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Overview

Crystal growth processes pro-
vide basic materials for many
applications and are for exam-
ple one key technology in the
chain of all manufacturing pro-
cesses for (opto-)electronic de-
vices. The research and devel-
opment of crystal growth proc-
esses is driven by the demands
which come from the specific
applications; but in common
there is a need for an increase
of crystal dimensions, improved
uniformity of the relevant crys-
tal properties in the micro- and
macroscale and materials with
new properties.

Therefore, the focal area of re-
search of the Crystal Growth
Laboratory (CGL), which is a
world-wide acknowledged cen-
ter of competence, is to de-
velop – in close collaboration
with industry - equipment and
processes 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 opti-
mize the crystal growth proc-
essing by a combined use of
experimental process analysis
and computer modeling. This
activities are based on a suit-
able experimental 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 industrial
partners to develop crystal

growth equipment and proc-
esses.

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 Electronic Devices
(head Prof.Ryssel) in Erlangen.
This working group became the
Department crystal growth in
autumn 1999.

Since the foundation of CGL
more than 170 papers in
scientific journals and
conference proceedings have
been published. Furthermore,
CGL has educated a lot of
experts in this field. 110
"Study" theses, 75 Master

theses and 31 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 Government, the
German Research Foundation
(DFG). Since 1996 almost 9 Mio
Euro have been acquired from
the different sources indicated
above.

Today, CGL consists of
approximately 25 highly
motivated coworkers. They are
experts in different fields, e.g.
systems engineering,
metrology, computer
simulation, physics, material
science, mathematics.

Prof. Dr. Georg Mueller (middle) receives first GaAs wafer with
200mm diameter grown by the VGF technique from Dr. Thilo Flade

(left), CEO of Freiberger Compound Materials



Overview

Some research highlights which
were achieved within the last
two years by CGL are
illustrating its research activities:

The head of CGL, Prof. Dr.
Georg Mueller is the winner of
the Laudise Prize 2001 of the
International Organization of
Crystal Growth. This prize is the
world wide the highest award
in the field of technical crystal
growth. The prize was awarded
for his outstanding
contributions to the
development of methodical and
technological aspects of crystal
growth and for his leading
contribution to the
development of global
computer modeling of crystal
growth processes.

An example for the methodical
and technological aspects of
crystal growth is the successful
development of the Vertical
Gradient Freeze (VGF) process
for the production of GaAs and
InP crystals. The tools and
research results developed and
achieved by CGL in this field
contributed that this VGF
material has gained
considerable share on the world
market.

For CaF2 crystals to be used as
lens materials in the DUV micro
lithography the industrial
partner of CGL has opened the
biggest production site of these
crystals world - wide. The
furnaces for the growth of the
CaF2 crystals were constructed
with the numerical support of
CGL. In addition, a new

prototype furnace was
completely developed and
constructed by CGL. This facility
provides valuable contributions
for an improved understanding
of the growth of large CaF2

crystals.

The competence of CGL in
numerical simulation of crystal
growth processes is highlighted
by the fact, that more than 40
licenses of the software tools
developed by CGL were
granted up to now to crystal
growing companies as well as
academic research institutions.
The software is used by the
partners to optimize leading
edge technologies in this field,
e.g. production of Silicon
crystals with 300mm and even
400mm diameter, production
of GaAs crystals with 200mm
diameter.

Beside these more application
oriented R&D activities CGL is
also active in basic research of

thin film growth of solar cell
materials and solidification of
technical alloys. CGL is using its
expertise in numerical
simulation of solidification
processes to predict the
microstructure formation of Al
based technical alloys.

CGL maintains national but also
international co-operations to
industry in the field of semi-
conductor materials like Si,
GaAs, InP, GaN and optical ma-
terials like fluoride and oxide
crystals.. The industrial partners
are currently (in alphabetical
order): Crystal Growing Sys-
tems (D), Freiberger Compound
Materials (D), Hiqtech (Ko),
Komatsu (Jp), LG Siltron (Ko),
MA/COM (USA), MEMC (I), Mi-
tsubishi Silicon (Jp), Photonic-
materials (Sc), Schott Lithotec
(D), Shell Siemens Solar (D),
Shinetsu (Jp), Umicore (Be),
Wacker Siltronic (D), Wafer-
technology (Uk).

Partners of the Crystal Growth Laboratory



Low Defect VGF Grown 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
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

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

crystal.



Low Defect VGF Grown GaAs Substrates
for High Power Laser Diodes

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

G. Müller, B. Fischer
Optimization of Melt Growth
Processes by Experimental
Analysis and Computer
Modeling, Advances in Crystal
Growth Research, eds. K. Sato,

Y. Furukawa, K. Nakajima,
Elsevier, Amsterdam, (2001)
167-190

M. Rasp, B. Birkmann, G.
Müller
Anomalous interface shapes in
the seed well during vertical
gradient freeze growth of Si-
doped GaAs, J. Cryst. Growth
222, (2001) 88

B. Wiedemann, J.D. Meyer, D.
Jockel, H.C. Freyhardt, B.
Birkmann, G. Müller
Spark source mass
spectrometric assesment of
silicon concentrations in silicon
doped gallium arsenide single
crystals , Fresenius' Journal of
Analytical Chemistry 370,
(2001) 541

B. Birkmann, M. Rasp, J.
Stenzenberger, G. Müller
Growth of 3" and 4" gallium
arsenide crystals by the vertical
gradient freeze (VGF) method
J. Cryst. Growth 211 (2000)
157-162

R. Backofen, M. Kurz, G. Müller
Process Modelling of the
Industrial VGF Crystal Growth
Process Using the Software
Package CrysVUN++
J. Cryst. Growth 211, (2000)
202-206

Contact
Bernhard Birkmann

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



Low Defect VGF Grown InP Substrates
For Application in Telecommunication

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 bandgaps, 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 two competing
technologies; liquid
encapsulated crystal pulling
(LEC) 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 gradient freeze
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.

Since 1992 the crystal growth
of InP by the VGF-technique is
developed at CGL. Since 1998
the crystal growth process is a
"semi-open" process. The InP is
fully encapsulated by a liquid
B2O3-film. The crucible with
melt and crystal is placed in a

silica ampoule which has a
small hole at the cold end. This
allows for a pressure balance
and condensation of excess
phosphorus. Twinning is the
main problem during the crystal
growth process. A crucible with
flat bottom is useful to reduce
twinning. But, the advantage of
reducing the dislocation density
by diameter expansion in the
conical part is lost in this ar-
rangement. Consequently con-
ditions of low thermal stress
during the seeding process are
required.

