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Crystal growth processes
provide basic materials for
many applications and are for
example one key technology in
the chain of all manufacturing
processes for (opto-)electronic
devices. The research and
development of crystal growth
processes 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 crystal properties in the
micro- and macroscale and
materials with new properties.

Therefore, the focal area of
research of the Crystal Growth
Laboratory (CGL), is to develop
– 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

optimize the crystal growth
processing by a combined use
of experimental process
analysis and computer
modeling. This activities are
based on a suitable
experimental infrastructure and
on highly efficient user friendly
simulation programs named
CrysVUn, STHAMAS and
STHAMAS3D. These computer
codes, which are continuously
further developed, are used for
and by the industrial 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. 117 "Study"
theses, 82 diploma theses and
36 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 12
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

Fig. 1: German Science Foundation award of the Stifterverband was granted to Prof.
Müller, Dr. Friedrich, Mr. Molchanov, Mr. Gräbner, Dr. Ardelean (from left) and

coworkers of Schott Lithotec
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different fields, e.g. systems
engineering, metrology,
computer simulation, physics,
material science, mathematics.

In the year 2003 the R&D
activities of CGL were
decorated with several national
awards. Which underlines the
fact that CGL is a world-wide
acknowledged center of
competence in this field. The
research award of the German
Association for Crystal Growth
(DGKK) was granted to Dr.
Birkmann for his outstanding
achievements in the field of
“growth and characterization of
Silicium doped GaAs substrate
crystals with extremely low
dislocation densities”. Dr. Jung,
Mr. Hainke and Mr. Jurma
received the Georg-Waeber
Innovation Award from the
“Förderkreis Mikroelektronik” for
their outstanding contributions
in the field of “development and
commercialization of the
software program CrysVUn for
the optimization of crystal
growth processes in
microelectronics”. During the
Festival of Research of the
Fraunhofer Society, held on
October 22 2003 in Duisburg

the German Science
Foundation Award of the
Stifterverband was granted to
Dr. Ardelean, Dr. Friedrich, Mr.
Gräbner, Mr. Molchanov and
Prof. Müller. The price was
awarded to the researchers for
their constitutions to the
successful growth of highly
perfect calciumfluoride crystals
to be used in semiconductor
technology as lens material in
the micro lithography for
producing chips.

These scientific achievements
are also one reason that the
department could continue its
industrial collaborations in its
traditional fields despite of the
economic contractions of the
global market.

In addition, the basis was made
in 2003 so that the new
research areas could be
extended further. In the field of
solution growth of GaN-crystals
transparent GaN was grown
reproducibly. In the area of low
cost silicium for photovoltaic
applications a new R&D project
was initiated with the company
RWE Schott Solar. In this
project the carbon transport is

investigated during the pulling
of Silicium octagons with
lengths of up to 7 m and wall
thickness of a same-hundred
microns.

In the field of numerical
simulation the IISB is the first
institution which utilizes new
methods from the field of soft-
computing like the genetic
algorithms in order to optimize
automatically crystal growth
equipment and processes. This
is one of the prerequisites, that
the software products of the
CGL will be used by the crystal
growth companies in the future.

CGL maintains national but also
international cooperations to
industry. The industrial partners
were in 2003 (in alphabetical
order): Crystal Growing
Systems, EADS, Freiberger
Compound Materials, Komatsu,
LG Siltron, Linn High Therm,
MA/COM, MEMC,
Photonicmaterials, Schott
Lithotec, Shell Solar, Shinetsu,
Sumco, Riedhammer, RWE
Schott Solar, VB-TEC,
Umicore, Wacker Siltronic,
Wafer Technology.

Fig. 2: The Georg Waeber Innovation Award was granted to the CrysVUn
team, consisting of Flaviu Jurma-Rotariu, Marc Hainke, Thomas Jung and

former co-workers of CGL.
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Indium phosphide is a III-V
compound semiconductor
crystallizing in the sphalerite
structure. The revolution in
optical fiber communications
has swept InP into a dominant
position as substrate for opto-
electronic devices. InP has a
fortuitous lattice match to alloys
with bandgaps coinciding with
the 1.3µm and 1.55 µm
windows in optical fiber. 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 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 with
bottom seeding by the Vertical
Gradient Freeze (VGF) or
Vertical Bridgman (VB)
Technique. 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.

In our laboratory S- and Fe-
doped 2” crystals are grown by
the VGF-technique in [001]-
direction. The crystal growth
process was optimized by using

a “flat-bottom” crucible.
Thereby, an optimized furnace
set-up with a high thermal
stability was developed by the
aid of numerical modeling using
the software package CrysVUn.

For the growth of S-doped InP
LEC-grown seed crystals with
an EPD = 3-5·104 cm-2 were
usually used. In this case a high
tendency to polycrystalline
growth was observed. To
increase the single crystalline
yield, LEC-seed crystals with
EPD < 1000 cm-2 were applied
for the first time.

