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Structure

Crystal Growth Laboratory
Bulk Crystal Growth of
“classical” Semiconductors

• Silicon for Microelectronics
• Low Defect GaAs and InP for

High Power Laser Diodes and
High Speed Electronics

Bulk Crystal Growth of Optical
Materials

• CaF2 Crystals for Lenses in DUV
Microlithography

• Oxides for High Speed Communi-
cation and Medical Applications

Materials for Solar Cells

• Low Cost Silicon
• CIS Thin Films

Software Development

• Process and Defect Models
• 3D Simulation
• Advanced Mathematical or

Numerical Methods
• Graphical User Interface

Thermal Modeling

• Crystal Growth and Alloy
Solidification

• Licensing of Simulation
Tools

Bulk Crystal Growth of Wide
Band Gap Semiconductors

• Bulk Growth of Group III-
Nitrides from Solutions





Overview

Crystal growth processes
provide basic materials for
many applications and are
for example one key tech-
nology in the chain of all
manufacturing processes for
(opto-)electronic devices.
The research and develop-
ment of crystal growth proc-
esses is driven by the de-
mands which come from the
specific applications; but in
common there is a need for
an increase of crystal di-
mensions, improved uni-
formity of the relevant crystal
properties in the micro- and
macroscale and materials
with new properties.

Therefore, the focal area of
research of the Crystal
Growth Laboratory (CGL),
which is a world-wide ac-
knowledged center of com-
petence, is to develop – in
close collaboration with in-
dustry - equipment and pro-
cesses for the production of
bulk crystals and thin films in

order to meet the increasing
requirements on crystal
quality and cost reduction.

The strategy of CGL is to
optimize the crystal growth
processing by a combined
use of experimental process
analysis and computer mod-
eling. This activities are
based on a suitable experi-
mental infrastructure and on
highly efficient user friendly
simulation programs named
CrysVUn, STHAMAS and
STHAMAS3D. These com-
puter codes, which are con-
tinuously further developed,
are used for and by the in-
dustrial partners to develop
crystal growth equipment
and processes.

CGL was founded at the
Department of Materials
Science of the University of
Erlangen - Nuremberg by
Prof. Dr. Georg Mueller in
1979. Since 1996 the Crystal
Growth Laboratory has

established the working
group "crystal growth" at the
Fraunhofer Institute for
Integrated Systems and
Device Technology (IISB) in
Erlangen. This working
group became the
Department crystal growth in
autumn 1999.

Since the foundation of CGL
more than 200 papers in
scientific journals and
conference proceedings
have been published.
Furthermore, CGL has
educated a lot of experts in
this field. 115 "Study"
theses, 80 diploma theses
and 33 PhD. theses may
serve as a reference for this.

More than 90% of funding of
CGL results from research
contracts directly with
industrial partners and with
the German Ministry for
Research and Development,
the Bavarian Research
Foundation, the Bavarian

Fig. 1: Round table discussion during the Nitride Days of Erlangen (Person from left to right: Dr. Härle, Osram,
Dr. Blanck, UMS, Dr. Duchemin, Thales, Prof. Müller, CGL, Dr. Brandes, Atmi, Prof. Gibart, Lumilog)



Overview

Government, the German
Research Foundation
(DFG). Since 1996 almost
11 Mio Euro have been
acquired from the different
sources indicated above.

Today, CGL consists of
more than 30 highly
motivated coworkers. They
are experts in different
fields, e.g. systems
engineering, metrology,
computer simulation,
physics, material science,
mathematics.

The R&D activities of CGL in
2002 can be briefly
summarized as follows:

In its traditional fields of CGL
all industrial co-operations
were continued nearly on the
same level despite of the
economic contractions of the
global market.

The confidence of the in-
dustrial partner in CGL and
its excellent scientific posi-
tion in the field of crystal
growth is evident from the
fact that more than 130
crystal growers from all over
the world came together in
Erlangen at the beginning of
2002. The reason was a sci-
entific symposium on occa-
sion of the 60. birthday of
the head of CGL Prof. Dr.
Georg Müller, in which the
R&D activities which are on-
going since more than two
decades in Erlangen were
illustrated

Furthermore, CGL has
spread its activities to new
research areas in 2002.
CGL started in the frame of

a "bmb+f" project as the only
R&D institution in Germany
to develop methods for the
growth of gallium nitride bulk
crystals. Gallium nitride is a
strategic important material
for the opto-electronic as
well as for the RF power
electronic. This was con-
firmed also during the "Er-
langen's Nitride Days" which
were organized by CGL in
October 2002 and to which
more than 130 experts came
together from all over the
world.

Furthermore, CGL started in
2002 to extend its activities
in the field of optical crystals.
For example a project was
initiated on the development
and optimization of the
growth of oxide crystals
which are used as scintilla-
tors in so called positron -
emission-tomographs in the
medical technology.

In addition, the CGL has
extended its position as re-
search institution in the field
of material science under
microgravity conditions. An

order from the European
space agency ESA was ac-
quired, in which CGLwill de-
velop software programs.
This will create the basis,
that in the future experi-
ments related to material
science on the international
space station will be planned
and optimized by using the
software tools developed at
the CGL.

The international outstand-
ing position of CGL was
confirmed during a strategy
audit which was held in Oc-
tober 2002 at the Fraunhofer
IISB. Nine experts from in-
dustry and research ana-
lyzed the current business
units and core competences
as well as the strategies for
the future of the Fraunhofer
IISB during a two-day audit.
Thereby, the auditors as-
sessed the activities of CGL
extremely positive.

Contact
Jochen.friedrich@iisb.fraunhofer.de
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Silicium Crystals with a Weight of More
than 200kg

With every new generation
of integrated circuits, the
chip size has been in -
creasing, because the
proceeding miniaturization of
devices is not sufficient to
compensate the steadily
increasing number of
devices per chip. This
pushes the semiconductor
industry, including the crystal
supplier Wacker Siltronic
AG, to provide wafers with a
diameter up to 300mm in
production and currently
400mm or 450mm for
research, which are required
for today `s, as well as for
future generations of
advanced large scale
integrated circuits.

