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Editoral 

A warm welcome to everybody to the Annual German Crystal Growth Conference ("Deutsche 

Kristallzüchtungstagung, DKT 2020") of the German Association of Crystal Growth DGKK 

(Deutsche Gesellschaft für Kristallwachstum und Kristallzüchtung e. V.) !  

This year we are happy and proud to celebrate the 50th anniversary of DGKK. It was 

founded in April 1970 and later in October the first general assembly took place in Munich  

together with the colloquium “Kristallzüchtung” of the German Research Foundation (DFG). 

With actually just nearly 400 individual and institutional members, the DGKK is an important 

part of the crystal growth community in Europe and well connected worldwide. From the very 

beginning until today the success of the association is based on the interdisciplinarity of the 

members coming from all fields of natural sciences and engineering and united in the 

complexity of the single crystal growth and the cutting edge technology needed. Such a 

widespread collection of interests and topics, all focusing on structural perfection, optimum 

performance for technical applications, unique physical properties and last not least in the 

aesthetic and beauty of crystals may be unique. The DGKK combines and promotes all of the 

fundamental and applied knowledge in crystal growth science and technology, which is 

documented in the special issue of the Journal Crystal Research & Technology Vol 55(2) 2020, 

dedicated to the 50th Anniversary of the German Association for Crystal Growth and this book 

of extended abstracts. It mirrors our very active crystal growth community and our vital 

working groups in all its facets. Certainly the retrospection on occasion of our commemorative 

session on Thursday afternoon followed by the gala dinner is the central event and we wish at 

this place to express our thanks to all our members for their unwearied efforts to boost our 

community all the years. We are pleased to welcome some of the merited "veterans" of the very 

first years and we would like to express our thanks and very best wishes to all of our fellows, 

who cannot join our celebration because of health reasons.  

Beside the look back, the future perspectives are our central concern for the DKT 2020. 

The talks given by former and actual laureates of the DGKK prize as well by the invited 

speakers are supposed to inspire our discussion about our future challenges ranging from basic 

research, new materials and complex engineering technology to new computing methods and 

artificial intelligence.  

Finally we would like to express our gratitude to all the institutions and companies 

named on the front cover for generous financial support. We wish you all a fruitful and 

unforgettable conference and look ahead a successful future of our DGKK,  

Andreas Erb, Wolfram Miller, Andreas Danilewsky 
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Grußworte der Vorsitzenden des Exzellenzclusters ORIGINS  

 

 

Liebe Mitglieder der DGKK, 

im Namen der Mitglieder des Münchner ORIGINS Clusters gratulieren wir ganz herzlich der DGKK 

zum 50-jährigen Jubiläum.  

Der Exzellenzcluster ORIGINS untersucht die Entstehung des Weltalls und den Ursprung des Lebens. 

Er geht aus der sehr fruchtbaren Zusammenarbeit zwischen Astro-, Teilchen- und Kernphysikern 

innerhalb des vorherigen Exzellenzclusters Universe hervor, der die grundlegenden Eigenschaften des 

Universums erforschte. Hochreine Kristalle spielen hierbei eine ganz wichtige Rolle: sie werden zur 

Suche nach der dunklen Materie verwendet, zum Nachweis von Neutrinos bei niedrigsten Energien, zur 

Spurensuche was mit der anfänglichen Anti-Materie im Universum geschehen ist, oder um die 

Kopplung von hypothetische Teilchen an Photonen zu vervielfachen. Grundlagenforschung in der 

Kern-,  Astro- und Teilchenphysik und Kristallwachstum sind eng mit einander verbunden und die 

aktuelle Forschung in einem der Forschungsfelder beflügelt oft das andere.   

Wir wünschen Ihnen eine erfolgreiche Jahrestagung 2020! 

 

Herzliche Grüße 

Ihr 

 

 

Prof. Stephan Paul      Prof. Andreas Burkhart 
 

Co-Sprecher des Exzellenzcluster ORIGINS, München  

  

 

 

 





 

 

 

Grußwort vom Vorsitzenden der DGK 

Liebe Mitglieder der DGKK, 

im Namen der Deutschen Gesellschaft für Kristallographie gratulierte ich der DGKK ganz 

herzlich zu ihrem 50-jährigen Bestehen. Kristallzüchtung und Kristallwachstum haben in den 

50 Jahren nicht an Bedeutung verloren, im Gegenteil, manche Fragen sind heute aktueller 

sind denn je. 

Die DGKK und die DGK sind nicht nur durch ihre ähnlichen Namen verbunden, sondern auch 

durch gemeinsame wissenschaftliche Interessen, wie z.B. in den Materialwissenschaften. 

Dies spiegelt sich auch in gemeinsamen Aktivitäten wieder, wie ein gemeinsam organisiertes 

Mikrosymposium im Rahmen der DGK Jahrestagung 2018 sowie in 2019 beim GPPCG-3 in 

Poznań und einer DGK Summer School in Mühlheim, denen in Zukunft hoffentlich weitere 

gemeinsame Veranstaltungen folgen werden. 

Ich wünsche Ihnen eine erfolgreiche Jahrestagung 2020! 

 

Herzliche Grüße 

Ihr 

 

 
 

Ralf Ficner 

Georg-August-Universität Göttingen 

Vorsitzender der DGK 
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Grußwort zum 50-jährigen Bestehen der Deutschen Gesellschaft für 

Kristallwachstum und Kristallzüchtung e.V. (DGKK) 
 

Dr. phil. nat. Ursula Eul  
 

Bundesvereinigung Materialwissenschaft und Werkstofftechnik e.V. (BV MatWerk)  

E-mail: vorstand-bv@matwerk.de 

 

 

Zu ihrem 50-jährigen Bestehen gratuliert die Bundesvereinigung Materialwissenschaft und 

Werkstofftechnik e.V. (BV MatWerk) der Deutschen Gesellschaft für Kristallwachstum und 

Kristallzüchtung e.V. (DGKK) sehr herzlich. 

 

Hochwertige Kristalle halfen in der präparativen Chemie der 1950er Jahre, das Rätsel unserer 

Erbsubstanz zu lösen. Ohne technische Kristalle gäbe es heute weder WLAN noch Laser Pointer, weder 

Ultraschall-Gerät noch Körperscanner. Siliziumkristalle bilden die unverzichtbare Materialbasis für die 

Halbleiterindustrie und für die Solarindustrie. Ohne die wissenschaftlichen und technischen Erfolge in 

der Kristallographie wäre unsere Welt heute nicht so, wie sie ist.  

 

In den 50 Jahren ihres Bestehens hat die DGKK mit ihrem Einsatz für Forschung, Lehre und Technologie 

von Kristallwachstum, Kristallzüchtung und Epitaxie maßgeblich zum hohen Entwicklungsstand dieser 

Disziplinen in Deutschland und damit zu zahlreichen technischen und wirtschaftlichen Erfolgen 

beigetragen. Durch die kontinuierliche Optimierung der Kristallstrukturanalyse konnten immer wieder 

neue Einsatzgebiete erschlossen werden, z.B. in der Landwirtschaft, in der pharmazeutischen 

Industrie, im Bauwesen oder in der Textilindustrie. 

 

Für die Entwicklung neuer Materialien spielt die Analyse komplexer Kristallstrukturen eine wichtige 

Rolle: Erst wenn bekannt ist, welche Struktur zugrunde liegt, können zusätzliche Eigenschaften 

integriert werden. Bei smarter Kleidung werden z.B. verschiedene physiologische Parameter, wie 

Körpertemperatur oder Herzfrequenz, über Sensoren erfasst. Je nachdem, wie das Messergebnis 

ausfällt, können die verarbeiteten Stoffe einen kühlenden oder wärmenden Effekt erzeugen. 

 

Als Gründungsmitglied von BV MatWerk verbindet DGKK und BV MatWerk eine langjährige 

vertrauensvolle Zusammenarbeit. Beide Institutionen eint das Anliegen, die kontinuierliche 

interdisziplinäre Zusammenarbeit unter ihren Mitgliedern ebenso wie den wissenschaftlichen 

Nachwuchs zu fördern, den Austausch mit Politik, Wirtschaft und Gesellschaft zu intensivieren und die 

Wahrnehmung von Materialwissenschaft und Werkstofftechnik in Politik und Öffentlichkeit positiv zu 

beeinflussen.  

 

Die BV MatWerk bedankt sich ausdrücklich für das große Engagement der DGKK für 

Materialwissenschaft und Werkstofftechnik und wünscht ihr im Namen aller Mitglieder eine weiterhin 

erfolgreiche Zukunft.  
 
 
 
Dr. phil. nat. Ursula Eul  
 
Vorstandsvorsitzende der BV MatWerk e. V. 
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PROGRAMME  
 
WEDNESDAY, 11.03.2020  
 
10:00 – 10:10   OPENING   ANDREAS DANILEWSKY, ANDREAS ERB 

 

SESSION 1                                                                                         CHAIR PROF. DR. ANDREAS DANILEWSKY    

                                                                          
10:10 – 10:50  PROF. OLIVIER GUILLON, FORSCHUNGSZENTRUM JÜLICH GMBH            

(INVITED) Crystalline materials for electrochemical energy storage 

10:50 – 11:10  DR. DIRK KOK, RADBOUD UNIVERSITEIT NIJMEGEN, NL  
     Thermochemical heat storage using alcohol solvates 
11:10 – 11:30  DR-ING. MATTHIAS GERRMANN, ISABELLENHÜTTE, DILLENBURG 

VGF-Growth of Half-Heusler-material for industrial production of  
thermoelectric-material  

11:30 – 11:50  TOM SCHNEIDER, TU BERGAKADEMIE FREIBERG 
3D interlayer growth in the high temperature vapor phase epitaxy of GaN 

11:50 – 12:10  DR. NIKOLAY ABROSIMOV, LEIBNIZ-INSTITUT FÜR KRISTALLZÜCHTUNG, BERLIN 
Growth of 28Si crystals for the preparation of Si spheres  

   

 

12:10 – 13:20   LUNCHBREAK 

 

SESSION 2                                                                                                  CHAIR PROF. DR. PETER WELLMANN    

                                                                          
13:20 – 14:00  DR. MATTHIAS SCHRECK, UNIVERSITÄT AUGSBURG  
(INVITED) Single crystal diamond wafers by heteroepitaxy:  Synthesis and potential 

applications  
14:00 – 14:20  DR. LUTZ KIRSTE, FRAUNHOFER IAF, FREIBURG       

X-Ray Diffraction analysis of the defect structure of diamond substrates and   
Thick Diamond Films  

14:20 – 14:40  DR. STEPHAN MÜLLER, FRAUNHOFER IISB, ERLANGEN  
PVT growth of large freestanding C-doped AlN crystals 

14:40 – 15:00  DR. THOMAS STRAUBINGER, LEIBNIZ-INSTITUT FÜR KRISTALLZÜCHTUNG, BERLIN 
Growth of bulk AlN crystals: Influence of the temperature field on growth rate, 
optical absorption and dislocation density   

   
 
15:00 – 16:30   POSTERSESSION WITH DRINKS AND SNACK                                                                                         
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SESSION 3                                                                                                          CHAIR PROF. DR. ANDREAS ERB        

                                                                          
16:30 – 17:10  PROF. DR. GÜNTHER EGGELER, RUHR-UNIVERSITÄT BOCHUM 

 (INVITED) On mosaicity and the formation of defects during Bridgman processing of      
Ni-base single crystal superalloys  

17:10 – 17:30  TIMMY REIMANN, INNOVENT E.V, JENA     
Magneto-optical Bismuth substituted rare-earth iron garnet sensor films for 
characterization of electrical steel sheets  

17:30 – 17:50  DARREN PEETS PhD, TECHNISCHE UNIVERSITÄT DRESDEN  
Self-flux growth of single crystals of BaCoSO  

17:50 – 18:10  MARIUS PETERS, GOETHE UNIVERSITÄT FRANKFURT AM MAIN 
Crystal growth of the valence fluctuating system EuPd2Si2  
 

 
18:30 – 20:30  MITGLIEDERVERSAMMLUNG (GENERAL ASSEMBLY)                                                                            

  WITH DRINKS AND SNACK                                                                              
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THURSDAY, 12.03.2020  
 
SESSION 4                                                                                                             CHAIR  DR. WOLFRAM MILLER  

                                                                          
08:30 – 09:10  PROF. DR. JÖRG NEUGEBAUER, MAX-PLANCK-INSTITUT FÜR EISENFORSCHUNG, 

(INVITED) DÜSSELDORF  
Modeling crystal growth and materials design in high dimensional chemical and  
structural configuration spaces 

09:10 – 09:30  DR. NORA WOLFF, HELMHOLTZ-ZENTRUM BERLIN FÜR MATERIALIEN UND ENERGIE 
Growth of CuFeO2 single crystals by the optical floating-zone technique 

09:30 – 09:50  DR. NATALIJA VAN WELL, LUDWIG-MAXIMILIANS-UNIVERSITÄT MÜNCHEN 
Investigation of orthorhombic and tetragonal phases of Cs2CuCl4-xBrx mixed 
system  

09:50 – 10:10  SEBASTIAN GRUNER,  FRAUNHOFER THM FREIBERG 
Investigation of facet growth in heavily doped silicon single crystals grown in 
the mirror furnace   
 
 

10:10 – 10:40   COFFEEBREAK 

   

 

 

SESSION 5                                                                                      CHAIR PROF. DR. MATTHIAS BICKERMANN 

                                                                          
10:40 – 11:00 PROF. DR. MICHAEL HEUKEN, AIXTRON, SE HERZOGENRATH 

 Control of AlInN composition in closed coupled showerhead MOCVD reactors  

11:00 – 11:20  DR. ANDREAS POPP,  LEIBNIZ-INSTITUT FÜR KRISTALLZÜCHTUNG IKZ, BERLIN 
  Growth of modulation-doped ß-Ga2O3 multilayers by MOVPE 
11:20 – 11:40  DR. CARSTEN DUBS, INNOVENT E.V, JENA 

Nanometer-thin iron garnet films grown by liquid phase epitaxy  
11:40 – 12:00  MANUEL KOLLMUß, FRIEDRICH-ALEXANDER-UNIVERSITÄT ERLANGEN-NÜRNBERG 

Status of 3C-SiC bulk growth using sublimation epitaxy 
 
12:00 – 13:00   LUNCHBREAK 

 

 

SESSION 6                                                                                                   CHAIR PROF. DR. MICHAEL HEUKEN 

                                                                          
13:00 – 13:40 DR. ALEXANDER KILLI, TRUMPF LASER GMBH, SCHRAMBERG 

(INVITED) Significance of Optical Crystals for the laser industry 

13:40 – 14:00  PROF. DR. MATTHIAS BICKERMANN, LEIBNIZ-INSTITUT FÜR KRISTALLZÜCHTUNG, 

BERLIN 
Crystal growth of oxides and flourides at the IKZ   

14:00 – 14:20  ANASTASIA UVAROVA, LEIBNIZ-INSTITUT FÜR KRISTALLZÜCHTUNG IKZ, BERLIN 
Growth of high-melting sesquioxides for laser applications 

14:20 – 14:50   COFFEEBREAK 
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COMMEMORATIVE EVENT                        50 YEARS DGKK              A. ERB, W. MILLER, A. DANILEWSKY      

                                                                          
14:50 – 15:00  OPENING  

 

15:00 – 15:15  GRUßWORTE - WELCOMING SPEECHES 

  

15:15 – 16:00  GESCHICHTE DER DGKK UND DER ARBEITSGRUPPE “KRISTALLISATION” IN DER VFK  

  PROF. DR. HELMUT KLAPPER, AACHEN 
PROF. DR. PETER RUDOLPH, SCHÖNEFELD 

 

16:00 – 16:20  PRIZES FOR SCHOLAR‘S COMPETITION “WER ZÜCHTET DEN SCHÖNSTEN KRISTALL?“ 

16:20 – 16:25  POSTER PRIZE 

 

16:25  - 16:50   DR. ANTON JESCHE, UNIVERITÄT AUGSBURG 
Solution Growth as a powerful tool for the solid-state physicist 

 
16:50 – 17:20   DGKK NACHWUCHSPREIS: ROBIN LANG, FRAUNHOFER ISE FREIBURG 

MOVPE Growth of GaAs with Growth Rates up to 280 µm/h 
 

17:20 – 17:50   DGKK PREIS: DR. STACIA KELLER, UNIVERSITY OF CALIFORNIA ST. BARBARA (USA) 
The "amazing" group-III nitrides - epitaxy for optical and electronic applications 

 

19:00 – 22:00    GALA DINNER AT THE MUNICH TOWNHALL (RATSKELLER, ALTE KÜFEREI)  
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FRIDAY, 13.03.2020  
 
SESSION 7                                                                                                                              CHAIR LEV KADINSKI 

                                                                          
08:30 – 09:00  PROF DR. KOICHI KAKIMOTO, KYUSHU UNIVERSITY, JAPAN  

(INVITED) Collaboration of experiment and numerical analysis of crystal growth of  
  semiconductors 
09:00 – 09:20  DR. KASPARS DADZIS, LEIBNIZ-INSTITUT FÜR KRISTALLZÜCHTUNG, BERLIN 

Model experiments for crystal growth technique   
09:20 – 09:40  STANISLAUS SCHWANKE, FRAUNHOFER IISB, ERLANGEN 

Numerical modeling of metallic impurity incorporation during directional 
solidification of multi-crystalline silicon assisted by experimental proof 

09:40 – 10:00 OLIVER HARDER, LUDWIG-MAXIMILIANS-UNIVERSITÄT MÜNCHEN 
Forced convection by high-speed rotation in Czochralski growth from high 
temperature solutions 

10:00 – 10:20  DR. D.V. BERKOV, GENERAL NUMERICS RESEARCH LAB. , JENA 
Theoretical analysis, critique and validity limits of Haasen-Alexander-Model for  
predicting the dislocation density 

 
 

10:20 – 11:00  COFFEEBREAK 

   

 

 

SESSION 8                                                                                                          CHAIR DR. JOCHEN FRIEDRICH  

                                                                          
11:00 – 11:30 PROF. DR. STEFAN SCHÖNERT, TU MÜNCHEN 

(INVITED) High-purity single crystals for experiments in astroparticle physics research  

11:30 – 11:50  DR. RADHAKRISHNAN  SUMATHI LEIBNIZ-INSTITUT FÜR KRISTALLZÜCHTUNG, BERLIN 
Towards 80 mm diameter ultra-high purity germanium single crystals by 
Czochralski growth  

11:50 – 12:10  KEVIN-PETER GRADWOHL, LEIBNIZ-INSTITUT FÜR KRISTALLZÜCHTUNG,  BERLIN 
Formation of vacancy related defects in high-purity germanium   

12:10 – 12:30  ANGELINA KINAST,   TU MÜNCHEN  
CaWO4 crystal growth for the CRESST dark matter search  

12:30 – 12:50  DR. THOMAS JAUß, ALBERT-LUDWIGS UNIVERSITÄT,  FREIBURG 
Investigation of particle incorporation in a transparent melt system under µg 
conditions 
 

 
12:50 – 13:00  CLOSING REMARKS 
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POSTERS                                                                                                                                                              
 
 

1 MATTHIAS ARZIG, FRIEDRICH-ALEXANDER-UNIVERSITÄT ERLANGEN-NÜRNBERG  
Influence of the surface morphology on the defect distribution in the faceted region of 
4H-SiC single crystals 
 

2 MICHAEL SCHÖLER, FRIEDRICH-ALEXANDER-UNIVERSITÄT ERLANGEN-NÜRNBERG  
Limitations during Vapor Phase Growth of Bulk (100) 3C-SiC Using 3C-SiC-on-SiC 
Seeding Stacks 
 

3 MELISSA RODER,   ALBERT LUDWIGS UNIVERSITY FREIBURG 
X-Ray Analysis of Defects in 4H-SiC 

 

4 JOHANNES STEINER,  FRIEDRICH-ALEXANDER-UNIVERSITÄT ERLANGEN-NÜRNBERG 
Impact of Varying Parameters on the Temperature Gradients in 100 mm Silicon 
Carbide Bulk Growth in a Computer Simulation Validated by Experimental Results 

 
5 DR. KLAUS BÖTTCHER, LEIBNIZ-INSTITUT FÜR KRISTALLZÜCHTUNG, BERLIN 

Numerical Modelling of the Czochralski Growth of Neodymium-scandate single 
crystals 

 

6 FRANZISKA GRUßLER, UNIVERSITY OF AUGSBURG 
Synthesis and characterization of the triangular antiferromagnets NaYbO2, KYbO2 and 
NaYbS2 
 

7 ELLA SUPIK ALBERT LUDWIGS UNIVERSITY FREIBURG  
The Influence of Sodium Dodecyl Sulfate on the Growth and Properties of Triglycine 
Sulfate Crystals 
 

8 ALEXANDER ENGELHARDT,  TECHNISCHE UNIVERSITÄT MÜNCHEN 
Single-crystal growth and magnetic phase diagram of TbFeO3 

 

9 FRANZISKA BREITNER,  UNIVERSITY OF AUGSBURG 
Crystal Growth of Fe-doped Li3N 

 

10 GLORIA KIRSTE, LEIBNIZ-INSTITUT FÜR FESTKÖRPER- UND WERKSTOFFFORSCHUNG, 

DRESDEN 
Microstructural evolution of intermetallics under the influence of magnetic field 
annealing – exemplified by Mn3Ga 

 



German Conference on Crystal Growth DKT 2020, March 11 – 13, 2020,  

Physics Department, Technical University Munich, 85748 Garching, Germany    

Deutsche Gesellschaft für Kristallwachstum und Kristallzüchtung e. V. 

11 PATRIZIA FRITSCH, LEIBNIZ-INSTITUT FÜR FESTKÖRPER- UND WERKSTOFFFORSCHUNG, 

DRESDEN  
ZF NMR as a tool to clarify crystallographic, magnetic, and electronic structure of 
magnetically ordered materials  

 

12 DR. KRISTIN KLIEMT, GOETHE-UNIVERSITÄT FRANKFURT 
LnMn2Ge2 (Ln = Nd, Sm, Dy): Single crystal growth and characterization 
 

13 DR. MATTHIAS SCHUSTER, FRIEDRICH-ALEXANDER-UNIVERSITÄT ERLANGEN-NÜRNBERG  
Directly analyzing the depth dependent properties of Cu(In,Ga)(S,Se)2 wedges 
manufactured by exfoliation and a nontoxic, adjustable etching process 

 
14 JIAONA ZOU, MATERIALS RESEARCH CENTER FMF, FREIBURG 

Crystal growth of (Cd,Zn)Te under microgfravity Vampir-F: Characterization of ground 
experiments 

 
15 ANDREAS-GABRIEL SCHNEIDER, UNIVERSITY OF AUGSBURG 

In-situ detection of crystallization processes and seed selection in high temperature 
solutions 

 
16 DR. WOLFRAM MILLER, LEIBNIZ-INSTITUT FÜR KRISTALLZÜCHTUNG, BERLIN 

A KMC model for homoepitaxial growth of Ga2O3 
 

17 JAN PHILLIP WÖHRLE, ALBERT-LUDWIGS-UNIVERSITY FREIBURG 
Investigation of soluto-capillary convection in GexSi1-x melts 

 

18 IRYNA BUCHOVSKA,  LEIBNIZ-INSTITUT FÜR KRISTALLZÜCHTUNG, BERLIN 
Parameter study on n-type multicrystalline ingots with tailored resistivity profiles 
 

19 DR. FRANK M. KIESSLING, LEIBNIZ-INSTITUT FÜR KRISTALLZÜCHTUNG, BERLIN 
Investigation of directionally solidified quasi-mono silicon for future gravitational- wave 
detector test-mass mirrors 
 

20 STEFAN PÜSCHEL, LUDWIG-MAXIMILIANS-UNIVERSITÄT MÜNCHEN 
Single crystal growth of Sn- and Ge-substituted GaPd2 for basic research in catalysis 
 

21 DR. HANS-JOACHIM ROST, LEIBNIZ-INSTITUT FÜR KRISTALLZÜCHTUNG, BERLIN 
Thermally stimulated dislocation generation in silicon crystals grown by the Floating 
Zone method 
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CRYSTALLINE MATERIALS FOR ELECTROCHEMICAL ENERGY STORAGE 

 

O. Guillon abc 

 
a

 Forschungszentrum Jülich GmbH, Institute of Energy and Climate Research (IEK-1: Materials 

Synthesis and Processing), D-52425 Jülich, Germany 

 b Jülich-Aachen Research Alliance, JARA-Energy 
c Helmholtz-Institute Münster, c/o Forschungszentrum Jülich GmbH, D-52425 Jülich, Germany 

  

E-mail: o.guillon@fz-juelich.de 

 

 

Summary  

 

Electrochemical battery cells can be operated reversibly (in charging/discharging modes) in order to 

temporarily store electrical energy. Among the already commercially available battery systems, the Li-

ion technology has been continuously further developed since its discovery acknowledge in 2019 by 

the Nobel Prize in Chemistry. Reaching high energy densities, Li-ion batteries have enabled new 

applications in consumable electronics, power tools, battery electric vehicles or even electric flight. 