The samples cut from the
grown VGF-crystals were
characterized by Hall-
measurements, dislocation
revealing and synchrotron X-ray
topography. In the VGF-crystals
the dominant type of
dislocations is represented by
60°-dislocations (type (1)).
Additionally edge-dislocations
with line vector l = <112> (type
(2)) were found at the seed end
(see fig. 1). In the case of LEC-
seed crystals with EPD < 1000
cm-2 a sudden increase of the
dislocation density at the
seeding interface was
observed. In the VGF-grown
section of the crystal the EPD is
7500 cm-2 (see fig. 1). It is

Fig. 1: X-ray topogram of a vertical section cut from a 2” InP crystal grown by the VGF-method. The
dislocation density of the LEC-seed is < 1000 cm-2. In the VGF-grown section of the crystal the EPD is
7500 cm-2. 60°-dislocations (type (1)) and edge-dislocations (type (2)) with line vector <112> were
found near the seeding interface (s).
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assumed that dislocations with l
= <112> are formed by grow-in
and misfit-dislocations. 60°-
dislocations can be related to
thermal stress. However, the
dislocation density decreases
with increasing dopant
concentration (n > 1.5·1018 cm-

3). At the tail end of the crystals
an EPD of 500 cm-2 is reached
(see figure 2 a).

The growth of Fe-doped
crystals is under development.
The single crystalline yield is
reduced by polycrystalline
growth and twinning. Fig. 2 b)
shows an EPD-mapping of a 2”
substrate from the seed end of
a Fe-doped crystal. The EPD is
16000 cm-2.

Recent Publications

U. Sahr, I. Grant, G. Müller,
Conf. Proc., 13th Int. Conf. on
Indium Phosphide and Related
Materials 2001, Nara, Japan,
533-536, IEEE: ISBN 0-7803-
6700-6

U. Sahr, M. Baeumler, I. Grant,
W. Jantz, G. Müller, Conf.
Proc., 14th Int. Conf. on Indium
Phosphide and Related
Materials 2002, Stockholm,
Schweden, 405-408, IEEE:
ISBN 0-7803-7320-0

I.R. Grant, U. Sahr, Conf. Proc.,
14th Int. Conf. on Indium
Phosphide and Related
Materials 2002, Stockholm,
Schweden, 413-415, IEEE:
ISBN 0-7803-7320-0

U. Sahr, G. Müller, Conf. Proc.,
12th International Conference
on Semiconducting and
Insulating Materials 2002,
Smolenice Castle, Slowakei,
13-18, IEEE: ISBN 0-7803-
7418-5

M. Baeumler, E. Diwo, W.
Jantz, U. Sahr, G. Müller, I.
Grant, Conf. Proc., 29th
International Symposium on
Compound Semiconductors
2002, Lausanne, Schweiz, 53-
56, IOP Conference Series 174

a)

b)

Fig. 2: EPD-mappings of 2” substrates. Figure a) represents a
substrate from the tail end of a S-doped crystal (EPD = 500 cm-2). In
figure b) a substrate from the seed end of a Fe-doped crystal is
shown. The EPD is 16000 cm-2.
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Both the commercial and the
scientific success achieved
internationally in the
semiconductors belonging to
the group III-nitrides continued.
First nitride based laserdiodes
have been incorporated into
commercial products and also
in the areas of high temperature
and high frequency electronics
major progress has been made
e.g. for the breakdown voltage
and the gate leakage currents.

Despite all progress the devices
are still grown by heteroepitaxy
which gives rise to a number of
problems. A GaN single crystal
of relevant dimensions is still not
in sight. Nevertheless there is a
large progress concerning the

so-called quasi-substrates
(freestanding layers grown by
hydride vapor phase epitaxy).
The dislocation densities are in
the best case as low as 106cm-2,
which is still significantly higher
than in the case of the classical
III/V-semiconductors.

At CGL research is done on the
crystal growth of GaN in the
frame of a BMBF-funded
project (FKz. 01BM158). The
main point of interest is a
technique which allows the
growth of GaN crystals from a
metallic flux. The nitrogen is
supplied by the vapor phase.

The project work advanced very
much during the last year.

Prototype facilities for the
crystal growth of GaN have
been developed and were put
into operation. In these set-ups
GaN-crystals were grown in the
flux by homogeneous
nucleation. In addition, it was
also possible to grow GaN by
heterogeneous nucleation
using a seed.

By optimization of the process
parameters we succeeded to
nearly completely suppress the
occurrence of structural defects
in form of pits on the crystal
surface. At present there are no
defects of this type visible in the
scanning electron microscope.

Apart from the crystal growth

Figure 1: GaN crystals grown from flux
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various non destructive
methods like Raman-
spectroscopy, optical
absorption and cathodo- and
photoluminescence (PL) have
been used to characterize the
crystals.

The Raman-spectra (fig.2a)
show the characteristic peaks
for GaN and allow to estimate
the charge carrier concentration
to be in the order of 1019 cm-3. A
more precise quantification by
means of electrical
measurements will follow.

A photoluminescence spectrum
between 1.8 and 3.6 eV of a
sample grown by the method
described above is shown in
fig.2b. The spectrum is typical
for highly-doped n-type GaN. It
shows a luminescence close to
the band gap between 2.9 and
3.4 eV and a yellow
luminescence peak between
1.8 and 2.6 eV.

In 2004 the work on the solution
growth of GaN will be
intensified. It is aimed to
correlate crystal quality and
growth conditions by applying
comprehensive electrical and
structural characterization. This
will help to further improve the
process conditions.

One of the main problems
concerning the growth of nitride
crystals is the fact that the
nitrogen solubility is unknown
under the conditions of the
applied process. Therefore, it is
planned to determine the
nitrogen solubility by using
thermogravimetry (TG).
Meanwhile we succeeded to
optimize the thermogravimetry
system of the company Netsch
so far, that the specifications of
the manufacturer are exceeded
and that the accuracy should be

sufficient for the determination
of the solubilities. First
quantitative results are
expected for 2004.