Therefore, intensive numerical
studies have been performed in
order to establish conditions for
the growth of crystals with low
defect densities. By these
numerical studies the geometry
as well as the whole thermal
processing was optimized with
respect to low thermal stress

Fig.1: 2” InP-single crystal grown by the VGF method



Low Defect VGF Grown InP Substrates
For Application in Telecommunication

and small temperature
fluctuations. The latter are
harmful for the yield of single
crystalline material.

Based on the numerical results
the set-up of the VGF-furnace
as well as the processing were
modified in an iterative way
and growth experiments were
performed under improved
conditions.

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

In 2000 the single crystal
growth with 2” diameter and a
length of 9cm was successful in
the optimized VGF-furnace set-
up (Fig. 1). The weight was
about 1 kg. The carrier
concentration varied between
3-8·1017 cm-3. The crystal was
sliced to (100)-wafers, the slices
are etched with the Huber
etchant. So far the mean EPD
value measured on our wafers
is below 1000cm-2 for the best
wafers.

The homogeneity of the crystals
was investigated by photolumi-
nescence spectroscopy (PLS)
and topography (PLT) at Fraun-
hofer Institute IAF in Freiburg.
Fig. 2 displays the respective
topogram of a wafer. The to-
pogram exhibits high homoge-
neity with a standard deviation
of 3.6%. This value indicates a

remarkable wafer surface qual-
ity.

In the future the VGF-growth
of semi insulating InP will be
investigated because for many
electronic applications semi-
insulating substrates are
required.

Recent Publications
G. Müller, B. Fischer
Optimization of Melt Growth
Processes by Experimental
Analysis and Computer
Modeling, Advances in Crystal
Growth Research, eds. K. Sato,
Y. Furukawa, K. Nakajima,
Elsevier, Amsterdam, (2001)
167-190

U. Sahr, I. Grant, G. Müller

Growth of S-doped 2'' InP-
Crystals by the Vertical Gradient
Freeze Technique, 13th
International Conference on
Indium Phosphide and Related
Materials, Nara, Japan, (2001)

R. Backofen, M. Kurz, G. Müller
Process Modelling of the
Industrial VGF Crystal Growth
Process Using the Software
Package CrysVUN++
J. Cryst. Growth 211, (2000)
202-206

Contact
Uwe Sahr

Fig. 2: PL-Topogram of 2” wafer, standard deviation is 3.6%



GaN Substrates for Optoelectronic and RF
Devices

The Crystal Growth Laboratory
has started the research on
bulk growth of GaN single
crystals. The target is, to study
basic problems concerning the
growth of GaN crystals and to
develop techniques which will
allow to grow GaN crystals with
a diameter up to 2 inches, and
low dislocation densities. These
substrates would be suitable for
the production of laser diodes
as well as for several other
power devices, used for
information and
communication technologies
(see fig.1).

Over the last years it turned
out, that the development of
devices on the basis of group-III
nitride semiconductors was
mainly hampered by the lack of

suitable substrates for
homoepitaxial growth. Since
there was no suitable bulk-
growth technology for
producing GaN substrates,
epitaxy was done, by applying
the MOVPE process (Metal
Organic Vapor Phase Epitaxy),
on materials exhibiting high
lattice- and thermal-expansion-
mismatch (Si, SiC, GaAs,
Sapphire). The resulting films
are highly defective with a high
dislocation density, larger than
108 cm-2. In this sense it is
astonishing that these types of
devices operate at all,
compared to much lower
dislocation densities present in
other compound
semiconductors. However, this
structural imperfection has
significant negative influence

on live time and performance
of devices. A remarkable
improvement was the
fabrication of thin buffer layers
or lateral overgrowth which
helped to partly overcome the
problems of mismatch. But the
resulting quality and life time of
devices is still poor.

There had been numerous
attempts demonstrating the
superior quality of devices,
using GaN films deposited
homoepitaxially on the rarely
available GaN substrates or
quasi substrates. In comparison
to the device quality is
negatively influenced by the
poor material properties of
conventional heteroepitaxial
films on saphire or SiC
substrates.

Leistung (W)Leistung (W)

10 GHz10 GHz

FrequenzFrequenz

10 W10 W

100 W100 W

1 GHz1 GHz 100 GHz100 GHz

Si
SiGe GaAs

InP

GaN

SiCSiCSiCSiC

Fig.1 Potential application areas of different semiconductor materials in the parameter space frequency and
power



GaN Substrates for Optoelectronic and RF
Devices

Nitride bulk crystals
semiconductors can not be
grown by a simple melt growth
method, due to some
difficulties specifically related to
the respective material systems
(e.g. high vapor pressures,
extremely high melting points).
From the literature it can be
seen, that there were several
efforts during the last years, to
find a proper growth technique
for GaN. Experiments showed
that good crystal qualities, as
well as high growth rates, were
achievable with a Low Pressure
Solution Growth technique
(LPSG), which demonstrates the
feasibility itself. But, it must be
noted that there were only a
few results worldwide, showing
that it is possible to grow larger
GaN substrate crystals, with a
surface area above 200mm2.

A bulk crystal in the classical
sense was only grown once in
the world so far, using a
solution growth technique. The
crystal was grown with a
diameter of 2 cm and 2 cm
length, from a Gallium
containing solution. However, it
was stated by the authors that
it turned out not to be a real
single crystal, but the ingot
consisted of several larger
grains.

As to the inability to solve
several technological key
questions, concerning the
growth of bulk GaN crystals,
this problem still persists. It is
apparent that strong basic
research efforts are necessary
to develop and improve a
growth process, which could be

a possible growth method
relevant to mass production of
devices.

The current project at CGL
therefore mainly focuses on the
study and improvement of a
proper growth technique, such
that GaN substrate crystals,
several centimeters in length
and with a diameter of 1 inch
or larger can be grown
reproducibly. Beside its
dimensions the crystals must
have high structural perfection
that allows to produce epitaxial
device structures.

Contact
Elke Meissner

Fig.2 Vapor pressure of GaN in Nitrogen atmosphere. At 1400°C the vapor pressure is arround 10kbar. At the
melting point which is assumed to be between 2500-3000°C the vapor pressure is propably larger than 100kbar.



300mm Silicon Czochralski
Crystal Growth

With every new generation of
integrated circuits the chip size
has been increasing, because
even shrinking design rules are
not sufficient to compensate
the steadily increasing number
of integrated circuits per chip.
However, a larger chip size
reduces the number of
components per wafer, what
causes higher costs. This
induces the semiconductor
industry, to provide wafers with
a diameter up to 300mm and
more, which are required for
current, as well as future
generations of advanced large
scale integrated circuits.