Whereas the motivation for
the changeover from small
to large wafer-diameters has
been originally driven by
technical reasons, the
increasing size of silicon
crystals and the correspon –
ding size of the melt
volumes is mainly caused by
the aim of cost reduction.

Semiconductor industry is
expecting essential
economical advantages due
to the changeover from
growth processes from
crucibles with a small
diameter to larger melt
volumes. In modern
industrial growth facilities
silicon crystals with a weight
up to 450kg can be grown
by the Czochralski method in
crucibles with a diameter up
to one meter. Large charge
weights are essential to
improve the ratio of poly
crystalline charge weight
and useable single crystals
weight. In the past big

efforts have been made to
realize reproducible growth
processes of heavy crystals
from large melt volumes as
for instance the develop-
ment of supporting systems,
low power hot zones and the
manufacturing of large
diameter and high quality
silica crucibles.

However, large ingots
causes the melt flow, which
is driven by buoyancy
forces, to be three
dimensional, time dependant
and turbulent what means
higher temperature
fluctuations inside the melt
resulting in more unstable
growth conditions. In most
cases this has a detrimental
effect on heat-  and mass-

transfer and thereby on the
crystal quality. Additionally,
an unstable melt flow varies
the contact area between
liquid silicon and silica
crucible during a growth run,
whereas it became difficult
to adjust a homogenous
oxygen concentration along
the whole crystal length in
the required level. Moreover,
long runtimes and high
power levels necessary for
large melt volumes enlarge
crucible corrosions and
deformation what leads to a
decreased yield.

Therefore it has become
necessary for the
semiconductor  industry to
develop new types of
process parameters like the

Fig. 1: 300mm Silicium Cz crystal with a mass of 250kg, grown
form a 32” crucible (source Wacker Siltronic AG)



Silicium Crystals with a Weight of More
than 200kg

application of static and
alternating magnetic fields
which give a suitable
possibility to adjust the
oxygen concentration in a
required range by controlling
the melt flow. However, a
realistic numerical simulation
of the melt flow in such large
melt volumes is at a
beginning stage  and only
partly possible at the
moment. For that reason,
the heat – and mass-transfer
in such melts still has to be
investigated experimentally
using appropriate sensor
equipment.

In order to achieve further
improvement of the Si-
Czochralski process, the
IISB has developed appro-
priate measurement equip-
ment to carry out a precise
analysis of the temperature
field in large scale crystal
growth facilities. Tempera-
ture distributions within all
parts of the silicium melt in-
cluding the crucible wall as
well as temperature fluctua-
tions can be detected during
a crystal growth run using
special thermocouple ar-
rangements and fiber -

optical temperature sensors
made from a sapphire or
silica. The experimental
data, obtained for different
growth parameters, are pri-
marily used for an optimiza-
tion of the crystal growth
process.

Furthermore, the data can
be useful for verification and
development of numerical
models, what is a part of the
work of the IISB as well.

Recent Publications
D. Vizman, O. Graebner, G.
Mueller, Journal of Crystal
Growth 236(4) (2002) pp.
545-550

D. Vizman, J. Friedrich, G.
Mueller, Proc. of the 5th Int.l
Pamir Conf., Fundamental
and Applied MHD, 16-20
September, 2002,
Ramatuelle, France, 19-24

O. Graebner; G. Mueller; J.
Virbulis; E. Tomzig; W. v.
Ammon, Microelectronic-
Engineering 56 2001, 83-88

A. Muehe; G. Mueller,
Microelectronic-Engineering
56, 2001, 147-152

D. Vizman, J. Friedrich, G.
Müller, Journal of Crystal-
Growth, 230, 2001, 73-80

D. Vizman, O. Graebner, G.
Mueller, Journal of Crystal
Growth, 233, 2001, 687-698

S. Enger; O. Grabner; G.
Muller; M. Breuer; F. Durst,
Journal of Crystal Growt,
230, 2001, 135-142

Contact
Oliver.graebner@iisb.fraunhofer.de

Fig. 2: Measured temperature distribution in a silicon melt
with 14” diameter for different types of magnetic fields



Low Defect GaAs Substrates for High
Power Laser Diodes

 Nowadays there is a great
demand for III/V-
semiconductors due to the
growing markets of high
frequency electronics (for
mobile telephones) and
optoelectronic devices. The
latter includes high
brightness light emitting
diodes and diode lasers. For
example, today conventional
lamps are partially replaced
in some fields by light
emitting diodes, due to their
lower consumption of
energy. The same applies
for lasers: There are plans to
partially replace solid state
lasers for applications like
welding and cutting by
semiconductor lasers, or at
least to use diode lasers for
optical pumping of solid
state lasers.
 
 Because of the high current
and power densities in the
active zones of these
devices crystal defects in the
substrates e.g. dislocations
lead to a rapid device
degradation. Therefore
single crystals with a low
defect density and a high
homogeneity are required. In
the case of Gallium Arsenide
(GaAs) a typical upper bond
for the dislocation density,
which is measured in terms
of the etch pit density (EPD),
is 500 cm-2. Additionally a
charge carrier density (n) of
0.8⋅1018 - 3.0⋅1018 cm-3 is
necessary to enable the
substrate to carry current
densities in the order of
some kA/cm-2.
 
 As the standard growth
technique for III/V-materials,
the liquid encapsulated
Czochralski (LEC)

technique, is not able to
provide crystals which fulfill
the requirements mentioned
above, a new growth
technique (Vertical Gradient
Freeze, VGF) was
developed within the last
decade. Today the VGF
technique is already in the
production stage in industry
and is gaining considerable
market shares.
 
 In the VGF-technique the
polycrystalline material is
molten in a crucible. After
the melting process the
material is directionally
solidified from a single-
crystalline seed at the
bottom of the crucible. This
is achieved by lowering the
temperature while
maintaining a positive
temperature gradient in the
melt. As the crystal growth is
usually performed in multi-
zone furnaces there are
many degrees of freedom.
Numerical modeling is
applied for the optimization

of the furnaces and the
growth processes.
 
