine for the calculation of the right hand side f.
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4.3 Moving interface approach

In this section we deal with the approach presented in Problem 3.9 taking the
motion of the interface between solid and liquid part of the fixed domain
into account. To be more precise, the discrete interface I', which is initially
represented by a set of edges (2d) or faces (3d) of the triangulation 7;, will move
with its discrete normal velocity vr ;. Hence the grid will be deformed. This also
ensures conservation of mass for the discrete solutions ¢; 5, in the domain €2;,. The
numerical treatment of the problem is very complicated mainly because the new
grid position and corresponding finite element space are not known beforehand

in each time step.

4.3.1 Space-time finite elements

The natural approach for discretizations on time-dependent domains with finite
elements is the use of so called space-time finite elements. This technique is quite
old and was already used in the seventies to calculate free boundary problems
(cf. for instance [5]). For later studies on this topic see for instance [4]. Space-
time finite elements are an extension of the so called Discontinuous Galerkin
method for moving grids. The original idea of this method was to apply Galerkin's
method not only for the space but also for the time variable. Thus the discrete
solution is also a piecewise polynomial function in time, not necessarily contin-
uous. For an extensive study of this related method we refer to the book of
Thomée [52] which covers existence and uniqueness theory as well as error esti-

mates for this technique for the case of parabolic problems.

In order to define space-time finite elements let €, = 2,(0) be the reference
domain and ¢, = n7 (0 < n < N;) a partition of the time interval [0, 7] with
fixed time step size. In €2, we assume a conforming triangulation 7}, as described
in Section 4.1. For a time step t,, we denote by A, € Vhl(Qh) a deformation of
the grid (cf. equation (4.3) for the definition of the space) acting as the identity
on the boundary of €),. For n = 0 let Ag = idg, . Define a time-dependent
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parameterization ® of (2(t) as

Dy o (bt ta] X QU — Qu(2),
tn —t t— tnfl

(4.9) Pt ) = T Ana(2) + T An(2),
N>
q)(t, .i’) = Z q)n(t7 'Z%)X(tn—lvtn]7
n=1

where x(¢,_, +,] denotes the characteristic function on (t,_1,t,]. To get a proper
space-time domain we require that for every ¢ € [0, T the transformation ®(¢,-)
is injective and that

inf det D;®(t,2) > 0,

2ely,

where D;®(t, Z) denotes the Jacobian with respect to Z of ® at (¢, ). Thisis no
restriction for our problem since the movement of the grid nodes in the domain is
very small. Note, that in our special case Q,(t) = Qy, for all t € [0, T7] since the
area of the whole domain does not change whereas the subdomains may change
in time. Thus for the spatial integrals we will just use €2, as denotation for the
integration area. For easier notation let G = (0,7") x O, G = (tn—1,tn) X O,
S={(txz) € G|z elut)}, Sn={(tx) € G|z €Tut)} and S =
{(t,z) € G, |z €T4(t) } and define

(0.0 = 7/wdmdt,

tn—1 Qp

and (¢, ¥)s,, (¢, ¥)sg, (9, ¥)c accordingly.
Now for a given function ¢ : G — R we define its related reference function as

o(t, ) == p(t, (t,2)).

With the help of this tool the space-time finite element spaces can be defined by

means of the finite element spaces given in Section 4.1, as

vk = {goh .G >R ‘ Pulie s € Pol(boor t]) x XE(Qn), 1 <0 < NT},

Ik = {001 G = R @ultasin) € Pol(tnr tal) X XE(QR), 1 <0 < N, },
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and on the moving interface I';(t) as
NE = {en 8 = R | Balensin € Pol(tnr ta]) x ME(ER), 1<n < N},

Note that the functions ¢, may be discontinuous in time at ¢,. On account

of this we denote for ;, € Y[ (or ¢, € YF) and t = ¢, with ¢7 the limit

from below t,, i.e. i(z) = limy oy n(t, — s,2). With ©}*” we denote the
limit from above ¢,,, i.e. goZJro(x) = lim, .oy on(t, + s,2). The jump att =t,
n+0

is denoted by [p]™ = "t — ™. Furthermore, note that for a given function
¢n € Y/¥ the related function ¢y, is piecewise constant in time whereas in general
©p, is not.

Until now we have not mentioned the grid movement. The intention is to move
the discrete interface I',(0) with its discrete normal velocity vrj,. Therefore we

introduce the grid velocity v;, € (Y;!)? which for t € (t,_1,t,] is defined as

An(@) = Anea(@)

(4.10) ou(t,3) = -

Furthermore we denote by v, € (N,})? a vector field equal to the discrete outer
normal of (3 (t,) on T'(t,) at every node #; on I, at time ¢ = t,. There are
several possibilities of defining a discrete normal in a grid point. In our calcu-
lations we take the mean value of the normals on all neighboring sub-simplices
on I'y(t,) weighted by their surface area. With this definition we restrict the
pointwise movement of I';, to its discrete normal direction. At the interior grid
nodes, we are free to choose any value for v,. For a big movement of I' it
would make sense to require a harmonic distribution for the grid nodes. In our
case this only causes unnecessary computational costs. Thus, interior points are

not moved at all.

4.3.2 The algorithm

For the derivation of the discrete formulation we consider the first term of the
temperature equation in Problem 3.9 and replace the temperature with the dis-

crete temperature 6, € Y,*. Integrating by parts in time in each prism G,, we
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obtain
T N,
tn
/ (9h7 Spt) dt = — Z <<0h’ SO)Qh tn—140 o / (eh’t7 SO)Qh dt)
(411) 0 i G
N:—1
= Ght, + Z eh , P Qp (92+0’@0)Qh7

where ¢"(z) = p(t",z) and o(T,z) = 0 for o € X(T,9Qy,) (cf. equation
(3.24)). If we further replace ¢ with a discrete function ¢;, € Y;* the right hand
side of equation (4.11) is given as

N-—1

(412)  rhs. = (Oheon), + Z (6], 2770, a, (92+07902+0)Qh.

n=1

Since functions in Y;* are not required to be continuous at t,, we may choose

¢, to vanish outside (t,,_1,t,]. Equation (4.12) then reduces to

(413)  rhs = (Bhien)g + (07000 0) g — (6o 0,

With this choice of test function ¢, the remaining terms in the temperature
equation of Problem 3.9 are simply restricted to the time interval (¢,,_1,t,] since
there is no further time derivative. Before we state the algorithm introduce two
further modifications. First we again integrate by parts in time and so equation
(4.13) becomes

(414) rh.s. = —(Gh,whﬂg)anL( Z,QOZ) (0” 1 n 1+O)Qh.

Second we consider the trace of any particle z(t) = ®(¢, ). Velocities of these
are given by vy, (¢,x(t)) (cf. equation (4.10)). Since the discrete functions are
constant on the trace of a particle we observe for any ¢, € th and t € (t,_1,t,)
that

(415) 0 = %wh(t,l‘(t)) = et 2(t)) + Vi (t, 2(t)) - vn(t, 2(t)).

To eliminate the time derivative in equation (4.13) we substitute it using equation
(4.15) and obtain

(4.16) rhss. = (9h, Vgoh . Uh)Gn + (QZ,QOZ)Q,L — (92 1, QOZ 1+0) Q-
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Applying the same steps to the concentration equations now yields the algorithm

with moving interface.

Algorithm 4.4 (Moving interface).
Let u) =0 be the initial velocity field. Set 0 =0 and ¢, =Ic;o (i=1,2).
Forn=1,...,N, find 0, €Y}, c1 s, con € V¥, and A, such that

(627 (pZ)Qh + (eha V@h . ’Uh)Gn + ((U’Zil © (I)il) : vefw SOh)Gn
+(aVoy, V@h)gn + R(0p, ©n) g o~ (vh - s, SOh)Sn
= (92 17 QOZ 1+0)Qh + R(éexta Sph)sg v@h € tha

(C?Ju @Z)Qh‘F (Ci,h, Vo - 'Uh)Gn ( 7o @—1) : VCZM @h)Gn

. ) n—1 , _n—140 - k
+ (Dch%h, V(ph) (cz , O ) - (1=1,2) Yon €Y,
and
s 0.11ct
(Cuﬂﬂh)sn = (W;%)Sn Yy, € Ny,
(th)g, = (05.0), W € N,
n n 10357 m
(O, 1) = (1.36 = 0.56¢5% +0.65¢y; — ~——, un) Yy € NI,
n ? C2,h n
and
v (A, () is a multiple of v}, (A, (Z;)) for i=1,...,74,
v (A (25) = 0 for i =j; +1,...,Nj.

Finally solve the Navier-Stokes equations on Qy for time step n with right hand
side

i = (B @ro®) + Y Bul(chy o ®) — Ticio) )3,

i=1,2

to get the new flow velocity uy € X7 ()%
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Let us make some completing remarks on this algorithm.
Remark 4.5.
e The thickness of the interface can be calculated directly on L), as

dn(2) = |An, (2) — 2.

e The space-time integrals in the algorithm may be approximated by space

integrals through the application of a quadrature formula in time.

e The geometrical movement of the domain is neglected for the calculation
of the Navier-Stokes equations. Since the movement is very small this has

no visible effect to the results.

4.4 Fixed interface approach

In this section we present the discretization of the system as it is stated in
Problem 3.11. The movement of the free boundary I' in the whole process is
only about 20 microns. Compared to the size of the whole domain this is very
small and thus neglected.

The method presented here is a very simple approach to the problem. It is used
for most of the simulations done in this work because it is a faster and more
efficient method compared to Algorithm 4.4. The liquid and solid domain are
fixed. Nevertheless the velocity of the interface is still an unknown in the system
and has to be calculated in every time step. The thickness of the layer can thus

be reconstructed.

4.4.1 Discretization

For the discretization in time we use a simple backward Euler scheme. The
time step size 7 will be fixed and we denote by ¢, the time for the n-th time
step, i.e. t, = n7, and by N, the total number of time steps, i.e. T = N, 7.
Furthermore the temperature at time ¢, will be denoted by 6" = 6(t,,-), the
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concentrations and the interface velocity accordingly. The time derivative of the

temperature at time t,, is then approximated by the difference quotient

o — anl

T

0" =~

For the spatial discretization we assume an appropriate conforming triangulation
7T}, of €, inducing a conforming triangulation S;, of I';,. In terms of Section 4.1

the temperature at time ¢,, is then approximated by
Ny

(4.17) On(z) = ) Opi(x),  x €,
j=1

the concentrations by

Nf+jk
(4.18) (@) = > dipilx), xeQp,
j=1
and the interface velocity by
'
(419) UF,h(ZE) = ng,jluj(x)v z €y,
j=1

with real coefficients 07, ¢'; and v ;. The fully discrete temperature for ¢ € (0, T']

and z €}, is hence given by

N,
n=1

4.4.2 The algorithm

The algorithm for the fixed interface approach does not differ much from the
weak formulation in Problem 3.11. The continuous spaces for the weak formu-
lation are now replaced by the discrete spaces. Recall that for the boundary
equations we dealt with the two spaces H%(F) and H_%(F). The first space
is the trace space of H'(€). Thus the related discrete spaces need to use the

same polynomial degree k, i.e. X% (,) and M (T,). However, for representing
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the discrete interface velocity we are free to choose a different degree m yielding
M]"(T'y). The relation between the two degrees k and m is of utmost importance
for the stability of the discretization (cf. Section 4.5.1).