With increasing size of silicon
crystals grown by the
Czochralski method, also the
melt volumes and the
corresponding crucible
diameters have to increase. In
modern industrial growth
facilities silicon crystals with a
weight up to 450kg can be
produced. However, large
ingots causes the melt flow to
be three dimensional, time
dependent and turbulent. This
has a detrimental effect on
heat- and mass transfer and
thereby on the crystal quality.

Today, the appearance of
dislocations and slip lines can
be avoided almost completely,
but at the current stage it is
impossible to avoid the
formation of point defects
during the crystal growth
process. These defects are a
major origin for the generation
of microdefects like swirls or
voids. With further progress in

the miniaturization process, the
dimension of the device
structures reach the same order
of magnitude as the size of
voids (about 100nm), resulting
in a strong negative impact of
those microdefects on the yield
of the chip production.

The relating problems to be
solved currently in 300mm Si
Czochralski technology concern
the control of the electronic
and mechanical properties on
the micro- and macro-scale.
This includes especially the
control of vacancy VSi and
interstitial (Si)i defects as well as
oxygen related defects induced
by the dissolution of the
crucible and eventually other
lattice hardening dopants.

One way to minimize point
defect concentrations is to
meet the critical value of the
ratio of growth rate V and the
temperature gradient G close
the growth interface during the
crystal growth process. Crystal
grown with higher V/G – ratio
contain excessive vacancies,
while crystals grown at lower
ratio are rich of self-interstitials.
By keeping the growth
conditions in a small range
around this critical value,
interstitials and voids tend to
cancel each other and leave the
crystal nearly free of point
defects.

As the temperature gradient
frequently varies over the radial
position it is not simply a matter
of selecting an appropriate
growth rate to achieve the

desired V/G value. Additionally
the temperature field has to be
kept as uniform as possible
with respect to radial position,
a task which becomes even
more challenging at higher
crystal diameters.

It is, therefore, of great interest
and utility to know this
temperature field quantitatively
during the whole growth
process, including the cool-
down and eventual post-
growth annealing of the crystal.

For that reasons, the numerical
and experimental R&D activities
in the field of the silicon
Czochralski process at CGL
focus on the following aspects:

- temperature distribution in
the melt

Fig.1: 300mm Silicon Cz crystal grown
by Wacker Siltronic. The crystal was

presented during the German Crystal
Growth Conference 2000 in Erlangen.



300mm Silicon Czochralski
Crystal Growth

- temperature fluctuations
(amplitudes, frequencies) in
the melt

- temperature of silica crucible
(degradation by cristobalit
formation)

- type, design and parameters
of magnetic fields

- temperature distribution in
the crystal at a certain growth
condition

- thermal history of the crystal
throughout the whole growth
run

- thermal stress in crystal during
growth process

- optimum design of the hot
zone (V/G-criterion)

- maximum achievable growth
rate

- Oxygen-transport in gas phase
and melt

- increased melt ingot
- optimization of whole puller

design

In order to achieve a further
improvement of the Silicon
Czochralski process, the Crystal
Growth Laboratory has
developed appropriate
simulation tools as well as
measurement equipment to
carry out a careful analysis of
the crystal growth process to
find out the relations between
relevant growth conditions,
e.g., the thermal field, and
defect formation.

Recent Publications
O. Grabner; G. Muller; J.
Virbulis; E. Tomzig; W. v.
Ammon
Effects of various magnetic field
configurations on temperature

distributions in Czochralski
silicon melts, Microelectronic-
Engineering. 56 2001; p.83-88

A. Muhe; G. Muller
Optical in-situ measurement of
the dissolution rate of a silica-
Czochralski-crucible with silicon
melt and comparison to ex-situ
measurements, Microelectronic-
Engineering 56, 2001; 147-152

D. Vizman, J. Friedrich, G.
Müller
Comparison of the predictions
from 3D numerical simulation
with temperature distributions
measured in Si Czochralski
melts under the influence of
different magnetic fields,
Journal-of-Crystal-Growth.
vol.230, no.1-2; Aug. 2001;
p.73-80

D. Vizman, O. Graebner, G.
Mueller
Three-dimensional numerical
simulation of thermal
convection in an industrial
Czochralski melt. Comparison
to experimental results
Journal of Crystal Growth,
Volume 233, Issue 4, December
2001, Pages 687-698

S. Enger; O. Grabner; G.
Muller; M. Breuer; F. Durst
Comparison of measurements
and numerical simulations of
melt convection in Czochralski
crystal growth of silicon,
Journal-of-Crystal-Growth.
vol.230, 2001; p.135-42

Contact
Oliver Gräbner

Fig.2: Numerically calculated point defect distribution in the crystal during
Czochralski growth of Silicon. Left: vacancies; right: interstitials.



Growth of CaF2 Crystals as
Lenses for the DUV Lithography

Photolithography is a key
technology for the production
of integrated circuits (IC). The
preceding reduction of the
feature size of devices implies a
reduction of the optical
wavelength into the ultraviolet
range and thus the need for
new suitable materials for the
optical components. Present
projection systems which can
be used at wavelengths down
to 248 nm are using fused silica
optical components. The next
generation of wafer steppers
will be operating at
wavelengths of 193 nm and
later 157 nm, where fused silica
cannot solely be used any more
because of the high absorption
losses.

Single crystalline CaF2 has
excellent transmission
characteristics down to deep
UV and is therefore selected as
the main optical material for
the next generation of
lithography apparatus ("wafer
stepper"). The material
requirements for this optical
application are extremely high.
Beside a high laser durability
and low stress birefringence a
high uniformity of the
refractive-index is important.
Thus, single crystals of CaF2

with low defect density and
extremely high uniformity are
needed. Apart from impurities,
all types of crystal defects, i.e.
dislocations and low angle
grain boundaries are limiting
the optical quality of the
crystals. Therefore, it is
important that the thermal
stress during crystal growth is

very low. Promising melt
growth techniques for growing
large crystals under low thermal
stress conditions are Bridgman-
type configurations. Fig.1.
shows CaF2 lenses
manufactured from crystals
with a diameter of more than
350mm grown by the industrial
partner Schott Lithotec using a
Bridgman type technique.