 In the past there were
extensive studies in order to
optimize the geometrical set-
up as well as the thermal
processing for the growth
furnaces available at the
Crystal Growth Laboratory.
As a result the EPD of Si
doped GaAs crystals with 3
inch diameter decreased to
values below 100 cm-2 in the
whole crystal. This EPD is
far below the values which
was specified as the project
goal. It was also possible to
grow reproducibly 4 inch
single crystals with weights
of 7kg or even more.
 
 In the last year the origin of
dislocations in the Si-doped
material was studied in more
detail by using x-ray
topography (in collaboration
with the ESRF in Grenoble).
The Burgers vector of
different types of
dislocations were

Fig.1: X-Ray topogram of a longitudinal cut of Si doped GaAs crystal.



Low Defect GaAs Substrates for High
Power Laser Diodes

determined (see fig.1). The
knowledge of the Burgers
vector allowed to establish a
model which explains
dislocation walls in the wafer
center by glide
polygonization of grown-in
dislocations.
 
 In addition alternative
dopants were studied.
Tellurium is a promising
donor as it is only
incorporated on the As-site
in the GaAs-lattice. This is
different to the amphoteric
behavior of Silicon, which
substitutes both As- and Ga-
atoms. Therefore, higher
densities of conduction
electron and mobilities can
be expected. Apart from the
electrical also the structural
properties (EPD) should be
influenced by this dopant.
Unfortunately it turned out
that the EPD in Te-doped
GaAs is similar in distribution

and number to that of
undoped GaAs. Fig. 2 gives
a comparison of the EPD-
distribution on a Si- and a
Te-doped wafer, which were
grown using identical growth
processes.
 
Recent Publications
B. Birkmann, R.
Weingaertner, P. Wellmann,
B. Wiedemann, G. Mueller,
Journal of Crystal Growth
237-239 (2002) 345-349

I. R. Grant, U. Sahr, G.
Mueller, Conf. Proc., 14th
International Conference on
Indium Phosphide and
Related Materials (2002)
413-415

M. Hainke, J. Friedrich, G.
Mueller, Proc. of 5th Int.
Pamir Conf. (2002) V-1

G. Mueller, B. Birkmann,
Journal of Crystal Growth,
237-239 (2002) 1745-1751

G. Mueller, Journal of
Crystal Growth 237-239
(2002)1628-1637

M. Metzger, Journal of
Crystal Growth, Volume 230,
Issues 1-2, August 2001,
Pages 210-216

G. Mueller, B. Fischer,
Advances in Crystal Growth
Research, eds. K. Sato, Y.
Furukawa, K. Nakajima,
Elsevier, Amsterdam, (2001)
167-190

M. Rasp, B. Birkmann, G.
Mueller, Journal of Crystal
Growth 222, (2001) 88

Contact
bernhard.birkmann@iisb.fraunhofer.de

Fig.2: EPD Mapping of 3" GaAs crystals doped with Si (left) and Tellurium (right).



Low Defect InP Substrates for Optical
Fiber Communication

Indium phosphide is a III-V
compound semiconductor
crystallizing in the sphalerite
structure, which has a
fortuitous lattice match to
alloys with bandgaps
coinciding with the 1.3 and
1.55 µm windows in optical
fiber. The revolution in
optical fiber communications
has swept InP into a
dominant position in
optoelectronics. For lattice-
matched growth of ternary
alloys InGaAs and InAlAs
and quarternary InGaAsP
and AlInGaAs, InP is the
substrate of choice.
Heterostructure devices
based on these alloys, by
virtue of their band-gaps,
provide a strong driving
force for bulk InP crystal
growth development.

During the past twenty-five
years, as the growth of InP
single crystals has gone
from a laboratory curiosity to
a commercial process, many
new applications for InP
substrates have emerged.
The mainstay of demand
continues to be in the field of
telecommunications, but
other uses for InP material
involving high speed
electronic and photonic
circuits have arrived. In
addition to high frequency
wireless communications,
broadband gigahertz radar
has been achieved using InP
photoconducting antennas.

The state of the art today for
InP crystal growth is divided
between three competing
technologies; the Liquid-
Encapsulated-Czochralski-
Technique (LEC) and the

Vapour-Pressure-Controlled-
Czochralski-Technique

(VCZ) with top seeding and
vertical growth in a container
(VGF, VB) with bottom
seeding. The pulling method
has generally been the most
cost effective, but its
disadvantage is the high
dislocation density caused
by high levels of strain
during growth. On the other
hand, vertical container
growth offers a very low
dislocation density because
of its low-stress
environment. But it is
plagued by yield problems
due to twinning and interface
breakdown in heavily doped
crystals.

InP crystals were grown by
the VGF-technique in
<100>-direction. The seeds
used, up to now, were grown
by the LEC-method. The
etch-pit-density (EPD) varied
between 3·104 cm-2 and
5·104 cm-2. In figure 1 the

EPD of several VGF-crystals
is shown.

Sulfur was used as dopant
and the carrier concentration
was investigated by Hall
measurements.
Case 1 describes the axial
distribution of dislocations in
a crystal grown with a
doping concentration in the
range 3 – 8·1017 cm-3. Due
to dislocation annihilation
and conditions of low
thermal stress already
during the seeding process
the dislocation density
decreases rapidly. Up to a
sulfur concentration of 4·1017

cm-3 the EPD decreases
further.

Above a sulfur concentration
of 4·1017 cm-3 the EPD
increases because new
dislocations are generated
by thermal stress. For the
total crystal length the EPD
is below 2000 cm-2.
For case 2 the doping
concentration is in the range
1 – 3·1018 cm-3. The EPD

Fig. 1: EPD of 2” VGF-InP crystals in dependence of the Sulfur
concentration



Low Defect InP Substrates for Optical
Fiber Communication

decreases continuously. Due
to the hardening effect of
Sulfur the dislocation density
drops down to 480 cm-2.
Further at the end of the
crystal growth process
twinning occurred. To avoid
twinning, the main problem
during the growth of InP, a
so called flat-bottom crucible
is used. However the
stacking fault energy for the
formation of a rotational twin
is very small (18 mJ/m2) and
consequently twinning
occurs sometimes.
Case 3 shows the EPD for a
crystal grown in the
concentration range 3 –
9·1018 cm-3. A LEC-seed with
a dislocation density below
500 cm-2 was used. However
due to thermal stress the
EPD near the seed end (see
Fig. 2) is higher than 500
cm-2. Then the EPD
decreases continuously
similar to case 2. An EPD of
490 cm-2 was reached. The
last data point represents a
twinned substrate with an
EPD of 180 cm-2.