Algorithm 4.6 (Fixed interface).

Let u) =0 be the initial velocity field. Set 09 =0 and ¢, =1I,c;o (i=1,2).

Forn=1,...,N; find 6} € X}(), ¢}, € XF(Q) (i=1,2), and vy € My (L)

satisfying

%(627(10h)ﬂh + (U’Z g V(QZ,(,D;L) (avehavgph)g + R(e;zl?SDh)Fg
_(U}Lvh’ SDh)Fh = %(02_17 S0h> + R( ext) Sph) Vg@h S X,’f(Qh),

%(Czh’ (‘Oh)Qh + (uz . Vi, (‘Oh)Qh + (Divci,fw Vgoh)ﬂh

- (’U?,h [th]i ) (tph)r‘h = %(cZ}_L17 (ph)gh (7’ = 17 2) v(ph S XLC(Qh)?
and
s 0.11cbm
(chtn)yp, = (W,%)Fh Vb, € MF(TY),
ez n)y, = (05,4n)r, n € M (D),
1.03¢)

(O )y, = (136 = 0.56¢57 + 0.65¢7 — ——2=, un) . Y € MM (T,).

2,h
Finally solve the Navier-Stokes equations for time step n with right hand side

fi = = (Bo0r + 3 Bl — Trcio) )4

i=1,2
to get the new flow velocity ujl € X7 ()"

The thickness d;, of the interface is reconstructed as

N,
r) = 7Y vfu@)
n=1

Remark 4.7. The duality pairing on the discrete interface 'y, is replaced by the

L? inner product on T';, since we are not able to calculate the former.
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4.5 Stability aspects and damping methods

It turns out that many difficulties arise in the numerical realization of Algorithm
4.4 and 4.6. Mainly, we have to face oscillations of the interface velocity on the
free boundary I';, which may gain enough influence on the convergence behavior
that the algorithms break down. Therefore we consider two important aspects in
this section. First, the knowledge of saddle point theory is used to increase the
stability of the discretizations. Second, an additional penalty term is included into
the algorithms to damp the oscillations on the interface. This allows simulations
on coarser grids as well as more stability in the case of finer grids. The second

point is crucial for obtaining usable results as is shown in Chapter 6.

4.5.1 The discrete LBB condition

As already mentioned in Section 3.2.2 it is very important to fulfill the discrete
analogon of the LBB condition to get a stable discretization of the problem.
Restricting ourself to the fixed interface approach (cf. Section 4.4) this means

that there exists a constant o > 0 independent of the mesh size h such that

<:uh7 SOh>%,Fh

(4.21) inf sup > .
pnE€MT(Th) o, e xR () ||Mh‘|—%,rh||90h||1,ﬂh
Kr70 Pr#0

Many works in the past dealt with the problem of proving the LBB condition
for different discretizations. The first work by Babuska (cf. [3]) showed stability
of linear Lagrange elements, i.e. X}(€,), and linear Lagrange elements for the
boundary space, i.e. M}}(T';), under the constraint of having a coarser grid on the
boundary subspace. Based on his work Pitkaranta (cf. [45]) presented a slightly
different stability condition which is easier to fulfill in practice than the one given
by equation (4.21). With this condition the author was able to maintain stability
for the same combination of spaces as Babuska without the constraint of hav-
ing a coarser grid. The price for this are iso-parametric elements for a perfect
alignment of T';, to I' (where T" must be smooth). Much more attention was
given to other saddle point problems requiring different finite element spaces and

hybrid finite element methods (cf. for instance [11,47]). Thus we are not able to
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Figure 4.5: Oscillation of the discrete interface velocity in a testing

problem (red) and exact solution (green).

cite a proof of the discrete LBB condition here. Nevertheless, we recognize that
for equation (4.21) to hold, it is crucial that the discrete space X} () is large
enough compared to the boundary space M;"(I'y,). Since in our calculations the
degree of the boundary space is always equal to one, i.e. m = 1. Increasing the
polynomial degree k stabilizes the discretizations. This effect is shown in our
numerical examples (cf. Section 6.1.1 and 6.1.2).

Furthermore, we remark that we are not dealing with a true saddle point prob-
lem. Our situation is even worse since oscillation effects on the interface I', are
amplified by the nonlinear phase diagram equations (2.32). Thus, even in the
case that the combination of X}(€,) and M}(T';,) would satisfy the discrete
LBB condition (4.21) the Algorithms 4.4 and 4.6 may still be unstable. From
this point of view it is absolutely necessary to perform convergence tests of the

algorithms as done in Chapter 6.
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4.5.2 Damping of oscillations on the interface

To shed some light on the origin of the occuring oscillations depicted in Figure

4.5 we consider a reaction/diffusion equation in the domain Q = [0, 1]*:
(4.22) u—aAu =0 in§)

with constant boundary conditions

U = gp on I'p, I
ou
(4.23) I 0 on Iy, I
ou PNO
a% = gnN on FNg,
Q = [0,1]2

where a is a small positive constant. An exact solution of the above equations

is given by

u(@) = exp(—2), gole) = exp(—L), avle) = —Va.

If we discretize the above system with linear Lagrange finite elements we expect
a discrete solution as shown in Figure 4.6. In fact this only happens for a special
choice of the grids where the support of all nodal basis functions on Ty, has
identical area (with halfed area for the nodes at the edges of the domain). For
different grids, as shown in Figure 4.7, we observe small oscillations of the discrete
solution along the boundary part I'y, .

Normally we would not care about this effect since it does not affect conver-
gence of the discretization of problem (4.22). However, in our case the situation
is more complicated. In principle the discrete temperature as well as the discrete
concentrations show such a behavior on the discrete interface I';,. In fact their
oscillations are very small. However they are amplified by the nonlinear phase
diagram equations. The result of this effect is shown in Figure 4.5. Since the
system is coupled the amplified oscillations enter again into the temperature and
the concentration equations. Thus, errors can build up and after many time steps

even destroy the convergence of the method.
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Figure 4.6: Discrete solution of equat

ion (4.22) with parameter a
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On special grids (as mentioned above) these oscillations vanish completely and
convergence is not affected. Since we are not able to construct such grids for our
geometry we have to overcome the problem with a different approach. Following
the idea of Burman and Hansbo (cf. [13] and [18]) we add a penalizing term
to the phase diagram equation concerning the melting temperature (the fifth
equation in Algorithm (4.4) and (4.6)). In three space dimensions the term is

given as

J()‘ha,uh) =7 Z % Z h%{/ [V)\h} : [Vuh} do,

TeS, KedT K

= 72%2 h%/[V~VAh][V-VMh}dO$,

TeSy KeoT K

(4.24)

where « is a small positive constant, hy the length of the edge K, [v] denotes
the jump of v across K if K NOl'y, = ( and [v] = 0 if K NOl', # 0, and v
is the unit outer normal of T". In the two dimensional case where I}, is only a

polygonal line the term is given as

2
(4.25) J(An, in) = Z % Z (V- v] [V, - v].
TeS, = KedT

Here hr denotes the length of the edge T', K the endpoints of T" and v the unit
vector parallel to T'. The sign of v is irrelevant as it later cancels out.

The term J penalizes the jump of the gradient over the boundary of the ele-
ments S € S;, on the discrete interface I';,. Through this it tends to smoothen
the discrete solution of the interface velocity. The factors hy, hy respectively,
ensures consistency and correct scaling during mesh refinement. The factor v is
a control parameter. Increasing v reduces selectively the oscillations of vr, and
increases the overall error. Furthermore, the system turns stiffer with increasing
~ slowing down the calculation decisively. For values of v on the order of one we

arrive at a good balance between the positive and the negative effects.






Chapter 5

Efficient Solution of the nonlinear

algebraic system

In this chapter we deal with the derivation and the numerical solution of the
nonlinear algebraic system arising from the discretizations in the last chapter.
We present a Newton method with step-size control and discuss the assemblage
of the linear system that must be solved in every Newton iteration. For the
solution of this system we introduce iterative methods, the Krylov solvers GM-
RES, BiCGStab, and TFQMR. They are compared with respect to efficiency and
robustness. Then, we address the preconditioning method ILUT which speeds

up the solution process enormously.

5.1 The Newton method

In Algorithm 4.4 and 4.6 we presented the discretizations of the problem. In each
timestep we have to solve a nonlinear sytem of equations coupled with the phase
diagram equations (2.32) on the interface I';. In the case of Algorithm 4.4 we
have an additional coupling with the motion of the grid. The Newton method
(also known as Newton-Rhapson method) is the most popular technique for the
iterative solution of a system of nonlinear algebraic equations. It is used to solve

the complete system simultaneously.
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5.1.1 Newton with step size control

In this section we derive the Newton method and present a corresponding algo-
rithm. Given a nonlinear function F' : R” — IR" we seek a vector z, € IR" such
that

(5.1) F(z,) = 0.

We denote by zy € IR" an arbitrary initial guess for the solution of the above
equation. The idea of Newton's method is to perform a Taylor expansion of F
about x( in order to find a and update d € IR" such that |F(xq+d)| < |F(zo)]:

F(zg+d) = F(xg) + DF(x¢)d + r(x0).

Here r(x¢) is a higher order remainder term (in d) and DF(xy) denotes the
Jacobian of Fin zq. If the remainder term is ignored, the requirement F'(xy+d)=
0 yields

d = —(DF(xq)) ' F(x0).

If this process it iterated we obtain the following algorithm for the solution of
equation (5.1). Here s denotes the step size, 1,,,, controls the maximal number

of step size reductions per Newton iteration.

Algorithm 5.1 (Newton method with step size control).

1. Compute 1y = F(xy),
2. Set s =1.0, err = erroq = ||7ol|2;
3. Form =0,1,2,... until (err <TOL) Do:
4. Solve DF (xy,)d = 1y,
5. If s is modified set s = 2 % s;
6. Forj=0,..., My Do:
7. Sety =1z, —s*xd, rme1 = F(y), err = ||rm1l|2;
8. If (err < (1 —0.5% s) % erryq) break;
0. Else set s = 0.5 * s;

10.  EndFor

11.  Setx,i1 =y, erryqg = err;

12. EndFor
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It is well known that in the neighborhood of the solution z, the Newton method
has quadratic convergence order. For our problem, for instance, in the majority
of cases we need only one Newton iteration to reach the required tolerance. For a

deeper discussion of the Newton method and its variants we refer to [15] or [56].

5.1.2 Assemblage of the Jacobian

In this section we take a closer look at the Jacobian to be inverted in step 4 of
Algorithm 5.1. For the moment we restrict ourselves to the fixed interface ap-
proach as presented in Algorithm 4.6). At the end of the section we will append

some remarks about the moving interface approach as presented in Algorithm 4.4.