Current and future developments focus on the use of new electrode materials, solid-state electrolytes 

for higher safety and capacity, as well as alternative chemistries such as Na-ion. 

 

Inorganic crystals and polycrystals play a key role in all these type of cells [1]. On the one hand, 

compounds which can reversibly accommodate mobile Li- or Na-ions in their lattice are used as 

electrode materials. Today commercial cathode materials for Li-ion batteries are all oxide particles 

with well-defined stoichiometry and structure. On the other hand, crystalline ionic conductors with 

negligible electronic conductivity are potentially candidates for solid-state batteries. Their larger 

electrochemical stability may enable to combine a high-capacity metallic anode with high-voltage 

cathode materials.  

 

The presentation will give an overview of recent developments in the field and highlight the 

importance of controlling composition, crystalline phase, morphology and microstructure of 

crystalline materials by advanced synthesis and processing as well as characterization methods. 

 

 

 

 [1] Y. Arinicheva, M. Wolff,  S. Lobe, C.Dellen, D. Fattakhova-Rohlfing, O. Guillon, D. Böhm, F. Zoller, 

R. Schmuch, J. Li, Martin Winter, E. Adamczyk, V. Pralong, Ceramics for electrochemical storage, in 

“Advanced Ceramics for Energy Conversion and Storage”, Ed. O. Guillon, Elsevier, 2020. 

 





German Conference on Crystal Growth DKT 2020, March 11 – 13, 2020,  

Physics Department, Technical University Munich, 85748 Garching, Germany    

Deutsche Gesellschaft für Kristallwachstum und Kristallzüchtung e. V. 

 

Single crystal diamond wafers by heteroepitaxy:  

Synthesis and potential applications 

 

M. Schreck,
a
 S. Gsell,

 b
 M. Fischer

b
 

 

a Institut für Physik, Universität Augsburg, Universitätsstraße 1, 86135 Augsburg, Germany
 

 b
Augsburg Diamond Technology GmbH,  Am Technologiezentrum 5, 86159 Augsburg, Germany  

 E-mail: matthias.schreck@physik.uni-augsburg.de 

  

 

Summary  

 

Diamond is a crystalline material with a unique combination of extreme material parameters 

that form the base for various potential applications in mechanics, optics and electronics. Since the 

1950s two alternative routes for the synthesis have been explored: The first one is the high pressure 

high temperature (HPHT) method which copies the natural formation process using typical pressures 

of 5 - 6 GPa and temperatures of 1300 - 1600 °C. The second one is chemical vapor deposition (CVD) 

that works at conditions below ambient pressure (10 - 300 mbar) and at more moderate 

temperatures (500 – 1200°C). While the HPHT technique can deliver crystals of high structural 

quality, it suffers from severe limitations in size (< 1 inch). In contrast, CVD methods can readily be 

scaled to large lateral dimensions. However, CVD grown films are typically polycrystalline which 

hinders their use for high end applications like electronic devices. To tackle this dilemma, 

heteroepitaxy of diamond on foreign single crystals has been explored. The success of this approach 

was recently documented by the first report of a 3.5 inch size single crystal diamond wafer (s. Fig. 1).   

               

Fig. 1: (a) Free-standing single crystal diamond wafer grown heteroepitaxially on 

Ir/YSZ/Si(001). (b) Width of rocking curve measured along two perpendicular lines across the 

wafer. The corresponding average azimuthal width (dia(311) reflection) was 0.12±0.04° and 

the Raman line width 1.75±0.07 cm
-1

 [1]. 

In this presentation the efforts towards the realization of single crystal diamond in wafer-size 

will be reviewed. Important milestones, like the selection of iridium as growth surface, the use of the 

bias enhanced nucleation (BEN) procedure to generate oriented nuclei, the transformation of highly 

oriented diamond layers into real single crystals, the development of the multilayer substrate 

Ir/YSZ/Si and its scaling to wafer-size are described. Special attention is paid to threading 

dislocations, their role in stress formation and strategies to reduce their density. The state of the art 

in terms of structural quality for (001)- and (111)-oriented layers is presented and the potential for 

mailto:matthias.schreck@physik.un
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further improvement is critically discussed. In addition, the model explaining the non-classical 

diamond nucleation on Ir by the BEN procedure will be briefly outlined [1].  

 

The second part is focused on the material properties relevant for different applications. 

These comprise 

1) detectors for high energy particles at accelerator facilities [2] 

2) Schottky barrier diodes [3] 

3) monochromators for neutrons [3] 

4) host material for color centers as single photon emitters and quantum sensors [4] 

5) UV-VIS and IR optical components 

6) cutting tools for high precision machining of optical quality surfaces 

7) scalpels for eye surgery  

 

While some applications are already in a mature stage with first products being available on the 

market (http://www.audiatec.de), for others strong further efforts will be required, e.g. to develop 

high power electronic devices that can compete with alternative wide bandgap semiconductor 

materials.    
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Summary  

 

Ni-base single crystal superalloys (SX) are used to make blades for turbines which operate in aero 

engines and power plants and have to withstand mechanical loads at temperatures close to the 

melting point of the complex alloys. The materials are produced following an ingot metallurgy 

processing route, where melts are directionally solidified using a Bridgman process. Directional 

solidification is the first step in a processing chain, where specific heat treatments follow to establish 

the final microstructure. However, the dendritic solidification of the metallic melt is the first process 

which coins the SX microstructure, Figure 1 [1]. 

 

 

 

  

 

 

 

 

 

 

 

Fig. 1: Dendritic microstructures after 

Bridgman processing of SX. (a), (c) and 

(e): Metallographic cross sections 

perpendicular to the solidification 

direction. (b), (d) and (f): Longitudinal 

cross sections. Soldification rates: Top - 

45 mm/h; Middle - 180 mm/h; Bottom  

720 mm/h. 

 

 

The Ruhr-University Bochum and the Friedrich-Alexander University Erlangen Nürnberg have joined 

forces in the collaborative research center SFB/TR 103, which focusses on basic aspects which help to 

design a new generation of SX. In this context, elementary processes which occur during single 

crystalline solidification and which lead to the formation of crystal defects require careful attention. 

With this in mind, a seeded Bridgman process was developed which allows to produce cylindrical 

crystals of 12 mm diameter and 120 mm. Nucleation and competitive growth of dendrites is 
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investigated using optical scanning electron microscopy. 

 

In order to characterize misorientations between dendrites, a new orientation imaging SEM technique 

was developed, which allows to document and quantify crystal mosaicity at a high angular resolution 

[2]. In the present work we describe our seeded Bridgman procedure. We describe the elementary 

microstructural processes which we have identified. Finally, we present our new orientation imaging 

SEM method, which has an angular resolution < 0.03°. 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Fig. 2: Results obtained with the new orientation 

imaging scanning electron microscopy method 

(the rotation vector base line method, RV-EBSD 

method) [2]. (a) Out of plane misorientations due 

to bending processes. (b) Torsional 

misorientations. (c) Interpretation of 

misorienations in terms of geometrically 

necessary dislocations.  

 

 

The results of the present work are discussed in the light of results which were previously published 

in the literature. Areas in need of further work are outlined. 
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Modern engineering materials have evolved from chemically and structurally simple alloys with well-

established design rules to chemically, thermodynamically and structurally highly complex materials. 

This complexity presents a severe challenge to designing this new generation of materials, since 

experimental trial-and-error approaches, as successfully used in the past, are often no longer feasible. 

Ab initio approaches with their inherent predictive accuracy provide perfect tools to explore and 

identify design strategies, but face serious challenges to efficiently handle the vast high-dimensional 

configuration spaces resulting from this complexity. To address this challenge, we have developed a 

python based framework called pyiron that combines (i) rapid prototyping of the complex simulation 

protocols as needed to achieve computational efficiency and accuracy, (ii) a seamless integration to 

big data analytics and machine learning tools, as well as (iii) a simple upscaling from interactive 

prototyping to high-throughput calculations on supercomputer frameworks.  The flexibility and the 

predictive power of this approach will be discussed for examples covering various aspects of crystal 

growth and materials design.  
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Summary  

 

TRUMPF Laser is a leading manufacturer of high-power laser systems for industrial applications. The 

product portfolio of solid-state lasers ranges from high power CW lasers used for welding and cutting 

applications, to pulsed lasers used in micro machining applications [1]. 

 

In this presentation the significance of high-quality optical crystals is shown for a variety of use cases 

in industrial high-power laser systems.  

 

The first presented use-case is the optical isolator, which is a system critical component for high power 

pulsed laser systems such as short pulsed and ultrafast lasers [2]. 

 

The second use-case is the electro-optical modulator that can be deployed in cavity dumped 

resonators and regenerative amplifiers. TRUMPF offers a range of kW-class ns lasers based on the 

principle of cavity dumping [3]. On the other hand, the well-established product line TruMicro 5000 

uses regenerative amplification and in our case an electrooptical modulator [4]. On the very high-

performance range of regenerative amplifiers TRUMPF offers the “Dira”, a high energy (100s of mJ) 

high power (up to kW range) ultrafast laser that can be used for various scientific applications such as 

a drive laser for OPCPA [5, 6]. 

 

The third use-case is the conversion of infrared laser radiation into the visible spectral range and 

ultraviolet regime using nonlinear optical crystals. Many industrial micromachining processes are 

unthinkable without frequency conversion of CW, short pulse and ultrafast lasers. A prominent 

example is the lift-off of flexible displays from their mother glass [7], another one the welding of 

copper using a green CW laser [8]. 
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Summary 

 

Silicon (Si) and wide bandgap crystals are one of the main materials for solar cells, power devices 

and/or large scale integrated circuits. For the present power devices, Si crystals grown by the floating 

zone method are used so far [1]. To satisfy the demand for solar cells and electric vehicles in society, 

a huge amount of cells and electric power equipment is required; thus, driving demand for Si crystals 

used in power devices. To satisfy the large demand, it is necessary to grow Si crystals by the Czochralski 

(CZ) method, and it is particularly essential to concentrate on the carrier’s long lifetime in the crystal. 

Several papers have reported the increased lifetime, and it has been reported that the lifetime of the 

Si crystals grown by the CZ process is affected by oxygen and/or carbon-related defects [2, 3].  

Many papers have reported the carbon impurity in crystals and the formation of oxygen-related 

defects, such as oxygen precipitates, thermal donors, and new thermal donors [4, 5]. Several papers 

have also reported that the concentration of carbon in the crystals depends on the process 

parameters, such as total pressure and flow rate of argon (Ar) gas in a furnace [3, 6]. However, no 

research has been conducted to measure the level of carbon monoxide (CO) during the Si crystal 

growth.  

We focused on in-situ measurement of CO gas concentration after the melting process of raw 

materials in the CZ growth method to qualitatively understand the CO contamination mechanism into 

the Si melt in this paper. We succeeded in to measure the CO concentration in the furnace after the 

melting process, which is the most crucial process in which CO gas could contaminate the Si melt [6, 

7]. The contamination process was then observed and discussed using a simple mass transfer model. 

Although the results obtained by numerical simulation were reported [8-10] the experimental results 

have not been reported quantitatively. 

We carried out in-situ measurements of CO concentration in a CZ furnace using a gas chromatographic 

method. Two sampling monitors were set up above the Si melt and the Ar gas exhaust, respectively. 

The gas samples were collected into the tubes at the two sampling monitors, then introduced to an 

analyzer made by GL Science. The sampling interval was set at 660 seconds. The melt was made with 

25 kg of commercially available polycrystalline silicon in a quartz crucible 45.7 cm in diameter. CO was 

mainly generated by a heater which caused a chemical reaction at high temperature. In this case, we 

measured the concentration after melting process without growing crystal. 

Figure 1 shows the total pressure dependence of CO concentrations in the furnace measured. The 

cross indicates the values obtained from the experiment without the Si melt and the quartz crucible. 

The CO concentration linearly increased as the total pressure in the furnace increased. The value was 

well above one order of magnitude smaller than that with the Si melt and the crucible. The two 

measurements linearly increased with one order of magnitude difference. Both values of measured 

CO concentration proportionally increased with the total pressure in the furnace.  

The average velocity of Ar gas decreased as a function of the total pressure based on the ideal gas law. 

Therefore, as the gas velocity in the furnace declined, back diffusion of CO was enhanced. 

Consequently, the CO concentration increased as a function of the total pressure in the furnace. As 
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CO flowed from the heater to the exhaust, the CO concentration at position A near the exhaust 

increased. 

Figure 2 shows the measured CO concentrations as a function of the total flow rate of Ar gas in the 

furnace. As the total flow rate of Ar gas increased, the CO concentration decreased. The significant 

decrease in CO concentration as a function of gas flow rate was due to the higher Péclet number (the 

ratio between the convective and the diffusive mass transfer of Ar gas flow).  

The increase in gas flow could also remove more SiO from the system, which was the reactant of the 

CO generation. Such decrease in CO contamination was attributed to the increase of flow velocity as 

well as the effective removal of SiO from the chemically reactive area in the furnace. 

 

          
                        

Fig. 1: Measured CO concentration as                                Fig. 2 Measured CO concentration as 

a function of Ar gas pressure in the furnace.                       a function of Ar gas flow rate. 
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Summary  

 

The dynamics of galaxies, larger structures, and the overall expansion and structure formation in the 

universe require about six times more gravitating mass than can be ascribed to ordinary matter. As 

this type of matter is invisible, it is called dark matter (DM). It probably consists of a hitherto undetected 

type of weakly interacting elementary particle and is searched for in many experiments around the 
globe. DM particles with masses from sub-GeV to the TeV would occasionally hit nuclei in the 
laboratory and the small recoil energies in the tens-of-keV range can be identified in direct detection 
experiments using high-purity single crystals. High-purity CaWO4 crystals are operated in the CRESST 

dark matter experiment [1] at a few tens of mK temperature, where it serves as target material for the 

interaction with dark matter particles. Energy thresholds below 100 eV for nuclear recoils have been 

achieved and the average background rate measured with CaWO4 crystals grown at TUM [2] 

corresponds to about 3.51 kg−1 keV−1 d−1 in the energy region between 1-40 keV [3], which is 

significantly lower compared to crystals of the same material with different origin.  
 
High-purity crystals are also employed to address another fundamental question in particle physics, 
astrophysics and cosmology, namely why matter is so much more abundant than anti-matter in today’s 
Universe. The question might be closely related to the observation that neutrino masses are more than 
five orders of magnitude smaller than that of the electron. This raises the question whether the origin 
of neutrino masses differs from that of the other elementary fermions.  The leading models on neutrino 
masses, rooted in unified field theories, predict that neutrinos are their own antiparticles, usually 
referred to as Majorana neutrinos. Given that they do not carry electrical charge, neutrinos are the only 
known elementary fermions where the strict distinction between particle and antiparticle could be void.  
Majorana neutrinos would not only explain naturally the lightness of neutrinos, but would also shed 
light on the mechanism why matter is so much more abundant than anti-matter in today's Universe. 
Majorana neutrinos lead to a nuclear decay which violates lepton number conservation and is therefore 
forbidden in the standard model of particle physics.  The so called neutrinoless double beta decay  
transforms in a nucleus with mass number A and atomic number Z,  two neutrons simultaneously into 
two protons, under the emission of two electrons, 2e-, but without the emission of two electron anti-
neutrinos. The two electrons carry the available decay energy and the resulting mono-energetic signal 
is the prime experimental signature. A positive detection would manifest the first observation of a 
matter-creating process, without the balancing emission of antimatter. The GERDA experiment at the 

Gran Sasso underground laboratory is operating background-free [4] high-purity germanium single 

crystals, enriched in the isotope 76Ge. A world leading median sensitivity of the half-life of T1/2 > 1.1 · 

1026 yr (90% C.L.) has been reached recently [5]. 

 
This presentation will discuss the science motivations, the state-of-the-art and the future the needs for 
high-purity crystals in astroparticle physics experiments of the current and next generation.  
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Summary  

 

Renewable energy sources tend to be inflexible: energy is either currently available or not. With the 

continuing drive towards a larger fraction of renewables in our power mix, the need for energy storage 

capacity is rising. Since an average household in Europe consumes about 70% of its energy in the form 

of heat for hot water and space heating [1], storing heat is an attractive option.  

Currently, there are three ways of storing heat: 

• Sensible heat storage: storing a warm substance 

• Latent heat storage: storing heat in a phase transition 

• Thermochemical heat storage: storing heat in a reversible chemical reaction, often hydrate or 

solvate formation 

Thermochemical heat storage has several advantages: it has a very high energy density, and the 

dehydrated compound can be stored indefinitely, whereas sensible heat will always leak away. In 

addition, latent heat is difficult to partially release while a rehydration reaction stops when the solvent 

vapor flow ceases.  

The general principle of seasonal thermochemical heat storage is shown in fig. 1. The discharged 

reactor, containing the host-solvent complex, is heated using a solar thermal collector. The solvent is 

stored, and in winter, the solvent vapor is allowed to flow back to the dry host, exothermically forming 

the complex again.  

Good candidate materials need to have a high energy density (≈ 1 GJ/m3 or more), release the solvent 

at a useful temperature (roughly between 70 and 130 °C for domestic applications) and not have any 

side reactions with the solvent or the reactor. Also, the material should not be highly toxic or too 

expensive.  

Most research into these systems has focused on hydrates (see for example [2]), but the vapor 

pressure of water is inconveniently low. At 10°C, it is 12 mBar while ethanol has a vapor pressure of 

29 mBar and methanol has a vapor pressure of 68 mBar. This makes alcoholate complexes interesting 

candidates for heat storage systems. 

Since alcoholate complexes are not nearly as well studied as hydrates, current work is focusing on 

determining the energy density and cycle stability of different materials. First, it must be determined 

whether there is an exothermic solvate formation or not and whether the complex also forms from 

gaseous solvent or only in solution. The latter is done in a thermogravimetric analysis (TGA) setup with 

an alcohol bubbler attached. This setup is also used to test how many cycles the compound will last. 

Alcoholate crystals are grown from solution to determine or confirm their structures. These crystals 

are then also investigated with differential scanning calorimetry (DSC) and TGA to determine their 

energy density. Some example curves for CaBr2x6MeOH are shown in fig. 2. It took between 463 and 

544 J/g to remove the methanol from the crystals, which gives an energy density of 0.72-0.85 GJ/m3. 
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Fig. 1: General principle of seasonal heat storage based on a thermochemical system. 

 

 
Fig. 2: Thermal analysis results for CaBr2x6MeOH. a) Solvation level calculated from TGA measurements  

b) DSC heating curves.  
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The industrialization and automation of material and module manufacturing technologies is 

one of the important topics to reduce the costs of thermoelectric technology. The company 

Isabellenhütte Heusler GmbH & Co. KG (ISA) is engaged in the industrialization of the 

thermoelectric (TE) technology based on Half-Heusler-materials (HH). 

The ISA has a long tradition in Heusler-compound research. The great grandfather of the 

actual CEO Dr. Felix Heusler was Dr. Fritz Heusler. Dr. Fritz Heusler developed the first 

Heusler alloy in 1901 at the Isabellenhütte. Unfortunately there was no economic use for 

this kind of compounds for the company until today. 

Since 2009 the Isabellenhütte is actively involved in Heusler alloy research again. The 

purpose of the project activities is the development of a melt metallurgical manufacturing 

process for an appropriate HH-material, which can be industrialized. A second objective in 

this context is the development of thermoelectric modules using the developed Half-

Heusler-material. 

In 2017 the Isabellenhütte built up an industrial pilot line production, which starts with the 

raw material and ends up with thermoelectric modules. The ambition is to demonstrate an 

industrial scale material manufacturing and an automated assembling process of HH-TE-

modules in a constant high quality. 

 

 

Figure 1 – L: VGF-furnace with a 10kg and the 25kg ingot. R: Pilot line process. 
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A key feature for the industrial scale material manufacturing is the mass production of the 

raw material. Following the silicon mass production, for solar cells, etc., the VGF-method got 

judged as a promising process for the preparation of the HH-materials in an industrial scale. 

We succeeded to grow 10kg ingots of HH-material with the VGF-method. Both classes of HH-

materials, p- and n-type, were grown with a reproducible quality. Additional the process was 

used to grow ingots up to 25kg (see Fig. 1). 

Due the industrialization of the thermoelectric module manufacturing, Isabellenhütte 

developed a two-step module design concept (see Fig. 2). The first step is the production of 

an unicouple. The second step is the mounting of many unicouples on the surface of a 

special cold side substrate without the classical massive ceramic sheet. In this way it is 

possible to produce different module geometries with one type of unicouple. Additional it´s 

possible to process different materials. 

 

Figure 2 – 2 step manufacturing and prototype modules from an industrial like production. 

 

The raw material for the unicouples are legs cut from the VGF-grown ingots. The VGF-ingot 

is getting cut with a band saw into a cuboid. Then wafers are cut from the cuboid with an 

inner diameter saw. The legs for the unicouple are fabricated with a blade saw. Finally one 

p-type and one n-type leg are getting assembled on top of a hot side contact to a unicouple. 

For the second step IH built up an automated production line for a standard type of 

thermoelectric modules to investigate an industrial manufacturing. The line has a theoretical 

production capacity of 5.8 million unicouples p.a.. This amount of unicouples is enough to 

equip 50.000 modules with a size of 40mm by 40mm. Isabellenhütte developed a first 

standard module with 40 x 40 mm² for qualification testing and customer sampling (figure 

3.). 
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Summary 

 

The growth of GaN by high temperature vapor phase epitaxy (HTVPE) is based on the physical vapor 

transport of gallium. Thermally evaporated gallium is transported to a substrate, where it reacts with 

ammonia to form a GaN layer according to 2Ga + 2NH3 → 2GaN + 3H2. This method has attracted 

interest, because aggressive or toxic substances are widely avoided and high growth rates can be 

reached. In the last years, advanced HTVPE techniques with improved process control and stability 

were developed [1–6]. The potential of the method for the deposition of GaN seed layers on sapphire 

substrates [1-4] and for the deposition of GaN bulk layers with a growth rate of up to 200 µm/h [5,6] 

was demonstrated. 

This contribution addresses recent progress in the growth of GaN layers by HTVPE. A novel multi-step 

process aimed at the in-situ deposition of 3D interlayers to control the dislocation density and the 

stress level is described. A series of GaN samples deposited on 15x15mm2 sapphire substrates under 

different growth conditions is presented. The results of SEM, XRD and Raman measurements are 

shown and the influence of a 3D interlayer on the dislocation density and the residual stress is 

discussed. 

Fig. 1a shows the HTVPE reactor used for the experiments. The main components are made of 

refractory metals, glassy carbon, pyrolytical boron nitride and fused silica. The reactor provides a 

flexible setting of the process parameters in wide ranges [3,4]: 

- Separate control of the substrate temperature TS and the temperature of the Ga melt TGa 

in the ranges of 500 – 1350°C and 1100 – 1350°C, respectively. 

- Variation of the reactor pressure from 20 to 1000 mbar. 

- Control of the growth rate between 0.1 – 160 µm/h. 

A scheme of the presented GaN samples is shown in Fig. 1b. Starting from a sapphire substrate, the 

samples are formed by a seed layer – 3D interlayer – top layer sequence. The process steps used for 

the deposition of the seed layers can be summarized as follows [3,4]: 

- Deposition of a nucleation layer with a thickness of about 20nm at a reactor pressure of 

985 mbar, a substrate temperature of 500°C and with a typical growth rate of 240 nm/h. 

- Recrystallization of the nucleation layer at the substrate temperature of 1080°C under an 

ammonia and hydrogen containing atmosphere. 

- High-temperature (HT) growth to form a coalesced GaN seed layer with a thickness of 

about 2 – 5 µm at a reactor pressure of 985 mbar and a substrate temperature of 1100°C 

with a growth rate of about 2.5 µm/h. 

The interlayers were deposited at a reactor pressure of 55 mbar under different substrate 

temperatures (900°C, 950°C, 1000°C) and Ga melt temperatures (1300°C, 1320°C, 1340°C) with 

growth rates in the range of 27 – 57 µm/h. Under these conditions, 3D growth dominates leading to a 
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preferred formation of voids and pyramidal facets (see Fig. 1c). In the final process step, the interlayers 

were coalesced within 90 min at a reactor pressure of 985 mbar, a substrate temperature of 1100°C 

and a Ga melt temperature of 1300°C to form a 2D top layer (see Fig. 1d). First XRD and Raman 

investigations of the samples indicate that a 3D interlayer mainly influences the residual compressive 

stress, whereas the dislocation density remains essentially unchanged in comparison with a reference 

sample without interlayer. 