Fig. 2 shows the lateral
distribution of dislocations on
the substrate. On the left
side the EPD-mapping for a
wafer near the seed end is
shown. The EPD is 5500 cm-

2. An accumulation in the
center and at the <100>-
poles is clearly visible. This
can be explained by the
crystallographic data. The
figure on the right side
represents the tail end of the
crystal. The same
distribution can be
recognized, but the
dislocation density is lower
(EPDmean = 490 cm-2).

Recent Publications
U. Sahr, G. Mueller, Conf.
Proc., 12th Semiconducting
and Insulating Materials
Conference (2002)

U. Sahr, I. Grant, G. Mueller,
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Proc., 14th International
Conference on Indium
Phosphide and Related
Materials (2002) 413-415

U. Sahr, M. Baeumler, I.
Grant, W. Jantz, G. Müller,
Conf. Proc., 14th
International Conference on
Indium Phosphide and
Related Materials (2002)
405-408
G. Mueller, Journal of
Crystal Growth 237-239
(2002)1628-1637

M. Metzger, Journal of
Crystal Growth, Volume 230,
Issues 1-2, August 2001,
Pages 210-216

G. Mueller, B. Fischer,
Advances in Crystal Growth
Research, eds. K. Sato, Y.
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Elsevier, Amsterdam, (2001)
167-190
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Fundamentals of Bulk Growth of GaN

Since the realization of the
blue light emitting diode and
the blue semiconductor laser
on the basis of GaN, there is
growing interest in the group
of III/V-nitrides. The reason
for this are the applications,
which will become possible if
blue light is available. Due to
the high saturation velocities
and the high breakdown
fields the III/V-nitrides are
also of great interest for high
power and high frequency
devices.

So far the activities in the
area of the III/V-nitrides in
Germany are restricted to
the fabrication of devices by
epitaxial methods. In
contrast to other
semiconductors no
substrates of the same
material are available, thus
epitaxy is done on
heterosubstrates, usually
sapphire or SiC. Because of
typical problems like poor
wetting of the substrate, a
large lattice mismatch and
different thermal expansion
coefficients, the epitaxial
layers are very defective
(high dislocation densities,
mosaic structure, cracks).

In order to cope with these
problems big technological
efforts are necessary:
At low temperatures a
nucleation layer is deposited
which enhances the wetting
of the substrate and thereby
suppresses the occurrence
of growth islands. For laser
devices the dislocation
density is additionally
reduced by so
called “Epitaxial Lateral
Overgrowth” (ELO).

The necessary technological
efforts will be significantly
reduced by performing
homoepitaxy on GaN-
substrates. Simultaneously
the quality of epitaxial layers
and therefore the
performance of the devices
will improve noticeably.
Hence there are world wide
attempts to develop a
method which allows the
fabrication of GaN
substrates.

Despite of the big efforts no
method for the growth of real
bulk GaN was developed up
to now.

Among the examined growth
techniques the so called
“Hydride Vapor Phase
Epitaxy” (HVPE) is the best
developed method so far.
The HVPE allows for
example the growth of single
substrates.

The growth under very high
pressures and high
temperatures (15kbar,
1500°C) is well established
and studied, but has only led
to platelet like crystals with
lateral dimensions of
approximately 1 cm up to
now.

One year ago research at
the Crystal growth
Laboratory on the solution
growth of GaN-bulk crystals
was started, which is funded
by the German Ministry for
Research (FKz. 01BM158).
The aim of the project is to
develop a solution growth
process, which allows the
growth of crystals with
industrially relevant
diameters under moderate
pressures and temperatures.

Due to the very low solubility
of GaN in Ga-melts it is
necessary to find a solvent
in which the solubility is

Fig.1: GaN-crystal grown from a Ga containing solution at low
pressures



Fundamentals of Bulk Growth of GaN

enhanced compared to pure
Ga. Therefore examinations
using thermogravimetry (TG)
and differential
thermoanalysis (DTA) are
planned. Finally a suitable
growth facility for the
solution growth of GaN will
be built.

During the last year the
experimental infrastructure
was installed, especially the
supply and the disposal of
the necessary process
gases. Several smaller
experimental growth
furnaces were set up, in
which basic examinations on
suitable solvents are done.
The TG/DTA-device is
meanwhile delivered and the
prototype of the GaN-growth
facility is being built.

As a result of the
examinations there are
promising candidates for
solvents, which will be
further examined in the next
year.

The results of the work done
so far are crystallites (fig.1)
exhibiting an average size of
up to 1000 µm. They were
confirmed to be GaN by
means of X-ray diffraction
(fig.2).

At the same time it was
possible to deposit GaN on
SiC-substrates orientedly.

With these results the basis
for continuing the crystal
growth has been laid. The
knowledge gained so far has
now to be transferred to the
growth set-up which is under
construction.

Recent Publications
J. Friedrich, Erlanger
Nitridtage: Erlangen im
Zeichen des blauen Lasers
und UMTS
DGKK Mitteilungsblatt
76/Dezember 2002

Contact
elke.meissner@iisb.fraunhofer.deFig .2: identification of the crystallites by X-ray diffraction



Growth of High Quality CaF2 Crystal for
Next Generation Lithography

Optical photolithography
uses shorter wavelengths to
produce more densely
packed electronic circuits on
the silicon chips. To achieve
this performance F2 lasers
with a wavelength of 157 nm
will be used in the so-called
wafer steppers. At this
wavelength high purity single
crystalline calcium fluoride
(CaF2) has excellent
transmission characteristics.
It is therefore selected as
the main optical material for
the next generation of
lithography apparatus.

For this optical application
the material requirements
are extremely high. CaF2
single crystals with the
required properties and
large dimensions can be
only grown by an
optimization of the crystal
growth process by the aid of
numerical simulation. It is
very important to evaluate
the numerical model by
accurate measurements of
the temperature distribution
in CaF2 during the crystal
growth process. The
measurements turn out to be
quite difficult due to the
highly corrosive properties of
CaF2 at higher
temperatures.