The unknowns in the algebraic system to be solved in every time step of Algorithm
4.6 are the coefficients for discrete temperature 0};(x), concentrations ¢, (),
and interface velocity vy, () as defined in equation (4.17)—(4.19). To simplify

notation we assume the coefficients as follows:

o = (6. 0%,)".

c = (0217"‘7CZN;3)T7

cr, = (CZN,’S+1""’CZN§+J",§>T’
vp = (vrg, ... ,URW)T.

The iteration loop in step 3 of Algorithm 5.1 would require a second iteration
index m for the coefficient vectors, ™™ for instance. We avoid this and always
denote the coefficient vector in each iteration by ™. Furthermore the initial
temperature coefficient vector 1 in the first Newton iteration is denoted by
0™ as well. For the concentrations, interface velocity, and the matrices we pro-

ceed in the same manner.

To show how the Jacobian is generated we consider exemplarily the first term
%( ,’},gph)ﬂh of the first equation in Algorithm 4.6. Since we have a basis of
the discrete test space X(€2;) it is enough to test the equation with all basis

elements ¢; with [ = 1,..., NF. If we use the representation formula (4.17) for



78 5 EFFICIENT SOLUTION OF THE NONLINEAR ALGEBRAIC SYSTEM

the temperature we obtain

NF Nk

1, ., 1 L n 1 n

;( h?gpl)ﬂh = ;(Zejgpjﬂgpl)Qh = ;Zej (gpj’gol)ﬂh7
j=1 j=1

and further

k

d (1N, 1
(230 (en0)g,) = —(0501)q,
J j:l

Calculating all derivatives with respect to the temperature coefficients 8™ for the
left hand side of the first equation in Algorithm 4.6 yields the following submatrix

of the Jacobian

(5.2)
M} = (%(%, @l)Qh + (upt- Vgoj,gol)gh + (aVe;, VSOz)Qh>

+ <R<30ja90l>rz>

Lj=1,..,.NF

1j=1,..,Nk

The first part of Mg is the usual mass matrix, the second one is the antisym-
metric convective part (assuming that the discrete velocity field is divergence
free), and the third part is the usual stiffness matrix. The last part arises from
the Robin boundary condition and is again symmetric. The first equation of
Algorithm 4.6 contains further a term with the interface velocity vrj, on the left

hand side. Using equation (4.19) we obtain

m

d

n
dvn ;

d

(= (o)) = —o (= (tsmedy,) = —(noy,

o du
Ty j=1

and hence an additional submatrix for the derivatives of the first equation in

Algorithm 4.6 with respect to the coefficients vi:

(5.3) V' = <_ (ijwl)rh) I=1,...5% *

j=1,..,nm
Note, that the submatrix consists only of j¥ rows since we ordered the basis
functions ; € XF(Qy,) such that p;|r, = 0 for ji < j < NF (cf. Section 4.1).
Altogether, the part of the Jacobian arising from the first equation of Algorithm
4.6 consists of the submatrices defined in equation (5.2) and (5.3) (cf. Figure
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5.1). The remaining entries in these rows are zero.

For the second equation in Algorithm 4.6 we obtain similar submatrices. The

derivatives with respect to the concentration coefficients c* yield

(5.4)

M = <% (5, SOZ)Qh + (up™' - Vij, gOz)Qh + (ﬁiv%a VSOZ)Qh)z:L...,N;f
j=1,...,NF+5F

n

+ ((Ur,h%; 901>Fh> 1=1,....5F .

J=NE+L. N+
Note, that the submatrix is not quadratic since the solution space for the con-
centrations X}’L“(Q;L) was provided with additional basis functions ¢; with N}’f <
7 < N,f +j,’j to allow the concentrations to jump on I, (cf. Section 4.1). Let us
briefly explain the last term of the submatrix M which arises from the deriva-
. ) ¢ .. )
tion of the nonlinear term —(vﬁh [czh]s, (‘Oh)l‘h' The limit concentrations on the

interface I';, on the liquid side (cf. equation (4.6)) are given as

Jr
(5.5) @) = i, ().
7=1

The limit concentrations on the interface regarded on the solid side (cf. equation
(4.7)) are given as
ir NF4jk
iy () = ZCZISONF;L (z) + Z ci il (z)
=1 j=NF+1
5.6
(5.6) NF+jF
Z)
=it D el (@),
j=NF+1

Hence we may rewrite the nonlinear boundary integral as

np Npi+ip
n n 'g n n
(5.7) — (vt [ein], 01, = ((E:UF,MJ)( > Ci,jﬂf’j)ﬂpl) :
Ty

j=1 J=Nf+1

If now the derivatives with respect to the coefficients ¢}’ are taken we gain the

last term of M*. Taking further the derivative regarding the coefficients of the
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My v "
0 0

n v "

1 0 1

Ry, 0 Ry, | Ry30 0 e

My cp

2 0 2

Rg,1 0 Rg,2 Cy .

Ry, 0| |[R}, 00 Ry, 00 Jn o

Figure 5.1: Shape of the Jacobian with associated coefficient vectors for
the fixed interface approach (Algorithm 4.6). The entries in all missing

blocks are zero.

interface velocity v an additional submatrix arises:

This completes the part of the Jacobian with respect to the second equation in
Algorithm 4.6. In Figure 5.1 these are the rows associated with the coefficient

vectors cT' and cZ.

From the remaining three equations in Algorithm 4.6 valid on the boundary I';, we
get additional submatrices related to the rows of the coefficients ¢, c7 _, and
sn An

n . . . . . o
vf. Since the first boundary equation contains the variables by Clpo and Cop

we will have three submatrices R, (i = 1,2, 3) of the Jacobian. The submatrix
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R’n

T 3. for instance, has the form

. ( 0.11cyy ” w)
13 (1 —0.7850 — Gy 7 ’

— C
27h lv]:177]}li

where ¢); = ¢,|r,. The second boundary equation yields two submatrices Ry,
(i = 1,2). For the third equation we again get three submatrices Ry, (i =
1,2,3). Since we further added the penalization term J (cf. equation (4.24)
and (4.25)) to this last equation we obtain one more matrix J™ related to the

coefficients of the discrete interface velocity vp.

The whole Jacobian arising in each Newton iteration is shown in Figure 5.1. Since
the mesh in Algorithm 4.6 is fixed all submatrices arising from linear equations
do not change either. On the other hand all submatrices arising from nonlin-
ear equations have to be reassembled in every Newton iteration. Altogether the
Jacobian is a sparse matrix. It is regular, but neither symmetric nor definite.
In fact it possesses real and complex eigenvalues. This necessitates the use of

a robust linear solver suitable for non-symmetric matrices with complex spectrum.

The calculation of the Jacobian for the moving interface approach (Algorithm
4.4) is far more complicated. If we take, for example, a closer look to the first
integral ( v, @Z)Qh of the first equation in Algorithm 4.4, we recognize that its
value depends on A,, since 6}’ depends on A,,. The derivative of this term with
respect to a temperature coefficient is still easy to calculate and yields the same
result as for the fixed interface approach

d n n n n

W, = (60,
J

Concerning the derivatives with respect to a grid velocity coefficients we need to
go into more detail. For the sake of simplicity we restrict our considerations to
the 2-dimensional case. We consider a single triangle 7™ of the triangulation 7"
with vertices z7, 25, 2% and the related edge vectors
(5.8) wy = T§ —ay, wy =} —Ty, ws = Ty — T

Now a parameterization @7~ of T™ over the unit simplex T is defined as

(pT’!L (i‘) = (w3 —w2> z + xI.
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With the upper indices z,y we denote the x,y-component of the vectors or
coordinates. Consider the derivative with respect to the z-component of the i-th

grid velocity coefficient:

d d
T nT (027 ()OZ)TH = n X eh QO;LL dz
dv, d

_ d e /thohdet D®pn) di )

d
= — [ 07 ¢} det(DPpn) do det(DPrn
det(D(I)Tn>/ hgph € ( T ) d nm € ( T )
T
Since the Jacobian D®7» = <w3 —w2> we obtain
(5.9) det(DPpn) = wiwy — wiwy = wq A ws.

The vertices z arise from the vertices in the previous timestep as

n _ _n—1 n
r, =z, +7TU;,

due to the definition of the transformation A,, (cf. equation (4.10)). Thus, using
equation (5.8) and (5.9) we obtain

d
7 nxdet(beTn) = —Tw!,
and finally
d Tw?
5.10 —= (07, on = ———(0}, 0}
( ) dv?,x( h?gph)Tn Wo /\wg( h7§0h)Tn

To obtain the submatrix with respect to the z-coordinate of the grid velocity v}
equation (5.10) must be evaluated for every triangle of the triangulation 7,". For
the rest of the terms in Algorithm 4.4 the procedure is much more complicated

and is not presented here.

5.2 Linear solver

The linear system we have to handle may become very large even in two space

dimensions. Since the sparse Jacobian is non-symmetric and badly conditioned we
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need robust iteratives techniques for solving it. The Krylov subspace methods
which we apply are among the most important iterative techniques available.
Since they are based on projection processes we start with an introduction to
this field. Afterwards the Krylov methods based on Lanczos' Biorthogonalization
process are adressed. We focus on the TFQMR solver which we use for solving the
linear system and compare it to the other applicable Krylov solvers GMRES and
BiCGStab. For a detailed introduction to iterative methods for sparse systems
we refer to [42,48].

5.2.1 Projection methods

There are many different possibilities of solving a linear problem. For a small
number of unknowns direct solution methods such as Gauss elimination are usu-
ally most efficient. In many numerical simulations, however, huge systems with
sparse matrices occur. In this case iterative techniques are more appropriate. In
this section we give an introduction to projection methods which are the basis

of many iterative solvers. Starting point is the linear system
(5.11) Az = b,

where A is an nxn real matrix and x,b € R". The idea of projection methods
is to extract an approximate solution x,, of equation (5.11) from an affine sub-
space K C IR" of candidate approximants, the so-called search subspace, with

dimension m < n. To identify x,, we introduce the subspace of constraints £

and request that the residual vector r,, := b — Ax,, is orthogonal to all vectors
in L,
(5.12) Vwe L: wlr,,

known as Petrov-Galerkin conditions.

There are two types of projections: For orthogonal projections the subspaces
IC and L are chosen to be the same. In this special case the Petrov-Galerkin
conditions are called Galerkin conditions. In an oblique projection method the

subspace L is different from K and may be totally unrelated to it.
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Now let V =[vy, ..., v,] be an nxm matrix whose column vectors form a basis
of K and W=|[wy,...,w,] an nxm matrix whose column vectors form a basis

of L. If we write the approximate solution as
(5.13) Tm = xo+ Vy,

where z is an initial guess for the solution of equation (5.11), the orthogonality
conditions (5.12) generate the following equations for y and the initial residual

vector ro=0b — Axp:
(5.14) WTAVYy = W,

The solution of the reduced system (5.14) requires that the matrix W7 AV is

nonsingular. There are two important particular cases where this is guaranteed:
(i) A'is positive definite and £ = K.
(i) A is nonsingular and £ = AK.