 

    
Fig. 1: a) Scheme of the HTVPE reactor. A, B, and C indicate different gas flows: A – Ga transport flow (Ar, H2), 

B – separation flow (N2), C – NH3 transport flow (H2, N2). b) Cross-section scheme of the layer sequence of the 

presented GaN samples. c)/d) Cross-section SEM images of an interlayer-terminated/a complete GaN sample 

with a coalesced top layer.  
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Summary The manufacturing chain of 28Si crystals from the enrichment procedure up to the growth 

of the final 4 inch crystals by the Floating Zone (FZ) technique is described systematically. As a result, 

six 28Si dislocation free single crystals of 100 mm in diameter were grown in the frame of “Avogadro”, “Kg-2” 

and “Kg-3” projects for preparation of Si spheres used for a more precise determination of the Avogadro 

constant, which has been crucial for the new definition of the mass unit - kilogram.   

 

On the 16th of November 2018, the General Conference on Weights and Measures in Paris passed a 

new definition of the kilogram, which has been successfully entered into force on the 20th of May 

2019. There are seven fundamental units: meter, second, kilogram, ampere, candela, kelvin, and mole 

which are organized in the International System of Units (SI). The main idea of metrology in the last 

decade was to define these units in terms of fundamental natural constants and one of them is the 

Avogadro constant NA - the number of atoms contained in a certain quantity of a substance, i.e. in one 

mole. NA is used then for determining of the Planck constant as the basis for the new definition of the 

kilogram standard that was the last unit based on an artefact - the so-called prototype kilogram 

(Urkilogramm) in Sevre near Paris.  

The IKZ was involved in several projects, such as ““Avogadro”, “Kg-2” and “Kg-3” under the initiative and 

management of the Physikalisch Technische Bundesanstalt (PTB; the German National Metrology 

Institute) aiming at a more precise determination of the Avogadro constant. It was done by counting 

the atoms in 28Si silicon spheres prepared by PTB with less than 20 nm shape deviation at a diameter 

of approximately 93.6 mm and with a surface polished free of defects. These spheres were used for 

measurements to establish a connection between the volume and the number of atoms in the highly 

ordered crystalline structure. To make Si spheres one needs to grow perfect Si crystals of about 100 

mm in diameter. Six 28Si dislocation free single crystals of 100 mm in diameter were grown by FZ technique 

over the last 12 years (Fig.1).  

 

 
  

Fig. 1: 28Si dislocation free single crystals of 100 mm in diameter grown by FZ technique in the frame of 

“Avogadro”, “Kg-2” and “Kg-3” projects 
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Manufacturing chain of the 28Si highly enriched crystals includes five main steps (Fig. 2). A big challenge 

relating to the production of highly enriched 28Si is saving the isotopic enrichment of the starting 

material during all technological steps and improving the high chemical purity at the same time. 

 

Fig. 2. Main technological steps of the 28Si crystal production [1]. 

 

Crystal growth techniques such as FZ, pedestal and Czochralski (CZ) are used for the single crystal 

growth and recycling of 28Si residues after different steps of the manufacturing chain (Fig. 2) and 

material characterization. To improve the chemical purity of the starting polycrystalline material 

several FZ runs, partly in vacuum in order to remove oxygen, were carried out. For the CZ growth, the 

quartz crucible was coated with 28SiO2 to avoid the introduction of other Si isotopes by erosion of the 

inner crucible surface in contact with molten28Si. As a result, dislocation free 28Si single crystals of 

about 4” diameter with an enrichment of up to 99.9995 at% and weights of about 5.5 kg could be 

grown using the FZ technique.  

FZ grown 28Si crystals were also used for the investigation of the basic properties of the novel material. 

In natural Si the stable isotopes 28Si, 29Si, 30Si, mixed in the crystal lattice, influencing the average molar 

mass, changing the whole phonon spectrum and causing inhomogeneous line broadening. For 

instance, the thermal conductivity of a 28Si crystal enhances according to the enrichment level from 

45.5 Wcm-1K-1 to ca. 450 Wcm-1K-1 at 24K in a crystal of 28Si (99.995 %) being the highest ever measured 

value for thermal conductivity of dielectrics at any temperature [2]. The absence of the 29Si nuclear 

magnetic dipoles enables a spin-free “semiconductor vacuum” making them very promising for 

quantum information technologies and for the development of Si-based quantum computer [3]. 
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Production of silicon tetrafluoride
natSi + 2F2 →→→→ natSiF4↑↑↑↑

Enrichment in centrifuges
natSiF4 →→→→ 28SiF4 (99.999 %)

Silanisation and purification
28SiF4 + 2CaH2 →→→→ 28SiH4 + 2CaF2↓↓↓↓

Chemical vapour deposition
28SiH4 →→→→ 28Si (poly) + 2H2

FZ single crystal growth 

28Si (poly) →→→→ 28Si (single crystal)
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Diamond is a wide band-gap semiconductor with a number of extraordinary physical properties 

promising for emerging devices such as power transistors, high frequency electro-acoustic filters, 

integrated photonic circuits and quantum-effect sensors. 

Defect density and substrate size are still bottlenecks for the development of reliable and cost-

effective diamond based devices. In the past years, a number of approaches have been developed to 

produce larger substrates, as well as substrates with relatively low defect density. Using a bulk crystal 

growth technique like the high-pressure high-temperature method (HPHT) for diamond, dislocation 

densities below 5 × 103 cm−2 were demonstrated. However, for the diamond HPHT crystal growth 

process, the resulting levels of impurities are typically high and additional wafer diameters are still 

small and the yield of devices is therefore low. On the other side, for larger substrates and low impurity 

levels, concepts based on heteroepitaxy are used, e.g. chemical vapor deposition (CVD) of diamond 

on Ir/YSZ/Si (001) template. The drawback of these heteroepitaxial method is that the density of 

dislocation is typically high (e.g. ≈108 - 1010 cm−2). Since a low content of crystal defects is a critical 

requirement for the realization of demanding diamond-based devices with high efficiency, 

performance and lifetime, it is necessary to determine the types of defects and their density in the 

substrate crystals. 

  

In this work we will present a detailed analysis of the defect structure of freestanding diamond 

substrates grown by HPHT and CVD and thick (> 10 µm) diamond layers grown by CVD. Aspects such 

as defect types and defect densities depending on crystal growth method, seed material and doping 

(e.g. boron doping for power transistors or nitrogen doping for quantum sensing devices based on 

spin properties of the nitrogen vacancy (NV) center in diamond) will be discussed. X-ray topography 

(XRT) and high resolution X-ray diffraction (HRXRD) are used for this combined study. XRT in two 

principal ways is used in the course of this analysis, namely the projection transmission mode and the 

section transmission mode. HRXRD (reciprocal space mapping, /2-scans and -scans) is used for 

the analysis of subsurface damage, strain and mosaicity of the diamonds. The combination of these 

analytical methods allows a detailed statement of the nature, density and distribution of typical 

defects in diamond bulk substrates and epitaxial CVD grown diamond layers. 

 

Fig.1 and Fig.2 show as examples type 220 reflection X-ray topographies (projection mode and section 

mode, Mo-radiation) of large CVD-grown (001) diamond substrates from two different vendors. The 

diamond crystal of Fig.1 was grown heteroepitaxially on an Ir/YSZ/Si (001) seed (Vendor: Audiatec). 

The projection topography (Fig. 1a) of this diamond shows a mosaic-like blurred contrast (orientation 

contrast) of a mosaic crystal with tilted and twisted grains. No sharp contrast of individual dislocations 

is observable. However, the projection topography shows some kind of texture (Fig.1b). Important 

information can be extracted from the section topographies (Fig.1c and 1d). While the image of the 

220 reflex is very diffuse, the topography of the 220 reflex shows a lateral domain structure, which 

suggests an epitaxial lateral overgrowth (ELOG) technique. Fig. 2a shows the projection topography of 
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a diamond grown by CVD on a high quality HPHT diamond seed (Vendor: ElementSix). In the center of 

the crystal the defect density is low and only single threading dislocations are visible. In contrast, 

dislocation bundles with a high density appear at the {100} growth sector boundaries. The high 

material quality in the center of the crystal is confirmed by the visibility of Kato-fringes in the section 

topographies of Fig.2b. 
 

 
Fig. 1: XRT of a diamond crystal (diameter: 9 mm) grown heteroepitaxially by CVD on an Ir/YSZ/Si (001) seed. 

The seed was removed after growth. (Fig. 1a and 1b: projection topographies, Fig. 1c and 1d: section 

topographies) 

 

 
 

Fig. 2: XRT of a diamond crystal (size: 7 mm × 7 mm) grown homoepitaxially by CVD on a HPHT diamond (001) 

seed. The seed was removed after growth. (Fig. 2a: projection topography, Fig. 2b: section topographies) 
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Summary 

The availability of large size, high quality AlN substrates is critical for a high yielding, cost-effective 

production process of the next generation of AlGaN devices via homoepitaxy for UV-optoelectronics 

and power electronics. Despite considerable efforts and recent progress [1], high quality 2" AlN 

substrates are still far from being widespread commercially available. Moreover, for applications in 

power electronics, an even larger substrate sizes will be necessary to take advantage of the economy 

of scale and advanced equipment of existing fab lines. While a slow but steady increase of crystal size 

by repeated PVT bulk growth has been demonstrated, only very limited data is available on changes 

of the AlN crystals defect microstructure during growth both within the regular growth direction 

([0001] or [0001̅]) or within any lateral expansion areas. It is of particular interest, if the new crystal 

material added by lateral expansion differs in structural quality from the original material in the center 

area. Possible reasons for such difference include: (i) thermomechanical stress build up in the growing 

crystal, and (ii) differences in the growth modes for various crystallographic directions. It is well known 

from other PVT grown semiconductors like SiC, that the diameter expansion geometry needs to be 

chosen very carefully to avoid stress and any related deterioration of the crystal quality [2].  

In order to minimize thermomechanical stress and specifically investigate this aspect (ii) for the AlN 

material system, we employed a dedicated PVT growth geometry based on the concept of Lely growth 

[3]. By establishing conditions with low thermal gradients, we were able to investigate the 

fundamental possibility to maintain both, the crystal quality in axial and lateral portions of material 

grown in quite different growth modes. The seed wafers used for this study were cut from previous 

bulk AlN crystals grown in our laboratory with approximately one inch diameter and mainly wafer 

halves. The seed thickness was about 600 µm, with both surfaces polished mechanically with 1 µm 

diamond slurry. On some of seed wafers we added differently oriented edge flats in order to facilitate 

the formation of side facets and to investigate lateral growth (Fig. 1). All seed wafers were annealed 

at temperature of 2250-2300oC in isothermal conditions in slightly undersaturated AlN vapor during 

2-5 hours prior to setting them into the growth cell. Thermal anneal was essential for the removal of 

residual surface damage, in particular on seed edges and added flats. These seeds were mounted in a 

Lely-type growth assembly shown schematically in Fig. 1A. Hereby the main structure used for growth 

was a central cavity build by sintered blocks of coarse grained (1 to 3 mm) AlN of high purity inside of 

a loosely-closed TaC crucible, also acting as background C-source for doping. All charge material was 

carefully purified by repeated re-sublimation in W-crucibles in a carbon-free reactor, resulting in 

slightly Al-rich material. The seeds were clamped at a targeted position with tungsten or tantalum 

stripes. Growth experiments were performed during 24-48 hours runs at T > 2300oC and 700-900 mbar 

of nitrogen pressure in a growth reactor with indirect heating of a dense graphite susceptor via an 

induction coil. Due to the very low T-gradients in our system, the habitus of grown crystals clearly 

reflects differences in the growth rates in various crystallographic directions (Wulff shape), with the 

biggest portion of new material always grown in [0001̅]-direction on the N-polar face (normally facing 

towards the hotter crucible bottom), and only 200-400 µm grown on Al-polar face. As-grown crystals 

(Fig. 1 B, C) were first evaluated using optical microscopy, while the crystal surfaces morphology, 

formed in the course of the growth process, have been investigated in more details by AFM and SEM. 

The dislocation structures in the grown crystals were analyzed by X-ray diffraction (XRD), X-ray 
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topography (XRT)) and defect selective KOH/NaOH etching. The diffraction vectors chosen for XRT 

were gሬറ = [0004]  (reflection geometry.), gሬറ = ۄ11̅00ۃ  (transmission geomentry) and gሬറ = ۄ2̅021ۃ 
(transmission). 

 

 
 

Fig. 1: Growth assembly for growth of unstrained AlN crystals (A) and some characteristic examples: crystal 

seeded on round wafer grows into hexagonal prism (B); triangle-shaped seed (marked yellow) produces large 

amount of lateral growth (C), grid scale in C is 5 mm. 

 

 

         

 

 

 

 

Fig. 2: XRT gሬറ = [2̅021] measurements of an AlN wafer 

in transmission. The dotted triangle illustrates the 

border between material grown axially on top of the 

seed, and the lateral expansion area 

 

XRD (01̅10)-rocking-curve mappings result in a mean FWHM of 13-17 arcsec which is in line with a low 

density of Basal Plane Dislocations (BPDs) as well as 2Θ-shift values in between ±15 arcsec, again in 

line with a low density of Threading Edge Dislocations (TEDs) in the range of 2-4∙103 cm-2 for the great 

majority of the crystal volume i.e. for both regions the axially and the laterally grown crystal portions 

(excluding the areas of parasitic nucleation). These results are within the expectation for the low 

thermal gradient conditions employed for the growth. The comparison of XRT images of subsequent 

wafers sliced from the same crystal resulted in an identical Total Dislocation Density (TDD), 

demonstrating no deterioration of the high crystal quality during axial growth on N-polar (000-1)-face. 

On the other hand, locally increased FWHM and 2Θ-shift are found for parasitic grains and defect 

clusters. It is shown, that the latter were accommodated by both grain boundaries and by the 

formation of Basal Plane Screw Dislocations (BPSs) in adjacent areas during growth, identified as such 

for the first time in AlN bulk material. Most significantly, the crystal quality was typically the same in 

expansion areas compared to the center of the crystal (Fig. 2), despite the rather large laterally added 

area within a single growth run. In summary, it was shown, that fundamentally the high structural 

quality of bulk AlN material could be preserved within both, axial and lateral growth, independent on 

very strong differences in growth morphologies characteristic for differently oriented facets of carbon-

doped AlN. Important differences in surface morphologies and their influence on growth rate, 

resulting crystal habit and defect formation will be presented as well. 
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Summary  

 

Light emitting diodes (LEDs) for ultra-violet (UV) applications are typically processed on sapphire 

substrates and typically show threading dislocation densities (TDD) in the range of 109 cm2 in the light 

emitting AlxGa1-xN multi-quantum well layers strongly reducing the radiative recombination 

efficiency [1]. One solution to overcome this issue is to use native aluminum nitride (AlN) substrates 

to grow device layers with TDD multiple orders lower compared to AlN on sapphire, typically < 105 cm2 

[2, 3]. 

AlN bulk crystals (Fig. 1, left) are grown with the physical vapor transport (PVT) method [3, 4] by 

evaporation of an AlN-powder source with low impurity level at temperatures of approx. 2250 °C and 

recrystallization at a colder AlN-seed at temperatures of approx. 2200 °C. 

One key for successful AlN bulk growth is a fundamental understanding of the correlation of 

temperature field and growth rate which was investigated by growing crystals at five different growth 

conditions (Tseed, Delta-T) and comparing the results to a simple model based on diffusion and step-

flow-growth [5]. The growth rate R is directly proportional to the absolute supersaturation SAl (excess 

partial pressure of gaseous Al at the seed) and increases with both the temperature Tseed and the 

temperature difference Delta-T between source and seed.   

 

                                       
Fig. 1: Left - typical AlN crystal grown in c-direction with m-facets on side walls and 8 mm diameter. Right - 

contour plot of experimentally observed growth rates R (Tseed, Delta T). The five growth conditions (GC-x) 

used in the investigation are marked with black data points. 

 

Prior to the analysis of structural and optical properties the AlN-crystals were sliced with an inner 

diameter saw and both side polished using diamond and SiO2 (chemo mechanical polishing) abrasives. 

The absorption in AlN is mainly determined by the concentrations of the elements O, C and Si and 

their ratios. In all samples [Fig. 2] the carbon related absorption at 4.7 eV [6] is completely quenched 
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due to the shift in the Fermi level because [O] + [Si] > 3 [C] [7]. The lowest absorption in the crucial 

wavelength range for, e.g., water disinfection (265 nm) is achieved for the crystal grown at the highest 

Tseed. 

For the determination of the dislocation densities defect selective etching was performed using 

molten KOH. The dislocation density was then exclusively counted in the central area as the crystal 

rims showed defect clusters caused by contact to polycrystalline AlN which was nucleated next to the 

seed rim. The dislocation density significantly decreases with increasing Tseed while it seems not to be 

influenced by the growth rate and the temperature difference between source and seed.     

In conclusion growth of AlN-crystals at high temperatures and low axial temperature gradients is 

favorable to gain AlN-substrates with low dislocation density (< 104 cm-2) and high UV-transparency 

for AlGaN-based deep-UV emitters.  

 

                                 

Fig. 2: Left - UV/VIS absorption spectra for the five crystals grown with different T-field and subsequent 

growth rates. Right - etch pit density (EPD) (z-axis) and subsequent growth rates (xy-plane) for the same 

crystals. 
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Summary   
 
Bismuth-substituted rare-earth iron garnets (Bi-REIG) are well known for their high specific Faraday 
rotation of few degrees per micrometer film thickness. The principle of magneto-optical (MO) imaging 
using Faraday rotation (MOIF) is shown in Fig. 1. The local magnetic north and south pole of the 
magnetic sample results in an antipodal direction of the magnetic polarization of the Bi-REIG sensor 
film. The resulting opposing rotation of the polarized light leads to an optically visible black-white 
contrast. Therefore, the magnetic domain structure can be observed using a standard camera. The 
low optical absorption, high sensitivity for weak magnetic stray field strengths and high lateral 
resolution of Bi-REIG materials enables MOIF of magnetic domains in grain oriented electrical steel 
sheets (GOES). These are widely used as core material for inductive power transformers [1]. 
The investigation of the correlation between the magnetic properties and the crystallographic 
orientation of the GOES grains, was subject to research activities within the last years [2] [3]. In this 
work, the magnetic domain structure of a GOES (thyssenkrupp AG) was characterized by MOIF 
technique and the results were compared with texture measurements from XRD.  
 

 
 

Fig. 1: Faraday effect of magnetized material (left) and illustration of the MO imaging principle (right). 
 
Bi-REIG films were made by liquid phase epitaxy (LPE), with dipping technique in PbO-Bi2O3-B2O3 based 
flux. Single crystalline Gd3Ga5O12 garnet disks ([111] oriented) with very low surface roughness and a 
diameter up to three inches were used as substrates. The deposition process was done under air 
atmosphere in a 3 zone furnace using platinum crucibles. After the LPE process, the coated substrates 
were cleaned and the BI-REIG layer was removed from one side by polishing. For use as MO sensor, 
the residual Bi-REIG film was coated with an additional mirror layer and a hard coating layer, in order 
to increase the scratch resistance. The MO sensor was cut into chips of size 20 mm x 15 mm. This 
sensor chips are used in a camera based measuring system for MOIF (CMOS Magview S, Matesy 
GmbH). 
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Fig. 2: MO image of grain oriented electrical steel (left), via CMOS-MagView technique and pole figures with 

illustrated crystal orientation of the two grains, measured by XRD texture analysis (right). 
 
The measured magnetic domain structure of two grains of the GOES sample, is shown in Fig. 2. The 
XRD texture analysis (Bruker Discover, Co-K-alpha radiation) of these grains shows a typical rolling 
texture of the GOES. This is called Goss texture, where the (110) plane is ideally parallel to the surface 
and the magnetic easy axis [001] is oriented in the rolling direction (RD) (Fig. 2.). The XRD data was 
evaluated by MTEX toolbox for Matlab [2]. However, a misorientation of the easy axis according to the 
rolling direction in the x-y-plane can be detected by the XRD and MOIF analysis. As a result, the angle 
between the two domain directions in die MO image was 19.5°. Evaluation of the XRD data revealed 
the same angle between the intersection lines of the (110) planes of the two grain orientations with 
the x-y-plane. Because the magnetic domain structure is determined by the direction of the [001] axis, 
the MO image also gives a information on the actual crystallographic orientation of the GOES grains. 
This could be very suitable for the quality management of GOES production process. The MOIF 
techniques enables a very fast and sample preparation free measurement of the domain structure, 
compared to structure analysis techniques like XRD or EBSD.  
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Summary

Doped BaCoSO was recently predicted to be a high-temperature superconductor in an entirely new

class based on Co and Ni.  BaCoSO has been recently prepared as a powder [1,2], but crystals have

not been available.  Based on its layered crystal structure, significant anisotropy would be expected

in  its electronic and magnetic response, which will require single-crystalline samples to elucidate.

Single crystals will also be a prerequisite for several doping and measurement schemes in the quest

to  verify  the  prediction  of  superconductivity.   We  were  unable  to  inject  carriers  or  induce

superconductivity in this study.

Using a Co-S self-flux method with a 5:1 flux ratio, we synthesized the first single crystals of the

antiferromagnetic insulator BaCoSO from BaO, Co, and S.  The growth was performed in a sealed

quartz tube between 1000 and 880°C  using an alumina crucible.  Excess flux was removed at the

conclusion of growth using a centrifuge.  The resulting single crystals were up to 2×2×0.2 mm³ in

size, black, with mirror surfaces largely free of flux [see Fig. 1(b) for an example].

Deutsche Gesellschaft für Kristallwachstum und Kristallzüchtung e. V.

Fig. 1: Crystal and magnetic structure of BaCoSO, also now reported in our Ref. [3].  (a) Crystal structure of

BaCoSO.  (b) An example of one of the single crystals grown in this study, on millimetre-ruled graph paper.

(c,d) Magnetic structure of BaCoSO.
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Our magnetic and specific heat measurements and neutron single-crystal diffraction results provide

previously-unavailable details of its magnetic anisotropy and order.  The refined crystal and magnetic

structure  are  shown  in  Fig.  1.   We  find  a  different  magnetic  space  group  from  that  reported

previously, and a rather different magnetic response for fields along c than a or b.  The vast majority

of magnetic entropy is not released near the transition, suggesting the survival of significant short-

range order to far higher temperatures.  Our white-beam neutron Laue diffraction experiment was

not sensitive to diffuse scattering, and was unable to confirm this.
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The study of collective phenomena raising from enhanced coupling between electrons and 

phonons is focussed on materials exhibiting phase transitions involving both electronic and 

lattice-degrees of freedom. One system providing such a strongly coupled phase transition is 

EuPd2Si2 of the ThCr2Si2 structural type, showing a temperature induced valence transition of 

europium between the energetically vicinal valence states Eu2+ and Eu3+ at about 160 K [1]. 

First reports on the synthesis of single crystals came up only recently [2], but a deep 

investigation of the valence transition in this compound is still missing. 

We approached the ternary Eu-Pd-Si system using differential thermal analysis to map the 

local composition phase diagram. The target compound, its melting temperature and the 

remainders for certain starting stochiometries could be identified and utilised to conduct 

larger scaled growth experiments. 

We used the Bridgman method to gain a seed of EuPd2Si2 for an iterative Czochralski method 

for the successful growth of mm-sized single crystals of EuPd2Si2 (see Fig. 1). These 

experiments were performed testing various levels of Europium excess in the starting 

composition. 

 

 

The characterisation of this system is highly interdependent between the three pillars of 

stochiometrical, structural and physical characterisation. Structural characterization was done 

by powder X-ray diffraction (XRD). With this technique, we determined the temperature 

dependence of the lattice parameters by measuring XRD down to 50 K. The respective curves 

are depicted in Fig. 2a. We first focus on the (004) reflection at 2= 36.3°. It is apparent that 

this peak is nearly temperature independent with a tendency of a shift to smaller angles at 

low temperatures, which corresponds to a constant c parameter through the valence 

transition with only a slight increase at low temperature (see Fig. 2c). In contrast, the a 

parameter decreases strongly (around 2%) when cooling through the valence transition, 

visible in the raw data as a significant shift of the (200) reflection and in the refined lattice 

parameter in Fig. 2b.  

Fig. 1, left to right: Czochralski growth, sample MP401 (generation 1), sample MP411 (generation 3). 
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The valence transition was further investigated by temperature-dependent measurements of 

the heat capacity and the resistivity using the standard options of a Physical Property 

Measurement System (PPMS). In Fig. 2d we present the heat capacity of a single crystal, grown 

using the Czochralski technique described above. A pronounced anomaly is visible around TV 

= 160 K. As the standard option of the PPMS determines the heat capacity with a relaxation 

method, where one easily can miss first-order transitions, we carefully checked the 

temperature-time curves but did not find any evidence of latent heat.  Therefore, we can 

exclude a first-order phase transition for this particular crystal. 