In order to obtain
experimental data inside the
melt as well as inside the
solid phase, we developed a
new measurement
technique. The
measurements were carried
out in a special Bridgman-
type R&D growth facility at
the Crystal Growth
Laboratory. The
experimental set-up used for

the novel temperature
measurements is
schematically shown in
figure 1.

A protection tube with a
closed bottom side was
installed inside the crucible
and thereby arranged along
the symmetry axis. This tube
was embedded in the raw
CaF2 powder before starting
the melting process. After
melting of the raw material
the growth process was
started. The protection tube
remained fixed during the
whole crystal growth and
enabled in-situ detection of
temperatures in liquid as
well as in solid regions by
moving a thermocouple
inside the tube. Further on
the thermocouple equipment
was protected by the tube
against the highly corrosive
environment. This
measurement technique
yields temperature data at a

lot of reading points
throughout the whole growth
process by using only one
single temperature sensor.

Temperature measurements
along the symmetry axis
were performed at different
growth stages i.e. at
different positions of solid-
liquid interface. The
obtained temperature
profiles, shown in figure 2a,
represent the entire growth
process. The first
temperature profile was
measured at the beginning
of growth. It shows mainly
the temperature distribution
in a large melt region. The
second one, obtained in the
middle of the growth run,
gives the temperature
distribution in the liquid as
well as in solid region. The
third temperature profile,
performed after entire
crystallization, shows the
temperature distribution in

crucible

melt

vacuum

crystal

s/l-interface

fixed
protection tube

movable
thermocouple

Fig. 1: Set-up for temperature measurements in CaF2 melt and crystal
during growth



Growth of High Quality CaF2 Crystal for
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the crystal. As can be seen
from figure 2a, all measured
temperature profiles inside
CaF2 show a linear
dependence. The axial
temperature gradient is
equal for all temperature
profiles, measured at
different growth stages. This
indicates that the axial
temperature gradient in
CaF2 does not depend on
the position of the solid-
liquid interface. It is
remarkable that the
temperature gradient in the
melt and in the crystal are
identical.

The precise calculation of
heat transport and
temperature distribution in

solid and liquid CaF2 during
crystal growth requires the
application of a suitable
quantitative numerical
model. The radiative heat
transfer in semitransparent
media is often described by
the so-called “diffusion-
approximation”. This model
takes internal radiation into
account by adding one
further term to the heat
conductivity. In order to
improve the accuracy of the
numerical results we
developed an advanced
model where the radiative
part of the heat transport in
CaF2 is directly calculated
instead of the approximation
used in the standard
diffusion model. Numerical

results of the temperature
distribution in the CaF2
region are shown in figure
2b. The advanced model
gives a better agreement
with experimental data
concerning temperature field
in the CaF2 region and the
position of the solid-liquid
interface. The deviations of
the absolute temperatures
are less than 1%.
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Chalcopyrite Semiconductors for Thin
Film Solar Cells

Chalcopyrite semi-
conductors are promising
absorber materials for thin
film solar cell applications
due to their high absorption
coefficient. The most
important compound is
Cu(In,Ga)Se2 (CIS). In
Germany the state of the art
in CIS solar cell
development is the
installation of two pilot
manufacturing facilities for
the production of modules
with monolithically integrated
cells.

CGL is working in co-
operation with Shell Solar
with the financial support of
the Bavarian Research
Foundation on the
optimisation and
characterisation of the thin
film deposition and the
absorber formation process.
To achieve further insight in
the involved chemical
reactions in-situ methods
are applied like Thin Film
Calorimetry (TFC), in-situ
resistivity measurements
and X-ray- diffraction
(cooperation with the
Institute of Crystallography
and Structural Physics, FAU
Erlangen- Nürnberg) during
semiconductor formation.

Although produced in an
industrial scale, some CIS
solar cell absorber proper-
ties are not yet fully
understood. One topic is the
incorporation of the Gallium
in the absorber during its
industrial (so-called ‘stacked
elemental layer’) formation,
where the elemental
components of the absorber
are deposited sequentially
(in the order Cu � In � Se),

and afterwards a Rapid
Thermal Process (RTP) is
applied to synthesise the
chalcopyrite.

Initially intended as a means
of widening the band gap of
CuInSe2 for a better
adaptation to the sun
spectrum, gallium
nevertheless fails to
homogenise in the absorber
layer. Instead, it
accumulates at the back
contact of the solar cell, and
forms a back surface field
which increases the cell
efficiency but does not fully
exploit the efficiency-
increasing potential of
homogeneously distributed
gallium. Below, our recent
work in this area is
described as an example of
our analysis and
optimisation strategy.

According to our latest
investigations, the
inhomogeneous Ga-
distribution can be explained
by the different reaction
kinetics of the metallic
absorber components Cu, In

and Ga during chalcopyrite
formation, together with a
directional growth of the
chalcopyrite layer.
Latter can be seen in an
SEM image (Fig. 1) of the
cross-section of a CIS
sample (here Ga-free) after
partial thermal processing to
400 °C. Two layers of a
stacked structure can be
distinguished. In the top
layer the metallic absorber
components were attacked
by the selenium and have
reacted to binary selenides
and CIS, whereas at the
bottom layer an intermetallic
phase Cu16In9 is stable for a
large fraction of the thermal
process.

Kinetic models derived from
extensive in-situ analysis of
the selenization process
steps show that gallium is
much more inert to the
selenium attack than e.g.
indium: the sequence of the
different phases which
progressively incorporate
selenium during the thermal
process is delayed by about

Fig. 1: SEM image of a cross-section of a CIS-absorber during the
Stacked Elemental Layer process.

Cu16In9
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50 K when comparing Ga
with In.

As a result the metallic
indium is already completely
consumed under these
process parameters while
Ga is just beginning to react.
So gallium is not
incorporated in the top layer
selenides but is
accumulating at the bottom
of the solar cell near the
back contact where it finally
forms a Ga- rich chalcopyrite
layer.