A proof of this statement is for instance given in [48].

As an example we consider the one-dimensional projection with I = span{v}
and £ =span{w}, where v and w are two arbitrary vectors. In this case the
approximate solution x; can be written as xr1 = =z + av and the Petrov-
Galerkin condition (5.12) as (1o — A(av),w) = 0. Here (v, w) denotes the usual
scalar product of the two vectors v,w € R"™ and |[v|]| = /(v,v) the related
norm. The unknown o can now be calculated as
_ (ro, w)
(Av,w)

We iterate this one-dimensional projection and consider the special choice v =
w=r; with i=0,1,..., where r; denotes the residual in the i-th step. One
can prove (cf. [48]) that if the matrix A is symmetric and positive definite this
iteration process yields the exact solution x, independently of the initial guess
Zo in at most n steps. Furthermore the procedure minimizes in every step the

function
f@) = |lz =% = (Alx — z.), (z — z.)),
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over all vectors of the form x; + ad, where d is the direction of —V f(z;). This
fact gives the algorithm its name: steepest descent algorithm. Probably the most
famous iterative method, the conjugate gradient algorithm (CG), is based on this
projection process.

For non-symmetric positive definite matrices A and the choice v=r;, w= Ar;
we obtain again a converging algorithm (cf. [48]). It is called minimal residual

method since each step minimizes the residual function
2
f(@)=|lb— Azl

over all vectors of the form x; + ad, where d is the direction of the residual r;.
The general minimum residual method (GMRES) (cf. next section) is based on

this kind of projection methods.

5.2.2 Krylov methods and Lanczos Biorthogonalization

In this section we give a definition of the Krylov subspaces which are the basis
of the powerful Krylov methods. Then, different choices for the subspace of

constraints as introduced in the last section are discussed.

Krylov methods are projection methods employing special subspaces for the can-
didate approximants. These subspaces are related to the matrix A of the linear
system (5.11): The m-th Krylov subspace for a vector v and a matrix A is defined
as

Kn(A,v) = span{v, Av, A%v, ... A" 1},

Thus, the approximation of the exact solution obtained by a Krylov subspace

method is of the form

Ty = A_lb N Ty = x0+Qm—1<A)U7
where ¢,,_1 is a certain polynomial of degree m — 1. This is the reason for
denoting Krylov methods as a technique of polynomial approximation.

The main difference between the different Krylov algorithms lies in the choice of
the subspace of constraints. As already mentioned in the last section L,, =/C,,

leads to the important CG solver for symmetric positive definite matrices. The
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CG solver is not of interest to us since the system matrix is neither symmetric nor
positive definite. Furthermore we mentioned that for the choice £,, = AK,, one
obtains the GMRES method which is applicable also for non-symmetric and non-
singular matrices. Compared to other Krylov methods GMRES has a big disad-
vantage. For the calculation of the approximate solution x,, the GMRES method
requires the storage of all basis vectors of the Krylov subspace IC,,,+1(A, 7). This
results in large memory requirements, e.g. in the case m = n this method re-
quires the same amount of memory as a direct solver like Gaussian elimination
does — a non-sparse n X n matrix. Thus it is often used in the restarting variant
GMRES(p). Here the dimension of the Krylov subspace is restricted to a fixed
p < n. After the calculation of the approximate solution x,, for the Krylov sub-
space IC,(A,r;) a restart with the new residual r;;; = b — Az, as basis for the
Krylov subspace K,(A, ;1) is performed. One iteration thus consists of solving

a projection onto a p-dimensional subspace of IR".

Next we focus on L,, = K,,(A”,rq) as subspace of constraints. The basis for
the derivation of algorithms for this special choice of £,, is Lanczos biorthogo-

nalization procedure for KC,,,(A,v;) and K, (AT, w,):

Algorithm 5.2 (Lanczos biorthogonalization procedure).

. Choose two vectors vy, w, such that (vy,w;) = 1;
. Set f1 =601 =0, vg=wy =0;
. Forj=1,2....,m Do:

a; = (Avj, wy),

QIJj+1 = ATU)j — ;W — 5jwj_1,'
Gja1 = | (D1, Wi V% IF 6541 = O Stop;
Bjr1 = (Oj41,Wj11)/bjtqi
wit1 = W1/ Bja;
10.  wjp1 = 0j41/0541;
11. EndDo

1
2
3
4,
5. 0j41 = Av; — oyv; — Bivjg;
6
7
8
9

Assuming this algorithm does not break down before step m it is possible to

prove (cf. [48]) that the vectors v;,w; (i,7 = 1,...,m) form a biorthogonal
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system, i.e.

----------

and the relation

(5.16) WTAV,,=T,,
holds with
651 52
dy o 63
Tm - 5

5m71 Qp—1 ﬁm

Om Qi

for «y, 0;, 3; as calculated in step 4,7,8 of Algorithm 5.2. Lanczos' procedure
is the idea behind two different Krylov methods with X = KC,,(A,79/5) and
L =K. (AT ro/B):

(i) The Biconjugate Gradient Algorithm (BCG). Using equation (5.13), (5.14),

(5.15), and (5.16) the approximate solution x,, can be expressed as
Tm = xo+ VD' (Wiiro) = 2o+ Vi T, (Ben),

where e; denotes the first unit vector in IR™. The algorithm performs a
successive LU-decomposition of 7}, (cf. [48]). This permits the successive
calculation of all intermediate steps z;, and 7, (k = 1,...,m). If the
required tolerance for the approximate solution is fulfilled, the algorithm

stops.

(i) The Quasi-Minimal Residual solvers (QMR). Using Algorithm 5.2 the resid-
ual can be written as (cf. [48])

(5.17) Tm = Vinp1(Ber — T'ny),
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where T, is the (m — 1) xm tridiagonal matrix with
_ T
T, =
5m+1621

The idea of QMR methods is to minimize in every iteration the function

J(y) = [|Ber — Tmyll2

instead of the real residual as given in equation (5.17). However, this is still
reasonable and the resulting solution is called the quasi-minimal residual

approximation.

A big disadvantage of these methods is that convergence is not ensured although
in practice they mostly turn out to be robust and efficient. Even if roundoff errors
are neglected they rely on Lanczos’ Biorthogonalization procedure 5.2, where so

called serious breakdowns may occur which cannot be prevented (cf. [48]).

5.2.3 TFQMR solver

The Lanczos biorthogonalization process calculates the basis of /C,,,(A, v;) and
K. (AT wy) simultaneously. Thus, the two methods BCG and QMR do not only
provide the approximate solution of the problem Az = b but also of its dual
ATz =0b. However, we are not interested in this dual problem and the calcula-
tion of the matrix-vector product with the transposed of the matrix only causes
unnecessary computational costs. Looking carefully at the algorithms, it turned
out that the basis of K,,(A”,w;) is not directly needed for the calculation of

the solution x,,,. It is only used for the calculation of coefficients in the matrix 7T;,,.

In 1989 Sonneveld [50] developed the Conjugate Gradient Squared algorithm
(CGS) based on the BCG avoiding the use of A”. Thus, he gained faster con-
vergence for roughly the same computational costs. A variant of his algorithm is
the BiConjugate Gradient Stabilized algorithm (BiCGStab). In 1993 Freund [20]
derived a transpose-free variant of the QMR algorithms. Following the already
transposed-free algorithm of Sonneveld’'s CGS he used the idea of QMR algo-
rithms not to minimize the real residual but a quasi-residual. For the derivation
of the algorithm we refer to [20] or [48].
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Algorithm 5.3 (Transpose-free QMR).

1. Compute wg = ug = r9 = b — Axg, v = Aug;
2. Setdy =0, 70 = ||ro||l2, 0o =m0 = 0;
3. Choose r} such that py = (rj,19) # 0;
4. Form =0,1,2,..., until convergence Do:
If m is even Then:
Set Qpp1 = Qi = pm/(vmv TS)"
Set U1 = Uy — AU,
EndIf
Set W1 = Wy — ap A,
10.  Set dyyi1 = U + (02, )indin;
11 Set s = [t/ et = (1+62,1) 7
12.  Set Tmi1 = TmBmi1Cmat, Mma1 = c2m+10zm,'
13, Set i1 = Ty + Da1dimat;
14.  Ifm is odd Then:

© 0N o

15. Set pmi1 = (Tmt1,70), Bt = Pms1/Pm—1;

16. Set U1 = Wit + B 1Um;

17. Set Vi1 = Ayt + Bt (At + B 1Um—1);
18.  EndIf

19. EndDo

5.2.4 Comparison of GMRES, BiCGStab, and TFQMR

The Krylov solvers GMRES, BiCGStab, and TFQMR are suited for the solution
of the linear probem arising in the Newton algorithm 5.1 in step 4 since they all
apply to non-symmetric non-definite matrices. To ascertain which method works
best for our linear system we made a comparison with respect to the evolution
of the residual (see Figure 5.2) and the computational cost (see Table 5.1).

Looking at Figure 5.2 we observe that GMRES(25) shows by far the best be-
havior. The TFQMR solver needs many iterations more to reach the required
tolerance whereas the BiCGStab solver does not converge at all. Comparing the
computing times in Table 5.1 shows that the GMRES(25) solver is very slow.
This is not astonishing since it has to perform a projection into a 25-dimensional
subspace of IR™ in each iteration whereas the TFQMR method only performs
a one-dimensional projection per iteration. The TFQMR solver shows the best

overall behavior and for this reason was chosen as the standard linear solver.
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Figure 5.2: Residuals of different Krylov methods for the solution of the

linear system in one Newton iteration for a 2-dimensional simulation of

our problem with 18387 unknowns. For the CPU usage see Table 5.1.

Krylov method | Iterations | CPU-time Residual
GMRES(25) 443 54.63s | 9.984 - 10712
TFQMR 1699 7.38s 4.104 - 10712
BiCGStab 2000 7.26s 7.683-1078

Table 5.1: Comparison of different Krylov methods for the solution of

the linear system in one Newton iteration in a 2-dimensional simulation

of our problem with 18387 unknowns. The maximum of iterations is set

to 2000. For the evolution of the residual see Figure 5.2.
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5.3 Preconditioning

For the efficient solution of a given sparse linear system preconditioning is cru-
cial. However, there are not many theoretical results applicable to matrices with
unpleasant properties as considered here. Hence the choice of an appropriate
preconditioner is difficult. We came to the conclusion that ILU preconditioning

techniques generate good results for our problem.

5.3.1 ILU factorization preconditioners

The linear system we have to solve in each Newton iteration does not change
very much. Hence if a preconditioner generates a good pseudo inverse of the
system matrix this preconditioning matrix may be used in all Newton iterations
of one timestep. One method which allows the generation of a preconditioning

matrix with user-defined accuracy is the ILU factorization process.

We consider a sparse nxn matrix A with entries a;;. A general incomplete LU
(ILU) factorization process can be described as follows: Compute a sparse lower
triangular matrix L and a sparse upper triangular matrix U by a LU factorization
process while dropping some of the obtained elements in L and U. The LU
factorization can be done, for instance, by Gaussian elimination. We use the so
called IKJ variant of the algorithm (cf. [48]) as basis for the ILU factorization
process since it processes each row of the matrix successively instead of each col-
umn. This is more appropriate since most data structures in scientific computing
are row-oriented, e.g. the CSR format for the efficient storage of sparse matrices

which we employ in our algorithm.