The resistivity of that sample is shown in the inset of Fig. 2d and also there a pronounced 

anomaly is visible at TV . The residual resistivity ratio (RRR = 5) of that sample is comparable 

to what was reported by Onuki et al. [2]. 
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Fig. 2: a) Temperature-dependent powder XRD data of EuPd2Si2. The refined lattice parameters 

as function of temperature are shown in b) and c). The change of the a parameter is very large 

with relative changes of about 1%, whereas the c parameter is nearly temperature independent. 

d) Heat capacity of an EuPd2Si2 single crystal. A sharp anomaly is visible at the valence transition, 

TV = 160 K. The inset presents the resistivity for current along the crystallographic c direction. 

Also there a pronounced anomaly is apparent at TV . 
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Oxide materials based on the ABO2 delafossite structure are of particular interest due to the novel 

properties that accompany their cation variation at A and B sites. Usually the semiconductor 

delafossites consists of Ag or Cu at A-site and several trivalent cations as Al, Fe or Ga at B-site. Pd and 

Pt-based compositions are the metallic delafossite oxides where B-site cations are transition metals 

like Co, Cr or Rh [1-3]. Among these, the growth of single crystalline PdCoO2 came in our focus due to 

its ultra-high conductivity at room temperature. An in-plane resistivity of ρab = 2.6 μΩ·cm at 295 K 

makes this material the most conductive oxide known, comparable to the best metallic conductors 

Ag, Cu, Au and Al [4]. [5] 

 

So far, epitaxial layers of PdCoO2 have mainly been grown on sapphire substrates with degraded 

quality resulting from the not well matched crystallographic lattice [6-8]. For the growth of high quality 

epitaxial layers, isostructural single crystalline substrates with similar lattice constants are required. 

CuFeO2 is the only delafossite compound, which can be grown on a larger scale and has suitable lattice 

parameters (PdCoO2: a = 2.830 Å, c = 17.743 Å [9] and CuFeO2: a=3.0351 Å, c = 17.166 Å). [5] 

 

The aim of this work was to grow CuFeO2 single crystals, which can be used as substrates for the 

growth of high quality PdCoO2 films. Crystals with diameters up to 10 mm were grown from 

stoichiometric sintered rods by the optical floating-zone technique (Fig. 1). Due to the incongruent 

melting behavior of CuFeO2 and redoxprocesses of iron- and copperoxide during growth (Fig. 2), low 

growth rates of 0.4 mm/h are necessary. [5] 

  

  

               
Fig. 1: (a) Unstable growth of CuFeO2 in the initial growth state. (b) Single crystal part of the same rod. [5] 
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Fig. 2: Crystallization of the Cu-Fe-oxide melt under a constant oxygen fugacity of 1mbar. Even if only 

CuFe3+O2 starts to crystallize around 1200 °C, the amount of Fe2+O in the melt drops. [5] 
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Low-dimensional quantum spin systems are a large class of materials, which have been studied 

intensively in condensed matter physics for the last decades [1]. These systems also include the 

Cs2CuCl4-xBrx mixed system, which exists in orthorhombic and tetragonal polymorphs [2,3]. For this 

mixed system, the centre of interest are the different Cu2+ environments and their influence on the 

magnetic properties of the orthorhombic and tetragonal compositions. Additionally, the 

understanding of such influence is important to understand the change of magnetic behaviour by 

applying magnetic field.  

The crystals are grown from aqueous solution using the evaporation method and different 

temperatures for growing orthorhombic and tetragonal phases. The compounds of the orthorhombic 

phase of this mixed system can be grown in the full Br concentration range for 0  x  4 from aqueous 

solution at a temperature of 50°C [4]. The structure was analysed by x-ray powder diffraction and 

showed the orthorhombic symmetry Pnma in the full Br concentration range [4]. The compositions of 

the tetragonal phase are grown for a Br concentration range between 1  x  2 at a temperature of 

24°C. At 8°C, the mixed system can be supplemented with the tetragonal realization of Cs2CuCl4 [2]. 

The compositions of the tetragonal phase show the tetragonal symmetry I4/mmm in x-ray powder 

diffraction analysis. Fig. 1 presents a schematic phase diagram of this mixed system.  

 

 
Fig. 1: Schematic phase diagram of the Cs2CuCl4-xBrx mixed system grown from aqueous solution. 

 

The physical properties demonstrate differences for the orthorhombic and the tetragonal phases. The 

investigation of the orthorhombic compounds with neutron diffraction results in a rich magnetic phase 

diagram, based on four regimes, which is shown in Fig. 2. The regimes are characterized by different 

exchange coupling mechanisms [3]. In Fig.2, a long-range antiferromagnetic order at lower 

temperatures is observed for some compositions (red circles) in regimes I and IV. The black circles 

show the data from literature for Cs2CuCl4 and Cs2CuBr4 [5,6]. The horizontal arrow bars ±0.1 represent 

the uncertainties of the EDX results of the chemical composition. In the magnetic phase diagram, the 

two ordered magnetic phases in regimes I and IV seem to be separated by quantum critical 
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Fig. 2: Magnetic phase diagram of orthorhombic compounds of Cs2CuCl4−xBrx.  

 

points (QCP), QCP1 near x = 1.5 and QCP2 near x = 3.2, respectively. Whereas in regimes I and IV (with 

a long-range antiferromagnetic order) investigations in a magnetic field show new results, in regimes 

II and III no magnetic order was observed. 2D spin liquid (2D SL) might exist for a still to be defined Br 

concentration range of this mixed system. As this still has to be confirmed with inelastic neutron 

scattering, 2D SL are marked in Fig. 2 with “?”. 
For the compounds of the tetragonal phase, the magnetic behaviour remains antiferromagnetic 

down to 1.5 K, evidenced by neutron diffraction experiments [2]. One of the key points for 

understanding the magnetic structure of the investigated tetragonal compounds is, to clarify, whether 

there is a relationship between the spin ordering and the crystallographic ordering of the [CuX6] 

octahedra. To answer this question, single crystal neutron diffraction measurements are envisaged. 

 

Subject: Abstract Oral  
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Summary  

 

When an atomically rough and atomically smooth interface coexist simultaneously during growth of 

a crystal, their growth kinetics differ, which will affect the properties of the grown crystal like dopant 

homogeneity or content of extended crystal defects e.g. in form of dislocations or twins. The 

atomically smooth interface regions form typically along the (111) facets at a certain supercooling 

during growth of silicon or germanium crystals either at the crystal periphery known as edge facet or 

growth ridge or as central facet in the bulk for <111> crystal orientation. 

In order to obtain a deeper understanding of the relationship between facet growth, growth 

conditions and the resulting crystal properties, systematic investigations have been carried out in the 

present work. For that purpose, heavily As-doped, <100>- and <111>- oriented silicon crystals with 8 

mm in diameter were grown by the floating zone technique in a mirror furnace at translation speeds 

of 1 mm/min up to 8 mm/min. Partially the crystals were grown with a free melt surface, partially 

the melt surface was covered by an oxide layer to prevent Marangoni convection. The grown crystals 

were characterized with regard to the length of the central facet, the width of the growth ridge, the 

shape of the phase boundary, the emergence of constitutional supercooling, and the presence of 

dislocations and twins.   

It was found that the macroscopic deflection of the growth interface decreases with increasing 

growth velocity in the <100>-oriented crystals because the temperature gradient in the crystal 

becomes steeper. As a result the diameter of the central facet in the <111>-oriented crystals 

becomes smaller. The diameter of the central facet is also influenced by dislocations. In some 

experiments it was not possible to apply a dash necking procedure. Therefore, dislocations are 

present in the crystal already at the beginning of the growth process. As a result, the central facet is 

shorter compared to the dislocation free crystals because a smaller supercooling is sufficient for the 

facet to grow when dislocations and therefore growth steps at the facet are present. In some cases 

an irregular instability of the central facet diameter has been observed apart from periodically 

oscillations (Fig. 1). 

Edge facets appear only when the crystal surface is not covered by an oxide layer. The width of the 

growth ridge is shorter for <111>-orientation than for <100>-orientation which can be explained 

simply by the geometrical relation of the (111) edge facet with respect to the growth orientation. 

However, no influence of the growth velocity and the axial temperature gradient on the width of the 

growth ridge was found. In addition, the edge facet grows deeply into the bulk of the small diameter 

crystal and is not limited to the growth ridge, as it is for large diameter crystals. Both findings cannot 

be explained by the existing theory of Voronkov. 

In agreement to our theoretical considerations, interface instability due to constitutional 

supercooling was found only during final solidification in the atomically rough interface region at the 

crystal periphery, when the growth velocity exceeds 10 mm/min and the temperature gradient 
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becomes very small with reducing the heating power. The facetted region showed to be more stable 

and was not affected by the starting morphological instabilities. 

In addition to the experimental investigations, a global numerical model with Ansys Fluent was 

developed to describe the temperature field in the mirror furnace (Fig. 2). For that purpose 

experimental data from facet length analysis, phase boundary deflection in etched cross-sections 

and temperature measurements were used for its validation. The model is applied to analyze the 

influence of buoyant convection e.g. on the interface shape and to predict a possible influence of 

microgravity conditions on the growth behavior. 

                    

 
Fig. 1: Instability of the central facet diameter in heavily As-doped silicon 

        

Fig. 2: Modelling of the temperature field for the mirror furnace with Ansys Fluent 
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Nitride-based electronic devices continuously gain attention and are envisioned as driving 

force for next-generation of RF-HEMT for G5 applications. Therein, InAlN is most promising as 

barrier material. However, it has been reported that InAlN suffers from gallium contamination 

if grown in a reactor based on the Close Coupled Showerhead (CCS) architecture. Yet, a 

conclusive picture explaining the presence of Ga in the InAlN has not emerged. We have 

intensively studied the mechanism of the reported gallium incorporation as a function of 

precursor materials, process conditions and reactor hardware. In order to investigate the 

mechanism of the incorporation of gallium in InAlN, we studied the growth of InAlN on GaN 

templates, either with or without in-situ re-grown GaN, in a 3x2 CCS reactor in a 1x4 inch 

configuration. To grow InAlN and GaN layers, trimethylaluminum (TMAl), trimethylgallium 

(TMGa), trimethylindium (TMIn) and ammonia (NH3) have been used to deposit Al, Ga, In, and 

N, respectively. The growth of the epitaxial layers have been in-situ monitored using LayTec 

EpiTT optical reflectance measurement. It is known, that opening and cleaning the reactor 

between the growth steps of GaN and InAlN results in Ga-free barrier layers. Growing InAlN 

directly on a GaN template or cleaning the reactor between these two steps are facile options 

to avoid Ga carry over in InAlN [1]. It also indicates that the origin of Ga cannot be explained 

by a diffusion of atoms from the GaN layer into InAlN. Moreover, opening the reactor without 

any additional cleaning of the reactor (for 20 minutes inside the Glovebox) has led to only 

0.5% Ga in InAlN, indicating that a volatile and reactive process coating of the reactor affects 

the purity of InAlN. Residual amounts of oxygen in the glovebox seem to be sufficient to 

passivate this process coating. In addition, Mrad and co-workers could also show that the 

amount of Ga in InAlN scales with the thickness of the GaN layer [2]. 

To further shed light into the mechanism of the contamination, we have investigated the roles 

of the precursors for In and Ga. We can confirm the vital role of TMIn from an experiment, in 

which AlN is grown on GaN under conditions equal to those for InAlN, except no TMIn is 

introduced into the reactor. Growing AlN on in-situ re-grown GaN showed no difference to a 

sample grown on a GaN template. It is thus unlikely that condensed TMGa molecules slowly 

desorb during the process subsequent to GaN growth, as this should also affect AlN. We have 

furthermore investigated the Ga uptake in InAlN when using the precursors TEGa during GaN 

growth and TEIn during InAlN growth. Both experiments revealed no significant difference to 

the standard precursors with a Ga pollution in the range of 20-30%, so the fundamental 

mechanism of the contamination remained and its origin stems from reactants that are 

present for both trimethyl- and triethyl-based precursors. 

We already concluded that desorption of condensed, unreacted TMGa molecules during InAlN 

growth unlikely cause the Ga uptake. It is also known that metallic Ga covers the Showerhead 

surface during GaN growth [3]. The effect of metallic gallium on the growth of InAlN has been 
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investigated by an etching experiment, in which the GaN layer has been etched in H2. This 

generates free Ga atoms, which agglomerate on the Showerhead [4]. Starting with a cleaned 

reactor, we have applied this method to coat the initially clean Showerhead with metallic 

gallium without introducing any Ga precursor to the reactor. After etching approx. 2 µm of 

GaN from a template sample, we subsequently grew InAlN without opening the reactor using 

conventional process parameters. Growth rate and elemental analysis then revealed a high 

Ga contamination of more than 22%. Apparently, the combination of metallic gallium with the 

precursor for indium in the reactor plays a key role for the unintentional Ga incorporation. 

Metallic gallium is generated in both processes using TMGa and TEGa. Based on the low vapor 

pressure of metallic gallium, we can explain that gallium does not simply evaporate during 

subsequent processes, as evidenced by the missing Ga uptake in AlN grown on GaN. Instead, 

a chemical reaction takes place between gallium and the precursor for indium, upon which 

methyl units are exchanged. This reaction is energetically favorable based on the calculations 

published in ref. [5]. Molecules of TMIn in the vicinity of metallic gallium in the reactor then 

lead to spontaneous formation of Ga precursor, which travel back into the gas phase and 

efficiently incorporate during the growth of InAlN.  

Avoiding gallium to be incorporated into InAlN thus requires a method to inhibit the reaction 

between gallium and TMIn. Changing the surface temperature of the Showerhead displays 

one route to transform the metallic gallium into a more stable coating. Due to its low thermal 

conductivity, a quartz-based deposition shield fixed to the Showerhead is a facile way to 

achieve a hot surface above the wafer. Not only reduces a hot surface the condensation rate 

of gallium, it also seems to enable the formation of a low-quality GaN composition on the 

deposition shield. As a result, a contamination of InAlN by Ga is almost entirely suppressed 

when using a quartz-based deposition shield with traces of gallium in the order of 0.1%.  

With our current study, we discuss a contamination of InAlN by gallium if the barrier 

layer is grown subsequent to GaN. Here, we present a concise experimental study that reveals 

the Ga uptake in InAlN to originate from a metallic gallium coating, which diffuses back into 

the gas phase upon an alkyl exchange reaction with the precursor for In (e.g., TMIn or TEIn). 

A quartz-based deposition shield fixed to the Showerhead leads to a high surface temperature, 

which enable the formation of a more stable coating during GaN growth, which is unaffected 

by the presence of TMIn during InAlN growth. Thus we can provide Ga-free InAlN barrier 

layers, grown directly subsequent to GaN.  
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Summary  

 

The wide bandgap (4.8 eV) oxide material β-Ga2O3 is characterized by a breakdown field strength of 

8MV/cm [1]. Transistors based on β-Ga2O3 benefit from a low on-resistance at a given breakdown 

voltage, which leads to less power losses. Due to these properties β-Ga2O3 meets the requirements to 

become the next generation of high-performance material for power electronic applications.  

In this contribution we report on the growth of homoepitaxial β-Ga2O3 layers by metal-organic vapor 

phase epitaxy (MOVPE) on (010) and (100) oriented substrates. To avoid the formation of twin 

lamellae for the (100) orientation substrates with a miscut of 6° towards the [00-1] direction were 

used [2, 3]. At IKZ two inch diameter bulk β-Ga2O3 single crystals were grown by the Czochralski 

method [4]. Out of these crystals the (100) oriented substrates were prepared. (010) oriented 

substrates were grown by the EFG method and supplied by Tamura Corp., Japan. 

The focus of this work was the deposition of modulation Si-doped layer structures. To use the 

promising material properties of β-Ga2O3 the epi layers have to have a high structural perfection, a 

smooth surface morphology and a low defect density to achieve the best electrical properties. To meet 

the requirements for modern devices multilayer structures with different doping regimes are 

necessary. The interfaces between the substrate and layers, and especially between the single doped 

epi layers play an important role for the device performance. Figure 1 shows the comparison for a 

200 nm layer grown on a (010) oriented substrate and a (100) 6° off oriented substrate.  

 

 
Figure1: AFM pictures of the layer morphology grown by MOVPE on a) a (010) oriented substrate and b) on a 

(100) 6° off oriented substrate. 

The layer grown on the (010) oriented substrate shows elongated two dimensional islands, indicating 

a faceted surface morphology with a roughness of about 800 pm. In contrast to that, the layer grown 

on (100) 6° off oriented substrate is characterized by a smooth step flow growth with a surface 

roughness of < 200 pm, a quarter the value of the (010) layer. This is a good prerequisite to achieve 

very sharp interfaces for multilayer structures with different doping regimes. In contrast to that, 

gradual transition of doping regimes between layers will result in scattering of free charge carries that 

leads to a decrease of the carrier mobility and overall device performance. Therefore, it is crucial to 

RMS = 0.15 nmRMS = 0.8 nm

3.5 nm

(100) 6° off(010)a) b)
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ensure that the interfaces are as sharp as possible. This depends strongly on the orientation of the β-

Ga2O3 substrate.  

We demonstrated in this work that β-Ga2O3 Si-doped multilayer structures homoepitaxialy grown by 

MOVPE in the same run on (100)6° off oriented substrates and (010) substrates revealed sharper 

interfaces in the Si-depth profile for the (100) orientated substrates (see Fig. 2). 

 

 
Figure 2: Si-depth profile measured by secondary ion mass spectroscopy (SIMS) of a multilayer structure grown 

by MOVPE on a) a (010) oriented substrate and b) on a (100) 6° off oriented substrate. The nomenclature LD 

and HD denotes “Low Si-Doping” and “High Si-Doping”, respectively. 

 

The SIMS Si-depth profile for the multilayer grown on the (010) substrate shows a gradual transition 

from a high to the low Si doping regions. The reason seems to be the surface morphology. For the 

faceted (010) layer surface the incorporation of Si is inhomogeneous resulting in blurred interfaces. 

The Si depth profile of the multilayer grown on (100) 6° off substrate instead shows sharp interfaces 

between the high and low doping regions since the (100) orientation is a cleavage plane with the 

lowest surface energy [3]. The use of (100) oriented substrates may, therefore, reduce the leakage 

current and improve the device performance, pointing out at the same time a direction for the device 

development.  

The surface morphology and electrical properties of the obtained layers were analyzed by AFM and 

Hall Effect measurements, respectively. Ellipsiometry measurements of the layers were performed 

with the use of Al2O3 substrates in the same run to determine the layer thickness. The depth profile 

and the silicon concentration of the multilayer stack was measured by using secondary ion mass 

spectroscopy (SIMS). The shape of the interfaces between the layers and the structural perfection 

were analyzed by SIMS and high resolution transmission electron microscopy (HRTEM), respectively. 
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Summary  

Future magnonic components for data processing technology could be used as an integral part of 

magnon spintronics concepts. They are necessary for large-scale integrated circuit technology 

beyond standard CMOS applications, since the manipulation of spin waves rather than electron 

transport processes plays the key role here (see, e.g., 1). 
The ferrimagnetic insulator yttrium iron garnet (YIG) is a promising candidate. Its ultra-low 

ferromagnetic resonance losses allow long spin wave lifetimes in prospective nanoscopic magnonic 

waveguide structures in the GHz and THz frequency range. For magnonic applications, however, 

nanometer-thin epitaxial films, with perfect structural and magnetic properties and large diameters, 

are required to enable efficient wafer-scale circuit fabrication for a future YIG planar technology. 

In our contribution we report on the structural and magnetic properties of 10 to 100-nm-thin YIG 

films grown by liquid phase epitaxy (LPE) on (111) gadolinium gallium garnet (GGG) substrates 2. 
High-resolution X-ray diffraction analysis (HR-XRD), Rutherford backscattering spectrometry (RBS), 

high-resolution transmission electron microscopy (HR-TEM), and magneto-static and dynamic 

characterization techniques such as vibrating sample magnetometry (VSM) and ferromagnetic 

resonance spectrometry (FMR) were used to characterize the sample performance. The results show 

that both the expected high structural perfection of epitaxial YIG films, and the well-known low 

magnetic damping of YIG single crystals, are preserved for LPE films down to a film thickness of 

20 nm. 

Our sub-100-nm-thin LPE YIG films reveal RMS values ranging between 0.2 and 0.4 nm, independent 

of the film thickness. Sometimes, however, partial remnants of dendritic overgrowth increase the 

surface roughness to RMS values above 0.4 nm for inspection areas larger than 400 m2. 

HR-XRD measurements confirm a fully strained pseudomorphous film growth with perfect coherent 

in-plane lattice match to the GGG substrate. Besides the nearly symmetrical intensity distribution 

along the [111] out-of-plane direction, only a very weak diffuse scattering is visibly close to the Bragg 

peaks; pointing towards a nearly perfect crystal lattice without significant compositional strain or 

geometric mosaicity. Using the best fit of both, the (444) and (888) reflections, the out-of-plane 

lattice misfit values dfilm were determined and a weak monotonous increase of dfilm with 

decreasing film thickness was observed for films with thicknesses between 106 nm and 21 nm. 

For all LPE films studied, the Fe to Y ratio determined by RBS measurements was R = 1.67. This 

corresponds to the ideal iron garnet stoichiometry of Y3Fe5O12. 

HR-TEM investigations show that the LPE technology is suitable for growing nm-thin YIG films 

without lattice defects and without significant interdiffusion at the film/substrate interface (Fig. 1). 

FMR measurements, within a frequency range of 1 to 40 GHz, were carried out to investigate the 

magnetostatic and dynamic behavior of the nanometer-thin films. A key parameter is the so-called 

Gilbert damping parameter , which can be interpreted as the viscous damping contribution of  
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the movement of the magnetization vector in an external magnetic field. The Gilbert damping 

coefficient, obtained for sub-100-nm films, is   1.3  10-4 and corresponds to the best values 

previously reported for 100 nm LPE YIG films [3]. No significant increase in Gilbert damping at room 

temperature with decreasing film thickness down to 11 nm was observed for LPE films. This 

correlates with the high microstructural perfection and homogeneity of the volume and interfaces of 

LPE-grown films with film thicknesses larger than 11 nm. 

The magnetic hysteresis loops obtained by VSM measurements show extremely small coercivity 

fields with Hc values of  0.2 Oe. The determined saturation moments are independent of thickness 

except for the thinnest sample and are very close to the YIG volume values (4Ms 1800 G). The most 

likely explanation for the observed reduction of the 4Ms for the 11-nm-thin film is that the YIG 

layers at the substrate/film interface exhibit a reduced saturation magnetization due to a 

magnetically diluted iron sublattice. We assume that the reason for this could be a high-temperature 

diffusion of gallium ions from the GGG substrate into the YIG film. Curie temperature measurements 

and SIMS investigations confirm this assumption. 

In summary, we are able to show that LPE technology can be used to fabricate sub-100-nm YIG films 

with high microstructural perfection, smooth surfaces and sharp interfaces, as well as excellent 

microwave properties down to a minimum film thickness of 21 nm. We expect, that these results will 

provide the basis for a possible application of nanometer-thin LPE films for the fabrication of nano- 

and microscaled circuits, such as nano-sized magnonic conduits 4, magnon transistors 5, 
directional couplers 6 etc. This deposition technique is easily scalable for future YIG sample 

diameters of several inches. 

 

GGG

YIG

resist

 
                         

Fig. 1: Cross-sectional HR-TEM image of an 11-nm-thin YIG/GGG (111) LPE film (see also 3). 
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Summary  

 

The cubic polytype of silicon carbide (3C-SiC) has attracted particular interest for decades. 3C-SiC is a 

promising candidate for power electronic device applications, as well as applications in the field of 

energy saving, such as intermediate band solar cells (IBSC) [1] and photo-electrochemical water 

splitting [2]. Some point defects in 3C-SiC are even investigated for future quantum applications [3]. 

However, the lack of high-quality material with reasonable size and in relevant quantities hinders the 

breakthrough of this material. High numbers of defects and considerable amounts of stress are still an 

obstacle and subject of current research. 

Since Nishino et al. [4] proposed the pioneering work about a multi-step chemical vapor deposition 

(CVD) process, significant progress has been made in the growth of high-quality 3C-SiC by CVD. Using 

such material as seed for a subsequent vapor growth process, thickness as well as quality of the 3C-

SiC can be further improved [5-7]. In this work, the growth of high-quality 3C-SiC by sublimation 

epitaxy (SE) on CVD-grown 3C-SiC-on-Si seeding layers is presented.  

  

               
 

Fig. 1: Evolution of diameters for bulk 3C-SiC crystals grown by sublimation epitaxy. The timeline and the full-

width-at-half-maximum (FWHM) values from XRD-rocking curve measurements are indicated. 
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A method for the reproducible growth of free-standing epitaxial layers up to 52 x 52 mm2 using a laser 

ablation process is presented. The path towards growth of four inch material is presented, too. 