Besides the growth of GaN
from metallic fluxes we started
in a cooperation with the
Technical Chemistry of the
university Erlangen Nuremberg
to perform R&D work on the
crystallization of GaN from
supercritical NH3. A similar
method is successfully used in
industry since decades for the
growth of quartz crystals for

technical applications from
supercritical water.
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Figure 2a) Raman spectrum of flux-grown GaN
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Single crystalline calcium
fluoride (CaF2) is designated as
a lens material for the
photolithography at
wavelengths in the deep
ultraviolet region. The
prerequisites for this application
are a high transmission and a
high resistance with respect to
radiation damage under high
intense laser irradiation. Pure
CaF2 has excellent
transmission properties without
absorption bands over a wide
wavelength range from UV to
IR. Selective absorption bands
exist in CaF2 only if the crystal
contains impurities.

Oxygen is considered as a
major impurity in CaF2. It is
reported in literature that
oxygen in CaF2 leads to the
formation of color centers which
strongly reduce the radiation
hardness. But so far no
quantitative relationship
between the oxygen
concentration in the crystal and
its optical properties has been
reported.

Experimental

The influence of oxygen on the
optical properties of CaF2 was
investigated by special crystal
growth experiments. The
experiments were carried out in
a special Bridgman-type growth
facility at CGL. The
experimental set-up is
schematically shown in fig. 1. A
special gas supply system was
used to introduce oxygen
directly into the crucible during
crystal growth. The flow rate of
oxygen was controlled by
mass-flow-controller. The
concentration of the oxygen in
the growth atmosphere and
therewith in the crystal was
varied over a wide range during

growth.

After growth the oxygen
concentration in the CaF2
crystal was determined
quantitatively by a special
characterization technique
called ERD (Elastic Recoil
Detection). Concentrations
between 5 ppm and 150 ppm
were detected.

Investigations of the optical
properties of the CaF2 crystal

revealed that the oxygen
causes an increase of the
absorption in the UV range with
an absorption maximum at 197
nm (fig. 2a). The relation
between the oxygen
concentration in the crystal and
the absorption coefficient at 197
nm was found to be linear (fig.
2b). This calibration relation can
be used for a quantitative
determination of the oxygen
concentration in CaF2 crystals
by absorption measurements.

Fig. 1: Experimental set-up for growth of oxygen doped CaF2
crystal.
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Furthermore, the influence of
oxygen on the radiation
hardness to X-ray and to
excimer F2-laser (157 nm)
irradiation was examined. X-ray
irradiation of CaF2 containing
oxygen induces absorption
bands in visible range with a
main maximum at 375 nm.
Thereby, the X-ray induced
absorption in CaF2 increases
with increasing oxygen
concentration.

Recent Publications
A. Molchanov, O. Graebner, G.
Wehrhan, J. Friedrich, G.
Mueller, Optimization of the
growth of CaF2 crystals by
model experiments and
numerical simulation Journal of
the Korean Crystal Growth and
Technology 13 (2003) 15-18

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

A. Molchanov, U. Hilburger, J.
Friedrich
Thermoelementanordnung zur
Temperaturmessung in
chemisch agressiven Medien
und bei Temperaturen größer
1000°C, Deutsches Patent,
Amtsaktenzeichen: 101 06
475.6

A. Molchanov, U. Hilburger, J.
Friedrich
Temperaturmessanordnung für
den Einsatz in chemisch
agressiven Medien und bei
Temperaturen größer 1000°C
Deutsches Patent,
Amtsaktenzeichen: 101 06
475.4

Fig. 2: Influence of oxygen concentration on absorption coefficient of
CaF2 crystal.
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One of the great challenges in
the solar cell industry is the
reduction of the production
costs while maintaining or
increasing the cell efficiency.
The Crystal Growth Laboratory
is involved in the research of
several industrial processes
having this goal in mind.

On the one hand the
optimization of the so-called Tri-
Si-Czochralski process was
carried out in collaboration with
Shell Solar. In the Tri-Si
process cylindrical Silicium rods
are pulled from the melt, which
consists of three single
crystalline columns with almost
equal size and having pie
shaped cross sections. This Tri-
Si structure is assumed to be
beneficial with respect to a
higher mechanical strength
during sawing and wafering in
comparison to monocrystalline
Silicium. The Crystal Growth
Laboratory has developed
proposals for an optimized hot-
zone design of the growth
facility by using numerical
simulation which allows a
higher pulling speed for the
same material quality.

Another cheap method for the
production of photovoltaic
Silicium is the ribbon
technology by using the EFG
(Edge-Defined-Film-Fed-
Growth)-process. In this
technique, the shape of the
crystal is defined by a capillary
supplied with Silicium by a melt
pool. The multicrystalline crystal
is pulled vertically out of the top
of the vessel.

The EFG-method utilized at the
industrial partner RWE Schott
Solar results in octagonal
Silicium tubes (fig. 1) with a wall
thickness of some hundred

microns and a length of 5 to 7
meters. These tubes are cut
into wafers by a laser cutting
tools. The striking features of
this process are the low
material losses due to cutting.