Since very few experimental
data are available for both the
material properties and the
growth of large sized CaF2

single crystals, a specially
equipped R&D-facility was
developed at the Crystal
Growth Laboratory by the aid
of numerical modeling using
the software package CrysVUn.
The R&D-furnace was designed
and built according to the
results of the numerical
simulations. The facility is
equipped with various in-situ
diagnostics in order to study
the basic relations between
process parameters and the
required crystal properties. For
example a new setup for
temperature measurements in
the CaF2 melt during crystal
growth was successfully
implemented.

The first series of experiments
performed in the R&D facility
had the goal to provide
quantitative experimental data
to verify the numerical models.
Thereby, the focus was on the
internal radiative heat transfer
in CaF2, which is expected to
play an important role for the
heat transfer during growth

due to the high melting
temperature of CaF2 (>1400°C).

As CaF2 is considered to be
semi-transparent, a fully
opaque model would neglect
the radiation inside CaF2. In the
literature the so called
diffusion-approximation was
used where CaF2 is assumed to
behave like an opaque material
having a temperature-
dependent effective thermal
conductivity.

A quantitative experimental
verification of this diffusion
model was not possible in the
past time, as there were no
precise temperature
measurements available for the
corrosive CaF2 melt. In our
R&D-facility an especially
protected temperature sensor
was implemented for the
detection of the temperature
field in the CaF2 melt. Based on
this experimental data the heat
transfer model for CaF2 could
now be verified for the first
time. The experiment and the
diffusion-approximation model
– further named as standard

Fig.1: CaF2 lenses.
(Source Schott Liththec)
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model – are shown in figure 2.
For the comparison of the
calculated and measured
temperatures, the temperature
sensor was included in the
numerical model of the
furnace. As can be seen clearly
from the graph, there is a
significant deviation from the
experimental data. Especially
the gradient in the melt is not
described correctly with the
standard model. The standard
model predicts a much larger
gradient in the melt than in the
vacuum region. The data
extracted from our experiment
in contrary shows, that the
gradient in the melt is lower
than in the vacuum region. Also
the position of the solid-liquid
interface calculated with the
standard model is totally
different from the experiment.
Thus the standard model is not
applicable to precise
simulations of the growth
process which are required for
process optimization.

To improve the simulation of
the temperature field we
developed an advanced model,
where the radiative part of the
heat transport in CaF2 is not
approximated as in the
standard model, but directly
calculated in addition to the
thermal conductivity.

The results obtained with this
advanced model as indicated by
the solid line in figure 2 show a
good agreement with the
experimental data. The
calculated temperatures in the

melt near the boundary to the
vacuum differ by less than 1%.

Using a set of parameters
which were optimized by the
aid of numerical simulations
based on the advanced model
we were already successful in
the first crystal growth run. A
fully transparent and colorless
crystal with a cylindrical section
size of 150 mm in diameter and
length was obtained.
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Fig.2: Measured and simulated axial temperature profiles in the CaF2 melt
under crystal growth conditions in the R&D facility



Global Simulation of the TRI-SI Process
for the Production of Photovoltaic Silicon

The photovoltaic market
consists currently to 90% of
solar cells made from single and
polycrystalline Silicon. Silicon
fulfills a lot of requirements like
efficiency, long term stability,
availability of large areas,
availability at all, environmental
compatibility except the still too
high production costs. In the
laboratories single crystalline Si
solar cells (4cm2) have been
manufactured having an
efficiency of 24%.
The theoretical maximum
efficiency is 28% to 29%. In
industrial production an
efficiency of 14% to 16% is
reached using single crystalline
Si solar cells (100 cm2).

However, the production of
single crystalline Si is relatively
expensive and thus money
consuming. Today over 55% of
the production costs of a solar
cell module are caused by the
production of the Si wafer. The
use of tri - crystalline silicon (Tri-
Si) offers a large potential for
the reduction of these costs.

In the Tri-Si Czochralski process
cylinder shaped tri - crystalline
Si rods are grown, which
consist of three single
crystalline rods with almost
equal size and having pie
shaped cross sections. Each of
these segments is oriented in
the (110) direction which is
parallel to the growth direction.
It results from this special
geometry, that the (111)
slip planes of all grains cancel
each other which counteracts a
shivering along these planes.

Therefore, the Tri-Si structure
has advantages during crystal
growth (stability of the
structure for multiple charging
and high growth velocities) as
well as during sawing and
wafering. Thus Tri-Si rods can
be sawed much thinner at the
same yield as single crystalline
wafers. In order to turn these
advantages into real cost
savings, the growth process has
to be optimized with respect to
higher pulling rates whithout
affecting the crystal quality.

Numerical simulation was
applied to the investigation of
several hot zone designs. A
Czochralski R&D-furnace with
12 inch crucible operated at the
Siemens und Shell Solar GmbH
was transfered to a numerical
model. After successfully
modeling this original
geometry, the influence of the
hot zone design on the

temperature field and therefore
the growth conditions was
studied. As it is common
consensus that a flat interface
boundary during Czochralski
growth benefits the resulting
crystal quality, special attention
was paid to the reduction of
boundary deflection. Fig. 1
shows the progress which was
made in optimizing the hot
zone. The central boundary
deflection of a crystal grown in
the original furnace at approx.
1.25 mm/min reached a value
of up to 9 mm, whereas the
simulation of the optimized
furnace predicted much lower
values of about 2 mm for even
higher pulling rates around 1.5
mm/min. As the red curve
shows, an experiment revealed
an even lower boundary
deflection under these
circumstances resulting in a
nearly flat interface over the
complete growth process.

Fig.1: Measured and simulated interface deflection during growth
of silicon crystals using the TRI-Si process.
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In order to be able to grow
crystals with larger diameters,
the crucible of the furnace was
replaced. The new crucible
possesses a diameter of 14
inch. As a consequence, also
the heater and thermal isolation
had to be changed. Based on
the experience gained with the
small geometry, the numerical
model was now transfered to
the new geometry. The aim of
the simulations now was an
increase of the growth velocity
while reducing the boundary
deflection. A crystal grown in
the furnace after replacing the
crucible at a pulling rate around
1.2 mm/min exhibited a central
boundary deflection of up to 17
mm as shown in fig. 2. Several
geometry variations were
simulated, finally leading to an
optimized version, which allows
for a pulling rate of 1.8
mm/min while keeping the
deflection in a moderate range
around 5 to 6 mm.
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Fig.2: Measured and simulated interface deflection during growth
of silicon crystals using the TRI-Si process.