However, for increased dimensions, cracking of the seeds occurred during wet-chemical etching. The 

resulting vapor grown layers exhibit a thickness between 320 µm and 520 µm and were grown at 

growth rates between 190 µm/h and 320 µm/h. All crystals exhibit a bright yellow color which is typical 

for cubic silicon carbide. XRD analysis and Raman spectroscopy confirmed the growth of the 3C-SiC 

polytype. Moreover, the analysis of the bulk material proved the growth of stress-free-material. 

Typical defects in (100) oriented 3C-SiC are stacking faults and protrusions. While the number of 

stacking faults decreases with increasing thickness of the SE-layer, protrusions can be considered as 

one of the most critical defects when it comes to the growth of thick, “bulk-like” layers. Protrusions 

increase in size with increasing layer-thickness. This effect limits the achievable maximal thickness and 

leads to a surface roughening of the crystal. 

 

               
 

Fig. 2: (a) Raman spectrum of typical sublimation grown material acquired in a protrusion-free surface area. 

(b) Comparison of the x-value for the transverse optical (TO) Raman mode of 3C-SiC epitaxial layers grown by 

chemical vapor deposition (CVD) on on-axis and 4° off-axis substrates, homoepitaxial as-grown material 

produced by epitaxial sublimation growth (SE), and SE-material after temperature treatment. 
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Summary  
 
The growth of volume crystals of oxides and fluorides has a long tradition at the IKZ but is also 
characterized by modern topics with outstanding international visibility. Our publications on the 
Czochralski method to grow big gallium oxide (β-Ga2O3) bulk crystals from the melt are “highly cited” 
in the field of bulk crystal growth [1,2]. The former head of the IKZ team, Reinhard Uecker, was 
awarded the IOCG Frank Prize in 2019 (together with Darrell Schlom) for pioneering "strain 
engineering" by providing substrates for “lattice mis-matched” films [3,4]. Recently, we succeeded in 
the growth of the first KTb3F10 bulk crystals that can be used as optical isolators for high-power near 
infrared lasers. 
In the presentation we will show how the preparation of β-Ga2O3 substrates of highest structural 
quality helped to provide a breakthrough in demonstration of novel power electronics devices [5]. 
Regarding crystal growth, the control of the local oxygen partial pressure is crucial to minimize the 
formation of suboxides and metallic gallium in the melt that would attack the crucible [2]. The growth 
of highly n-conductive β-Ga2O3 with large diameter remains a challenge, not only due to the self-
absorption of heat radiation [1]. Current research is focused on the investigation of the segregation 
and doping of various elements during growth [6,7]. Also, the preparation and potential applications 
of gallates with spinel structure such as ZnGa2O4 [8] are discussed. 
Perovskite-type substrates, originally used to prepare superconducting thin films, have been 
employed to push the limits of novel ferroelectric, superconducting, ferromagnetic, piezoelectric, 
multiferroic or high-mobility oxide electronic materials [9]. The rare earth scandates REScO3 (RE = 
Dy...Pr) grown at IKZ are in worldwide use to cover any desired pseudo-cubic lattice parameter in the 
range from about 3.95 to 4.02 Å [3,4]. Recently, novel promising materials with lattice constants in the 
range of 4.08–4.15 Å have been developed at IKZ jointly with Cornell University [10,11] to 
accommodate promising thin film materials such as La:BaSnO3, BiScO3, BiFeO3 or PbZrO3 with high 
structural quality. This success was strongly based on thermochemical assessments of stability of 
compounds such as Ba2ScNbO6 and BaSnO3 under melt growth conditions and phase diagram 
calculations in the La2O3–Lu2O3–Sc2O3–Nd2O3 system. We will present these results and also highlight 
perovskite-type crystals SrHfO3 and SrZrO3 grown by the IKZ in collaboration with the Institute of 
Physics CAS in Prague [12]. 
Regarding fluorides, we will briefly introduce our activities and demonstrate first crystals of KTb3F10 
that can be used to prepare superior optical isolators. The crystal growth is impeded by a peritectic 
phase transition slightly below the melting point, while accurate thermodynamic data is not available 
[13]. Formation of scattering centers as well as oxygen contamination must be mitigated by employing 
the right off-stoichiometry and purified starting materials.  
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Fig. 1: Pseudo-cubic lattice parameters of different rare earth scandate single crystals (from [4]) 

 
Fig. 2: Oxygen delivery vs. temperature for the growth of large diameter β-Ga2O3 single crystals from an Ir 

crucible (from [2]); 2-inch Al-doped β-Ga2O3 single crystal obtained by the Czochralski method (from [6]) 
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Lasers in the mid-infrared range are attractive in fields like laser surgery or atmospheric detection, 

due to the strong absorption of water in this spectral region. To achieve good beam quality and stable 

high-power laser operation, good mechanical, optical, and thermal properties are essential for 

potential laser materials. The rare-earth sesquioxide crystals Lu2O3, Sc2O3, and Y2O3 have been shown 

to be very suitable for high-power mid-infrared laser operation due to their high thermal conductivity 

and low phonon energies.  

Despite these promising results, the growth of sesquioxide crystals with high optical quality is very 

challenging due to their high melting temperatures of more than 2400 °C. These materials were 

previously grown by the heat exchanger method from rhenium crucibles, as this is the only crucible 

material that is suitable for such crystals [1]. This method has shown good results, but the Re-crucibles 

are very sensitive to oxygen, which requires a very precise control of the growth atmosphere. 

Moreover, the fabrication of Re-crucibles is very expensive and thus this growth method is not suitable 

for commercial use. 

Here, we report on the application of the optical floating zone technique (OFZ) for the growth of 

high-melting sesquioxide crystals to avoid the use of expensive and sensitive crucible materials. This 

method has several advantages compared to previous growth methods. It is crucible free and does 

not require zirconica insulation. Therefore, high oxygen partial pressures and free choice of the growth 

atmosphere are possible. 

By using our high-pressure high-temperature OFZ furnace undoped Lu2O3, as well as Er3+ and Yb3+-

doped Lu2O3 crystals were grown (Fig. 1). The growth experiments were carried out under Ar 

atmosphere at elevated pressure, the growth speed was varied between 2 mm/h and 7.5 mm/h at a 

lamp power of 5 kW. The pressed powder feeding rods were made from 5N purity powders. The doped 

rods were prepared by mixing Lu2O3 and Er2O3 or Lu2O3 and Yb2O3 powders, respectively, by using a 

3-dimensional mixer. All rods were pressed in an isostatic press and then sintered in the oven. 

       (a)                   (b) 

 

 

 

 

 

 

               (c) 

 

 

 

 

 

 

 

Fig. 1: Lu2O3 (a), Er3+ (b) and Yb3+-doped Lu2O3 (c) crystals grown by the optical floating zone method. 
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In future, we aim to utilize these crystals for laser experiments to advance the progress in 3 µm 

laser operation with Er3+ -doped and 1 µm laser operation with Yb3+ -doped sesquioxides. We are 

convinced that the OFZ-technique is a well suited method for the growth of rare-earth doped 

sesquioxide crystals for laser applications.  

 

 

1 R. Peters, C. Kränkel, K. Petermann, and G. Huber, "Crystal growth by the heat exchanger 

method, spectroscopic characterization and laser operation of high-purity Yb:Lu2O3". J Cryst. Growth, 

310(7-9), 1934-8, 2008 
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Summary 

 

Whether for optimization of sample size and quality, detailed substitution series or 

exploratory work: solution growth is a versatile tool that offers many benefits. Once a suitable 

solvent (or flux) is found, the growth can be performed at reduced reaction temperature, 

reduced vapor pressure, and with small amounts of material (compared to using mirror 

furnaces, Czochralski or Bridgeman methods). Furthermore, an ‘in situ purification’ of the 

starting materials is often associated with crystallization from solutions. 

  I’m going to show how the successful single crystal growth from solution allowed for 

immediate progress in understanding various, primarily magnetic and superconducting 

materials. A couple of representative single crystals is shown in Fig. 1. 

First example is the prominent family of FeAs high-temperature superconductors with critical 

temperatures of more than 50 K. Elevated synthesis temperatures beyond 1000°C in 

combination with the high vapor pressure of As pose a particular challenge. FeAs self-flux [1], 

KI salt flux [2], and Sn flux [3] were successfully applied to grow single crystals of several 

millimeter along a side. Those samples allowed to solve the magnetic structure and revealed 

important similarities and differences to the cuprate superconductors.  

A significant number of binary systems with known crystal structure but unknown physical 

properties were grown as single crystals and investigated by temperature-dependent 

magnetization, specific heat and electric transport. Interesting and unexpected was, for 

example, the observation of strong quantum oscillations in the large-unit-cell compound 

Cu13Ba [4] and nearly-itinerant ferromagnetism in CaNi2 and CaNi3 [5].  

The latter were grown from Ca-rich flux that is highly reactive and required some effort in 

designing suitable crucibles that were made from Nb or Ta. Such crucibles were also used to 

grow single crystals from Li flux. Several Li-based materials and in particular various nitrides 

were successfully grown [6], for example pure and transition-metal doped Li3N, Li4SrN2, and 

LiSr2CoN2. A significant increase of the solubility of transition metals in Li is caused by the 

presence of N.  

A completely unexpected side product was the growth of single crystalline -Fe in Li-N flux 

[7]. We have found well facetted, rhombic dodecahedral -Fe single crystals with diameters 

in the range of millimeters. 

Furthermore, there is ongoing progress in the development of a ‘feedback’ furnace that allows 

for the in-situ detection of nucleation from a melt [8]. Liquidus temperature and other phase 

transitions are determined directly in the crystal growth apparatus leading to significantly 

improved process control and efficiency.  Larger single crystals can be obtained by seed 

selection and slow cooling rates in the vicinity of the liquidus as shown for -PdBi.  
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Fig. 1: Selection of single crystals obtained from high-temperature solution growth. a) CeFeAsO 

grown from KI flux. b) Cu13Ba grown from Ba38Cu62. C) CaNi2 grown from Ca67Ni33. d) Li3N grown from 

Li90N10. e) Fe-substituted Li4SrN2 grown from Li-rich flux. f) -Fe grown from Li84N12Fe3. Scalebar in a) 

and f) is 0.5 mm, all other samples are shown on millimeter grid. 

 

 

To summarize, “the ‘we find solutions’ approach is based on the development of broadly 

versatile melts that will allow for the explorations of a new sets of phase spaces; new 

pathways into a poorly explored part of the forest... hic sunt leones.” [9] 
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Metal organic vapor phase epitaxy (MOVPE) of III-V compound semiconductors is a well-established 

technique used in industry for the production of multi-junction solar cells, LEDs, or lasers. MOVPE 

grown III-V multi-junction solar cells outperform all other solar cells in terms of efficiency. Still, the 

epitaxial production process is time consuming and expensive due to moderate growth rates and the 

inefficient use of the precursor materials. In this work, we address both issues simultaneously by 

increasing the growth rate and optimizing the process conditions of the reactor chamber. 

Additionally, we show the influence of high growth rates on material and solar cell properties. 

All samples were grown with an AIXTRON CRIUS Close-Coupled Showerhead reactor in a 7x4” 

configuration. In this reactor design, the gap distance between ceiling and susceptor can be 

adjusted. Standard precursors including TMGa, TMIn, TMAl, PH3, and AsH3 were used. A dual-layer 

anti-reflection coating (ARC) was applied to the solar cells and they were measured under the 

AM1.5g spectrum. 
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Fig. 1: GaAs growth rate plotted versus the incorporation efficiency of TMGa, calculated for one 12” wafer for 

different reactor conditions. 

 

We demonstrate that growth rates up to 280 µm/h for GaAs with group III incorporation efficiencies 

above 60 % are possible using MOVPE (see Fig. 1) [1]. These values were achieved by increasing the 

concentration gradient between the showerhead and the substrate and therefore the material 

transport to the wafer surface. In this reactor type, the concentration gradient can be increased by 

reducing the process gap height as well as the total H2 carrier gas flow. The experimental results 

could be reproduced both by accurate numerical simulation [2] and with a simple calculation using a 

control volume ansatz. Furthermore, the influence of the growth rate on properties like surface 

morphology, surface roughness, growth rate homogeneity and background doping was studied. In 

terms of solar cell properties, the minority carrier diffusion length and the solar cell performance 

were investigated up to growth rates of 140 and 100 µm/h, respectively [3] (see Fig. 2 and Table 1). 
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Fig. 2: Diffusion length in 2∙1017

 cm
-3

 doped p-GaAs plotted versus the growth rate for different growth 

temperatures at a V/III ratio of 10 (A) and versus the V/III ratio for different growth rates at a growth 

temperature of 720°C (B). 

 

Table 1: Best 4 cm
2
 cell results (measured under the AM1.5g spectrum). 

Growth Rate 

[µm/h] 

TG 

[°C] 

V/III Ratio VOC 

[V] 

JSC 

[mA/cm
2
] 

FF 

[%] 

 

[%] 

4 640 10 1.055 28.6 81.6 24.6 

60 720 5 1.036 28.4 79.7 23.5 

80 720 5 1.021 28.3 80.9 23.4 

100 720 5 1.019 28.3 81.1 23.3 

100 720 3 1.028 28.5 80.7 23.6 

 

We found that an increase in the growth rate leads to a reduction of the diffusion length from 12 to 

2.5 µm if all other parameters are kept constant. This is attributed to an increase in the amount of 

EL2 defects which is connected to As antisites (AsGa) [4]. Higher growth temperatures and lower V/III 

ratios can suppress the formation of AsGa and thus the diffusion length recovers. In the end, we 

achieved a diffusion length of more than 6 µm at a growth rate of 140 µm/h. The combination of 

high growth rates and low V/III ratios opens up opportunities for significant cost reduction for the III-

V epitaxy growth. 

Solar cell measurements reflect the diffusion length results (Table 1). At a growth rate of 100 µm/h, 

an open-ciruit voltage of 1.028 V and an efficiency of 23.6 % under the AM1.5g spectrum were 

achieved at a V/III as low as three. This is only 1.0 %abs below a reference solar cell grown at a growth 

rate of 4 µm/h. The results show the potential of using MOVPE to reach lower cost GaAs epitaxy 

through the optimization of growth conditions. 
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In the past decades group-III nitride technology has developed at an enormous pace. Optical devices 

such as LEDs and lasers have become part of everyday life in light bulbs, street lights, automotive 

lights, or digital cinema.  Less visibly, electronic applications have emerged and (Al,Ga)N transistors 

are utilized in base stations, communi  cations and RADAR. The application of (Al,Ga,In)N materials 

for electronic components is, however, still evolving. The large band gap, the high breakdown field, 

and the high electron mobility make group-III nitride based transistors attractive in particular for 

high power and high frequency applications.  

One current direction of research is the exploration of nitride based transistors for 5G 

communication networks. In this area, new developments in epitaxial growth have led to a 

breakthrough in the device performance. In difference to traditional group-III nitride devices, which 

are typically based on epitaxial layers grown in the Ga-polar (0001) direction of the hexagonal lattice, 

these novel devices are fabricated via growth in the N-polar (000-1) direction, taking advantage of 

the opposite direction of the internal electric fields in N- compared to Ga-polar III-N 

heterostructures.  While N-polar nitrides were explored early on, their utilization for device 

applications was hampered by their poor structural properties and high residual impurity 

concentrations. In particular films grown by metal-organic chemical vapor deposition, the most 

common epitaxial technique used for the deposition of III-N heterostructures, exhibited dense arrays 

of surface defects, which were believed to be immanent to the N-polar growth direction.  A closer 

look at the impact of the epitaxial growth parameters, however, indicated that limitations in the 

surface mobility of adsorbed species may play a role in the defect formation. Adjustments in the 

growth procedure allowed the deposition of  high purity N-polar III-N films on sapphire, SiC, and 

(111) silicon substrates and enabled the  fabrication of N-polar transistors demonstrating an record 

output power density of 8.8 W/mm at 94 GHz with a power added efficiency of 27%. [1,2]  

Another area of intense research is the fabrication of micro-LEDs for display applications, 

which led to an increased interest in nitride LEDs with InGaN active regions emitting at wavelength 

longer than green.  The demonstration of high performance LEDs emitting in the yellow and red, 

however, poses several challenges, one being the large 10 % lattice mismatch between InN and GaN. 

In order to mitigate the lattice mismatch between base material and active region, substrates with a 

lattice constant larger than GaN are very attractive. One possible path is the fabrication of relaxed 

InGaN pseudo-substrates. Two approaches will be discussed. The first involves the coalescence of 

relaxed III-nitride nano-features, utilizing the natural relaxation observed in the nanoscale. [3] The 

second, more recently pursued technique takes advantage of the reduced mechanical stiffness of 

porous GaN, allowing the demonstration of relaxed and partially relaxed InGaN-on-porous-GaN 10 

µm x 10 µm tile arrays. [4] Such pseudo-substrates have the potential to catalyze the development 

of full color micro-LED arrays. 

 

 

[1] S. Keller et al., Semicond. Sci. Technol. 29, 113001 (2014). 

[2] B. Romanczyk et al., IEEE Electron Device Letters, Early Access Article DOI 

10.1109/LED.2020.2967034 (2020). 
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Summary  

 

Numerical simulations are widely used for process development and equipment design for crystal 

growth both on research and industrial scales. The underlying physical models require measurement 

data for validation. However, many crystal growth processes take place at high temperatures in a 

vacuum-sealed atmosphere, which significantly limits in-situ observation. Therefore, dedicated model 

experiments are applied, where the relevant physical phenomena are transferred (more exactly – 

scaled) to a model system working with a model material and having an appropriate in-situ access. We 

have recently reviewed the use of such model experiments to investigate melt and gas flows in crystal 

growth [1]. Two prominent examples are Czochralski (CZ) growth and directional solidification (DS) of 

silicon.  

 

 
Fig. 1. Velocity measurements in model experiments for the CZ process: melt flow with an asymmetric 

structure (left); gas flow around the heat shield (right). See [1] for details. 

 

Melt flow in the CZ Si growth has been modelled using liquid metal alloys such as GaInSn in heated 

containers with diameters up to 800 mm (see [1] and references therein). Early studies were focusing 

on the influence of various AC and DC magnetic fields and performed detailed measurements of the 

temperature field, which enabled the validation of turbulence models [2]. Application of ultrasonic 

velocity measurements recently revealed the presence of unexpected asymmetric flow patterns, 

which have not been fully explained by numerical simulation yet (see Fig. 1). What are appropriate 

boundary conditions for the temperature and velocity? Which turbulence models and discretization 

parameters are suitable? Such questions are still under active discussion today as demonstrated by 

recent simulations for the 300 mm CZ Si process [3]. Gas flows in CZ growth have been modelled using 

isothermal model liquids to describe the forced flow around the heat shield (see Fig. 1). While no 

comparisons with simulations have been published yet, the experiments have provided important 

hints about the long-range influence of inlet conditions and about the presence of 3D instabilities.  
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Model experiments with liquid metals for the melt flow in DS Si growth under AC magnetic fields have 

reached melt width up to 420 mm (see [1] and references therein). Advanced ultrasonic 

measurements of the 2D velocity fields in an experimental parameter study have enabled the 

classification of a large number of flow structures [4]. Although the corresponding numerical models 

still need further validation for the interaction with the solid-liquid boundary in particular, the 

confidence in the modeling results has been greatly improved. 

 

 
Fig. 2. Multi-physical model experiments for crystal growth: demo setup with CZ growth of Sn (left) and sketch 

of physical phenomena (right). 

 

Melt and gas flows in crystal growth are a part of a larger landscape of interacting physical phenomena 

on several time and length scales. This physics landscape is common to many crystal growth processes 

– from the century-old experiments by Jan Czochralski with molten metals to industrial CZ pullers for 

300 mm Si monocrystals. Fig. 2 shows a modern version of Czochralski's experiment and selects the 

key physical phenomena. It is important to realize that every crystal growth experiment needs to 

manage all these aspects. And every complete crystal growth simulation needs to include validated 

models (also, validated simplifications) of all these aspects. But how can we perform the necessary in-

situ measurements for the validation of such coupled models? Note that the requirements for the 

modeling accuracy increase if we want to analyze complex phenomena such as transport of oxygen in 

solid, liquid and gas phases in CZ growth of Si. 

These questions are being addressed within the Starting Grant NEMOCRYS funded by the European 

Research Council (ERC) for the time period Feb 2020 – Jan 2025 at the IKZ. We will develop accessible 

multi-physical model experiments for crystal growth and integrate modern measurement techniques 

(infrared imaging, ultrasonic velocimetry, etc.). The obtained in-situ measurement data will be used 

to reach a new level of physical understanding and establish a new generation of multi-physical models 

for crystal growth processes. 

 

[1] K. Dadzis, O. Pätzold, G. Gerbeth, Cryst. Res. Technol., 1900096 (2019). 

[2] A. Krauze, N. Jekabsons, A. Muiznieks, A. Sabanskis, U. Lacis, J. Cryst. Growth, 312, 3225–3234 

(2010). 

[3] V. Kalaev, J. Cryst. Growth, 532, 125413 (2020). 

[4] N. Thieme, M. Keil, D. Meier, P. Bönisch, K. Dadzis, O. Pätzold, M. Stelter, L. Büttner, J. Czarske, J. 

Cryst. Growth, 522, 221–229 (2019).  
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Summary 

  

During the crystallization process of multi-crystalline silicon (mc-Si) metal impurities (like Fe, Co etc.) 

are mainly incorporated into the silicon melt and hence into the ingot via diffusion from the quartz 

crucible through the silicon nitride (Si3N4) coating or from the coating itself. As a consequence, the 

highly contaminated peripheral areas of the grown ingots known as “redzones” cannot be used for 

further production of solar cells resulting in a high wafer yield loss, as well as the ingot center is limited 

in electrical performance due to fast diffusing metal impurities. 

In order to get a better understanding of the metal impurity input during the crystallization process 

two numerical models were developed and evaluated by comparison to real annealing and 

crystallization experiments. The 1D model, which was written in the programming language Python 

[1], describes the solid-state diffusion of metals from Si3N4 coated crucible substrates into silicon 

blocks during annealing experiments and was used to identify suitable diffusion parameters. 

Afterwards these parameters were transferred to a 2D crystallization model, which is based on a self-

written solver using the finite volume method and is implemented in the C++ program package 

OpenFOAM [2]. For validation of the numeric models several annealing experiments using mono-

crystalline Cz blocks 70x70x55mm3 in size were performed and mc-Si ingots with a weight of 15kg 

were grown in a Vertical Gradient Freeze (VGF) furnace, while different consumables (ceramic silica 

crucible, Si3N4 coating and silicon feedstock) with varying purity levels were used. The numerically 

calculated metal profiles along the block/ingot height were compared to measured Fei-profiles and 

metal concentrations determined by neutron activation analysis (NAA). Furthermore, numerically 

observed differences in the metal content between the grown ingots were qualitatively compared to 

the trends derived from carrier-lifetime measurements. 

It will be shown that the trends from the real experiments can be directly predicted using the 

numerical models. Afterwards, the numerical crystallization model is scaled up to the industrial G6 

scale and an overview about the correlation between the purity variations of the raw materials and 

the effect on the red zone expansion as well as the lifetime values of the center region will be shown. 

Purity variations of the Si3N4 coating and feedstock come only into effect in modern setups containing 

crucible diffusion barriers. In this case, the redzone expansion among others can be decreased down 

to 35%, if the Fe concentration of the coating would be reduced by one order of magnitude, while the 

full potential is limited by the contamination level of the silicon feedstock. 
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Summary  

 

In crystal growth of intermetallics, the Czochralski method has proved to be a powerful technique for 

bulk single crystals [1]. Many intermetallic compounds show peritectic melting behavior and can, 

therefore, only be crystallized from incongruent melts below their decomposition temperature. 

Combined with a restricted solubility, mass transport in the solution next to the growth interface is 

the limiting factor for growth rates and inclusion-free single crystal growth. Various techniques of 

forced convection, e.g. ACRT [2] or IRB [3], are known from literature to effectively suppress inclusion 

formation due to increased mass transport. Since the Czochralski method uses crystal and crucible 

counter-rotation anyway, we carried out a combined experimental and numerical modelling study to 

investigate the influence of high crystal rotation rates on mass transport in the Czochralski growth of 

intermetallic compounds from metallic solutions.  

 

  
 

Fig. 1: Ga3Ni2 single crystal and inclusion distribution at varying crystal rotation rates (left). Schematic drawing 

of the rotating-disk model according to Hurle [5] (right). 