Due to technology specific
reasons graphite crucibles and
dies are usually used in this
EFG-process for photovoltaic
Silicium. Graphite has a
beneficial wetting behavior with
liquid Silicium. This is
mandatory for a precise control
of the meniscus and therefore
of the crystal shape. Further on
graphite parts for the crucible
and the die can be
manufactured much easier with
close tolerances especially
compared to SiO2-glass. The

latter loses considerably
mechanical strength at process
temperature.

However, graphite reacts with
the liquid Silicium which leads
to an enrichment of carbon in
the Silicium melt. If the carbon
concentration exceeds the
solubility limit of carbon in liquid
Silicium, SiC crystals can form
locally.

The critical concentration is a
function of the temperature.
Thus, SiC crystals grow mainly
in the colder regions while in
the hot parts the graphite
dissolves. In addition, an
enhanced carbon concentration
can be found in the crystal.

Fig. 1: EFG production facility at RWE-Schott-Solar.
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This process is governed
mainly by to factors: The
efficiency of the carbon
transport through the melt from
hot to cold areas and the
resistance of the used graphite
against the Silicium melt.
Up to now only a few results
exists in the carbon transport
during the Silicium-EFG-
process. In some older work the
reaction behavior between
Silicium and different graphite
materials was
phenomenologically analyzed.
In addition, a qualitative
description of the SiC-
precipitates as well as first
approaches for the simulation
of the carbon transport in the
vicinity of the die exist.
However, no quantitative
analysis of the carbon transport
in non isothermal Silicium melts
was carried out.

Therefore, a R&D facility was
installed at the Crystal Growth
Laboratory, which allows to
perform easily fundamental
experiments of the dissolution
behavior of graphite materials
in liquid Silicium.

These experimental
investigations are used to
obtain a quantitative model for
the carbon transport during
growth of Silicium octagons by
the EFG method. For this
purpose a model for the
description of the diffusive-
convective carbon transport
was implemented in the
software CrysVUn. Thereby,
the carbon dissolution is
modeled by a flux boundary
condition, which contains
dissolution rate of the graphite
material. The R&D activities
within this project with RWE
Schott Solar are focused on a

selection of optimized crucible
materials and optimized
boundary conditions.

                       Fig. 2: R&D-facility for the analysis of the
   reaction behavior between Silicium and

graphite materials.
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Chalcopyrite semiconductors
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.

The fabrication of solar
modules by thin film technology
is promising a significant
reduction of production cost
compared to the Silicium
technology dominating the
market today. The material and
labor cost are decreased
because of the reduced
material usage, the process
technology simplified by
integrated series connection, as
well as the direct deposition of
thin absorber layers on large
glass or flexible substrates.

Since 1998, Shell solar
(formerly Siemens Solar) is the
first manufacturer of
commercial CIS solar modules
with up to 40 W. While
presently more than 1 MW of
this first CIS-module generation
have been tested successfully
on the market, the expansion of
this technology demands
further development in three
areas:

1. Reduction of the production
cost by the higher
operational capacity of in-
line manufacturing with
modules larger than 1m²
and more than 100 W peak
power compared to the
present batch processes of
smaller substrates (<0.5
m²).

2. Increased efficiency at
maintained economic life-
time.

3. Development of cost-saving
alternative processes for
further reduction of cost of
material and investment.

CGL has been working in the
field of chalcopyrites for solar
application since the FORSOL
(Solar Energy Research
Association) program which
was established in 1995 with
the support of a number of
institutions throughout Europe.

This led to the direct
cooperation of CGL and Shell
solar, which is currently
concentrating on the first two
R&D tasks mentioned above.

At the moment, an extended
cooperation in the third area is
planned.

The main focus of the current
project, which is supported by
the Bavarian Research
Foundation, is the optimization
and characterization of the thin
film deposition and the
absorber formation process. To
achieve a deep 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.

In the so-called ‘stacked
elemental layer’ process used
by Shell solar for the industrial
formation of the chalcopyrite
absorber the elemental
components of the absorber are
deposited sequentially (in the
order Cu(Ga) → In → Se), and
afterwards a Rapid Thermal
Process (RTP) is applied to
synthesize the chalcopyrite.

One topic of research is the
incorporation of the Gallium in
the absorber during its
formation. Initially, it was
intended as a means of
widening the band gap of
CuInSe2 for a better adaptation
to the sun spectrum. However,
gallium fails to homogenize in
the absorber layer. 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 optimization
strategy.

According to our investigations,
the inhomogeneous Ga-
distribution can be explained by

Fig. 1: Model of the formation of a CIS-absorber during the
Stacked Elemental Layer process.
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different reaction kinetics of the
metallic absorber components
Cu, In and Ga during the
chalcopyrite formation, together
with a directional growth of the
chalcopyrite layer from the top
of the thin film to the
molybdenum back electrode
(Fig. 1).

Kinetic models (Fig. 2) 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 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
optimization 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.
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A. Brummer, V. Honkimäki, P.
Berwian, V. Probst, J. Palm, R.
Hock, Thin Solid Films 437
(2003) 297-307

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

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

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

P. Berwian, J. Hirmke, A.
Brummer, G. Müller, 13th
International Conference on
Ternary and Multinary
Compounds, Paris, 2002

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

0%

25%

50%

75%

100%

200 250 300 350 400 450
Temperatur [°C]

K
on

ze
nt

ra
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.
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The increasing requirement on
the quality and productivity of
crystal growth processes
makes it necessary to optimize
the processing by a
combination of experimental
knowledge and computer
modeling.