Now let P be any zero pattern set with excluded diagonal, i.e.
Pc{Gjli#j1<ij<n}

The ILU factorization is nothing else then a modified LU factorization of the

matrix A.
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Algorithm 5.4 (General ILU factorization, IKJ Version).

1. Fori=2,...,n Do:

2. Fork=1,...,i—1andif (i,k) ¢ P Do:

3 Set Qif = aik/akk;

4 Forj=Fk+1,...,n and for (i,j) ¢ P Do:
5. Set a;j = a;j — aipay;;

6 EndDo

7 EndDo

8. EndDo

There are many different possibilities for the choice of the zero pattern P. Per-
haps the best known variant is the zero fill-in ILU, denoted by ILU(0). In this
case P is identical to the zero pattern of the sparse matrix A. However, the
accuracy of this method is often insufficient to yield an adequate rate of con-
vergence. To overcome this problem additional entries for the pseudo inverse
are required. So ILU(p) was developed (cf. [48]) which allows additional entries.
However, this method has still some disadvantages. First, the number of addi-
tional elements can not be estimated. Second, the decision if an entry is set to
zero or not depends only on the structure of A and thus the algorithm is blind

to the magnitude of the dropped value.

5.3.2 The ILUT approach

As we have seen in the last section a method is required which allows a good
estimate for the size of the factors L and U and furthermore drops small while
keeping large values emerging in the LU factorization process. Based on the
IKJ variant of the general ILU (cf. Algorithm 5.4) we present a general ILUT
approach which provides for variable dropping rules. These rules mean that if
a certain set of criteria is fulfilled the concerned element is set to zero. In the
following algorithm, which to be found in [48], a;. denotes the i-th row of the

matrix A.
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Figure 5.3: Residuals of different Krylov methods for the solution of the
preconditioned (with ILUT(10,107%)) linear system in one Newton step
for a 2-dimensional simulation of our problem with 18387 unknowns. For
the related CPU usage look at Table 5.2.

Krylov method | Iterations | CPU-time (Precon) Residual
GMRES(25) 1 4445 (4.35s) | 2.409 10713
TFQMR 8 4455 (4.35s) | 1.052- 10713
BICGSTAB 8 4.44s (4.355) | 6.250- 1014

Table 5.2: Comparison of different Krylov methods for the solution of
the preconditioned linear system in one Newton step for a 2-dimensional
simulation of our problem with 18387 unknowns. As preconditioner
ILUT(10,107%) is used. Its setup always needs 4.35s and thus almost
the whole CPU-time of the solution process. For the related residual

development see Figure 5.3.2.



94 5 EFFICIENT SOLUTION OF THE NONLINEAR ALGEBRAIC SYSTEM

Algorithm 5.5 (ILUT).

1. Fori=1,...,n Do:

2. Setw = aj;,;

3. Fork=1,...,1—1 and when wy, # 0 Do:

4, Set wy, = Wi/ Ak,

5. Apply a dropping rule to wy,;

6. If wy, # 0 Then:

7. Set w = w — wy, * Upy;

8. EndIf

9.  EndDo
10.  Apply a dropping rule to row w;
11.  Setlijj=wj forj=1,...,1—1;
12. Setuij:wj forj:i,...,n,'
13.  Setw =0y
14. EndDo

The following dropping rules in line 5 and 10 are used by our algorithm:

e In line 5 an element wy, is dropped if it is less than a relative tolerance tol;,

obtained by multiplying tol by the original norm of the i-th row.

e In line 10 an element in the row is dropped if it is less than the tolerance
tol;. Afterwards only the [; largest elements in L are kept, where [; is the
sum of the original elements in the i-th row of A in the lower diagonal part

plus the fill-in p. For the factor U we proceed accordingly.

This method is denoted by ILUT(p,tol). The number of entries in L and U can
easily be estimated as the number of entries in A plus two times p. This is a

strict upper bound.

The disadvantage of this algorithm is that for the extraction of the largest el-
ements every row must be sorted. For a large algebraic system this causes a
lot of computational costs. Hence for 3-dimensional calculations the setting up
of the preconditioner requires a major part of the whole computational time.
Nevertheless the benefit is greater. For 2-dimensional calculations it is already
faster to set up the preconditioner and solve the system than solving the unpre-

conditioned system (cf. Table 5.1 and 5.2). And since the same pseudo inverse
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is used for all Newton steps and often for several following timesteps (sometimes
more than one hundred) the overall speedup is enormous, also for 3-dimensional
simulations. Furthermore, the use of the preconditioner in practices ensures the
convergence of the fast TFQMR and BiCGStab solvers. The development of
the residuals for GMRES, BiCGStab, and TFQMR is shown in Figure 5.3.2, the
iteration number and the calculation time in Table 5.2. The iteration numbers
for all solvers are very low compared to the numbers for the unpreconditioned
system (cf. Table 5.1). Note, that with the use of the same pseudo inverse for
following timestep the iteration numbers increase again. This can be used as a
criterion: If the current iterations are higher than the initial iterations times a

factor a new pseudo inverse must be calculated.






Chapter 6

Numerical results

Before we embark on the presentation of numerical results the reliability of our
algorithms must be shown. For this purpose we implement test problems and
perform convergence tests for the discretizations. Afterwards, the two Algorithms
4.4 and 4.6 are compared.

For the presentation of the numerical results we consider three different situa-
tions. First, a calculation with constant temperature at the outside of the melting
pot and without gravity is shown. This would be the situation in outer space
where no convection occurs. Second, gravity is included and convection takes
place due to the solutal effects in the melt. Third, we perform simulations with
gravity and an external temperature field as in the real process. The results of
these simulations are compared afterwards and the final conclusions about the
modeling of the process is enclosed.

All the programming in this work is done within the finite element toolbox
ALBERTA developed by Prof. A. Schmidt, University
of Bremen, and Prof. K.G. Siebert, University of Augs-
burg (cf. [49]). It is a free powerful package providing

\>
\/Q)Qg\
?‘

tools for assembling and solving the discrete system as

well as support for input and output of data and online
graphics. Further development is still done mainly at
the University of Augsburg to extend the functionality. For detailed information
about ALBERTA and for a download link please visit the web-page www.alberta-

fem.de.


http://www.alberta-fem.de
http://www.alberta-fem.de
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6.1 Convergence tests

In this section we define the errors for the test problems and introduce the exper-
imental order of convergence (EOC). Then, we analyze the two discretizations
as given by Algorithm 4.4 and 4.6. A comparison between the two approaches is

appended.

For the convergence tests of the algorithms we need to calculate the error between
the exact and the discrete solution of our problem. We now define these error
terms. Note, that for the moving interface approach 4.4 it is necessary to take

the different motions of the continuous and the discrete domains into account.

Definition 6.1 (Error for the moving interface approach).

Let (é,él,ég,ﬁp) be the exact solution of Problem 3.9 on the fixed reference
domain €0, =Q,(0). Let (67, 1> Co.p5 VE 1) be the discrete solutions of Algorithm
4.4 and ® the parameterization as defined in equation (4.9). Then the error of

temperature and concentration fields is defined as
h T
T, —1 T2
Errg, ¢ = (/ 100 @7 — O l[711 1)) At
0

2 T %

+ Z/ 160 @7 — T30 0y dt> .
i=1 70

The relative error of the interface velocity is defined as

ess SuP;¢ (o, 1) |op 0 @71 — UF,hHLI’(Fh(t))

ess SuP;¢ (o, lorll e 0n)

Thip _
Errp s = , Dp=2,00.

For the fixed interface approach 4.6 we additionally define an error for the flow

velocity u and the pressure p of the Navier-Stokes equations (2.7).

Definition 6.2 (Error for the fixed interface approach).
Let (0,c1,cz,vr) be the exact solution of Problem 3.11 and (0}, ¢, c5 ,,, vry,)
the discrete solutions of Algorithm 4.6 as defined in equation (4.20). The error

of temperature and concentration fields on the calculation domain €}y, is defined
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as

=

2
7,h T T 2
Errg, = (HQ - Qh”%Q(O,T;Hl(Qh)) + Z e — Ci,h”%%o,T;Hl(Q;))) :

i=1
The relative error of the interface velocity is defined as

lor = 0F [l Lo 0,;20(T))

T,hip —
Errp ™ = , p=2,00.

[vr || zos 0,10 (1))

The error of the Navier-Stokes equations between (u,p) and (u},p},) is defined

as

N[

T,h T -
Errflow = (Hu - uhHiQ(O,T;Hl(Qfl)) +llp — thQLoo((),T;Lz(Q/}ZL)))

To analyze if the error of a test problem converges with the expected order we next
define the experimental order of convergence (EOC). Due to the approximation
order of finite element spaces (cf. [9]) we can obtain an error reduction (e.g. for

the error of temperature and concentrations) of at most
(6.1) Errgt < C(r+ "),

for decreasing 7 and h. Here k is the order of the finite element space for

temperature and concentrations and C' is a positive constant independent of 7
and h.

Definition 6.3 (Experimental order of convergence).

Let erry be the error of one simulation and erry the error of the same simulation
with halved maximum grid size and coupled time step size T = ch®, where c is a
positive constant and k represents the order of the finite element space. Then,

the experimental order of convergence is defined as

EOC — In(erry /errs)
In2

Thus, if an error estimation as given by equation (6.1) would hold the numerical

experiments should yield FOC' =k for this error.
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Simulations for convergence tests require a lot of computational power. Since
simulations with high grid resolutions and small time step sizes must be performed
they may need several days to finish, even in two space dimension. In three
space dimensions our problem becomes so large that the calculation time on
finer grids explodes. For this reason we do without convergence tests in three

space dimensions.

1—‘0

Figure 6.1: 2-dimensional calculation domain €2, for the normal problem
(left) and the test problems (right) with €, = [—0.1,3.4] x [0.0,7.0].

The design of test problems for our system of partial differential equations is very
complicated since it is rather difficult to fulfill all boundary conditions on the in-

terface I'. For example the observance of the nonlinear phase diagram equations



6.1 CONVERGENCE TESTS 101

(2.32) is only easily possible by requiring temperature and concentrations to be
constant on I". Even then it is still complicated enough to fulfill the Stefan
conditions (2.31). Hence, we decided to simplify the geometry and consider the
interface I' to be a straight line. A sketch of the new geometry is shown in Figure
6.1. Furthermore we adapted the boundary conditions for the outer boundaries.
The inner boundary I where homogeneous Neumann boundary conditions are
valid is extended to 'V (marked with green color in Figure 6.1) and the outer
boundary I'° with different boundary conditions for the temperature and the con-

centrations is reduced to I'? (blue color).