This important insight in the
mechanism of absorber
formation should allow for
optimisation
strategies – either by
altering the deposition
process or the thermal
treatment of the absorber –
resulting in a more
homogeneous Ga-depth
profile and subsequently
higher efficiencies of the
industrial solar cells.

Recent Publications
P. Berwian, A. Weimar, G.
Mueller, Thin Solid Films
431-432 (2003) 41-45

Ch. Hack, D. Seng, P.
Wellmann, G. Mueller, E-
MRS Spring Meeting 2002,
Strasbourg

J. Auer, Ch. Hack, P.
Berwian, G. Mueller, E-MRS
Spring Meeting 2002,
Strasbourg

P. Berwian, J. Hirmke, A.
Brummer, G. Mueller, 13th

International Conference on
Ternary and Multinary
Compounds, Paris, 2002

Ch. Hack, J. Auer, S. Hussy,
G. Mueller, 13th International
Conference on Ternary and
Multinary Compounds, Paris,
2002

Contact
Patrick.berwian@ww.uni-erlangen.de

0%

25%

50%

75%

100%

200 250 300 350 400 450
Temperatur [°C]

Ko
nz

en
tra

tio
n

In+Se
In4Se3
InSe
In2Se3
Ga+Se
GaSe

Fig. 2: Modelled phase content of In-Se and Ga-Se thin films during rapid thermal processing.



Trends in the Modeling of Crystal
Growth Processes

Due to the diversity of
materials and different
processes, the modeling of
crystal growth processes
requires very different
physical phenomena and the
application of as different
numerical methods. It would
go beyond the scope of this
article to list all of these
here. Nevertheless, an
attempt will be made to
depict shortly ongoing and
coming developments and
fields of activities in the
compass of modeling of
crystal growth processes.

Application of „soft-
computing“ approaches
The term „soft-computing“
embraces algorithms which
do not necessary result in
exact solutions, but
eventually yield
approximations in a simple
and efficient way. Further
applications are problems
which due to their inherent
complexity have no analytic
description. Examples for
soft-computing approaches
are fuzzy logics, neural
networks and evolutionary
algorithms.

Currently, the CGL is
developing and using
genetic algorithms for the
optimization of process
parameters (see fig. 1). This
is aiming at the development
of a universally applicable
optimization software

Improvements to the
modeling of thermal
radiation
Due to the generally high
temperatures in crystal
growth processes, heat
transport by radiation plays a

dominant role. It can be
modeled satisfactorily using
the view-factor method if
there are only materials
which can be considered
either as completely opaque
or as completely
transparent. An additional
necessary assumption is
diffuse reflection, which is
not justified e.g. at metallic
surfaces.

Especially, the increasing
importance of optically
participating media (e.g.
optical crystals for lasers,
scintillators, ..) requires the
development and use of
more capable models. Here
is a trend towards the further
development and use of
methods which have already
been developed in the area
of computer graphics. Ray-
tracing based algorithms
seem to be promising, as
they allow inclusion of all
relevant physical
phenomena relatively easily.
Such an approach is
currently being realized in
the department for crystal
growth in the development
of a new 3D simulation
program.

Multi scale modeling
With increasing
computational power the
modeling of multi-scale
problems is becoming
possible. This means, that
processes taking place on
very different spatial or time
scales have to be taken into
account within one model.
An example for diverse time
scales is the modeling of
defect formation in a
growing crystal, which has to
be modeled on a much

smaller time scale than e.g.
the variations of the thermal
field. On the other hand very
diverse spatial scales have
to be considered when
taking into account detailed
growth models (formation of
dendrites, grains, facets, ...)
within a global thermal
simulation of a furnace.

In this field, CGL is active in
the modeling of defect and
dislocation formation in
silicon and the modeling of
the microstructure of metallic
alloys.

Fig.1: Principle of genetic algorithm



Trends in the Modeling of Crystal
Growth Processes

Coupling of 2D and 3D
codes
Especially, considering the
growth of silicon by the
Czochralski process it is
completely sufficient and
efficient to perform the
global modeling of
temperature within the
furnace using an
axisymmetric model. On the
other hand it has become
obvious that this is not
correct for the convective
processes within the melt,
which have a significant
influence on the growth of
the crystal. This suggests
the coupling of a global
axisymmetric temperature
model with a detailed three-
dimensional model of the
melt, which is currently work
in progress in CGL (see fig.
2).

Parallelisation
The actual list of the top 500
computers in the world
(www.top500.org, Dec.
2002) lists already 93
clusters, with increasing
tendency, among them 14
which are titled as „self-

made“. Concerning software
development, this leads to
the requirement that new
projects should be designed
from the very beginning in
such way that computations
can be performed effectively
and easily on such relatively
cheap self-made clusters as
well as on heterogeneous
networks as they are
generally available in
institutes and companies.

CGL has provided
prerequisites for parallel
computing by parallelising
the 3D flow simulator
STHAMAS3D and the
computation of viewfactors
in the 2D code CrysVUn.
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Thermal Modeling of Microgravity
Experiments

Materials research under
microgravity conditions has
already a more than twenty
years old tradition in
Erlangen. The specific
conditions of microgravity
allow a systematic
investigation of certain
physical effects during
solidification of
semiconductor and metals,
which is not possible in this
way under terrestrial
conditions.

An impressive example is
the growth of the largest
GaAs-crystal by the so-
called Floating-Zone method
during the German D2
mission by Prof. Dr. G.
Müller.Research activities
under microgravity
conditions developed to a
well established branch
within the field of material
science during the last
years. Thereby, the build-up
of the international space
station ISS offers
possibilities for systematic
experimental investigations,
which were not possible
before. CGL is actually
involved in the field of basic
research, as well as acting
as a service center which is
supporting other research
groups. In any case, the
main part of the activities is
the development and
application of suitable
numerical tools for
optimizing the experiments
to be carried onboard the
space station.

Within the European project
MICAST, fundamental
aspects of the solidification
of alloys are investigated.
The research activities are

focused on a systematic
analysis of the influence of
convective heat- and
species transport on the
microstructure development
(fig. 1). The basis for the
experimental as well as the
numerical investigations are
technical Al alloys.