For this purpose the Crystal
Growth Laboratory develops
simulation programs which
allows the user to analyze and
optimize the crystal growth
process. CrysVUn is an
industrial approved, user
friendly simulation software
which enables researchers the
in deep investigation of high
temperature furnaces in two
dimensions.

The ongoing increase of
computer performance makes it
now possible to establish three
dimensional simulation software
also on low cost PC hardware
what is used in most
companies. CrysVUn3D is
aimed to fulfill this logical next
step toward a global simulation
of high temperature processes
in three dimensional geometries
while keeping up the user-
friendliness.

When starting a large scale
software project with a run-time
over years involving a couple of
man-years one is forced to
structure the software in a way
that it remains maintainable and
manageable. The complexity of
the application makes it
inevitable to use approved
software packages taking over
subtask. The software structure
must allow the easy
replacement of these packages
when another software package
exhibits better properties.

The software design of
CrysVUn3D targets on these

requirements. The basic idea is
to build up the basic system of
the software from elementary
components. The components
are very compact, all that is
known about them is what type
of object they represent - e. g. a
volumetric mesh, a matrix.

The components provide their
functionality via a collection of
interfaces. An interface itself
provides a set of semantically
related methods. The entirety of
all interfaces of a component
build up the actual functionality
of that component. With this
concept a component is a very
abstract term in the software
architecture without any major
implementation.

A realization of a component is
the polymorphic derivation of
the component and it is meant
to implement all of the
associated interfaces. Typically,
component realizations requires
the implementation  of more

than one interface but not all of
its interfaces (Figure 1).
The application cannot access
the realization directly. Instead
it has to use the abstract
component interface which
internally points to the actual
implementation. The decoupling
of usage and realization
provides a set of advantages.

A major benefit of the design is
that the realization of the
component need not to be
linked to the application. It will
be connected dynamically not
until it is needed by the
application. This implies that
porting the application to a
specialized hardware, i.e. high
performance computers, results
in porting only those component
realizations which are required
by the application to perform
the task. There may also exist
different implementations of the
same component and the
application can switch between
them even at runtime. The
integration and replacement of

Figure 1: The CrysVUn3D software architecture is based on a
component model with interchangeable implementations.
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commercial-off-the-shelf
libraries and products can
efficiently be done via
adaptation of the library
interface to the component
interface. The introduction of
strict interfaces prevents the
application developer as user of
the components from writing
highly inter-depended software
modules. This results in an
increase of maintainability and
manageability of the software
project.

Exchanging components at
application runtime requires
that all information about a
component that would have
been accessible when the
application was compiled, must
now be able to be queried at
runtime. This can be achieved
by adding reflexivity to the
component. Such components
can give information about what
can be done with them and
about what data they contain.
With the help of reflexive
components the application can
be designed in a generic, but
yet efficient way. An example
for this is the automized user-
interface generation.

A reflexive component can be
queried about its input
parameters and about their
type. This information is used to
generate a GUI (Graphical User
Interface) of a component with
the help of some GUI-Toolkit,
like wxWindows. Using a
description file per component,
additional attributes of the GUI
can be set up. We are using a
description in XML syntax
(eXtensible Markup Language)
for specifying - among other
tasks - the global layout of all
elements and the labeling and
the look of each element.
Furthermore the XML
description may contain rules

that link elements with each
other. For example rules like: "if
element A is active, then
element B is enabled, else
element B is disabled", may be
specified. By using the XML
description file the user-
interface can be rapidly
adapted to the needs of an
application without the need to
recompile a component. Figure
2 illustrates the process of an
automized user-interface
generation from the main
application's point of view.

With this software design we
built up a base system for a
simulation program which can
easily be extent by new
modules. The introduction of
components with there
interfaces ensures a well
defined behavior of the module.
This module concept allows
also to write extensions which

connects the application with
other programs.

The component implementation
may reside on the local
computer or can be distributed
over the network. The network
communication is encapsulated
by the base system and is
completely transparent for the
user of the component.
The automatic generation of the
GUI for setting the parameters
of the component by the user
reduces the cost of
development as well as it
avoids that the in-deep-
knowledge of the module
developer about the underling
window system is needed
which may vary between
different platforms.

Figure 2: At runtime the main application loads components
and generates the user-interface for the input parameters of
the component. The user-interface details are specified in a

XML description file that accompanies the component.
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The growth of bulk
semiconductor crystals from the
melt requires the control of
strictly defined temperature
fields in the melt and in the
growing crystal. Partially,
conflicting demands are made
on these temperature fields. For
example, a high axial
temperature gradient is
required for an exact definition
of the solid-liquid interface
position at a given growth
stage. On the other hand, this
leads to an increase of the
thermoelastic stresses and
consequently to an amplified
formation of defects in the
crystal.

An optimal control of the
temperature filed is only
possible if the process, i.e. the
time-dependent settings of
heater powers, and the  design
of the furnace are adapted to
each other.

For years now, numerical
simulation is a standard tool for
the development of new
equipment and processes.

Typically, one builds an
empirically based model of a
furnace which is then used to
develop a suitable growth
process by manual variation of
parameters. An automization of
this time-consuming and
expensive development
process requires a
parameterization as well of
parts of the equipment as of the
process itself. However, the
number of necessary
parameters  growths rapidly,
making a  complete screening
of the search space spanned by
these parameters impossible.
Therefore, the application of
optimization methods becomes
inevitable. As there are typically
no smooth transitions from

different processes to matching
furnaces, this search space is
strongly nonlinear and not well
suited for classical optimization
algorithms based e.g. on the
search of the steepest descend.