For comparing purposes we always perform four runs of each test problem with
two different finite element spaces and with and without damping term as intro-
duced in Section 4.5.2. For all runs we start on the same grid with maximum
grid size hg = 0.7 and with time step size 7o = 1.0. Then, the same simulation
is repeated while successively halving the grid size. Accordingly, the time step
size is halved or quartered depending on the order of the finite element space for
temperature and concentrations. If the test problem includes the Navier-Stokes
equations (2.7) they are always discretized with second order Taylor-Hood ele-

ments (cf. Section 4.2.2). A rough description of the four runs is as follows:
1. Linear elements are used for temperature, concentrations, and interface
velocity. The time step size for successive simulations is halved.
2. ldentical to the first with additional damping term.

3. Quadratic elements are used for temperature and concentration, linear ele-
ments are used for the interface velocity. The time step size for successive

simulations is quartered.

4. |dentical to the third with additional damping term.
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6.1.1 Moving interface approach

In this section we analyze a test problem for the moving interface approach as
presented in Algorithm 4.4. The Navier-Stokes equations (2.7) are not included

in this test. In the convective parts of equation (2.30) we set u = 0.

For the construction of the test problem we assume that the solution is constant
on straight lines parallel to the interface I';,. Thus the problem is independent

of the xo-coordinate.

Example 1 (Traveling wave).
Let 0,,(0) = [~0.1,3.4] x [0,7], 2(0) = [~0.1,0] x [0,7], Q(0) = [0,3.4] x
[0,7], and T4, (0) = { & € Qp, |21 = 0}. The temperature is given as

0(t,z) 0, 1 <0
7I’ =
eXp( _ vr(;,w).(gjl — tvp(t,l’)>) -1, x>0,

. . .. 0 . ¢ .
the concentrations with constant initial values ¢}, in ;" are given as

(t,2) Ci 00 21 <0
ci(t,z) =
o+ (cho— o) exp(— —”Fng) (z1 — tor(t,z))), x>0

fori = 1,2, the (constant) interface velocity as
vr(t,z) = 2-107°

and thus the interface as T'(t) = { z € [-0.1,3.4] x [0,7] | x; = 2¢-107° }. The

flow velocity u is set to zero.

It is left to the reader to check that the functions (6, ¢1, co, vr) as defined in Ex-
ample 1 are a solution of the equations (2.30), (2.31), and (2.32). On the outer
boundary we require different boundary conditions as in equation (2.33). On I'y
we prescribe homogeneous Neumann boundary conditions for temperature and
concentrations, on I'p inhomogeneous Dirichlet boundary conditions appropri-
ate to temperature and concentrations as given in Example 1. Note, that the

discrete problem is not independent of the x5-coordinate, since the starting grid
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undamped damped

n Erra’:@ EOC ETTS:@ EOC
linear Lagrange finite elements
0 0.077688 0.080847

0.83 0.64
1 0.043720 0.051965

1.05 1.15
2 0.021163 0.023450

1.02 1.09
3 0.010456 0.011000

1.00 1.05
4 0.005233 0.005315

0.82 1.02
5 0.002954 0.002615
quadratic Lagrange finite elements
0 0.001035 0.001080

1.60 1.36
1 0.000341 0.000420

2.13 2.19
2 0.000078 0.000092

2.03 2.15
3 0.000019 0.000021

1.96 2.06
4 0.000005 0.000005

Table 6.1: Error of temperature and concentration fields in Example 1
for run 1-4, with linear and quadratic elements with and without damping

term.

(cf. Figure 6.2 on page 105) is not symmetric.

For this test problem we perform 5 successive iterations of run 1 and 2 and 4
successive iterations of run 3 and 4. The results of all runs are shown in Table 6.1
and 6.2. Looking at Table 6.1 we recognize that the runs with quadratic elements
for temperature and concentrations yield the expected experimental convergence
order EOC = 2. In the case of linear elements the convergence order is around
one and seems to break down in the last iteration for the undamped discretization.

If we consider the errors of the interface velocity in run 1 (cf. Table 6.2) we
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undamped damped
n | E rr;’hh”q% JE rr%’h}igo EOC E rrlf’hh”; JE TT;‘;,h,go EOC
linear Lagrange finite elements
0 | 0.018061/0.115761 0.009262/0.046068
-0.23/-1.01 0.43/0.12
1 || 0.021183/0.232423 0.006855/0.042441
1.70/1.14 1.07/2.05
2 | 0.006525/0.105552 0.003272/0.010256
1.53/1.09 0.97/1.56
3 | 0.002266,/0.049754 0.001671/0.003479
1.57/0.48 1.02/1.30
4 |1 0.000764/0.035648 0.000826,/0.001414
-0.33/-0.82 1.17/1.24
5 | 0.000962/0.063108 0.000366,/0.000597
quadratic Lagrange finite elements
0 | 0.000189/0.001259 0.000115/0.000639
1.11/0.38 1.24/1.44
1 || 0.000087/0.000965 0.000050/0.000236
2.14/1.93 1.66/2.86
2 | 0.000020/0.000253 0.000016,/0.000032
1.87/2.03 1.52/2.05
3 | 0.000005/0.000062 0.000006,/0.000008
1.43/2.09 1.36/1.66
4 | 0.000002/0.000015 0.000002/0.000002

Table 6.2: Error of the interface velocity in Example 1 for run 1-4, with

linear and quadratic elements with and without damping term.

observe that we indeed loose convergence. Thus, for linear elements without
damping term the discretization is not stable. With damping we get perfect
convergence. In essence, the damping term is crucial for linear elements whereas
for quadratic elements it is not. Nevertheless, it is still very efficient to use the
damping term also for quadratic elements since Err;ﬁ’g’ is reduced significantly
(cf. Table 6.2).

elements in iteration 3 and 4 is significantly below 2. This is not remarkable

Note that the convergence order in Table 6.2 for quadratic

since the absolute error of the discrete interface velocity in these iterations is

already far below the tolerance 107'° of the Newton solver.
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Figure 6.2: Flow field in Example 2 at time ¢t = 100 (left) and macro
triangulation (right). In the left picture the underlying grid is shown for

the solid part 2% of the domain. The flow velocity is given in [cm/s].

6.1.2 Fixed interface approach

In this section we analyze a test problem for the fixed interface approach as
presented in Algorithm 4.6. The Navier-Stokes equations are now included. Since
we are not able to construct a flow for the given right hand side in the Navier-
Stokes equations (cf. (2.7)) we decided to construct a flow which is similar to
the flow in the real application and calculate the appropriate right hand side.
Such a flow is shown in Figure 6.2. Thus, the flow in our test problem is not
influenced by the values of temperature and concentrations. However, the flow
itself influences the calculation of temperature and concentrations due to the
convective terms in their equations (cf. (2.30)).

Again as in the last section we assume that the solution of the test problem is
constant on straight lines parallel to the interface I';,. The exact solution is given

as follows:



106 6 NUMERICAL RESULTS

Example 2.
Let ), = [—0.1,3.4] x [0,7], Q¢ = [-0.1,0] x [0,7], Qf =[0,3.4] x [0,7], and
I, ={x €|z =0}. The temperature is given as

07 sl S 0

O(t,x) =
exp( — #wl) -1, x>0,

. . .. 0 . ¢ .
the concentrations with constant initial values ¢}, in ;" are given as

cl T <0
¢i(t,x) = o b=

Cot (Cf,o — o) exp( - %t;x)%)’ 1 >0

for i = 1,2, and the interface velocity as

or(t, @) = vy sin(%t) (1 — COS (27”x2)>

with a constant vy = 107°. The flow velocity in Q) is given as

3 —ar 10—7r$ ! Q—ﬂgj
U(t,(l}) = <]_ — eXp( _ %t)> g 107 ( 17 1)9 ( 7 2)
% /(1{)_;$1)9(27W$2)
where
L — costs 126sin(s) — 63sin(2s) + 112sin’(s
fls) = L) g gy — 2080(0) 632 ()

and the pressure as p(t,x) = 0.

As already mentioned we get a different right hand side for the first Navier-Stokes
equation (2.7), whereas the second equation is fulfilled since the given flow u
in Example 2 is divergence free by construction. Also temperature and concen-
trations do not fulfill equation (2.30) due to the convective terms. Similar to
the Navier-Stokes equations we modify (2.30) and require appropriate right hand
sides. The boundary conditions (2.31) and (2.32) on the inner boundary I" are

fulfilled. As in the last section we require different boundary conditions on the
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outer boundary: On I'y we prescribe again homogeneous Neumann boundary
conditions for temperature and concentrations. On ', inhomogeneous Dirichlet
boundary conditions appropriate to temperature and concentrations as given in

Example 2 are prescribed.

For the test runs with linear elements we perform 4 successive iterations, for the
runs with quadratic elements 3 successive iterations. The results of all runs are
shown in Table 6.3, 6.4, and 6.5. First, we consider Table 6.3. The calculation of
the flow velocity is independent of the values of temperature and concentrations.
Hence, the error Err;’lzw is independent of the presence of a damping term J
and there is no difference between run 1 and 2 as well as between run 3 and
4. For all runs we use second oder Taylor-Hood elements which maximal yields
FOC =~ 2. The numerical simulations show the correct convergence order for
run 3 and 4. For the run 1 and 2 convergence starts to break down on finer
grids. This is reasonable since the time step size for these runs is only halved
which actually yields FOC' =~ 1.

Looking at Table 6.4 we recognize that the error Er'r’a’f for temperature and con-
centration fields in €2, shows the expected convergence order for linear (EOC' ~
1, run 1 and 2) and quadratic (FOC = 2, run 3 and 4) elements. Comparing
the error between the simulations with and without damping we observe that the
error for discretizations with included damping term is slightly higher. On finer
grids this difference vanishes. Thus, as expected, the damping term does not

harm the convergence of the algorithm.

Comparing the errors of the interface velocity as shown in Table 6.5 is the most
interesting and important part. As we have already mentioned in Section 4.5.2
small oscillations in temperature and concentration fields cause strong oscillations
of the interface velocity on I'j,. This effect is shown in Figure 6.3 and 6.4. Hence,
for the run with linear elements without damping term Err?:’oo in iteration
n = 3 is still above one, i.e. the maximal difference between discrete and exact
solution is larger than the maximal value of the phase velocity. In practice this
means unusable results for the discrete interface velocity. The damping term is

apparently crucial since it lowers the error decisively without the requirement of
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linear quadratic

n E W?z};w EOC ETT}—}ZU) EOC
0 0.478778 0.478778

1.39 1.41
1 0.182507 0.180249

2.01 2.01
2 0.045310 0.044615

1.97 1.98
3 0.011595 0.011300

1.92
4 0.003066

Table 6.3: Error and EOC of the flow velocity for the discretization with

second order Taylor-Hood elements in Example 2.

undamped damped

n Errg’: EOC ETTS: EOC
linear Lagrange finite elements
0 1.251986 2.256089

0.91 0.83
1 0.664574 1.265357

1.52 1.97
2 0.231879 0.322066

1.05 1.50
3 0.111965 0.113830

0.95 0.96
4 0.057818 0.058636
quadratic Lagrange finite elements
0 2.283755 1.860669

2.87 2.36
1 0.312435 0.362020

2.49 2.68
2 0.055549 0.056298

1.94 1.96
3 0.014512 0.014518

Table 6.4: Error of temperature and concentration fields in Example 2

for run 1-4, with linear and quadratic elements with and without damping

term.
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vf, (undamped)
UF, (damped) ——
1-107°
0
29 =10 1 2 3 4 5 6 7

Figure 6.3: Discrete interface velocity in iteration n = 3 of run 1 (green)

and run 2 (blue) in Example 2 at time ¢ = 50.