 

As a first approximation, the rotating crystal can be described as a rotating disc attached to the melt 

surface. In this model, mass transport in the melt close to the crystal is dominated by diffusion in a 

boundary layer while convection dominates the remainder of the melt. This general case was 

analytically solved long time ago [4] and has been treated for Czochralski growth purposes by Hurle 

[5]. Its key idea is a reduced diffusion boundary layer (also named Ekman layer) thickness δ depending 

on the disc’s rotation rate ω according to δ ~ (ν/ω)1/2 for a melt with kinematic viscosity ν.  
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Experimentally, several single crystal growth experiments were conducted in a modified self-built 

Czochralski apparatus using crystal rotation rates of up to 600 rpm. Ga3Ni2 and Ga7Pd3 served as model 

compounds due to their well-known tendency for severe inclusion formation at usual growth 

conditions. Despite such conditions, inclusion-free single crystal growth of Ga3Ni2 and Ga7Pd3 could be 

demonstrated with crystal rotation rates exceeding 400 rpm.  

Further understanding about the impact of rotation rates and changes in rotation rates on the crystal 

growth dynamics was gained from experiments. As expected, there seems to be a critical rotation rate 

at which a system of formerly inclusion-free growth changes to the usual state of high inclusion density 

when the crystal rotation rate is lowered. Additionally, we could demonstrate that a state of abundant 

inclusions can return to one of inclusion-free growth. Lastly, we observed the impact of a sudden 

change in rotation rates on crystal growth dynamics.  

 
Fig. 2: Velocity vector field (in m/s) of fluid flow in a crucible (ratio of crystal to crucible radii 0.7) established 

by a crystal rotating with 600 rpm (left). Isolines of the vertical velocity component indicating the 

geometry of the boundary layer (right). 

 

Numerical simulations with the computational fluid-dynamics package OpenFOAM were primarily 

used to investigate and support the experimental findings. Their most important result is the extension 

of the model of a uniform boundary layer thickness proposed by Hurle [5] to one of a radially outwards 

increasing boundary layer thickness. Hence, the three-phase coexistence line has been found to be 

the experiment’s most vulnerable region. Further results concern the impact of experimental 

parameters on mass transport. Experimental confirmation of these predictions was achieved by single 

crystal growth in a wider range of temperatures and rotation rates. 
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In this talk we analyze in detail the widely used phenomenological Haasen-Alexander (HA) model [1,2] 

and its extension - Haasen-Alexander-Sumino (HAS) [3,4] model, which are used for predicting the 

dislocation density in crystals. We recall that both the original model and its extension are based on 

four equations of the meso- and macroscopic dislocation dynamics, namely: 

- The Orowan law relating the plastic shear rate p, density of mobile dislocations nm and the disloca-

tion velocity v: 

1p

m
F

d
n v b

dt


         (A) 

- The empirical law relating the growth rate of the dislocation density  dnm/dt to the effective stress 

eff, the density nm itself and the dislocation velocity v:   

eff
m

m

d
K

n
n v

dt

           (B) 

- The Arrhenius-type relation between the dislocation velocity  v and the effective stress eff  via the 

activation energy of the dislocation motion Q:   

  eff0 exp / B
m

Q k T         (C) 

- The definition of the effective stress eff  via the applied stress ext  and the ‚hardening‘ term h:   

 eff ext h hmax ,  0 ,    with mGb nS             (D) 

Whereas the Orowans law is a direct consequence of the definition of a plastic deformation due to 

the dislocation movement (factor F accounts for different contributions of different dislocation types), 

equations (B), (C) and (D) cannot be obtained from any basic physical principles and should be viewed 

as empirical relations based on more or less uncontrollable assumptions. In particular, non-linear 

dependencies on the effective stress on the r.h.s. in Eqs. (B) and (C) are purely phenomenological and 

have no proper physical basis. 

The most important point, however, is the absence of any physical justification for the functional form 

h mnof the dependence of the hardening term on the dislocation density nm used in the key 

equation (D) of the HAS model. First, we point out, that in the original work of Haasen [1] this 

dependence was introduced on a purely phenomenological basis to explain the non-monotonicity of 

the stress-strain dependence. Haasen made an attempt to explain this term stating that the ‘effective’ 
stress is the sum of the external stress and the average dislocation-induced stress. 

However, we show that this explanation is incorrect, because components of the dislocation-induced 

stress are odd functions of Cartesian coordinates, so that for the random (and most other kinds of) 

dislocation arrangement the average dislocation-induced stress is zero. 

Next, we analyze the possibility that the ‘effective’ stress is the sum of the external stress and the 

standard deviation of the dislocation-induced stress. The latter quantity would indeed be proportional 
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mnto  (according to the central limit theorem), but this interpretation would be incorrect 

nevertheless, because the random variable cannot be replaced (even after averaging) by its standard 

deviation in any physical application. 

The only possibility to assign a real physical meaning to the hardening term is to suggest, that material 

‘hardening’ is due to the presence of other (immobile!) dislocations which generate a stress 

landscape for mobile dislocations. However, in this case the dislocation density in the hardening term 

would be different from the density of moving dislocations (these two dislocation populations are 

entirely different), which would also mean the failure of the HAS model. 

Finally, we analyze the extended HAS model and summarize its advantages and further limitations. To 

the most serious limitations (in addition to the discussed above) belong: 

• A very large number of freely adjustable parameters in the basic HA model; this number is even 

larger in the extended version, where many dislocation types and glide planes are taken into 

account.  

•  Complicated dislocation interactions (elastic forces, jogs, intersections etc.) are ‘squeezed’ into a 

single ‘hardening‘ parameter a 

•  Any structures in the dislocation arrangement (cellular structures, dislocation walls etc.) are 

neglected 

•  All model parameters have to be determined experimentally anew not only for each new 

material, but also for each new type of the growth process 

•  These model parameters should be, strictly speaking, time-dependent due to the possible 

appearance of new dislocation structures during the growth and annealing processes 

•  The model is not applicable to crystals with the low dislocation density, because the dislocation 

configuration in such crystals should be described in terms of separated dislocations. 

Following the line of arguments presented above, we strongly recommend the development and 

usage of really physical models, where the complicated matter of the dislocation interaction and 

multiplication is treated based on established physical relations.   
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Summary  

High-purity germanium (HPGe) single crystals are very promising for their applications as 

radiation, spectroscopy detectors and are mostly used in experiments dealing with highest 

resolution, like dark matter research, neutrinoless events (e.g. LEGEND), and as best solution 

for precise gamma and x-ray spectroscopy.  In comparison to silicon (Si), germanium (Ge) is 

much more efficient for radiation detection due to its high mass number, needing less energy 

for electron-hole pair creation and can have a larger depletion region (cm thickness) for total 

absorption.  Growing “detector-grade” HPGe single crystals, with engineered structural 

defects and controlled properties, uniform throughout the crystal, represents one of the 

challenging tasks in these type of semiconductor materials’ crystal growth. For low 

background and high-resolution detection, the impurity concentration in the crystal should be 

ultra-low (n < 1010 cm-3). Numerous process steps are involved to obtain ultra-pure Ge source 

material and to cultivate single crystals.  Additional challenges arise as Ge is one of the few 

substances that expands as it solidifies.   

We have been establishing the following principal process steps at IKZ, all in-house under a 

single roof, to obtain HPGe crystals: (i) Reduction of GeO2 to Ge for preparing poly-crystalline 

Ge bars, (ii) multi-zone-refining of the starting Ge metal bars up to ultra-high purity (12 N); (iii) 

Czochralski (Cz) growth of single crystals. The most challenging steps are, zone refining to 

reach the unprecedented purity and the Cz growth, both in H2 atmosphere. In order to obtain 

the required purity level, the growth equipment has been specially constructed with an 

inductive heating set-up. However, it makes the control of the thermal field much more 

complicated as compared to resistive heating systems. The suitability of the constructed 

equipment has been tested for growing 2-inch crystals, before implementing a scaling-up 

process to grow larger diameter ( 3-inch), massive crystals of few kgs in weight. For higher 

sensitivity and larger volume for detecting dark matter events, large diameter HPGe crystals 

are prerequisite. 

The 3-inch diameter crystals are grown along the [100] direction (Fig.1a), which allow the 

dislocations to glide out and terminate at the crystal surface. The dislocation densities in these 

crystals are relatively higher ( 104 cm-2), but uniform all along the grown crystals. The 2-inch 

crystals grown under well-optimised conditions, usually have a dislocation density in the mid. 

103 cm-2, which is in the required range (102 – 104 cm-2) for the applications.  [111] oriented 

crystals were also grown (Fig. 1b, nice facets seen from the top view).  During the scaling-up 

process of massive crystals, further optimisation of the hot-zone and growth parameters are 

decisive. The most influencing factor in HPGe crystal growth is the process gas (H2) 

environment, which makes the thermal field difficult to be controlled and thereby the 

temperature gradient in the growth regime.  The H2 atmosphere is used to reduce the oxides 

and minimize trapping centers.  H2 has a large thermal conductivity, low viscosity and also 

large convective heat transfer coefficient.  Further, its purity, flow rate, convection, etc., will 
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additionally play a role on the final impurity concentration and defect density in the crystals. 

In our growth equipment, all the internal parts were home-designed and constructed 

specifically to take care of the concerns of high purity. A realistic three-dimensional computer-

aided-design (3D-CAD) model was used to define the geometry, and for a good understanding 

of the thermal field and transport kinetics, computational fluid dynamics (CFD) simulations 

have been carried out (Fig.1c). 

The grown crystals were investigated in the limelight of crystal perfection, defect density, 

defect nature and concentration of impurities. Different segregation coefficients of acceptors 

(B, having a very high segregation coefficient in Ge, k0 > 17) and donors (P, very low k0  0.08) 

give raise to a p-n transition around the middle part of the crystal. The shape of the solid-melt 

interface during the growth process is also important to predict the radial homogeneity of the 

wafers.  The detailed properties obtained from various measurements will be presented, 

especially for large diameter crystals.  The issues related to the diameter enlargement and 

retaining the control over purity and defect density will also be elucidated. 

Fig. 1: a) Photo of a 3-inch dia. [100] HPGe crystal grown at IKZ; b) [111] oriented HPGe crystal; c) Numerical 

simulation of temperature field and gas convection in the crystal growth system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Controlled EPD in the crystal grown in the newly scaled-up system. Top: Sketch showing the places 

where the samples were taken for EPD analyses; Bottom: Etched surfaces of the wafers cut from their 

respective top, middle, and bottom parts. 
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Large mass radiation detectors with high resolution can be fabricated from high-purity germanium. 

The production of such detectors has recently gained large interest, since they might aid in the search 

of the neutrinoless double beta decay within the experimental program of the LEGEND collaboration 

[1]. For these applications, Ge single crystals with a very high crystalline perfection are required, to 

say more precisely, a high purity (net concentration of electrically active impurities < 1010 cm-3) and a 

homogeneous distribution of less structural defects such as dislocations and voids are required.  

[100] single crystals of HPGe with a diameter of 2-inch were grown in pure H2 atmosphere by the 

Czochralski method as described elsewhere [2]. The structural defects in these crystals were 

investigated by white beam X-ray imaging conducted at the topography station at the imaging cluster 

of the Karlsruhe Research Accelerator (KARA) synchrotron – a 2.5 GeV electron storage ring situated 

at Karlsruhe Institute of Technology (KIT), Germany [3]. The top part of the crystal was mostly 

dislocation-free and the dislocation density increases towards the tail of the crystal to a value of 2600 

cm-2, as can be seen in the X-ray topographs of Fig. 1. In a Ge crystal, the equilibrium vacancy (V) 

concentration at the melting point which ultimately originates from the growth process is 1015 cm-3, 

while the concentration of self-interstitials is only around 109 cm-3, which has been shown by first-

principles calculations [4] as well as experimentally [5]. Hence, the mechanism Gei + VGe -> GeGe (Frank-

Turnbull) does not noticeably reduce the concentration of Vs in the crystal. Vs can only be absorbed 

in parts of the crystal with dislocations of partly edge character, which consequently climb. 

Consequently, dislocation-free crystals exhibit huge excess Vs, which tend to form clusters (e.g. voids) 

or even electrically active V-related complexes when grown under H2 atmosphere. We have observed 

that these Vs cluster into voids in the dislocation-free parts of the crystal, while no voids can be 

observed in parts with moderate dislocation density. The voids are identified by a black-white contrast 

in the topographs (Fig.1a), which is caused by a dynamical diffraction effect. It results from a 

modulation of the diffracted intensity, induced by a shift of the tie point position on the dispersion 

surface by the bending of lattice planes, due to the tensile strain around voids [6]. We estimate that 

the void density in the top part of the crystal is < 105 cm-3 and therefore very hard to detect them 

directly by microscopy. 

The comparison of etching features originating from a modified CP-4 etch of samples from 

dislocation-free with non-dislocation-free samples of the crystal showed clear differences, indicating 

different defect structures. Charge carrier lifetime in dislocation-free wafers, laterally mapped by 

microwave detected photoconductivity (MDP), was determined to be less than 100 µs, which is only 

a fraction of the typical lifetime (>500 µs) in comparable samples with a moderate dislocation density 

along with homogeneous distribution. At the middle of the wafers the charge carrier lifetime of 

dislocation-free crystals can even locally drop below 20 µs. Since this behavior is not explicable by the 

simple presence of voids, further vacancy-related defects such as V-H complexes or vacancy 

condensation in the form of intrinsic stacking faults may exist in the crystals.  
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Fig. 1: White beam X-ray topographs of [100] Cz-Ge grown in H2 atmosphere. (a) depicts an almost dislocation-

free part  of the crystal (>1 cm2) with a void depicted in the inset, while (b) shows a part of the same crystal 

with a moderate dislocation density of 2600 cm-2 and no indication of voids. 
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Summary   

 

The CRESST (Cryogenic Rare Event Search with Superconducting Thermometers) experiment is 

searching for elastic scattering of light dark matter particles using CaWO4 single crystals. It is located 

deep underground at the Laboratori Nazionali del Gran Sasso (LNGS) in Italy and surrounded by several 

layers of active and passive shielding to reduce various backgrounds such as cosmic radiation or 

radiation from radioactive decays. CRESST is the world leading experiment in the mass range up to 0.5 

GeV/c2. A low detector threshold and a low background have a crucial impact on the sensitivity [1]. 

For both, the quality of the CaWO4 crystals is essential. In order to fulfill the requirements of CRESST, 

a dedicated Czochralski crystal growth facility (see fig 1a) has been set up at the Technical University 

of Munich (TUM), starting from the production of the CaWO4 powder from the raw materials CaCO3 

and WO3 up to the final steps of cutting the detector crystals from the ingot [2]. An important 

milestone was the growth of the crystal TUM40 (see Fig. 1b,c) which showed an exceptional 

performance and a much higher radio-purity compared to commercially purchased crystals Daisy 

(dashed red line) and VK31 (dashed black line) [3],[4]. 

  

 
 

Fig. 1: (a) Picture of the Czochralski furnace in which the CaWO4 single crystals are grown at TUM. The facility 

is exclusively used for CaWO4 crystal growth to avoid cross contamination from impurities of other materials. 

(b) The CaWO4 crystal ingot TUM40. 

(c) Histogram of the low-energy events of the detector TUM40 (black bars) recorded during CRESST-II Phase 2. 

The most prominent peaks are labelled. In comparison the two commercially bought crystals Daisy (dashed 

red line) and VK31 (dashed black line). Figure from [4]. 

 

 

 

TUM40 

(a) (b) (c) 
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In order to further improve the quality of the CaWO4 crystals two approaches are followed. First and 

most important the improvement of the crystals’ radiopurity by two orders of magnitude. For this a 

synthetization of the CaWO4 powder via a precipitation reaction (see Fig. 2a) as well as an extensive 

powder purification for both the raw materials and the synthesized CaWO4 powder has been 

developed and conducted at TUM. Screening of the powder using HPGe detectors shows a significant 

improvement of the radiopurity. 

The second way to improve the crystal quality is the reduction of internal stress which is introduced 

to the crystal lattice from temperature gradients during the growth. To target this, a simulation of the 

temperature distribution in the furnace was developed with the help of the Leibniz-Institut für 

Kristallzüchtung (IKZ) using COMSOL Multiphysics (see Fig. 2b). The Czochralski setup was adapted 

accordingly and first measurements of the crystals in a stress birefringence setup show promising 

results.  

 

In August 2019 the crystal TUM93 was grown from the first batch of the extensively chemically purified 

powder. Three CRESST detector crystals have been cut from the ingot and installed in the CRESST 

setup. This is an important milestone to reach the goals of the CRESST dark matter search. 

 

 

 
 

 

Fig. 2: (a) Picture of the precipitation reaction of the CaWO4 powder from the raw materials CaCO3 and WO3 

which are brought in an aqueous solution and are chemically purified prior to the reaction. 

(b) Temperature distribution during the Czochralski growth. This simulation was performed with the program 

COMSOL Multiphysics in order to understand the temperature gradients during the growth better which are 

causing stress in the crystal lattice. The setup was then modified accordingly to lower these gradients. 

(c) The CaWO4 crystal TUM93 which was grown from the first batch of an extensively chemical purified 

powder. Three detector crystals have been cut from the ingot. They are currently operated in the ongoing 

CRESST run. 
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The incorporation of foreign phase particles during crystal growth is a common occurrence, for 

example during the directional solidification of multi crystalline silicon for photovoltaic applications 

or string casting processes. These foreign phases generate several limitations, starting with acting as 

sources for dislocation clusters, disturbing the post growth material processing like wafering during 

wire sawing, and may be responsible for electrical problems, i.e. for solar cells by acting as shunts, 

short-circuiting the device. During earlier investigations of the incorporation behavior of silicon 

carbide (SiC) and silicon nitride (Si3N4) particles into growing silicon crystals [1, 2], we experienced 

the need to study the local reaction of the approaching phase boundary to the particle in front of it 

more in detail. With silicon as an opaque crystal and equally opaque melt, the only available way to 

investigate is post growth, and therefore, it is impossible to see the incorporation of a particle at the 

time of its engulfment. This requirement leads to the use of a transparent melt system with direct 

visual observability of the particles in the melt, in front of the phase boundary, and during the 

engulfment process.  

The model system studied in this work is ice-water-glass-polystyrene. H2O shows a clear and planar 

solid-liquid phase front while it can be crystallized in a suitable range of growth velocities. Different 

species of spherical particles were used to investigate the influence of different material parameters 

like density (density ratio to surrounding fluid), heat capacity, heat conductivity, etc. Hollow spheres 

of glass (9-13 µm diameter) and spheres of polystyrene (10, 30, and 100 µm diameter) were 

engulfed by a moving ice/water phase boundary. This setup was used under terrestrial conditions as 

well as on board of the TEXUS 56 sounding rocket payload, under microgravity conditions.  

During the experiments, we could observe that in this system, similar to the Si-SiC-Si3N4 system, a 

critical growth velocity exists, below which a particle gets pushed along by the solid liquid interface, 

and above which a particle gets incorporated. Further, we could observe that the moving phase 

boundary also enriches the particles in front of itself, while it only incorporates particles with the 

“correct” radius (Fig 1).  

As mentioned above, the focus of this work lies in the investigation of the direct, short-term, and 

local response of the moving phase boundary on the stationary/static particle in the fluid while 

getting closer. In µg as well as in reference experiments on ground it was observed that there is no 

determinable reaction of the phase boundary like forming hillocks or trenches, when a particle is 

engulfed and incorporated. The growth front stays flat, while the particle is overgrown laterally 

(Fig 2). This behavior is also in accordance to a silicon crystal engulfing a SiC particle (Fig 3). The 

acquired data points can now be used to further calibrate and validate quantitative FEM-models, so 

numerical predictions about particle incorporation can be made. 
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Fig. 1: Hollow glass sphere particles incorporated as a horizon by the moving ice-water phase boundary. 

 

 
Fig. 2: Polystyrene particles with 30 µm diameter are engulfed by the moving ice-water phase boundary 

without determinable deformation of the phase boundary into hillocks or trenches. 

 

 
Fig. 3: SiC particle engulfed during growth. The striations indicate no reaction of the phase boundary to the 

particle prior to engulfment 
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For the growth of silicon carbide (SiC) crystals, the physical vapor transport (PVT) method has 

matured to become the industrial standard route [1-4]. The wafer quality has improved continuously 

making micropipe (MP) free material commercially available. By the optimization of the process 

conditions, the generation of new defects during growth is reduced as far as possible, leading to a 

steady reduction of defect densities in the wafers.  Besides the suppression of defect formation also 

a distinct reduction of defects is possible in SiC crystals, for example by the conversion of defects as 

observed in the solution growth method [5]. It is believed that due to high surface steps threading 

defects are deflected into the basal plane. Using our in-situ computed tomography system we can 

observe the effect of changed process conditions directly during the growth. A different evolution of 

the growth interface shape was observed during crystal growth runs, caused by the application of 

insulation materials of differing thermal conductivity. A higher thermal conductivity leads to a larger 

radial thermal gradient in front of the growing crystal as confirmed by numerical simulation. 

Insulation material with lower thermal conductivity leads to a smaller radial temperature gradient at 

the crystal growth interface. Therefore, differently shaped growth interfaces evolve and different 

step morphologies are formed.  

  

 
Fig. 1: micropipes in the stepflow area changing their position from bottom (a) to top (b) in the crystal.  

(c) micropipe penetrating the crystal surface in the step-flow area 

 

Due to the higher radial temperature gradient a smaller facet and steeper crystal flanks evolved 

compared to the growth run using an insulation material of lower thermal conductivity. The steep 

crystal flanks feature high surface steps as visible in Figure 1c, which strongly interact with the 

crystal defects. Two different mechanisms for the bending of micropipes (MPs) away from the 

[11�00] direction were found. Figure 1 a and b depicts the step flow area where the MPs are 

deflected collectively in the direction of the step flow by big surface steps. In the facet area the 

repulsive interaction of selected MPs led to a slight deflection restricted to the {11�00} prismatic 

plane in the 〈112�0〉 direction as depicted in Figure 2, caused by repulsive interaction. 

c 
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Fig. 2: micropipes in the facet area changing their position from bottom (a) to top (b) in the crystal.  

(c) illustration of the repulsive interaction of two MPs with the same burgers vector 

 

The defect densities listed in table 1 indicate that the large surface steps on the surface of crystal B 

convert a large amount of TEDs into BPDs leading to a reduction of this defect during the growth 

process.  

 

Table 1: Densities of defects for crystal A grown under smaller radial thermal gradient and Crystal B grown 

under larger radial thermal gradient. Wafer #1 denotes the Wafer closer to the growth surface and Wafer #2 

denotes the Wafer closer to the seed, respectively.  

 

For the growth of large SiC boules the application of large radial gradients for defect reduction 

seems not appropriate as large radial strain will lead to the generation of new defects. Therefore, 

the application of an off-axis angle to produce a surface morphology featuring large steps would be a 

better method. Measurements of the angle between the facet plane and the crystal flanks, reveal an 

inclination angle of 10° directly around the rim of the facet and going up to 20° further away at the 

steepest regions.  The growth on seeds cut with a large off-axis angle between 10-20° can be a 

promising approach to achieve defect reduction in PVT grown SiC by large surface steps, while 

avoiding large radial thermal gradients. 

        
Acknowledgment 

The authors acknowledge funding by the DFG under the grant numbers WE2107/12-1 and 

UH246/4-1 

 

[1] I. Manning, G. Y. Chung, E. Sanchez, Y. Yang, J. Q. Guo, O. Goue, B. Raghothamachar, M. 

Dudley, Materials Science Forum, 924, 11-14 (2018) 

[2] A. R. Powell, J. J. Sumakeris, Y. Khlebnikov, M. J. Paisley, R. T. Leonard, E. Deyneka, S. 

Gangwal, J. Ambati, V. Tsevtkov, J. Seaman, A. McClure, C. Horton, O. Kramarenko, V. 

Sakhalkar, M. O’Loughlin, A. A. Burk, J. Q. Guo, M. Dudley, E. Balkas, Materials Science Forum, 

858, 5-10 (2016) 

[3] T. L. Straubinger, E. Schmitt, S. Storm, M. Vogel, A. D. Weber, A. Wohlfart, Materials Science 

Forum, 645-648, 3-8 (2010) 

[4] A. K. Gupta, P. Wu, V. Rengarajan, X. P. Xu, M. Yoganathan, C. Martin, E. Emorhokpor, A. 

Souzis, I. Zwieback, T. Anderson, Materials Science Forum, 717-720, 3-8 (2012) 

[5] S. Harada, Y. Yamamoto, S. Xiao, D. Koike, T. Mutoh, K. Murayama, K. Aoyagi, T. Sakai, M. 

Tagawa, T. Ujihara, Materials Science Forum, 821-823, 3-8 (2015) 

 TED [1/cm
2
] TSD [1/cm

2
] BPD [1/cm

2
] 

Crystal A Wafer #1 (2.33 ± 0.03)E4  (0.94 ± 0.02)E3 (4.58 ± 0.05) E3 

Crystal A Wafer #2 (2.18 ± 0.02)E4 (1.00 ± 0.03)E3 (5.27 ± 0.05) E3 

Crystal B Wafer #1 (0.44 ± 0.08)E4 (0.88 ± 0.29)E3 (3.14 ± 0.61) E3 

Crystal B Wafer #2 (1.12 ± 0.30)E4 (1.00 ± 0.33) E3 (3.07 ± 0.58) E3 
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Summary  

 

Certain condition including a high supersaturation, a silicon-rich gas phase and a high vertical 

temperature gradient during the growth of 3C-SiC are key challenges to obtain high quality material. 