In the field of crystal growth,
CrysVUn, developed at CGL,
has been one of the first
commercial software tools
including optimization
strategies. By the so-called
inverse simulation it was
possible for a given furnace
geometry to automatically
compute heater

powers and temperatures
required to obtain a desired
temperature distribution. The
use of soft-computing
approaches can be considered
as a further development of this
optimization strategy. The term
„soft-computing“ comprises
methods like fuzzy logic, neural
computing, probabilistic
reasoning and evolutionary
computing. While abandoning
to a certain degree proofs of
completeness and exactness,
these approaches make it
feasible to treat and solve

Fig.1: Optimization of the material distribution and the thermal processing
for a model facility for the VGF-growth of GaAs crystals by using genetic
algorithms and CrysVUn. Left: initial configuration, thermal stress in the
crystal 2.8Mpa, right optimized material distribution, stress in the crystal

0.7MPa
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complex and otherwise
impossible to problems.

As a first example, the
applicability of genetic
algorithms in conjunction with
the thermal modeling tool
CrysVUn has been.

Genetic algorithms encode
given sets of parameters into bit
strings, so-called individuals. A
group of these individuals forms
a population. The „fitness“ of
each individual is evaluated by
means of the „fitness-function“.
In the present case, this means
the conduction of a thermal
simulation using the parameters
given by each individual.
Following the biological
paradigm, individuals within a
population compete then,
based on their fitness. After
evaluation of each generation,
different recombination- and
mutation  operators are applied
and a new generation is built.

The applicability of genetic
algorithms could be shown for
two industrially relevant crystal
growth processes:  The growth
of GaAs using the vertical
gradient freeze (VGF) process,
and the growth of Silicium by
the Czochralski-method.
For the case of growth GaAs,
the distribution of insulation
materials inside a model
furnace has been optimized
together with the settings for 6
heating elements. 28 free
parameters where subject to
optimization, the fitness
function was composed from 13
partially conflicting demands.
Using 13 CPU's (AMD 1600+)
in parallel, a result fulfilling all
requirements could be obtained
within 4 days.

Currently, in a cooperation with
Crystal Growing Systems

GmbH, Hanau (CGS),  the
inner assembly for a industrial

new VGF-furnace for the
growth of 6“ GaAs is being
developed.

As a second test case, the
geometry of heat shields as
well as the position of the side
heater inside a Czochralski-
Furnace for the growth of
Silicium has been optimized.
The goal of the optimization
was to maximize, at a given
growth rate, the axial
temperature gradient inside the

crystal. The main constraint in
this case was a maximum

temperature in the melt to
prevent crucible degradation.
Also for this example it could be
shown that, using a PC cluster,
good results can be obtained
within some days. Compared to
this, our experience shows that
such optimizations, manually
varying parameters by trial and
error, take typically several
weeks.

Fig.2: Optimization of heat shields in a Silicium-Czochralski-puller: left
Initial configuration, right optimized result
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It is well known that convective
heat transfer in the
semiconductor and oxide melts
has a strong influence on for
example the axial temperature
gradient in the crystal, the
shape of the solid-liquid
interface or on the transport of
species.

Therefore, three-dimensional
models are more often took to
analyze the influence of
different process parameters on
melt convection.

Widely spread is the use of
partial 3-D models, which
typically consist of crucible,
melt and crystal (see Fig. 1).
Mainly fixed temperatures (or
sometimes heat fluxes) are
imposed at the boundaries of
the computational domain.
These boundary conditions are
taken either from global 2-D
simulations or from
measurements. The crystal-
melt isotherm has either a fixed
shape or in the more advanced
case is treated as a Stephan
condition with a given growth
rate.

The melt flow is calculated by
solving the 3-D time-dependent
equations of mass, momentum
and heat conservation taking
into account the Boussinesq
approximation for an
incompressible Newtonian fluid.
The models are based either on
(quasi) Direct Numerical
Simulation or take into account
turbulence models like the low
Reynolds-k-ε or Large Eddy.

A typical example for such a
model is the commercial
software program
STHAMAS3D, which is
successfully used for the study
of Cz Si and LEC - GaAs under

the action of various magnetic
fields.

3-D time-dependent simulations
of Si Czochralski configurations
were carried out by using
STHAMAS3D to analyze the
influence of various growth
parameters and magnetic fields
including EMCz. The results
were also compared to
experimental data. It turns out
that the overall temperature
distributions are in better
agreement with experiments
than those of 2-D simulations,
although the mesh size is
coarse (3 105–106 cells) and
solutions are not fully grid

independent. However, the
most critical validation of
modeling is the quantitative
comparison of the Fourier
analysis of calculated
temperature fluctuations to
measured ones. In this case,
the best results were achieved
by a numerical technique which
uses a “flux blending” instead of
the usual approaches, like
large-eddy-simulation and
Reynolds-averaged turbulence
models.

It was clearly demonstrated that
the Reynolds averaged method
using k-ε model fails to predict
the temperature fluctuations.

Figure 1. Temperature distribution in LEC-GaAs melt
(top)and Si-Cz melt (bottom).
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Recent results of a
collaboration of CGL with
Freiberger Compound Materials
on the LEC growth of GaAs
prove that a 3-D modeling is
useful to predict the shape of
the solid-liquid interface under
the influence of various growth
parameters. It turns out that
temperature fluctuations have a
strong influence on the
interface shape.