Chalcopyrite Semiconductors
For Thin Film Solar Cells

Chalcopyrite semiconductors
are promising absorber
materials for thin film solar cell
applications due to their high
absorption coefficient. The
most important compound is
CuInSe2 (CIS) with a band gap
of 1.0 eV. 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 cooperation
with Siemens & Shell Solar with
the financial support of the Ba-
varian Research Fundation on
the optimization and charac-
terization of the thin film depo-
sition and the absorber forma-
tion process. To achieve further
insight in the involved chemical
reactions in-situ methods are
applied like Thin Film Calorime-
try (TFC) and in-situ X-ray-
diffraction (cooperation with
the Institute of Crystallography
and Structural Physics, FAU Er-
langen-Nürnberg) during semi-
conductor formation.

Although produced in an indus-
trial scale, the relation between
some process parameters in CIS
solar cell production and the
related material parameters are
not yet fully understood. An
example is the addition of so-
dium to enhance the grain-
growth and the electrical pa-
rameters of the solar cell. In lit-
erature models for the pathway
to the formation of the Cu-
InSe2-layers and the role of so-

dium (on volume and surface
defects) are still not clear.

For a full understanding of the
properties of CuInSe2 thin films
it is indispensable to distinguish
between material specific ef-
fects and interface/morphology-
related properties. CGL uses a
simplified model system for
such investigations: CuInSe2-
layers on CuInSe2-substrates.

The monocrystalline CIS-
substrates required for the epi-
taxy experiments were grown
by two different crystal grow-
ing techniques: The Travelling-
Heater- and the Vertical-
Gradient Freeze-Method. The
thin film samples were depos-
ited on CIS bulk crystals by
thermal evaporation in the so-
called Stacked Elemental Layer
(SEL)-process: The metallic lay-
ers were applied first, followed
by the covering layer of ele-
mental Se. For the Na source
we used the compound NaF,
which was evaporated like the
elemental constituents. With a
finished thickness of 1.5 µm
these CIS-films are identical to
the absorber layers used in in-
dustrial production, in thickness

as well as in composition. The
selenization of the precursors is
carried under N2-pressure to
prevent the loss of selenium
during the thermal treatment.

For the investigation of the in-
fluence of sodium on the ho-
moepitaxy on CuInSe2 its
amount was varied in the range
of industrial relevance. With 1
and 5 µg/cm² Na, respectively,
polycrystalline growth took
place and the CIS-layer had no
connection to the substrate. For
an amount of 3 µg/cm² Na a
homoepitaxial CuInSe2-layer
was achieved (fig. 1). On top of
the layer a structure is found
which is ordered in crystallo-
graphic directions (fig. 2). On
pictures recorded with back-
scattered electrons a deviation
of the compositions between
the CuInSe2-matrix and those
crystals was displayed. Auger-
measurements explain this by a
trend of the Na-signal: Sodium
was exclusively detected in the
crystallites. Their thickness is
about 100 nm. In the CuInSe2-
matrix the value contains only
the signal background.

Fig.1: Cross-section of an epitaxial Na-doped CIS-film on a
monocrystalline CIS-Substrate.
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In literature there are many
works on sodium in polycrystal-
line CuInSe2 or Cu(In,Ga)Se2-
absorber layers detecting the
sodium at the grain boundaries.
Those results coincide with pre-
sent measurements at mono-
crystalline layers as far as no
sodium was incorporated in the
“bulk” of the CuInSe2-film. In
literature candidates for the Na-
phase are NaSex and Na-In-Se-
compounds. The question
comes up, whether it is neces-
sary to put sodium into the
CuInSe2 to get monocrystalline
layers. The answer is no. The
homoepitaxy is possible, but
sodium greatly expands the
process window.

In conclusions, to our knowl-
edge, we obtained the first
homoepitaxial CuInSe2-layers by
the stacked elemental layer
process. Sodium has a positive
effect on the growth although
it is not incorporated in the ma-
trix of CuInSe2-layer but accu-
mulates in a separate phase at
the surface. The same observa-
tion is known from polycrystal-
line CuInSe2.
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Fig.2: SEM-image of the surface of an epitaxially grown CIS-film with a
secondary phase.



Process and Defect Modeling
In Semiconductor Crystal Growth

Numerical modeling is now an
incomprehensive tool in
modern process development
and is extensively used and
promoted at CGL. The in-house
developed programs CrysVUn,
STHAMAS and STHAMAS3D
find application in all fields of
bulk crystal growth
(semiconductors (silicon,
gallium arsenide, indium
phosphide), fluorides, and
oxides by Czochralski - like (Cz,
LEC, VCZ) and Bridgman/VGF
methods which are studied at
the CGL or at the companies
and institutes of the CGL's
licensees and partners.

A typical crystal growth furnace
implies a vast variety of coupled
and interacting physico-
chemical processes, which have
all to be taken into account to
provide reliable predictions.
Heat transport by conduction,
radiation and convection,
turbulent flows, species
transport, and thermal stress
are the most common
examples, but also more
specialized aspects like the
application of magnetic fields
or defect formation have to be
considered.

An important method for the
growth of III-V compound
semiconductors like GaAs and
InP is the Vertical Gradient
Freeze (VGF) technique. For an
InP furnace, numerical
simulations with CrysVUn were
used to optimize the furnace
setup. By numerical variation of
the geometry it was possible to
find the best configuration for

damping temperature
fluctuations at the crucible,
which are originating from the
heaters. Amplitudes could be
reduced nearly by one order of
magnitude.

Industrial demands include the
need for larger dimensions of
the crystal and thus the melt,
so that even in VGF
configurations, the melt flow
can have a significant influence
on heat transport and thus on
the shape of the phase
boundary and the thermal
stress in the crystal. Therefore,
a numerical model for laminar
convection has been
implemented in CrysVUn,
which is the classical tool for
VGF simulation. This
sophisticated model works on
unstructured grids and includes

a quadratic interpolation
scheme for the velocity
components, which ensures a
high accuracy at moderate grid
sizes and fast computation
times. Fig. 1 shows an example
calculation of melt flow in a
VGF furnace for 3-inch GaAs
crystals.

The second industrially relevant
technique for the production of
III-V semiconductors is the
Liquid Encapsulated Czochralski
(LEC) technique, and its
variation, the Vapor Pressure
Controlled Czochralski (VCZ)
technique. The high gas
pressure of 5 to 40bar in the
corresponding furnaces results
in turbulent gas convection,
which is calculated with the
CGL code STHAMAS. Figs. 2
show the result of a global 2D-

Fig.1: Temperature field (left) and flow pattern as stream function (right)
during VGF growth of 3" GaAs calculated with CrysVUn.
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axisymmetric simulation of a
VCZ furnace for GaAs, which is
used at the Institute of Crystal
Growth, Berlin.