We have developed a transfer method creating high-quality 3C-SiC-on-SiC (100) seeding stacks, 

suitable for use in the so-called sublimation “sandwich” epitaxy (SE) [1]. A series of growth runs with 

different source to seed distances were performed and characterized by XRD and Raman 

spectroscopy. The measurements revealed a decrease in material quality with increasing source to 

seed distances.  

 

 
 

Fig. 1: From simulation data calculated supersaturation of the growth-limiting gas species SiC2 as a function of 

temperature for varying source-to-substrate distances. Highlighted areas are extracted from the literature 

and experiments were performed on (100)-oriented material. The dashed line marks the minimal necessary 

supersaturation for stable growth of 3C-SiC. 
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For a better understanding, simulations of the used SE setup were carried out using COMSOL 

Multiphysics. Thereby a quantitative estimation for the temperature gradient and consequently the 

supersaturation of the growth limiting gas species SiC2 was created. Different source-to-seed distances 

were taken into account as well as various temperatures. The simulated data showed a decrease in 

supersaturation of the growth-limiting SiC2 gas species with increasing source-to-seed distances 

(Fig. 1). The observed decline in crystal quality during the growth runs with increasing spacing could 

therefore be explained by the reduction in supersaturation.  

The main defect limiting the growth of cubic silicon carbide appears to be the protrusion defect which 

is already present in the seeding layers [2]. Morphology analysis of as-grown material indicates an 

increasing protrusion dimension with increasing crystal thickness. This effect limits the achievable 

maximal thickness. During growth of an approximately 2.7 mm thick crystal additional polytype 

inclusions could be observed. They began to occur at low supersaturation (S ≤ 0.06) and prolonged 

during growth (increase of carbon gas-species). Nevertheless, switch-backs to the cubic polytype could 

be observed at later growth stages. Together with the simulated data, we were therefore able to 

suggest a necessary minimal supersaturation of 0.1 for the stable growth of 3C-SiC.  

 

             
 

Fig. 2: Crosscut from an approx. 2.7 mm thick one-inch sample in through-light set up viewed with an optical 

microscope. The growth conditions were near the limit of stable 3C-SiC growth (yellow areas) as can be seen 

by the white inclusions representing polytype switches to 6H. Backside sublimation also occurred during the 

growth (removed areas located at the bottom).  
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Silicon carbide (SiC) used as semiconductor material for high power devices often degrades the 

device’s performance by a high variety and density of defects [1]. The wafers of several 4H-SiC crystals, 

grown by Physical Vapor Transport [2, 3] at various growth conditions were characterized. For each 

crystal, one wafer close to the crystal seed and one wafer close to the crystal cap was investigated.  

Synchrotron White Beam X-ray Topography (SWXRT) measurements in back-reflection geometry were 

carried out at the topography station at imaging cluster of KIT light source [4] to investigate and 

distinguish the different defect types. Further, High Resolution X-ray Diffractometry (HRXRD) 

measurements were performed at selected wafer areas, capturing the interplay between different 

dislocations or one specific dislocation type. The same defect types occur in all investigated wafers, 

namely Threading Screw Dislocations (TSD), Micropipes (MP), Small-angle grain boundaries (SAGB) in 

form of Threading Edge Dislocation (TED) arrays and Basal Plane Dislocations (BPD). Full wafer 

mappings, recorded in 0004 reflection show an inhomogeneous distribution of the mentioned defects 

(see Fig.1 (a) and (d)). In all wafer mappings, the defect density is lowest in the wafer center and 

increases towards the wafer border. The region between wafer middle and  border is made up by a 

BPD network (see Fig.1 (b)), which corresponds to the crystal area with the highest calculated resolved 

shear stress distribution inherent during the growth temperature of 2250 °C [5]. In this area the shear 

stress exceeds a critical value for the formation of BPDs [6]. The network shows a connection to TSDs, 

whereas MPs are mostly isolated. Near the border there’s a spontaneous change of the BPD network 

to an area of dominating SAGBs with a connection to MPs (see Fig. 1(c)). This change can be caused 

by a transition of BPDs into TEDs due to changing temperature and stress gradients during the cool 

down phase. By comparing the wafer close to the seed with the one close to the crystal cap, it becomes 

apparent that density, types and distribution of the occurring defects do not change along the crystal. 

Further, by using one wafer as seed for the next growth, defect types, density and distribution remains 

similar. Therefore, all types of threading dislocations and SAGBs continue during growth. HRXRD 

measurements were performed at different wafer areas to investigate the crystal quality more 

quantitatively. Rocking curves in 0004 reflection show a difference in their curve shape and full-width 

at half maximum (FWHM) depending on the crystal quality, which is in good agreement with the 

SWXRT results. More meaningful are the recorded Reciprocal Space Maps (RSM), to separate the 

effect of different defects on crystal lattice strain and tilt.  Depending on the dominant defect type in 

the measured area the shape of the RSM and the relation of crystal lattice strain to crystal lattice tilt 

changes. A pure BPD network results in pure crystal lattice tilt, whereas mixed types of dislocation 

result in different amounts of strain and tilt. Even for the largest MPs, in combination with any type of 

edge dislocation, the contribution of pure lattice strain decreases. So in conclusion, there is no far-
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reaching influence of one type of dislocations on the crystal lattice. Further, since most of the defects 

propagate through the whole length of the crystal, the crystal lattice strain and tilt conditions remain 

similar on the same wafer areas, irrelevant on the wafer position inside the crystal.  
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Fig. 1: (a) SWXRT wafer mappings recorded in 0004 of wafer A1, close to the crystal seed. (b) Circular 

arranged BPD network around the wafer center. (c) Abrupt transition from BPD network area to area with 

increased SAGBs. (d) SWXRT wafer mapping recorded in 0004 of wafer A2, close to the crystal cap. The 

mapping shows a similar defect arrangement as for wafer A1. 
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Summary 

 

The extraordinary electrical properties of silicon carbide (SiC) established it as one of the currently 

relevant wide-band gap semiconductor materials for high power, high temperature, and high 

frequency electronic applications. Due to the increasing industrial standard size for SiC wafers from 

100 mm up to 200 mm in the future, a fundamental understanding of the growth process and the 

corresponding conditions are crucial to achieve a crystal quality high enough for further processing. 

Commonly, SiC is grown by the physical vapor transport (PVT) method [1]. Changes of the growth 

conditions like axial and radial temperature gradients due to the growth of the SiC boule and 

shrinkage of the SiC source material lead to thermoelastic stresses and, as a result, defects are 

formed [2, 3]. The adaption of thermal gradients inside the hot zone is one way to reduce such 

defect generation. However, the high process temperatures prevent a straightforward in situ data 

acquisition from specific points inside of the crucible via thermocouples. Instead, numerical 

modeling can be used for hot zone engineering and to facilitate a better understanding of the 

complex dynamics during the PVT growth of SiC [4-6]. A major obstacle in the accurate modeling of 

the PVT growth process is the lack of precise material data at temperatures well above 2000°C of the 

applied carbon-based thermal isolations and crucible parts, as well as the highly dynamic SiC powder 

source. Moreover, material inhomogeneities can lead to further deviations of expected results. In 

this work, a quantification of the effects of these uncertainties on numerical modeling was done by 

utilizing the temperature data of growth runs inside a 75 mm PVT and two different 100 mm PVT 

setups and creating a simulation tool accurate enough to depict the process temperature fields with 

high accuracy covering a wide range of hot zone geometry and process parameters. Complementing 

X-ray imaging was done to characterize the evolution of crystal and source during the growth 

processes and further verify the numerical calculations [7, 8]. In addition, experimental validation 

was carried out by the comparison of simulated isothermals with experimental doping striations of 

the axial and radial temperature gradient and the evolution of the shape of the crystal growth 

interface (see fig. 1). This validated model enabled us to study the influence of changing materials 

properties of the graphite crucible, the SiC powder source or the graphite isolation on the accuracy 

of the simulation.  

The impact of the cooling solution of a PVT setup either based on water or air on the temperature 

gradients inside the hot zone was investigated by growing two 100 mm crystals in two different PVT 

setups. It could be proved numerically and experimentally that the cooling solution has no influence 

on thermal gradients and the resulting crystals. Two additional 100 mm crystals were grown with 

varying source powder packaging densities. Using X-ray imaging, a correlation between the sources’ 

packaging density and the curvature of the resulting crystal growth front could be demonstrated. 

Radial and axial temperature gradients will be influenced by the porosity of the source charge, as 
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validated by our model. Furthermore, the evolution of the source charge and its properties was 

investigated using an in situ CT-system. The insignificance of the source powder’s electrical 

properties due to limited induction heating could be shown. While changing the thermal properties 

of the graphite hot zone will impact the radial gradient only to a minor degree, the axial gradients 

will be altered by a moderate amount. In case of unreliable thermal isolation material data the 

uncertainty can be lessened by adjusting the applied power in the simulation according to measured 

temperatures without losing too much accuracy. This however requires reliable temperature data on 

top and below the hot zone. Finally, the influence of the process pressure on the isolation has been 

investigated. The simulation is expanded by implementing a dependency between the pressure 

acting on the isolation and the resulting changes in thermal conductivity. With this implementation, 

the model can predict changes in temperature based on different growth pressures with high 

accuracy. 

   

  
Fig. 1: Cross-section of a crystal grown with increasing power between 12.6 kW and 14.4 kW overlaid with 

isothermals derived from the simulation at a) the beginning of the growth and b) after 20 h growth. The seed 

and grown crystal is outlined in by the dashed line. c) In-situ 3D-CT-image of changing mass distribution inside 

the growth chamber. 
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NdScO3 belongs to the group of the rare-earth scandates which has the perovskite structure. Concer-

ning the lattice cell parameters, those rare-earth scandate perovskites meet other important perov-

skites, and so they are suitable  substrates for the epitaxial growth of perovskite thin films because

they are structurally, chemically and thermally compatible with them [1].

As most other perovskite-type rare-earth scandates, NdScO3 melts congruently, NdScO3 single cry-

stals can be grown by the conventional Czochralski method with rf-heating and automatic diameter

control. The most challenging property of NdScO3 crystals is probably the semitransparency concer-

ning internal radiative heat transfer.

In the present investigation, for solving of the heat transfer problem we have used the software

CGSimTM [2] which is a tool for modelling crystal growth from the melt. For the solution of the radia-

tive transport equation, CGSimTM   uses a variant of the Discrete Transfer Method, that was adjusted

to  treat  axisymmetric  problems in  complex  domains,  i.e.  CGSimTM is  able  to  solve  the  radiative

transport equation for the full range of optical thickness.

Currently, NdScO3 Czochralski crystals can be sucessfully grown up to a geometry of 45 mm length

and 18 mm radius. However, from time to time they crack during wafer preparation, for that reason

we are interested in the investigation of thermal stresses.

For treating the radiative heat transfer, as a first approache,  we have defined different value ranges

of a grey absorption coefficient μ in order to meet the various branches of the dimensionless optical

thickness τ: for  μ= 0.01 ... 3 m-1  we get τ: < 0.1, i.e. the medium is optical thin, for μ= 400... 800 m-1

we get τ > 10, i.e. the medium is optical thick, and for for  μ= 10 ... 200 m-1, the medium is modelled

as moderately optical thick.

The computations are performed in two steps: A: axisymmetric calculation of the temperature field in

the entire furnace and of the field distribution of velocity for  melt  and gas using CGSim, whose

algorithms performs power control in order that the temperature at the contact line between crystal,

melt  and  gas  keeps  the  melting  point  temperature  and carries  out  the  relocation of  the  finite-

element mesh in order to track the shape of the crystal/melt interface. Then step B: from the crystal

we take geometry and temperature field and expand them to 3D by rotating their data along 360

degree. This new data structure is put into software COMSOL[3]: now the anisotropic coefficients of

thermal expansion and elasticity can take effect in order to make 3D displacements and thermal

stresses in terms of the von Mises stress.

In Fig. 1 is shown the von Mises stress at the crystal surface for the 12 cases of absorption coeffi-

cients (ranging from optically thin via intermediate to thick). Additionally we see at the x-y line plots

the deflections of the crystal/melt interface and the maximum values of the von Mises stress: we see

that the cases with the largest stress values have intermediate absorption. Exactly these data sets

have a similar deflection of the crystal/melt interface as in experiments: between 3 and 4 mm. This

could explain the large residual stresses which lead to mechanical cracking at wafer preparation. For

those cases (enboxed in Fig. 1) in Fig. 2 is shown the stress distribution within the crystals along a

cross cut plane, for both cases: with and without the initial seed cone. The absence of the initial seed

cone does not essentially change the thermal stress distribution near the crystal/melt interface.  
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Fig. 1: Top: Von Mises stress at the crystal surface and at the crystal/melt interface (the circle below) as a

result of the action of the absorption coefficient (see gray-scaled row from 0.01 … 800 1/m),

Bottom: Some results items in dependence of the absorption coefficient along the full range.

                             

Fig. 2: Top: Temperature field and Von Mises stress at a crystal cross cut for the cases where the crystal/melt

interface is in the range of the experimentally observed values:

Top: Case with crystal conus after seed, bottom: Case without crystal conus after seed.

References:

 [1] R. Uecker et al., Properties of rare-earth scandate single crystals (Re=Nd-Dy), Journal of Crystal

Growth 310, 2649-2658 (2008)

 [2] STR Group Inc.: CGSim Crystal Growth Simulator: Software for modelling of crystal growth from

the melt, Theory manual (Ch. 7.1), Version 18.1, 2018, Saint Petersburg, Russian Federation.

 [3] Fa. COMSOL Inc.:  COMSOL MultiphysicsTM, User Guide, Version 5.4, 2018, Burlington, USA.

Deutsche Gesellschaft für Kristallwachstum und Kristallzüchtung e. V.



German Conference on Crystal Growth DKT 2020, March 11 – 13, 2020,  

Physics Department, Technical University Munich, 85748 Garching, Germany    

Deutsche Gesellschaft für Kristallwachstum und Kristallzüchtung e. V. 

 

Synthesis and characterization of the triangular antiferromagnets  

NaYbO2, KYbO2 and NaYbS2 

 

F. Grußler a, P. Gegenwart a, A. A. Tsirlin a 
 

a Experimental physics VI, Center for Electronic Correlations and Magnetism , University of Augsburg, 

Augsburg, Germany. 

E-mail:  franziska.grussler@physik.uni-augsburg.de 

 

 

Summary  

 

NaYbO2, KYbO2 and NaYbS2 feature the same space group 𝑅3̅𝑚 as the spin liquid candidate 

YbMgGaO4 but evade structural disorder pertinent to that compound. Here, we present a way to 

synthesize polycrystalline NaYbO2 and KYbO2 as well as KYbS2 single crystals.  

 

The NaYbO2 samples as well as the non-magnetic reference compound NaLuO2 were synthesized via 

solid state reactions: 

Na2CO3 + Yb2O3 → 2NaYbO2 + CO2 

Na2CO3 + Lu2O3 → 2NaLuO2 + CO2 

The precursors were weighed in the ratio of Na/Yb = 11. The excess of Na2CO3 is necessary, since at 

temperatures above 900°C some Na2CO3 is lost due to evaporation. They were pressed into pellets 

and subsequently heated according to the heating program shown in Fig. 1.  Polycrystalline NaYbO2 

was synthesized by this method, no impurity phases were detected in synchrotron XRD 

measurements. Heat capacity measurements down to 100 mK in various magnetic fields revealed a 

field-induced order. Furthermore, spin-liquid behavior was demonstrated in NaYbO2 [1].  

  

                     
Fig. 1: Temperature profile used for the synthesis of NaYbO2. The abbreviations MHR and MCR  

stand for the maximum heating rate and maximum cooling rate, respectively. 

 

The approach of preparing KYbO2 is based on the synthesis reported in [2]. The starting materials 

(Yb2O3 and KO2) were weighed in a glove box filled with argon gas to prevent a reaction of KO2 with 

the air moisture. As suggested in [2], an excess of KO2 was used, the percentage of additional KO2 

was varied. In this case 75% additional KO2 yields the best synthesis result. The precursors were filled 

into a platinum crucible and heated to 650°C in a horizontal furnace under argon flow. After the heat 

treatment the samples were stored in a glovebox under argon atmosphere since they are sensitive 

to the air moisture. XRD measurements revealed minor impurity phases of Yb2O3 and KOH∙H2O in the 

KYbO2 samples. 

 



German Conference on Crystal Growth DKT 2020, March 11 – 13, 2020,  

Physics Department, Technical University Munich, 85748 Garching, Germany    

Deutsche Gesellschaft für Kristallwachstum und Kristallzüchtung e. V. 

KYbS2 single crystals were synthesized using the KCl flux, with the ratio of Yb:S:KCl=2:3:80 [3]. S and 

KCl were weighed accordingly and thoroughly mixed in a mortar. Small pieces of Yb were placed in a 

quartz tube and covered with the S-KCl mixture. Subsequently, the precursors were sealed in the 

quartz tube under argon atmosphere. The sealed ampoule was placed in a furnace and heated in 

accordance to the heating program shown in Fig. 2 (left). Small KYbS2 single crystals (<0.5mm) were 

formed shown in Fig. 2 (right). The success of the synthesis was verified via powder XRD 

measurements. 

 

 

             
                     

Fig. 2: Left: Temperature profile used for the synthesis of KYbS2. Right: KYbS2 single crystal. 
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Summary 

 

This project investigates the influence of sodium dodecyl sulfate (SDS) on the morphology and 

structural properties of triglycine sulfate (TGS). TGS crystallises monoclinic in the space group 

P21 and shows a high pyroelectric effect parallel to the [010]-direction. The highest growth 

velocity of pure TGS is in the [010]-direction, as a result the (010)-faces disappear and will only 

appear as a corners or edges. For a facilitated production of TGS infrared detectors the 

enlargement of the (010)-face is of great interest, if the pyroelectric figures of merit (FOM) 

are not heavily impacted. 

J. Fammels [1] and S. Mihalic [2] started with several detergents to slow down the growth 

velocity in the [010]-direction. Sodium dodecyl sulfate (SDS) showed most promising results as 

described by R. Ghane [3,4]. The addition of SDS did not affect the pyroelectric coefficient (pc) 

of 168 C/(m2K) at room temperature. However, the relative permittivity of 105 of TGS is 

decreased to 75 if SDS is added during growth. As a result, the figures of merit for voltage 

generation and for energy harvesting increased by 29 % to 201 kV/(mK) and 42,52 J/(m3K2) 

[4]. The pyroelectric coefficient was determined using a dynamic measuring method [3]. 

In this work a more suitable concentration of SDS was determined to further enlarge the 

(010)-face of the triglycine sulfate (TGS) crystals. Accordingly, the crystals were grown from 

aqueous solution with various concentrations of 0,00302 - 0,00306 Mol% of SDS, by the 

means of the temperature lowering method. The concentration of 552,04 g/l TGS resulted in 

a saturation temperature of 48,00 °C of the initial solution. The temperature was decreased 

at a rate of 0.08 °C/day, while continuously stirring with 60 rpm to ensure a homogenous 

concentration and temperature distribution during growth, without disturbing crystal growth.  

In all experiments, parasitic growth occurred on the bottom of the growth vessel, this however 

did not disturb the crystal growth. At higher concentrations of SDS (0.338 Mol% SDS), the 

parasitic crystals showed a needle-like structure [1,2], whereas parasites that formed during 

crystal growth of TGS with lower concentrations of SDS (<0.00306 Mol% SDS) showed a 

tabular habitus. The parasitic crystals were investigated and compared by the means of X-ray-

powder-diffraction (XRD). The powder diffractometry of pure TGS, the tabular and needle 

shaped parasites show entirely different results. This leads to the assumption that the 

parasites are composed of different substances than TGS, the substance has not been 

identified yet. 
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One of five crystals, grown from solutions with low concentrations of SDS 

(<0.00306 Mol% SDS) developed monocrystalline (Fig. 2) with clear and well-developed faces, 

whereas four crystals started twinning (Fig. 1) in the course of the growth process. The 

twinning was initiated by sudden temperature changes and oversaturation of the solution and 

caused an acceleration of growth in [010]-direction. Thus, the (010)-face did not develop in 

the twinned crystals as shown in Fig. 1. Assuring a stable temperature reduction of 0.08 °C/day 

prevents the crystals from twinning.  

Accordingly, monocrystalline TGS crystals with an enlarged (010)-face can be produced.  The 

addition of 0,00306 Mol% SDS caused the largest reduction of growth velocity in 

[010]-direction. A monocrystalline crystal with a large (010)-face resulted, as shown in Fig. 2. 

The grown crystals were characterized by Laue measurements and X-ray-powder diffraction 

(XRD). The XRD analysis did not show any changes compared to pure TGS. Furthermore, IR-

spectra of TGS crystals grown with 0,39 Mol% SDS, show the same peaks as pure TGS, thus no 

incorporation of SDS in the TGS crystals occurs [4]. 
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Fig. 2: Monocrystalline TGS crystal grown with 

0,00306 Mol% SDS. The crystal inhibits a large 

(010)-face. 
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Fig. 2: Twinned TGS crystal grown with 

0,00304 Mol% SDS. The twinning plane is parallel 

to the (100)-face. 
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Summary  

 

The results are presented of the experimental investigation of the magnetic properties 

of the orthorhombic perovskite TbFeO3. This compound hast two magnetic sublattices resulting in 

complex magnetic phases. Furthermore, using neutron diffraction it was shown that it hosts a 

magnetic soliton lattice, a complex and anharmonical magnetic structure [1]. In the presented work, 

single crystal TbFeO3 was synthesized by means of a combination of a solid-state reaction and the 

optical floating zone technique. X-ray powder diffraction patterns recorded at different 

temperatures revealed an anomaly in the thermal expansion at the antiferromagnetic ordering 

temperature of the iron spins at TN = 688 K. Measurements of the zero-field magnetic susceptibility 

and of the heat capacity between 2 K and 300 K revealed the presence of two magnetic phase 

transitions, namely a ordering of the terbium spins around 8 K and a spin-reorientation of the two 

magnetic sublattices around 3 K. Based on measurements of the longitudinal ac susceptibility, 

various magnetic spin configurations were identified in detailed phase diagrams at low temperatures 

for magnetic fields applied along the three major crystallographic axes of the orthorhombic system. 

The main result, in particular, concerned the observation of the soliton lattice state by means of 

measurements of the transverse susceptibility when the external magnetic field is applied along the 

c-axis. 

 

 

 

 

 

 

 

 

 

 

Acknowledgment 

We wish to thank Andreas Erb and Astrid Habel for the supervision during the preparation of 

polycrystalline oxide rods for the optical floating zone technique. We acknowledge Susanne Mayr for 

the preparation of oriented single crystals. Financial support was provided through DFG TRR80. 

 

 

 

 [1] S. Artyukhin, M. Mostovoy, Nature Materials, 11, 694-699 (2012) 

 
 





German Conference on Crystal Growth DKT 2020, March 11 – 13, 2020,  

Physics Department, Technical University Munich, 85748 Garching, Germany    

Deutsche Gesellschaft für Kristallwachstum und Kristallzüchtung e. V. 

 

Crystalgrowth of Fe-doped Li3N 

 

F. Breitner a, M. Fixa and A. Jeschea 
 

aEP VI, Electronic Correlations and Magnetism, University of Augsburg, Germany 

E-mail: franziska.breitner@physik.uni-augsburg.de 

  

 

Summary  

  

Li2(Li1-xFex)N shows fascinating magnetic properties with high magnetic anisotropy and huge 

hysteresis. The spin reversal is dominated by quantum tunneling of the magnetization and the system 

can be considered a single atom magnet [1]. Here, we present a method for growing Li2(Li1-xTx)N single 

crystals doped with iron and other transition metals T = {Mn, Co, Ni, Cu} from a lithium-rich melt. 

Liquid lithium has a low melting point as well as a high solubility for nitrogen already at comparatively 

low temperatures of 800°C and below [2]. The low solubility of transition metals in pure lithium can 

be considerably improved by adding a third element, in this case nitrogen. Both these properties make 

lithium a promising flux for the growth of nitride-based single crystals.  