The task of CGL is the
development and application
of suitable simulation tools.
For this purpose, the
software package CrysVUn
was extended with proper
models for the treatment of
the complex coupled
phenomena during
solidification, that are
appearing on different length
scales. By the use of the
simulation tool, the
experimental investigations
within the MICAST project
are supported to define the
process conditions, e.g. the
magnetic field strength.

Furthermore, numerical
modeling gives a deeper
understanding of the

complex phenomena,
appearing during
solidification.

As the ISS is not available
for material science related
experiments in the near
future, the first experiments
under microgravity
conditions within the
MICAST project are carried
out with so-called sound
rocket missions. The first
experiment is scheduled on
spring 2004. The furnace
model of the ARTEX facility
of the DLR which will then
be launched onboard the
rocket is actually developed
at CGL (fig. 2).

Besides the basic research
activities within the MICAST
project, CGL has
successfully participated in
an international call for
tenders of the European
space agency ESA. The
goal of this project is to
develop proper furnace
models of the foreseen
facilities on the ISS. These

Fig. 1: Dendritic morphology of a solidified Al alloy, obtained by a
decanting technique (source: ACCESS e.V.).



Thermal Modeling of Microgravity
Experiments

models should help to
decrease both costs and
development time of
different furnace cartridges
inserts. Furthermore,
experimental runs can be
better prepared by the
consequent application of
numerical modeling. Hereby,
CGL could establish itself as
a User Support Center within
the next years.
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Optical evaluation of spatial carrier con-centration fluctuations in doped InP substrates
Conf. Proc., 29th International Symposium on Compound Semiconductors (2002)

B. Birkmann, R. Weingaertner, P. Wellmann, B. Wiedemann, G. Mueller
Analysis of silicon incorporation into VGF-grown GaAs
J. Crystal Growth 237-239 (2002) 345-349

J. Derby, P. Daoutidis, Y. Kwon, A. Pandy, P. Sonda, B. Vartak, A. Yeckel, M. Hainke, G.
Mueller
High performance computing, multi scale models for crystal growth systems
High Performance Scientific and Engineering Computing (eds. M. Breuer, F. Durst, C.
Zenger in Lecture Notes in Computational Science and En-gineering), Springer, Heidelberg
(2002) 185-201

J. Friedrich, R. Backofen, G. Mueller
Numerical simulation of grain structure and global heat transport during solidification of
technical alloys in MSL inserts under diffusive conditions
Adv. Space Res. 29/4 (2002) 549-552

J. Friedrich
Erlanger Nitridtage: Erlangen im Zeichen des blauen Lasers und UMTS
DGKK Mitteilungsblatt 76/Dezember 2002

I. R. Grant, U. Sahr, G. Mueller
Growth of InP and GaAs Substrate Crystals by the Vertical Gradient Freeze Method
Conf. Proc., 14th International Conference on Indium Phosphide and Related Materials
(2002) 413-415

M. Hainke, T. Jung, J. Friedrich, B. Fischer, M. Metzger, G. Mueller
Equipment and Process Modelling of Industrial Crystal Growth Using the Finite Volume
Codes CrysVUn and STHAMAS
Progress in Industrial Mathematics (Eds. Anile, A.M.; Capasso, V.; Greco, A.), Springer
Verlag, ISBN 3540425829 (2002), 218-222

M. Hainke, J. Friedrich, G. Mueller
Numerical Study of the Effects of Rotating Magnetic Fields during VGF Growth of 3" GaAs
Crystals
Proc. of 5th Int. Pamir Conference (2002) V-1

A. Molchanov, U. Hilburger, J. Friedrich, M. Finkbeiner, G. Wehrhan, G. Mueller
Experimental verification of the numerical model for a CaF2 crystal growth process
Crystal Reseach and Technology 37 (2002), 77-82

G. Mueller, B. Birkmann,
Optimization of VGF-growth of GaAs crystals by the aid of numerical modelling,
J. Crystal Growth, 237-239 (2002) 1745-1751

G. Mueller, J. Friedrich
Juwelen für Innovation
Schott Info 100 (2002) 12-14



Publications in 2002

G. Mueller, J. Friedrich
Züchtung von Einkristallen - eine Herausforderung für Wissenschaft und Technik
Nachrichten des Fraunhofer-Verbunds Mikroelektronik 8 (2002) 2

G. Mueller
Experimental analysis and modeling of melt growth processes
J. Crystal Growth 237-239 (2002)1628-1637

O. Paetzold, B. Fischer, A. Croell
Melt flow and species transport in µg-gradient freeze growth of Germanium
Cryst. Res. Technol. 37 (2002) 1058-1065

U. Sahr, M. Baeumler, I. Grant, W. Jantz, G. Mueller
Photoluminescence Topography of Sulfur doped 2” InP grown by the Vertical Gradient
Freeze Technique
Conf. Proc., 14th International Conference on Indium Phosphide and Related Materials
(2002) 405-408

Y. Stry, M. Hainke, T. Jung
Comaprison of linear and quadratic shape functions for a hybrid control-volume finite
element method
Int. Journal of Numerical Methods for Heat&Fluid Flow, Vol. 12(8) (2002) 1009-1031

U. Sahr, G. Müller
Growth of InP Substrate Crystals by the Vertical Gradient Freeze Technique
Conf. Proc., 12th Semiconducting and Insulating Materials Conference (2002)

D. Vizman, O. Graebner, G. Mueller
3D numerical simulation and experimental investigations of melt flow in a Si Czochralski melt
under the influence of a cusp-magnetic field
Journal of Crystal Growth 236(4) (2002) pp. 545-550

D. Vizman, J. Friedrich, G. Mueller
HMCZ and EMCZ in the Industrial Czochralski Growth of 300mm Si Crystals
Proceedings of the 5th International Pamir Conference, Fundamental and Applied MHD, 16-
20 September, 2002, Ramatuelle, France, 19-24

G. Mueller, O. Graebner, D. Vizman
Simulation of crystal pulling and comparison to experimental analysis of the CZ-process
in Semiconductor Silicon 2002 (eds. H.R. Hunt, L. Fabry, S. Kishino) Electrochemical
Society (2002) 489-504