Although the strategy of
performing local 3-D
simulations with proper thermal
boundary conditions obtained
from global 2-D-simulations
results in a better agreement
than the pure 2-D approach, a
real coupling between global 2-
D- and local 3-D-simulations is
necessary, because the melt
convection influences the
thermal field not only locally in
the melt. The convective heat
transport in the melt might
require that the heating power
in the 2-D-simulations has to be
adapted to the new conditions.
This would again result in new
boundary conditions for the 3-
D-simulations.

In order to meet this challenge,
CGL put many efforts in the
coupling of STHAMAS3D with
the other 2D global modeling
tools STHAMAS and CrysVUn.

In a first step it was analyzed
which kind of boundary
conditions (heat flux or fixed
temperature) should be
transferred from the global 2D
simulations and how sensitive
the 3D results are to small
changes in the thermal
boundary conditions.

It turned out that especially for
a more realistic coupled 3D
model of the LEC growth of
GaAs the type of boundary

conditions (i.e. heat fluxes,
fixed temperatures or a
combination of both) is very
important. A change of the
absolute temperature along the
crucible wall by 1 or 2K can
significantly change the
convective heat transport and
therefore the shape of the solid-
liquid interface. On the other
hand, the position where these
boundary conditions are applied
(i.e. e.g. at the inner or outer

crucible wall) seems to be less
important.

It is clear that three-dimensional
time-dependent melt flow has a
great influence on the global
heat exchange so that the
transfer of the information from
the 3D local simulation to the
2D global simulation should be
considered. This back-coupling
will be considered in the future
developments of STHAMAS3D.

Figure 2: Temperature profiles along the inner crucible wall for a GaAs-
LEC melt obtained from STHAMAS3D simulations for the three different

types of boundary conditions:

Case A)  fixed temperature at the inner crucible wall and at the melt
surface;

Case B)  fixed heat flux at the inner crucible wall and at the melt surface;

Case C)  fixed heat flux at the outer crucible wall and at the melt surface.
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Structural defects, like
dislocations have a big
importance for the application
of semiconductor crystals as
substrates for the device
manufacturing. In many cases
these dislocations have
negative effects on the quality
of the manufactured devices.
One of the main causes to
generate dislocations is the
plastic deformation of the
crystal as an effect of stress.
During the growth process of
the crystal from the melt or from
the gas phase thermoelastic
stress is generated as a result
of the inhomogeneous
temperature field in the growing
crystal. This can cause the
generation and the movement
of dislocations. During the
crystal growing process, the
agglomerations of dislocations
can induce the formation of
grain boundaries and this can
reduce the yield. This is a big
problem particularly growing
semiconductors like Gallium-
Arsenid and Indium-Phosphide.
Also in the case of Silicium
Czochralski growth dislocations
are getting more and more
important.

As a result of the mentioned
problems the Crystal Growth
Laboratory develops a
numerical model to describe the
dislocation dynamics during the
growth of semiconductors and
optic crystals in the framework
of a research fellowship of the
“Förderkreis für Mikroelektronik
e.V.” After the verification of the
model with experimental data,
the model will be used to
analyze the influence of
different process parameters on
the formation and on the
distribution of dislocations in the
crystal.

The dynamics of the
dislocations is a physically
extremely complex process.
Thus, the development and the
verification of the dislocation
model takes place step-wise. In
order to get from a qualitative
description of this problem to a
quantitative one additional
physical effects will be added
step-by-step. With this iterative
procedure it is possible at every
step of this development to
perform a parameter study with
the corresponding model.

The first assumption for the
development of the dislocation
model is the possibility to
calculate the thermal stress
considering the plastic
deformation. In the first step the
elastic stress model already
available in the software packet
CrysVUn is extended taking
into account the plastic
deformation.

To describe the dependency
between plastic deformation in
the crystal and the motion of
the dislocation the classical
Alexander-Haasen model (AH-
model) is used. First, the
implementation of the AH-
model is done in the
axisymmetric quasistationary
approximation.

For specific physical conditions,
for example constant effective
stress, the equations of the AH-
model are analytically
resolvable. With this analytical
solutions the implemented AH-
model was verified for specific
test cases.

In addition first test results are
available for the verification of
the implemented model with
published data. The outcome
on this is a good agreement
between the published results

With CrysVUn computed
von Mises stress

(top, max. 1.2 MPa),
dislocation density

(middle; 1000 cm-2) and
resulting residual stress
 (bottom, max. 0.8MPa)

in a GaAs-crystal with 2cm
diameter and a axial temperature

gradient of 7K/cm.
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and the calculated dislocation
density with the implemented
AH-model.

The quasistationary
approximation of the available
AH-model gives information
about the dislocation dynamic
during the crystal growth
process, not during the cooling
process or during the
subsequent annealing steps.
Therefore the existing model
will be extended in the next
step, to be able to calculate
time-dependent phenomena.

The dislocation dynamic is in
reality a three dimensional
process, in which each slip
plane and slip direction has
importance. Therefore in the
third development phase the
model will be extended to be
able to calculate the dislocation
density in each slip plane. The
sum of the density from each
slip plane gives then the density
of the dislocations in the whole
crystal. Such calculations are
only possible in the three
dimensional description of the
crystal.