The electronic properties of
GaAs semiconductor crystals
are strongly determined by the
carbon content in the crystal,
which is controlled during
growth by a complex system of
chemical reactions and
transport processes of carbon
compounds in the gas
atmosphere, in the boric oxide
layer and in the melt.
Therefore, the CGL is
developing a model for the
diffusion and reactions of the
involved chemical species in the
boric oxide layer, which is
incorporated in STHAMAS.

The electronic and mechanical
properties of a semiconductor
crystal are dominated by the
defects in the crystal structure,
which therefore have to be
carefully controlled. They
depend on the physical
processes at the phase
boundary during solidification
and the thermal history in the
crystal. For silicon, many
defects originate from the
presence of point defects -
vacancies and interstitials,
which are formed at the phase
boundary and are subjected to
a strongly temperature
dependent diffusion and
reaction mechanism during
processing. The CGL code
CrysVUn has been enhanced by
a point defect diffusion and
reaction model, which allows to
determine the distribution of

vacancies and interstitials in the
silicon crystal. Depending on
the local ratio V/G of the
growth velocity over the axial
temperature gradient, which
varies in radial direction, either
vacancies or interstitials
dominate. Thus, by proper hot
zone design the V/G ratio can
be adjusted to be close to a
critical value where vacancies
and interstitials almost

annihilate each other. Fig. 3
(top) shows the radial
concentration profiles of
vacancies and interstitials in the
crystal for a Cz puller. The
transition from vacancy rich
material to interstitial rich
material takes place at the
numerically obtained critical
value of V/G (blue area,
bottom), which comes quite

Fig.2: Temperature field (right) and flow pattern in the gas (left) during
VCZ growth of 6" GaAs calculated with STHAMAS.
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close to the values given in
literature.

The melt convection in large
industrial Czochralski crucibles
in general is three-dimensional,
time-dependent and turbulent.
This applies especially to silicon
production, where crucibles
have sizes up to 32 inch, but
nowadays also to the melts of
III-V semiconductors. The larger
the crucible the stronger the
turbulent flow. Even using
increased viscosity or
turbulence models it is very
hard or even impossible to
describe such a flow with a 2D-
axisymmetric model. Therefore,
three-dimensional and time-
dependent simulations are
absolutely necessary. The CGL
has developed the program
STHAMAS3D, which allows
local 3D simulations of the
melt+crystal(+crucible)
subsystem. Due to the
consequently increasing interest
of semiconductor companies in
such 3D calculations, special
efforts have been put in the
further development of
STHAMAS3D. The program has
been parallelized with a
considerable increase of
efficiency and has been
equipped with an easy-to-use
and platform-independent
graphical interface (Fig. 4).
STHAMAS3D includes the
determination of the solid-
liquid interface and the effects
of various stationary and time-
dependent magnetic fields,
which are industrially used to
influence melt convection.

The quality of the results of
local 3D melt simulations
essentially depends on the
boundary conditions for
temperature and heat flux
given at the outer surfaces of
the calculation domain of melt
and crystal. However, such data
are in most cases difficult to
obtain from experimental
measurements, because the

construction and the high
temperature of a crystal growth
furnace does not allow for
direct access by temperature
sensors.

A possibility is to get boundary
data for local 3D simulations
from global 2D simulations of
the whole furnace, e.g. with
the programs CrysVUn or

Fig.3: Radial distribution of vacancies and interstitials (top) and
numerically determined V/G ratio (bottom) during CZ growth of

100mm Si crystals calculated with CrysVUn.
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STHAMAS. The corresponding
transfer routines for output of
temperature and heat fluxes
have been implemented in the
CGL's 2D codes and already
applied successfully for
academic test cases as well as
for industrial silicon and gallium
arsenide set-ups.
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Fig.4: Graphical user interface of STHAMAS3D.



Modeling of Solidification Phenomena in
Technical Alloys under Microgravity

Solidification of alloys differs in
many aspects from phase-
change of pure substances and
semiconductors. In opposite to
pure substances, liquid and
solid can coexist in equilibrium
over a range of temperature up
to the eutectic point. The solid-
liquid interface is characterized
by complex, tree like structures.
These so called dendrites are
determining the properties of
the final cast product and are
therefore of essential
importance.

The modeling of these
processes is a multi-disciplinary
field encompassing material
science and metallurgy,
thermodynamics, fluid and solid

mechanics, heat and mass
transfer and other disciplines.
One of the most challenging
problems in solidification
modeling is an accurate
description of the complex
interactions between physical
phenomena occurring on
different length scales ranging
from atomic rearrangements,
over single crystal-melt
interactions, to heat extraction
at the system level making it
necessary to simulate the whole
furnace including heaters and
insulations.

While the understanding of
purely diffusive processes has
nowadays received a
considerable state of

knowledge, the interaction of a
flow field with the dendritic
structures is still a very active
research field. The difficulties
arise from the numerous causes
for fluid flow in casting
processes, like solidification
shrinkage, buoyancy induced
flows due to thermal and
solutal gradients and forced
flows due to pouring and
stirring, just to mention some.
The complexity of these
phenomena makes a
quantitative description
extremely complex.

The Crystal Growth Laboratory
has the leadership of an
European project named
MICAST, with the goal of

Fig.1: Foto of the furnace ARTEMIS and the corresponding numerical model in CrysVUN
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examining the influence of
forced flows on the developing
microstructure of cast AlSi
alloys. In total 6 institutes and 8
companies are cooperating
within the MICAST project. In
order to establish controlled
convective conditions, it is
foreseen to define microgravity
experiments on the new
International Space Station. The
microgravity environment helps
to separate the different causes
for fluid motion and enables a
controlled transition from
purely diffusive to controlled
convective conditions. The
examinations within the
MICAST project are focused on
technical Al-alloys with a high
industrial relevance.

The task of the Crystal Growth
Laboratory is to support the
design and the definition of
process parameters for the

planned experiments with the
aid of its software packages
CrysVUn and STHAMAS3D. For
an example, the codes are used
to identify relevant parameter
ranges for different magnetic
fields that might be used to
create a controlled flow inside
the melt. Both rotating as well
as travelling magnetic fields are
examined. Furthermore the
physical model is extended for
an accurate description of the
flow in the two-phase region
and the interaction with the
dendritic interface. A key
parameter for the modeling of
the flow in the two-phase
region is the permeability
according to Darcy's law, which
is describing the resistance of
the dendritic structure on the
flow. Besides the parameter
identification, our software is
used to simulate experiments
that are performed by the

project partners within the
MICAST project. As an
example, simulations for the
ARTEMIS facility of DLR should
be mentioned. The main
feature of this facility is the
usage of aerogels as a crucible
material. The optical
transparency of silica aerogels
enables the measurement of
the sample surface temperature
by optical methods with high
spatial and time resolution.