2-107° T T T T T T
vl ), (undamped) ——
vl ), (damped) ——
1-107°F 1
O 1 1 1 1 1 1
z9 =10 1 2 3 4 5 6 7

Figure 6.4: Discrete interface velocity in iteration n = 2 of run 3 (green)
and run 4 (blue) in Example 2 at time ¢ = 50.
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undamped damped

n Err;’:’Q/Err;’:’oo EOC Err;’:’Q/ETTF’:’OO EOC
linear Lagrange finite elements
0 | 52.73450/166.9586 14.16901/20.78887

2.24/1.03 2.01/1.50
1 || 11.18194/81.84830 3.506300/7.366075

3.38/2.88 2.87/2.51
2 || 1.074471/11.14254 0.481142/1.289791

2.74/3.44 1.63/2.89
3 | 0.160627/1.025683 0.155904/0.173491

1.07/3.86 1.03/1.40
4 |1 0.076598/0.070723 0.076570/0.065572
quadratic Lagrange finite elements
0 | 6.910988/28.61913 4.916611/9.269585

3.37/2.54 3.30/3.32
1 || 0.670390/4.921356 0.500244/0.929274

3.14/4.49 2.70/3.75
2 | 0.076273/0.219301 0.075747/0.068927

2.00/3.72 1.99/2.08
3 | 0.019036,/0.016663 0.019038/0.016248

Table 6.5: Error for the interface velocity in Example 2 for run 1-4, with

linear and quadratic elements with and without damping term.

further grid refinements — very important at least for 3d-simulations.

Furthermore the results show that using quadratic elements is very effective. To
clarify this we compare two simulations: first, iteration n = 4 of run 2, second,
iteration n = 3 of run 4. Looking at Table 6.4 and 6.5 we observe that all
errors of the second simulation are significantly smaller. However, the number of
unknowns for temperature, concentrations, and interface velocity in the algebraic

system of both simulations is identical (n,,,, = 170941) since the first simulation

DOF

uses linear elements for temperature and concentrations on a finer grid and the

second quadratic elements on a coarser grid. The time step size is much smaller
lin. 1

quad. 1
Tp=4 — 16"

= &1 compared to

the second simulation requires less computational time since the Navier-Stokes

for the second simulation: 7 Nevertheless,

n=3

equations for the flow velocity are also calculated on a coarser grid.
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6.1.3 Comparison of the two approaches

In this section we compare the approaches in Algorithm 4.4 and 4.6. We show
that the difference in the results produced by the algorithms is negligible com-

pared to influences of inaccurate material constants.

For the comparison we perform an experiment under conditions which are similar
to the conditions of the real experiment: We start with a perfectly mixed melt
with initial concentrations as in the real experiments. The initial temperature is
equal to the melting temperature of the initial concentrations. Only the Navier-
Stokes equations are not included. Hence, the flow velocity u in the convective
parts in equation (2.30) is set to zero. The above initial values are as given in
Chapter 2. (A summarization of them can also be found in the next section.)
To trigger growth on the interface 'y, the external temperature is set to
C

Ocat = 0p —0.153—
min

t, te€l0,T], T =30min,

which is the same cooling rate as in the real experiment.

For the comparison of the two approaches we perform 3 different 2-dimensional
simulations on the same grid as in the previous examples (cf. Figure 6.2). The
first is done with the fixed interface approach, the second with the moving in-
terface approach. Then, again the fixed interface approach is used to perform a
third simulation with the modified value D4 = 8.6 - 10~ for the diffusion coef-
ficient of tellurium. This is a deviation of only about 5 percent compared to its
original value Df = 8.2 - 1075,

The results of the interface velocity and thickness of the layer in the different
simulations after 30 minutes simulated time are shown in Figure 6.5. We can see
that the difference between the two approaches with fixed and moving interface
is very small. The numerical oscillations — the interface velocity is expected to
be constant in space for the above mentioned choice of the external temperature
— already cause larger variations. In comparison, the simulation with modified
material constant yields a clearly different result. The resulting layer is nearly half
a micron thicker than the layer obtained by the simulations with the standard

material constant. The explanation of this behavior is that a higher diffusion
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Figure 6.5: Discrete interface velocity (in [“m} upper picture) and

min

thickness of the layer (in [um], lower picture) calculated with fixed inter-
face approach (red), moving interface approach (green), and with modi-

fied parameter DY (blue) after 30 minutes simulated time.
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coefficient of tellurium allows a faster equalization of its concentration and thus

enables a higher growth velocity.

We can conclude that small inaccuracies of material constants have a significantly
larger influence on the simulation results as enforced by neglecting the interface

motion. This justifies the simplification done in the fixed interface approach.
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6.2 Simulation results

In this section we present the numerical results for the simulations of the liquid
phase epitaxial process. First, the requirements for the homogeneity of the layer
are described. Then, different numerical experiments are performed and their

results are analyzed.

For all numerical experiments we use the fixed interface approach as presented
in Algorithm 4.6 with damping term J as given in equation (4.24) and (4.25).
The simulations are always started with a perfectly mixed melt with initial con-
centrations as in the real production process performed by AIM. The initial con-

centrations for mercury and tellurium in the melt Q¢ are
(6.2) clo = 0146377  and 5, = 0.846.

Using the phase diagram equations (2.26a) and (2.26b) in Chapter 2 we calculate

the related initial concentrations in the solid phase €2 and obtain
(6.3) c1o = 0.404296 and c59 = 0.5,
This is equivalent to the composition

(6.4) x = 0.191408

for the growing crystal layer Hgy_,Cd,Te (cf. equation (2.25)). The melting
temperature related to the concentrations in equation (6.2) is obtained by the

phase diagram equation (2.26¢),
(6.5) 0y = 0o = 467.85334°C.

This value is chosen as initial temperature in the whole domain 2.

The geometry of the simulations is the halved melting pot or its 2d-section as
shown in Figure 3.1 on page 42. The height as well as the diameter of the melting
pot is 7cm. All 3-dimensional simulations are performed on the macro triangu-
lation as shown in Figure 6.6 without further refinements. This results in 83696
unknowns for the Navier-Stokes equations and altogether 752 664 unknowns for

temperature, concentrations, and interface velocity. Here we use cubic elements
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Figure 6.6: Macro grid for the 3-dimensional and the 2-dimensional

simulations of the liquid phase epitaxy.

for temperature and concentrations, quadratic elements for the flow and linear

elements for pressure and interface velocity. Since at least nearly 10000 time

steps must be calculated a 3-dimensional calculation takes around 2-3 weeks.

For all 2-dimensional simulations we performed several iterations with different

refinements of the macro triangulation as shown in Figure 6.6 to ensure that

the results are reliable. On the macro triangulation we get 5056 unknowns for

the Navier-Stokes equations and altogether 12270 unknowns for temperature,

concentrations, and interface velocity. Here we use quadratic elements for flow,

temperature, and concentrations and linear elements for pressure and interface

velocity. A simulation on the macro grid without further refinement only takes

around 1.5 hours.
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6.2.1 Homogeneity of the film

Large-area detectors with a size of 10 x 3 mm require a high homogeneity of
the composition and the thickness of the layered substrate. For the area of one
square centimeter a deviation of about x = £0.001 for the composition and of

about d = +2um for the thickness should not be exceeded.

17.7 pm  17.4 pm 18.4 um
0.227 0.227 0.227

17.3 pm 17.0 ym 17.9 um
0.228 0.228 0.228

17.9 pm 18.7 um 19.8 um
0.228 0.229 0.229

10 mm

-

-

Figure 6.7: Homogeneity of composition (z = 0.228 £0.001) and thick-
ness (d = 18.4 4+ 1.4um) of a typical epitaxial layer. (Source: AIM)

A typical layer fulfilling these requirements is shown in Figure 6.7. Note, that the
value of the composition x = 0.228 from AIM does not match well the values
obtained from the phase diagram of Harman (cf. Figure 2.2). For an initial
concentration as given in equation (6.2) the phase diagram equation (2.25) yields
x =~ 0.191 (cf. equation (6.4)). And, as we can see in the numerical experiments

in the following sections, x tends to decrease during the process.
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6.2.2 Experiment |

In our first numerical experiment of the liquid phase epitaxial process we assume
that we have no gravity and that at any fixed time ¢ the temperature outside
the melting pot is constant. The external temperature decreases in time with a

constant ramp

C
(6.6) Af = —0.153——.
min
This yields
(6.7) Ot = O + tAD.

The initial values for the temperature and the concentrations are as given by
equation (6.2), (6.3), and (6.5). Since we have no gravity no flow in the liquid
phase arises. This prevents any mixing due to convection inside the melting pot

and the equalization of the concentrations occurs only due to diffusion.

The results of the simulation are shown in Figure 6.8, 6.9, and 6.10. In the
2-dimensional and the 3-dimensional simulation the homogeneity of the grown
layer is nearly identical. Since concentration exchange occurs only due to dif-
fusion, the growth velocity of the layer is slow. Thus, obtaining a thickness of
about 18-19 microns takes around 42 minutes. The deviation in thickness and
concentration along the surface of the layer is very small. The thickness of the
layer in the 3-dimensional simulation is d = 18.75 4 0.15um, the composition
x = 0.1642 £ 0.0001, this being less than 10 percent of the allowed deviations
on lem? for an area of 4cm?. The homogeneity of the composition normal to
the surface varies much more as can be seen by the composition of the layer
at different times (cf. Figure 6.8 and 6.9). However, this is as expected since
the concentrations in the melt near the layer varies due to the growth process
yielding a change of composition. To reduce this effect additional mixing of
the melt would be required. Furthermore we recognize that the concentration
equalization of tellurium occurs more slowly than for mercury due to its smaller
diffusion coefficient (cf. Figure 6.10, for the diffusion coefficients confer Table
2.1). Altogether we notice that epitaxial growth in the outer space yields a very

homogeneous layer which cannot be achieved under the influence of gravity.
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Figure 6.8: Evolution for the homogeneity of the layer at time ¢t =
12min, t = 27min, and t = 42 min in the 2-dimensional simulation of

Experiment .
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0|
18

Figure 6.10: Temperature, concentration of mercury, concentration of
tellurium, and homogeneity of the layer in the 2-dimensional simulation

(above) and the 3-dimensional simulation (below) of Experiment | at the

end time T = 42 min.
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6.2.3 Experiment Il

In contrast to the numerical experiment in the last section the influence of gravity
on the process is now included. We still assume a constant spatial temperature
field outside the melting pot. Thus, the external temperature is chosen as in
the last experiment (cf. equation (6.7)). The arising flow inside the melt is now
driven by the variation of concentrations. The initial values of the concentrations

and the temperature are as in equation (6.2), (6.3) and (6.5).