Projects in 2002

 Bulk Growth of GaAs, InP, Si and CaF2, and solar
cell materials experimental
Fundamentals of the crystal growth process of InP by
the Vertical Gradient-Freeze method
Funded by: (BMBF)

Crystal growth and processing of Si – wafer with 300
mm diameter
Funded by: Wacker Siltronic (BMBF)

Development and process optimization of CaF2 for the
157 nm application
Funded by: Schott Lithotec (BMBF)

Fundamentals of GaN bulk crystal growth and
substrate development
Funded by: BMBF

Processing of CIS: optimization and characterization
Funded by: Shell Solar, Bayerische
Forschungsstiftung

 Numerical simulation of crystal growth
Development of software programs to be used for the
construction of energy-saving furnaces in the field of
materials production and crystal growth
Funded by: Crystal Growing Systems (BMWI)

Numerical simulation for the support of process and
furnace development for the growth of large diameter
GaAs crystals
Funded by: Freiberger Compound Materials (BMVG)

Further development STHAMAS3D for the simulation
of the convective heat and mass transport processes
during LEC growth of GaAs
Funded by: Freiberger Compound Materials (BMVG)

Global thermal simulation of the Tri-Si Czochralski
process for the production of Si crystals for solar cells
Funded by: Shell Solar (BMBF)

Study of grain structure during solidification of
technical alloys under diffusive and magnetically
controlled convective conditions with the help of
microgravity experiments
Funded by: DLR

Microstructure formation in technical alloys under
diffusive and magnetically controlled convective
conditions
Funded by: ESA

MSL Furnace Insert and Sample Cartridge Assembly
Thermal Modeling
Funded by: ESA

Numerical simulation of the growth of InP crystals by
the LEC technique
Funded by: MACOM

Development and validation of a numerical model for
the growth of oxide crystals
Funded by: Photonicmaterials

Development and license of the computer code
CrysVUn
Funded by: Freiberger Compound Materials, D

Development and license of the computer code
CrysVUn
Funded by: Linn High Therm, D

Development and license of the computer code
CrysVUn
Funded by: DLR, D

Development and license of the computer code
CrysVUn
Funded by: University Freiberg, D

Development and license of the computer code
CrysVUn
Funded by: CAESAR, D

Development and license of the computer codes
CrysVUn and STHAMAS
Funded by: Institute of Crystal Growth Berlin, D

Development and license of the computer code
CrysVUn
Funded by: Wafertechnology,UK

Development and license of the computer code
CrysVUn
Funded by: MEMC, I

Development and license of the computer code
STHAMAS and CrysVUn
Funded by: Shinetsu, Japan

Development and license of the computer code
STHAMAS
Funded by: Komatsu, Japan

Development and license of the computer code
STHAMAS
Funded by: Sumco, Japan

Development and license of the computer code
STHAMAS
Funded by: LG Siltron, Korea

Development and license of the computer code
CrysVUn
Funded by: Hiqtech, Korea

Development and license of the computer code
CrysVUn
Funded by: Umicore, Belgium

Development and license of the computer code
STHAMAS
Funded by: University Taiwan, Taiwan

Development and license of the computer code
CrysVUn
Funded by: University Minnesota, USA



Equipment

Laboratory space:
200 m2 laboratory space in total at university and Fraunhofer IISB plus offices.

Crystal growth
•  several high-pressure furnaces (for 2" - 6" crystal diameter)
•  1 multi zone furnace for vacuum (for up to 6" crystal diameter)
•  several multi zone furnaces for sample preparation and growth of small diameter crystals
•  1 liquid phase epitaxy facility

Analysis and characterization of materials
•  Several optical/infrared microscopes
•  Access to high resolution microscopes
•  Mapping system for optical spectroscopy of semiconductor wafers
•  Interferometric profilometer for surface analysis of semiconductor wafers
•  X-ray Laue camera
•  Hall-measurement-system (temperature dependent 15K-650K)
•  Measurement system for characterization of deep and shallow levels by capacitance

techniques (CV, DLTS) and by conductance techniques (TSC, PICTS)
•  Photoluminescence system (14K and 300K), IR-absorption, both systems suitable for

mapping
•  Differential Thermal Analysis for determination of phase diagrams
•  Differential Scanning Calorimeter for thermodynamic and kinetic studies
•  Thermogravimetrie

Preparation and metallography
•  Facilities for preparative work related to wafer preparation (grinder, annular and wire

saws, lapping and polishing equipment)
•  Several evaporation systems
•  Sputtering systems (DC, 6" target diameter)



                                    

Contact
Crystal Growth Laboratory Crystal Growth Laboratory
Prof. Dr. Georg Müller Dr. Jochen Friedrich
University Erlangen-Nürnberg Fraunhofer IISB
Martensstrasse 7 Schottkystrasse 10
91058 Erlangen 91058 Erlangen
Phone: +49-9131-852-7636 Phone: +49-9131-761-344
Fax: + 49-9131-852-8495 Fax: + 49-9131-761-312
http://www.kristallabor.de http://www.kristallabor.de
Email: georg.mueller@ww.uni-erlangen.de Email: jochen.friedrich@iis.fraunhofer.de

Travel Information

By car
Use Autobahn A3, exit Tennenlohe,
follow signs for Erlangen, after 2 km take
exit for "Universität Südgelände", then
follow signs for IISB: 1.6 km north on
Kurt-Schumacher-Straße, then turn left
twice into Cauerstraße and
Schottkystraße.

By plane
From  Nürnberg (Nuremberg) airport use
taxi (15 minutes) or bus 32 to Nürnberg-
Thon and then bus 30/30E to Erlangen-
Süd (30 minutes).

By train
From Erlangen station, use taxi (15
minutes) or bus 287 to Stettiner Straße
(30 minutes). Convenient train services
from Nürnberg Hauptbahnhof (central
station) to Erlangen station.

Tourist Information
Verkehrsverein Erlangen e.V.
Rathausplatz 1, 91052 Erlangen,
Germany
Phone: +49-9131 89-150
Fax: +49-9131 89-5151
WWW: www.erlangen.de