Experimentation in space is
both a long term as well as a
cost intensive topic. The
application of simulation tools
is getting more and more
important and helps to shorten
the design phase of the
cartridges and finally to save
money. In case of modeling
microgravity conditions are
achieved by a simple mouse
click.
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Fig.2: Measured and theoretical solidification velocity in an Al-Si alloy
directionally solidified in the ARTEMIS facility. The theoretical curve was

obtained within a global simulation of the whole furnace.
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Staff

Staff of the Crystal Growth Laboratory and of the Chair of Electrical Engineering Materials (WW6) of
the Institute of Material Science in the Late 70ies

Staff of the Crystal Growth Laboratory in 2001



R&D Projects

 Bulk Growth of GaAs, InP, Si and CaF2,
and solar cell materials experimental
Growth of low dislocation GaAs crystals
with 3" and 4" diameter by the Vertical
Bridgman/ Gradient-Freeze method
Funded by: BMBF

Experimental studies on the mass transport
during growth of GaAs crystals
Funded by: Freiberger Compound Materials
(BMVG)

Development of a crystal growth process
for InP 2" by the Vertical Gradient-Freeze
method
Funded by: Wafer Technology Ltd.

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

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

Development and construction of R&D
equipment for the growth CaF2 for the 157
nm application
Funded by:  Schott Lithotec (BMBF)

Experimental and numerical studies of
current topics in the field of growth of
CaF2 crystals
Funded by: Schott Lithotec

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

Processing of CIS: optimisation and
characterisation
Funded by: Siemens Solar, Bayerische
Forschungsstiftung

 Numerical simulation of crystal growth

High performance computer codes and
their application to optimize crystal growth
processes
Funded by: DFG

Efficient user friendly computation methods
for the use for the construction of industry
furnaces
Funded by: Bayer. Forschungsstiftung

Numerical modelling of metallurgical
solidification processes by the coupling of
the transport equations for porous media
with microsegregation at dendrite growth
Funded by: Bayerische Forschungsstiftung

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: BMWI (Crystal Growing
Systems)

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 of growth processes
for large GaAs substrate crystals by
numerical simulation
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: Siemens 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

Development of a Point Defect Simulation
Programme and licence of the computer
code CrysVUN
Funded by: MEMC

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 licence of the computer
code CrysVUn
Funded by: Freiberger Compound Materials

Development and licence of the computer
code CrysVUN
Funded by: CAESAR (BMBF)

Development and licence of the computer
codes CrysVUN and STHAMAS

Funded by: Institute of Crystal Growth
Berlin (BMBF)

Development and licence of the computer
code CrysVUN
Funded by: Research Center Rossendorf

Development and licence of the computer
code CrysVUN
Funded by: University Stuttgart

Development and licence of the computer
code CrysVUN
Funded by: NRC Soreq, Israel

Development and licence of the computer
code CrysVUN
Funded by: Wafertechnology, UK

Development and licence of the computer
code STHAMAS and CrysVUN
Funded by: Shinetsu, Japan

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

Development and licence of the computer
code STHAMAS
Funded by: Mitsubishi, Japan

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

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

Development and licence of the computer
code CrysVUN
Funded by: Umicore, Belgium

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

Development and licence of the computer
code CrysVUN
Funded by: University Minnesota



Equipment

Laboratory space:
120 m2 laboratory space at
university plus offices and
laboratories (70m2) which
belongs to the Department of
Crystal Growth of the
"Fraunhofer Institute for
Integrated Circuits".

Main Equipment:

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
facilityy

- centrifuge for experiments
under high gravity
(centrifuge radius 50-
120cm, rotation speed 0-
250rpm)

Analysis and
characterization of materials
•  Optical/infrared microscope,

Reichert-Jung
•  Other different optical

microscopes
•  Mapping system for optical

spectroscopy of
semiconductor wafers

•  Interferometic profilometer
for surface analysis of
semiconductor wafers

•  X-ray Laue camera
•  Hall-measurement-system

(temperature dependent
15K-650K)

•  laterally resolved resistivity
measurements by 4-point-
probe-method and
spreading resistance
(resolution 20µm)

•  Measurement system for
characterisation 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

•  Atomic absorption
spectrometry for trace
analysis

•  Differential Thermal
Analysis for determination
of phase diagrams

•  Differential Scanning
Calorimeter for
thermodynamic and kinetic
studies

•  1 frequency converter
(P=90kW, f=1...1000Hz)

Preparation and
metallography
•  Facilities for preparative

work related to III-V
compound wafer
preparation (grinder,
annular saws, lapping and
polishing equipment)

•  2 evaporation systems
•  Sputtering systems (DC, 6"

target diameter)

Others
•  1 magnet for axial steady

field (inner diameter 50cm,
Bmax = 0.2T)

•  2 magnets for rotating
fields (inner diameter 15cm,
Bmax = 10mT)

•  1 magnet system for
rotating fields (variable
diameter)

•  1 Gaussmeter for magnetic
induction measurements (3
axes)



Publications since 2000

2000
P. Berwian, D. Wolf, G. Mueller, W. Stetter, F. Karg
Investigation of phase transformation in the Cu - In - Ga - Se - system by thin film calorimetry and x-rya diffraction, EPSEC Glasgow
(2000)

B. Birkmann; M. Rasp; J. Stenzenberger; G. Mueller
Growth of 3 " and 4 " gallium arsenide crystals by the vertical gradient freeze (VGF) method, Journal of Crystal Growth, Volume
211, Issue 1, 2000, Pages 157-162

B. Eisener, D. Wolf, G. Müller
Influence of Sulphur on the electrical and optical properties of p-type CuIn(SxSe1-x)2 single crystals, Thin Sol. Films, 361, 2000, 126-
129

B. Fischer, J. Friedrich, U. Hilburger, G. Müller
Systematic study of buoyant flows in vertical melt cylinders under the influence of rotating magnetic fields, Proc. EPM2000,
Nagoya, Japan, (2000) 497-502

Ch. Frank, K. Jacob, M. Neubert, P. Rudolph, J. Fainberg, G. Müller
Temperature field simulation and correlation to the structural quality of semi-insulating GaAs crystals grown by the vapour pressure
controlled Czochralski method (VCz), J. Cryst. Growth 213, (2000) 10-18