The results of the 2-dimensional simulation are shown in Figure 6.11, 6.13, and
6.15, the results of the 3-dimensional simulation in Figure 6.12, 6.14, and 6.16.
One can see (cf. Figure 6.11 and 6.12) that the flow velocity is very small (maxi-
mal around 0.06°*). Thus, the mixing effect of the flow is not big. Nevertheless
we observe that it has a decisive influence on the thickness and composition of
the layer (cf. Figure 6.15 and 6.16). The film grows faster at places where the
flow equalizes the concentrations. Compared to the simulations without gravity
in the last section we obtain the same thickness of the layer in less time. A
layer of about 18 microns is already obtained after 28 minutes. Furthermore
the homogeneity with respect to the composition in normal direction is much
higher (cf. Figure 6.8, 6.9 and 6.15, 6.16). The homogeneity with respect to
the thickness of the layer is not as good as in the last section but is still in the
required tolerance of d = +2um in one square centimeter. Again as in the last
section we obtain a very good accordance between the 2- and the 3-dimensional
simulations. The maximal flow velocity as well as the maximal deviation of the
concentrations from their initial values are nearly the same. Furthermore we ob-
serve that the homogeneity of the layer in the 3-dimensional simulation mainly
varies for different heights and not for different widths (cf. Figure 6.16).
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)

Figure 6.11: Evolution of the flow velocity (above) and the temperature

(below) in the 2-dimensional simulation at time ¢ = 12 min, t = 20 min,

and t = 28 min in Experiment Il.
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Figure 6.12: Flow velocity in the 3-dimensional simulation at time ¢ =

12 min in Experiment Il.
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Figure 6.13: Evolution of the concentration fields of mercury (above)

and tellurium (below) in the 2-dimensional simulation at time ¢ = 12 min,

t = 20min, and t = 28 min in Experiment |l
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Figure 6.14: Evolution of the concentration fields of mercury (above)

and tellurium (below) in the 3-dimensional simulation at time ¢t = 12min,

t = 20min, and t = 28 min in Experiment |l
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Figure 6.15: Evolution for the homogeneity of the layer at time ¢t =
12min, t = 20min, and t = 28 min in the 2-dimensional simulation of

Experiment Il.
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6.2.4 Experiment Il

In this numerical experiment we attempt to simulate the liquid phase epitaxial
process as it happens in the real experiment. To prevent the segregation of
the melt due to gravity a temperature ramp along the side walls of the melting
pot is generated to trigger a strong flow. In case of this strong flow numerical
simulations are time-consuming. Compared to the last experiments a smaller time
step size as well as a higher grid resolution is required. Since we have already seen
that there is a very good accordance between 2- and 3-dimensional simulations
we do without 3-dimensional simulations for this experiment. To obtain results of
a 3-dimensional simulation in a reasonable time-frame parallelization of the code
would be required. If it runs on a single processor one 3-dimensional simulation

would need several months to finish.

Initial conditions and external temperature

The external temperature field on the boundary of the pot for a fixed time is
shown in Figure 1.6 on page 7. To specify it for a 2-dimensional simulation we
define the radius r and the height 4 in [0, 1] as

r=otd and h =2 for v € Q = [—-0.1,3.4] x [0,7].

Then, the external temperature on the top, along the side walls, and on the
bottom of the pot is given as

Orop(1) = Op — tAO — (2.4 + 0.625r* — 0.85r° + 1.825¢*) C,
(6.8)  BOau(r) = Oy — tAO + (4.0 — 12.0h + 3.0h* + h*) °C,

Opor (1) = By — tAO + (2.9 + 0.0625r + 0.275r + 0.7625r*) °C,

with Af as given by equation (6.6). The initial concentrations are set as in

equation (6.2) and (6.3). The initial temperature is set to
(6.9) Oy = 470.54°C

which is above the melting temperature of the initial concentrations (cf. equation

(6.5)). The reason for this is as follows: In the epitaxial process the substrate is
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dipped into the melt. After this step the temperature is first raised to clean the
surface of the substrate from impurities. In this process the mean value of the
temperature in the melt reaches approximately 470.54 °C'. Then, the furnace is
cooled down with the temperature ramp as given in equation (6.6). This is done
for around 34 minutes. After that, the substrate is pulled out of the melt and

the process is completed.

Modification of the boundary conditions on the interface

In our model the interface I' exists from the beginning of the simulation between
the solid and the liquid part. With the choice of the external and initial tempera-
ture as in equation (6.8) and (6.9) the layer would start to melt at the beginning
of the process although its thickness is zero. To prevent this non physical effect

the conditions on the interface I' are modified:

1. If the temperature is above the melting temperature, movement of the
interface is set to zero, i.e. vpr = 0. Therefore the equations of the Stefan
conditions (cf. (2.31)) are modified:

[Aaer L

(2.31") i L= =0 (i=1,2).

. ov ov
The equations of the phase diagram (2.32) are dropped since they are not

needed in this case.

2. If the temperature is below or equal the melting temperature the Stefan
conditions (2.31) and the phase diagram equations (2.32) are required to

hold as usual.

Let us briefly explain why the first item is meaningful. In the case where the
temperature on a part of I' is above the melting temperature the phase diagram
equation for the melting temperature (cf. equation (2.32)) is not needed since
we require that the interface has no motion and thus is known. The phase dia-
gram equations of the coupling between liquid and solid concentrations (cf. again
equation (2.32)) are also not required since (2.31") prescribes homogeneous Neu-
mann boundary conditions for the concentrations on both sides of the interface

I'. With the modifications above melting of the substrate is prevented.
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Figure 6.17: Evolution of the flow velocity (above) and the temperature

(below) in the simulation at time ¢ = 18 min, t = 26 min, and t =

34 min in Experiment Il
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I !01451

Figure 6.18: Evolution of the concentration fields of mercury (above)

and tellurium (below) in the simulation at time ¢ = 18 min, t = 26 min,

and t = 34 min in Experiment Ill.
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18 min, t = 26 min, and ¢t = 34 min in the simulation of Experiment IIl.
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Results of the simulation

The results of the simulation are shown in Figure 6.17, 6.18, and 6.19. As al-
ready mentioned the flow is very strong in this experiment: .., ~ 0.63<"
(cf. Figure 6.17). Thus, we get a good mixing effect. This can also be seen
for the concentrations in Figure 6.18. Looking at Figure 6.19 we recognize that
the homogeneity of the layer is very bad. The tolerance for the thickness of
+2um per square centimeter is not reached at all. Similarly, the tolerance for
the homogeneity of the composition of £0.001 is not reached. Thus, simulation
results do not agree at all with results of real experiments as exemplarily shown

in Figure 6.7.

To find a reason for these curious results we perform two more simulations under
modified conditions: Looking at the external temperature we recognize that at
every time ¢t € [0, 7] there is a maximal difference of 8 °C' between bottom and

top of the melting pot. Now we reduce this difference to 4 °C' yielding

Orop(r) = Oy — tAO — 5(2.4 +0.625r" — 0.85r° + 1.825r") °C,
(68)  Oau(r) = o — tAO + 1(4.0 — 12.0h + 3.0h* + 1*) C,
Obor (1) = 6o — tAY + 5(2.9 + 0.0625r% + 0.275r° + 0.7625r) °C

as external temperature. Note, that this modification has only small influence
on the mean value of the temperature in the melting pot since the mean values
of former and modified external temperature are nearly the same. Performing a
new simulation with this manipulated external temperature we observe (cf. Figure
6.20) that the homogeneity of the layer is already improved. The tolerance for
the thickness and the composition are nearly reached.

Reducing the difference once more to 2°C' yielding
Orop(r) = 0o — tAO — 1(2.4 + 0.625r° — 0.85r° + 1.825r*) °C,
(6.8")  Oyu(r) = b — tAO + (4.0 — 12.0h + 3.0R* + 1*) C,
Obot (1) = 0o — tAG + (2.9 + 0.0625r* 4 0.275r° + 0.7625r*) °C,
as external temperature the variations of thickness and composition of the layer

are absolutely acceptable (cf. Figure 6.21) and comparable to the experimental

results. Note, that the growth process with reduced temperature difference takes
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longer since the arising flow is not so strong and the equalization process of the
concentrations is slower.

In summary, we observe that by reducing temperature differences in the melting
pot (achieved by reducing temperature differences of the external temperature)
we obtain decisively better results for the homogeneity of the layer. Together
with the results of the physical experiments this gives us the hint that the model-
ing of the temperature dependency in the epitaxial growth process is not correct.
Recalling the argumentation for the derivation of the melting temperature in Sec-
tion 2.5.3 we recognize that local thermodynamical equilibrium was assumed to
hold on the interface I". The conclusion of this last experiment is that with large
temperature differences this assumption may not hold. Thus, in equation (2.24)
the term 6, .. concerning non equilibrium influences on the melting temperature

must also be taken into account.
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Figure 6.20: Evolution for the homogeneity of the layer at time ¢t =
18.5min, t = 27min, and t = 35.5min in the simulation with halved

temperature ramp in Experiment Il
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6.3 Conclusions

This work presents an efficient method for the simulation of the liquid phase
epitaxy as described by the physical model presented in Chapter 2 on page 27.
Real-time simulations in two space dimensions of this complex problem with
nonlinear coupling on the interface are almost possible. For faster 3-dimensional

simulations parallelization of the code is necessary.

The introduction of the damping term (cf. Section 4.5.2) ensures the convergence
of the algorithms (cf. Section 6.1) and is a powerful tool to reduce oscillations
on coarse grids. In Section 6.1.3 we show that the numerical results produced
by the moving and the fixed interface approach (cf. Algorithm 4.4 and 4.6) are
comparable. Thus, the simplifications presented in the fixed interface approach

(cf. Algorithm 4.6) allow an easier and more efficient simulation of the problem.

A good accordance for maximal flow velocity, temperature, concentrations, as
well as interface velocity between 2- and 3-dimensional simulations is shown
(cf. Section 6.2.2 and 6.2.3). Thus, 2-dimensional simulations for the geometry
we use deliver good results with respect to quality and quantity. The effort in-

curred in running 3-dimensional simulations is not justified.

The model provides reasonable results for experiments with constant temperature
outside the melting pot (cf. Section 6.2.2 and 6.2.3). If a temperature ramp
along the side walls of the melting pot is applied, the numerical results differ
drastically from the results achieved by physical experiments (cf. Section 6.2.4).
As is shown by varying the external temperature in Experiment Il (cf. Section
6.2.4) the quality of numerical results is strongly related to arising temperature
differences. This leads to the conclusion that the modeling of temperature in the
melting pot is not appropriate. Applying the phase diagram equations presumes
local thermodynamical equilibrium. In our opinion this is not fulfilled in the
liquid phase epitaxial process as addressed in this work since large temperature
differences on the interface occur. Thus we claim that the influence of non
equilibrium states for the melting temperature must be taken into account to

obtain an applicable physical model and reasonable numerical results.
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