Thus, a 3D program for stress
calculations was developed and
verified, in which the dislocation
model will be implemented.

Parallel to the development of
the model the study of the
effect of the growth condition on
the dynamic of the dislocations
for the growth of III-V
semiconductors and optical
crystals are continued.

Distribution of the von Mises stress in a 8“ GaAs crystal for a
temperature gradient of 10K/cm:

Benchmark solution from Ansys (top); Solution with own 3D
program (bottom)
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Experimental research in a
microgravity environment has
now a long tradition in the field
of material science. The
absence of gravity helps to
create defined conditions for
the occurring heat and mass
transfer during solidification
processes. This allows to
validate theoretical models and
to develop fundamental
relations between solidification
conditions and the resulting
material properties.

The planned Material Science
Laboratory (MSL) of the
European Space Agency (ESA)
onboard the International
Space Station (ISS) shall
enable the long term access to
a microgravity environment
during the next 10-15 years.
MSL consists primarily of a
process chamber
accommodating furnace inserts
and individual experiment
cartridges (see figure 1). So far,
the Low Gradient Furnace
(LGF) and the Solidification and
Quenching Furnace (SQF) are
planned to be the first
European furnace inserts in the
MSL. Both, LGF and SQF are
Bridgman-type furnaces, in
which the cartridge containing
the sample is moving relative to
the furnace insert during the
experiments. A fundamental
feature of MSL is its capability
for on-orbit exchange of furnace
inserts. In this way, the facility
supports various materials
processing techniques with
different thermal profiles. This
gives researchers the possibility
to design new furnace inserts
as scientific requirements
evolve. Thereby, the foreseen
experiments consider a wide
range of material systems, like,
e.g., AlSiMg, CdTe and CuSn.

In the framework of the Material
Science Laboratory User
Support Program ESA has
commissioned the CGL to
develop a “virtual” material
science laboratory, based on
the CrysVUn software, which
was developed at CGL in the
last years. CrysVUn is
especially designed for global
simulation of heat and mass
transport processes in high
temperature furnaces with
complex axi-symmetric or 2D
geometries.

The virtual material science
laboratory shall be used for
thermal simulations of the
solidification and crystal growth
experiments in order to support,
e.g.,
• the cartridge development,

in such way that a proper

thermal set-up of the
sample cartridge system
can be identified, which fits
to the dedicated scientific
requirements.

• the preparation and
execution of flight
experiments, as well as the
ground based reference
experiments. The goal is to
define and optimize the
process parameters, e.g.,
temporal evolution of heater
temperatures or the
translation velocity of the
furnace, in order to achieve
a certain thermal field inside
the sample.

• the experimentalists for
their further scientific
evaluation by providing
detailed information about
the thermal field inside the
sample-cartridge assembly

Fig. 1: Schematic of the Material Science Laboratory (source: ESA). The
furnace insert and sample-cartridge assemblies are exchangeable during
on-orbit processing. Numerical modeling of these parts with the software

package CrysVUn helps to define proper thermal set-ups and optimal
process conditions.
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during the flight
experiments as well as
during the reference
experiments on ground (see
figure 2).

To fulfill all this requirements,
CrysVUn was extended during
the last year with several new
features, like a comfortable
material data base. Currently,
the developed thermal models
are validated with experimental
measurements of the
temperature distribution inside
the furnaces. Thereby, we
apply the recently developed
genetic algorithms (GA) for the
systematic parameter variation
of some critical material
properties. One particular
difficulty is the identification of
the effective thermal
conductivity of the heat shields
used in the furnace inserts.

It can be expected, that
CrysVUn will be used
extensively by CGL and other
European research groups for
the support of experiments in
the field of material science
onboard the ISS. Nevertheless,
as the MSL will not be available
in the near future, the European
researches have to utilize
alternative flight opportunities,
like sounding rocket missions.
As an example, CrysVUn is
currently applied to support and
analyze an experiment onboard
the TEXUS41 mission
scheduled for November 29
2004. This rocket flight is part of
the European research program
MICAST in which CGL is
involved. The goal of this
project is to analyze the
influence of electromagnetically
driven flows on the
microstructure development of
AlSi alloys.

Recent Publications
J. Friedrich, J. Dagner, M.
Hainke, G. Müller, Crys. Res.
Technol. 38, No.7-8, 726-733,
2003.

M. Hainke, J. Friedrich, G.
Müller, Elgra News 23, 103,
2003.

J. Dagner; M. Hainke, J.
Friedrich, G. Müller,

Proc. of 4th Int. Conf.
Electromagnetic Processing of
Materials, Lyon, A2 3.6, 2003.

M. Hainke, J. Dagner, J.
Friedrich, G. Müller, 17th
Thermal and ECLS Software
workshop, ESTEC, 2003.

Fig. 2: Performance of a solidification experiment in the virtual material
science laboratory. The thermal analysis with CrysVUn provides

detailed information on the temperature field inside the furnace insert
and the sample-cartridge assembly.
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Equipment

http://www.kristallabor.de

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

Crystal growth
• several multi-zone furnaces for vacuum and high pressure conditions (for 2" - 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
• Thermogravimetry

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 and travel information

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: +49-9131-761-269
Fax: + 49-9131-852-8495 Fax: + 49-9131-761-280
http://www.kristallabor.de http://www.kristallabor.de
Email: georg.mueller@ww.uni-erlangen.de Email: jochen.friedrich@iisb.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