J. Friedrich, R. Backofen, G. Müller
Numerical simulation of grain structure and global heat transport during solidification of technical alloys in MSL inserts under
diffusive conditions, COSPAR 2000, Warsaw, July 17-19 2000

J. Friedrich, B. Fischer, O. Gräbner, D. Vizman, G. Müller
High performance computing for the analysis of the influence of steady magnetic fields on convective heat transfer in Czochralski
melts: comparison to experimental results, Proc. 4th Int. PAMIR Conference, Presqu`ile de Giens, France (2000) 239-244

O. Graebner; A. Muehe; G. Mueller; E. Tomzig; J. Virbulis; W. von Ammon
Analysis of turbulent flow in silicon melts by optical temperature measurement, Materials Science and Engineering B: Solid-State
Materials for Advanced Technology, Volume 73, Issue 1, 2000, Pages 130-133

C. Hack, G. Mueller
Nucleation of CIS thin films on monocrystalline CIS - substrates, EPSEC Glasgow (2000)

M. Kurz, G. Müller
Control of Thermal Conditions during Crystal Growth by Inverse Modelling, J. Cryst. Growth, 208, (2000) 341-349

M. Metzger, R. Backofen,
Optimal temperature profiles for annealing of GaAs-Crystals, Journal of Crystal Growth 220 (2000) 6-15

A. Muehe; G. Mueller
Quantitative optical in-situ measurement of the dissolution rate of the silica crucible in the silicon Czochralski process, Materials
Science in Semiconductor Processing, Volume 3, Issue 3, June 2000, Pages 185-189

G. Mueller, P. Berwian, E. Buhrig, B. Weinert
GaAs Substrate for high power laser diodes, in R. Diehl (Ed.), High Power Diode Lasers, Topics. Appl. Phys. 78, Springer (2000),
121-171

I. Nicoara, D. Vizman, J. Friedrich
On void engulfment in shaped sapphire crystals using 3D modelling, Journal of Crystal Growth, Volume 218 (2000), 74-80

D.Vizman, B. Fischer, J. Friedrich, G. Müller
3D numerical simulation of melt flow in the presence of a rotating magnetic field, Int. J. Num. Meth. Heat Fluid Flow 10, (2000)
366

D. Vizman, J. Friedrich, G. Müller
Three dimensional numerical simulation of thermal convection in a Czochralski melt, B. Sunden and C.A. Brebbia (Editors),
Advanced Computational Methods in Heat Transfer VI, (2000) 137-146

A. Voigt, M. Metzger
Numerical Simulation and Control of Industrial Crystal Growth by the Czochralski and Vertical Gradient Freeze Method, caesar
preprint 2000-2, (2000)



Publications since 2000

D. Vizman; I. Nicoara; G. Muller
Effects of temperature asymmetry and tilting in the vertical Bridgman growth of semi-transparent crystals, Journal-of-Crystal-
Growth. vol.212, no.1-2; April 2000; p.334-9

D. Wolf, G. Müller
Kinetics of CIS formation studied in-situ by thin film calorimetry, Thin Solid Films, Volumes 361-362, 21 February 2000,  Pages 155-
160

2001
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, AHPCRC, Preprint 2001-017

S. Enger; O. Grabner; G. Muller; M. Breuer; F. Durst
Comparison of measurements and numerical simulations of melt convection in Czochralski crystal growth of silicon, Journal-of-
Crystal-Growth. vol.230, no.1-2; Aug. 2001; p.135-42

O. Grabner; G. Muller; J. Virbulis; E. Tomzig; W. v. Ammon
Effects of various magnetic field configurations on temperature distributions in Czochralski silicon melts, Microelectronic-
Engineering. vol.56, no.1-2; May 2001; p.83-8

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

A. Muhe; G. Muller
Optical in-situ measurement of the dissolution rate of a silica-Czochralski-crucible with silicon melt and comparison to ex-situ
measurements, Microelectronic-Engineering. vol.56, no.1-2; May 2001; p.147-52

G. Müller, B. Fischer
Optimization of Melt Growth Processes by Experimental Analysis and Computer Modeling, Advances in Crystal Growth Research,
eds. K. Sato, Y. Furukawa, K. Nakajima, Elsevier, Amsterdam, (2001) 167-190

O. Pätzold, B. Fischer, U. Wunderwald, E. Buhrig
Vapor phase doping under microgravity, Proc. Symp. on Int. Sci. Cooperation  onboard MIR, Lyon, France, (2001) 301

M. Rasp, B. Birkmann, G. Müller
Anomalous interface shapes in the seed well during vertical gradient freeze growth of Si-doped GaAs, J. Cryst. Growth 222, (2001)
88

U. Sahr, I. Grant, G. Müller
Growth of S-doped 2'' InP-Crystals by the Vertical Gradient Freeze Technique, 13th International Conference on Indium Phosphide
and Related Materials, Nara, Japan, (2001)

D. Vizman, J. Friedrich, G. Müller
Comparison of the predictions from 3D numerical simulation with temperature distributions measured in Si Czochralski melts under
the influence of different magnetic fields, Journal-of-Crystal-Growth. vol.230, no.1-2; Aug. 2001; p.73-80

D. Vizman, O. Gräbner, G. Müller
Three-dimensional numerical simulation of thermal convection in an industrial Czochralski melt. Comparison to experimental
results, Journal of Crystal Growth, Volume 233, Issue 4, December 2001, Pages 687-698

B. Wiedemann, J.D. Meyer, D. Jockel, H.C. Freyhardt, B. Birkmann, G. Müller
Spark source mass spectrometric assesment of silicon concentrations in silicon doped gallium arsenide single crystals , Fresenius'
Journal of Analytical Chemistry 370, (2001) 541



Address:
Prof. Dr. Georg Müller
Crystal Growth Laboratory
FAU-WW6, Martensstr. 7
D-91058 Erlangen

or

Prof. Dr. Georg Müller/ Dr. Jochen Friedrich
Crystal Growth Laboratory
FhG IIS-B, Schottkystr. 10
D-91058 Erlangen

Phone: +49-9131-761-344
Fax:     +49-9131-761-312
Email: jochen.friedrich@iis-b.fhg.de
www: http://www6.ww.uni-erlangen.de/CGL

Access:
By car
Use A 3, exit Tennenlohe/Erlangen, follow signs
for Erlangen,after 2 km take
exit "Universität Südgelände".

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

By train
Convenient train services from Nürnberg
Central Station to Erlangen.
From Erlangen station use taxi (15 minutes)
or bus lane 287 to Stettiner Strasse (30 minutes).

FHG-IIS-B Site
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