Crystal growth of Li2(Li1-xTx)N  is performed using a three-cap-crucible which is made from a niobium 

tube, two caps and a strainer also made from niobium. Due to the high reactivity of lithium and the 

air and moisture sensitivity of the reactants and the final product, all manipulations were carried out 

in an argon-filled glovebox (with O2 and H2O bellow 0.5 ppm). After loading the starting materials (Li, 

Li3N and T), the crucible is sealed by welding the cap to the tube using an arcmelter. This crucible is 

again sealed in a quartz ampoule under argon atmosphere to prevent the niobium from oxidation and 

placed in a furnace. The mixture is then heated to a maximum temperature of 850°C, cooled down to 

750°C within an hour and slowly cooled down to 500°C over typically 150 hours. After the growth 

process is finished, the crystals are separated from the flux via high temperature centrifugation which 

is performed within seconds after the sample has been removed from the furnace at 500°C [3]. 

Fig. 1: As-grown Li3N single crystal obtained from lithium-rich flux on a millimeter grid. 
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The obtained single crystals show a hexagonal symmetry and a side length of several millimeters. In 

some cases, the size of the crystals is limited by the diameter of the used niobium crucible of 12mm.  

A significant amount of lithium in the crystals grown using this method can be substituted with 

transition metals, e.g. x = 30 % for T = Fe. The habit and size of the resulting crystals are significantly 

influenced by the introduction of the different transition metals. Structural characterization was 

performed using X-Ray diffraction and chemical analysis by means of inductively coupled plasma 

optical emission spectrometry measurements.  

The size and quality of the single crystals allow for a plethora of experiments to be performed such as 

measurements of the anisotropic magnetic, thermodynamic and optical properties. 
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Summary 

Magnetic field annealing is a valuable tool for influencing microstructure and texture. The origin of 

this approach lies within the interaction of an external magnetic field with the sample’s magnetic 

anisotropy. Although anisotropic magnetic susceptibility may even be found in diamagnetic materials, 

magnetic field annealing is especially interesting for materials with exceptional ferromagnetic 

properties. Among these materials with high response to external magnetic fields are Heusler related 

intermetallics - like Mn3Ga, showing a D022 structure.  

The Mn-Ga phase diagram being rather complex, this phase cannot be obtained by a simple melting 

process. In such cases magnetic field annealing provides another advantage. With the aid of the 

magnetic contribution to Gibbs free energy the applied external magnetic field may act as key to 

promoting phase formation or even enable new phase formation routes. For Mn3Ga, Ener et al. 

depicted the magnetic field-assisted formation of the D022
 phase [1].  

Referring to those previous findings, Mn3Ga samples were annealed for up to two weeks within this 

study. The results of conventional annealing were contrasted with those of magnetic field annealing 

in a superconducting magnetic using a magnetic flux density of 7 T (Figure 1). Beforehand the arc 

melted samples received rotary swaging to increase the defect concentration, which further forwards 

the phase transformation. In the course of characterization, we focused on the progression of 

microstructure using microscopical methods, supplemented by some analysis via X-ray diffraction and 

SQUID magnetometry.  

 

               
Fig. 1: Experimental setup for magnetic field annealing in a superconducting magnet. 

 

The achieved differences in microstructural evolution with and without application of an external 

magnetic field will be discussed. Furthermore, the example of Mn3Ga will be used to sketch the 

capabilities of magnetic field processing for tailoring the microstructure of intermetallics in general. 
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Macroscopic properties of (magnetically ordered) materials are inseparably linked to their (local) 

structure. Hence, any specific functionality can only be understood and tailored if the structure-

property relationships are taken into account.  

Nuclear magnetic resonance spectroscopy (NMR) is a known standard technique for structure analysis 

on a wide range of materials. The basis of NMR is the interaction of the nucleus’ spin with an external 

magnetic field, neighboring nuclei and the surrounding electrons. The externally applied field is the 

determining factor in paramagnetic and diamagnetic matter. However, for magnetically ordered 

materials the strongest contribution stems from the hyperfine field originating in the hyperfine 

interaction of the nuclear magnetic moment with the magnetic field deriving from the spin and orbital 

currents of the surrounding electrons. Therefore magnetically ordered materials can be probed with 

ease under zero external field. Zero-field nuclear magnetic resonance spectroscopy (ZF NMR) is a tool 

to probe the local environment of the NMR active nuclei on an integral scale. This tool enables a variety 

of local properties, such as local crystallographic defects, lattice strain, magnetic stiffness, local 

magnetic moments and even the local electronic structure [1-3].  

We use ZF NMR to investigate Co thin films with the different thicknesses t = 10 nm and t = 25 nm.  

The objective in this work is to explain the increase in magnetic anisotropy with increasing film 

thickness [4]. The investigation with ZF NMR as a local probe gives us information about the ratio and 

magnetic stiffness of different crystallographic phases and stacking faults present in the films. Figure 

1 shows the 59Co ZF NMR spectrum for the sample t =25 nm. The spectrum is fitted with an appropriate 

Gaussian model to extract the exact resonance frequencies of each specific crystallographic 

environment and their corresponding ratio in the overall film. The resonance frequencies are 

compared with the literature and assigned accordingly [5]. Two allotropes can be found within the 

thin film: fcc (blue line) and hcp (magenta line). While hcp Co is the stable allotrope under ambient 

condition, Co grows in the fcc structure on top of Pt due to lattice mismatch. Between the fcc and hcp 

environment two distinguishable stacking fault (sfs) environments can be found. Concerning the 

magnetic anisotropy and how this is linked to the structural finding, there are two possible sources for 

the increase in this property. Either the observed magnetic anisotropy stems from a 

magnetocrystalline (intrinsic) effect due to the larger contribution of hcp Co in the thicker film which 

is inherently more anisotropic than fcc Co or the anisotropy originates in the magnetoelastic (extrinsic) 

effect, due to defect pinning on the sites of the stacking faults between the fcc and hcp Co.  We will 
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give an answer to this question as well as more examples from our recent research underlining the 

potential of ZF NMR to understand structure-property relationships in modern materials.  

 

  

               
Fig. 1: 59Co ZF NMR frequency spectrum of a Co thin film (thickness t = 25 nm).  
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Among the 122 compounds which crystallize in the ThCr2Si2-type structure, the compounds LnMn2Ge2, 

where Ln ist a rare earth element, stand out since they exhibit a complex magnetic behaviour. At high 

temperatures, the magnetism is dominated by the ordering of the 3d electrons of Mn, while at low 

temperatures it is determined by the ordering of the rare earths local moments [1, 2]. 

There are many studies of polycrystalline samples or small single crystals, but large and pure single 

crystals suitable for spectroscopic studies are missing. In previous work, the possibility of the growth 

of single crystals from indium flux was reported [3].  Our attempts to grow the LnMn2Ge2  (Ln=Nd, Sm, 

Dy)  from indium or tin flux failed. Instead, we succeeded to grow these compounds from a 

stoichiometric mixture of the elements.  

In this contribution, we present the details of the growth by Czochralski method. Preliminary 

differential thermal analysis (DTA) showed that the compounds do not grow congruently. Furthermore 

it turned out that the evaporation of Mn from the stoichiometric melt is considerably large. Therefore,  

we applied the Czochralski method using a levitating melt under enhanced Ar pressure for the growth 

(Fig. 1, left). Recently, this procedure was developed and successfully applied to the single crystal 

growth of the ferromagnetic quantum-critical compound YbNi4P2 [4]. From the grown samples, mm-

sized single crystals of LnMn2Ge2 were extracted (Figs. 2 and 3). In this contribution, we will present 

the chemical and structural characterization of the Czochralski grown LnMn2Ge2 crystals and some 

physical measurements around the magnetic transitions. 

 

 

 

 

Fig. 1: Left: Crystal growth by Czochralski method from a levitating melt. Right: ThCr2Si2-type structure of the 

LnMn2Ge2 compounds. 
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Fig. 2: Left: SmMn2Ge2 Czochralski grown sample. Middle: Laue pattern view along the tetragonal axis. Right: 

Extracted single crystal grain of SmMn2Ge2. 

 

 

 

  
 
Fig. 3: Left: NdMn2Ge2 Czochralski grown sample separated from the residual flux. Middle: Laue pattern, view 

along the tetragonal axis. Right: Extracted single crystal grain of NdMn2Ge2. 
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Summary  

 

The material system of Cu(In,Ga)(S,Se)2 (CIGS) is well-established among high efficiency thin film solar 

cells. The physical properties of CIGS throughout the absorber layer depend on the depth distribution 

of composition profiles, especially elemental profiles of Ga and S. Thus a reliable quantification 

technique is required, especially to tune the optoelectronic properties like the band gap energy. 

In this work a nontoxic and adjustable etching process was used to prepare wedge-shaped samples 

for further direct analysis – both from CIGS absorbers on glass substrates (provided by Helmholtz 

Zentrum Berlin) as well as from exfoliated CIGS films. Large area energy dispersive X-ray spectroscopy 

(EDX) with different acceleration voltages from the front (CIGS on substrate) and from the back side 

(exfoliated CIGS film) was used to acquire a first determination of the element composition. The CIGS 

wedges were characterized by field emission scanning electron microscopy (FESEM) to evaluate the 

morphology, EDX at 10 kV to determine the local element composition and distribution, and 

photoluminescence (PL) to investigate the optoelectronic properties. A schematic of the sample 

preparation and characterization processes can be seen in Fig.1. 

 

 
Fig. 1: Schematic of the CIGS wedge sample preparation and the performed characterization measurements. 
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In Fig.2 the different sample types are compared concerning their Cu(In+Ga) and Ga(In+Ga) ratios as well as 

their Sulfur and Selenium content throughout the CIGS film. The respective amounts were measured by area 

EDX with different acceleration voltages from the front side and the back side. After etching the CIGS on 

substrate and exfoliated CIGS films, low voltage EDX measurements are used to further analyze and confirm 

the expected elemental profiles. 

 

  
 

  
 

Fig. 2: Values of Cu(In+Ga), Ga(In+Ga) and S content throughout the layer as measured with area EDX with 

different acceleration voltages from the front (CIGS on substrate) and from the back (exfoliated CIGS films). 

 

The directly measured (PL) minimum band gap energy is slightly lower than the estimated value from 

the composition gradients that were measured by glow discharge optical emission spectroscopy 

(GDOES). Moreover throughout the CIGS film a rise in band gap energy can be measured, as the 

amount of Ga increases towards the back contact. 
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Cadmium zinc telluride ((Cd,Zn)Te) has been considered a promising material for the fabrication of 

room temperature X- and Gamma-Ray detectors, owing to its excellent electrical properties and its 

high density. Travelling Heater Method (THM), which is a solution growth technique, allows the 

preparation of monocrystalline material with the required electrical properties regarding high 

resistivity and high carrier mobility-lifetime-products. The THM method provides a uniform crystal 

composition of ternary materials such as (Cd,Zn)Te.  

Nevertheless, the application is limited by the presence of material defects, such as Te inclusions, 

twins and even cracks. The growth of defect-free quality (Cd,Zn)Te crystals still remains a challenge. 

Microgravity conditions provide unique possibilities to improve the quality of the crystals owing to 

suppression of buoyancy convection. To study the influence of microgravity on the crystal quality, 

two space experiments ‘VAMPIRE-F’ are scheduled for 2021. The preparation of these experiments 

includes the growth of several crystals using THM and the characterization of these crystals as well 

as the growth of seed material in our 3 inch THM facility.  

Some of the important parameters of the ground experiments are shown in Tab. 1. After performing 

the first two ground experiments, two problems have been found. Firstly, there was a large zinc 

concentration variation at the boundary between the seed and the grown crystal. And secondly, 

both of the seeds were almost not dissolved. Therefore, some parameters have been adjusted for 

the third experiment aiming to solve these problems. First, the CdTe concentration in the Te Zone 

was increased from 5 % to 10 %. In addition, the heater temperature at the beginning of the 

translation was increased and then went back slowly. At last, the starting position of the heater was 

moved 5 mm towards the seed direction.  

 

Tab. 1: experimental parameters of the three ground experiments 

sample No. doping 
CdTe % in   

Te Zone 
heater temperature RMF heater position 

F1-01-GM In (5 ppm) 5% 1080-1100 ° no Zone centre 

F1-02-GM In (5 ppm) 5% 1100-1110 ° 2 mT, 100 Hz Zone centre -2 mm 

F1-03-GM In (5 ppm) 10% 1110-1100-1110 ° 2 mT, 100 Hz Zone centre -5 mm 

 

In this study, Infrared Transmission Microscope was used to analyze the defects distribution, like Te 

inclusions. Birefringence measurement and optical microscopy were performed to analyze the stress 

distribution in the crystals. Further, X-ray Diffraction (XRD) and Energy Dispersive X-ray Spectroscopy 

(EDX) were done to obtain further information of the Zn concentration and defects in the crystals. In 

addition, Contactless Resistivity Mapping (COREMA) was used to measure the resistivity of the 

crystals. 
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Fig. 1: IR images of F1-02-GM (left) and F1-03-GM (right). The seed of the second sample F1-02-GM was not 

dissolved, while the seed of F3-03-GM was dissolved for 7.4 mm after adjustment of the experimental 

parameters. 

 

     
 

Fig. 2: Birefringence mappings of F1-02-GM (left) and F1-03-GM (right). Some stress was found at the 

boundary of F1-02-GM, while the boundary of F1-03-GM is free from dramatic stress. 

 

 
 

Fig. 3: histogram of the two areas with the same size in sample F1-03-GM. The grown crystal has much more 

inclusions but with smaller mean diameter (10.57 um) when compared to the seed (6.17 um). 
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Summary 

Solution growth is a powerful tool for single crystal growth of various materials [1] and 

particularly useful for basic research in solid state physics and chemistry. Compared to 

procedures like Czochralsky or Bridgeman growth it doesn’t depend on congruent melting of 

the respective compound. In contrary, a decrease of the formation temperatures of the 

desired compounds by several hundred degrees as well as reduced vapor pressures and 

higher diffusion rates can be achieved. Accessing the exact onset and temperature of 

nucleation on the other hand remains almost impossible. A prediction of this instant gets 

also hampered by the uncertainties of the published liquidus temperatures (if available at 

all). This gets aggravated by supercooling, which stays undetected during the growth 

procedure. The difference between the displayed furnace temperature and the actual 

sample temperature makes this even more difficult. 

Here we present a way to accurately measure the complete time-temperature profile 

including small temperature changes caused by dissolution or nucleation.  This is achieved 

by contacting the growth crucible (ceramic) with a measurement wire of high thermal and 

mechanical stability such as pure or alloyed tungsten. By sawing groves into the crucible`s 

bottom side and placing the wire into them in a meandering way, the wire gets as close as 

possible to the melt without direct contact covering a major part of the crucible bottom. An 

alumina based high temperature ceramic glue with high thermal conductivity covers and 

stabilizes the wire inside the grooves. By connecting the thin wire with massive metallic rods 

(3 mm in diameter) of tungsten or molybdenum that lead from the heating zone to the 

outside of the furnace the voltage at the measurement wire can be detected directly by 

using a Lock-in amplifier. Due to the linear temperature dependence of the wire resistance, 

the measured Lock-In voltage directly follows the crucible temperature. Additional 

contributions by released or absorbed heat inside the solution cause anomalies within this 

curve. Information about the absolute temperature is provided by a thermocouple the 

crucible is placed onto during growth.  

Without the necessity of a reference crucible, the signal-to-noise ratio approaches the level 

of conventional DTA-signals. The detection of nucleation enables seed selection using 

oscillations within a well-defined temperature range. The system can be applied to various 

solvents including aqueous solutions and has been proven up to 1300°C. Furthermore, 

promising tests on metallic crucibles such as tantalum have been successfully conducted.  

The entire measurement setup is placed in a tube furnace, providing high heating and 

cooling rates, a temperature accuracy of 0.5 Kelvin and stable atmosphere conditions. The 

reaction chamber can be flooded with inert gas allowing the growth of air sensitive samples 

as well as protecting metallic crucibles and the measurement wire. The processes are 
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controlled by a graphical user interface offering the possibility of real time observation of 

the sample state together with in-situ analysis tools. 

Eight well explored binary systems showing phase transitions between 147°C and 1121°C 

have been investigated and compared with DTA measurements of the same composition. 

Obtained results are in good agreement with the literature as well with DTA. Single crystals 

of binary PdBi were investigated in detail and the growth optimized. The obtained crystals 

were successfully enhanced in size in comparison to conventionally grown ones. 

Furthermore they are not only significantly larger but also of excellent quality as shown by 

the emergence of dHvA-oscillations at comparatively high temperatures and low fields of 3 

Tesla at 2 Kelvin. Besides the liquid-solid phase transitions also a solid-solid phase transition 

of β-PdBi2 to α-PdBi2 [2] and vice versa has been detected successfully, showing the 

sensitivity and versatility of the system.   

The established setup offers a considerable increase in efficiency and accuracy for various 

solution growth processes, suitable for a wide variety of systems. The application to other 

such growth systems as well as further improvements of sensitivity and precision are 

anticipated. 

 

        
 

Fig: Conventional grown PdBi-crystals from a box furnace (left) in  

direct comparison with seed selected PdBi-crystals (right) 
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Introduction  

ß-Ga2O3 has recently become of great interest because it is an excellent candidate for power 

electronics and optoelectronic applications [1,2]. Large progress has been made in the homoepitaxy 

by MBE, MOVPE, and HVPE. Nevertheless, many details of the process are not yet known. Kinetic 

Monte Carlo methods are one possibility to gain a deeper inside into the surface kinetics. A set of 

experiments followed by surface analysis using STEM and AFM give us the possibility to compare both 

experimental and numerical results.  We consider only MOVPE on (100) planes because this was the 

only surface where step growth was achieved [3–5]. 

 

Kinetic Monte Carlo Method 

We set up a KMC model, which reflects the structure of Ga2O3 with its 8 Ga atoms and 20 O atoms in 

the unit cell. Ga and O2 can adsorb. The sticking coefficient is set according to the particular atomic 

configuration of the surface atoms (details see [6]). Ga and O atoms can diffuse, also GaOx species can 

diffuse in c-direction. There is evidence from experiments that Ga2O can desorb [7] and thus, we 

consider this in KMC. We make a list of all possible events with their probabilities and chose in every 

iteration one event randomly with respect to its relative probability to the sum of probabilities of all 

events. The diffusion energies were set in the range of 1.5 eV because a 1D mean field approach for 

island growth gave a value of this order by comparison with experimental results [4]. 

 

Results 

We performed runs on flat (on-oriented) and vicinal (6o miscut) surfaces. STEM HAADF images of the 

surfaces reveal that the terraces are always B1 or B2-plane (see Fig. 1) [8].          

 

               
Fig. 1: Surface planes as observed in the STEM analysis. Atoms are labeled according to their number in the 

KMC code. 

 

On flat surfaces we modify the ratio O/Ga. For small O/Ga ratio no critical nucleus could be formed.  The larger 

the ratio the fast the growth. Nevertheless, no 3D growth is observed but first the next B-plane is filled 

up. This corresponds with the experimental observations. Choosing a fixed O/Ga ratio we performed 
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runs for 750oC, 800oC, and 850oC. For the latter we observe large 2D islands as in the experiments [6]. 

At lower temperature the growth is faster but structure sizes are smaller. 

On the vicinal surface we change the desorption rates. For an intermediate desorption rate (as used 

for the flat surface) we obtain step growth (case B in Fig. 2). For high desorption rate (case C) we 

observe step bunching because every fluctuation in edge growth leads to a growth instability. In the 

opposite case (case A) we observe random growth on the terraces but eventually ending up in a double 

step. The final morphology looks similar to that of Case C. Please note that we have only two steps in 

our KMC run and cannot make any realistic statement beyond the 20 s shown in Fig. 2. 

 

 

 

 

 
 

 

 

 
Fig. 2: Surface morphologies for runs with different desorption rates. Left: 10s, Right: 20s. 
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The requirements for industrial semiconductor materials used for device applications are constantly 

rising – one example is the upcoming development of the 5G mobile network technology and the 

following advancement of autonomous driving. Therefore, high quality bulk crystals are needed – to 

solve the technical obstacles, a profound comprehension of the respective material systems is 

required. Especially in mixed systems, additional challenges concerning the homogeneity of the grown 

material are rising due to varying properties of the different chemical composition of the components, 

such as germanium and silicon. 

GexSi1-x is an elemental semiconductor material which is extremely attractive for various applications 

like thermoelectrica, microelectronics, photovoltaic, or various functional applications due to its 

lattice constant and band gap tuning based on the composition. A major challenge in growing high 

quality GexSi1-x bulk crystals from melt, is the fact that the surface tension of silicon is 30% higher than 

germanium, while on the other hand the density is only half as large (see table 1). 
 

Table 1: Surface tension and density of Ge and Si. 

 germanium silicon 

surface tension gamma (T) = 591 - 0.08*(T - Tm) mN/m [1] gamma (T) = 765 - 0.016*(T - Tm) mN/m [2] 

density 5.323 g/cm3 at 20 °C [3] 2.336 g/cm3 at 20 °C) [3] 

 

Due to the large segregation coefficient of Si in Ge of k0 ≤ 5, germanium is enriched in front of the 
solid/liquid interface, which leads to a strong soluto-capillary convection and solutal buoyancy 

convection. It is shown that this specific type of convection is significantly influencing the shape of the 

solid-liquid interface and consequently the complete growth process, if a growth technique with free 

melt surfaces is used (e.g. Float-Zone, detached Bridgman, etc.). Therefore, a deeper understanding 

of the influence of convection flux and capillary phenomena on the resulting crystal quality is needed. 

Under normal gravity conditions on earth (1g), it is not possible to investigate the effect of the 

buoyancy force and different surface-tension-driven convections separately on the crystal growth 

process – in microgravity (µg) the influence of density-driven convection is suppressed including the 

strong buoyancy convection. These experiments under µg conditions provide the possibility to 

investigate the flow behavior in-situ on and in the liquid phase without the disturbing impact of the 

buoyancy convection. 

Therefore, we perform experiments in parabolic flights (see fig. 1) which provide several µg phases up 

to 22 seconds, where we can quantitatively and qualitatively determine the effect of soluto-capillary 

convection in the Ge-Si system. In the used setup, the solid/liquid interface is running perpendicular 

to the melt surface so that impacts of surface tension driven flows and their effects on the growth 

front can directly be observed. By analyzing the movement of small boron nitrite tracer particles on 

the melt surface during solidification we can track the movement processes and estimate the 

velocities of these particles. Different GexSi1-x mixtures (3-35 at% Si) are used to investigate the effect 

of the composition on the soluto-capillary Marangoni convection. 
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To handle the short parabolic phases, we have to ensure that we can heat up and cool down the 

samples rapidly – therefore we use a double ellipsoid mirror furnace with an argon atmosphere as 

inert gas (scheme of used furnace in fig. 2). To record the tracer paths (e.g. fig. 3), we use a top 

mounted high-speed CCD camera. A current view on the results of the parabolic flight campaigns of 

the last years will be presented. 
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Figure 1: Parabolic flight setup during one 

parabola (image by Novespace, France). 

One flight day offers 30 parabolas with 20 

seconds of microgravity each. Guaranteed 

maximum deviations of ± 0.005g.  

Figure 3: Four stages during a μg 

experiment: (1) In the initial state, the 

sample is completely molten. The pBN 

tracers remain on the starting position. (2) 

Solidification starts on the top. The tracer is 

moved by soluto capillary convection and 

thermocapillary convection. (3) 

Solidification starts also on the lower 

crucible wall. Second tracer movement is 

initiated. (4) In the final state, the complete 

sample is solid and will be heated again for 

the next parabola. 

Figure 2: Left: Double ellipsoid mirror 

furnace allows rapid heating and 

cooling of the samples. Right: A high-

speed camera above the top window 

records tracer movements on the 

solidifying melt surface. The crucible 

consists of SiC coated graphite. 
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Nowadays multicrystalline silicon (mc-Si) produced by directional solidification (DS) is the most 

popular substrate material for manufacturing of solar cells. It covers more than 60% of PV market and 

is expected to keep a significant share in the next decade. The trend towards high efficiency and low 

cost solar devices results in multiple changes and improvements both in solar cell technology and 

crystallization methods. One of the most promising concepts is solar cells and modules based on n-

type crystalline silicon material, which already demonstrates world record efficiencies and is the most 

suitable candidate to be the next industry standard. In general, crystallization of standard n-type 

material does not imply any dramatic changes in comparison to p-type growth. However, some 

specific differences related to the peculiarities of dopant element still exist. For instance, strong 

segregation of phosphorus in silicon leads to broader resistivity variation of n-type phosphorus-doped 

ingots in comparison to p-type ones, which in turn results in lower yield and higher cost of crystalline 

material. 

Recently the method for reduction of resistivity variation in phosphorus-doped directionally 

solidified mc-Si was proposed. It is based on the ability of phosphorus to evaporate from silicon melt 

surface not only in case of high vacuum but also at pressures typical for DS crystallisation [1]. The 

method implies controlling and altering phosphorus transport both in liquid and gaseous phases by 

the complex arrangements of ambient pressure, gas flow and melt mixing performed by travelling 

magnetic fields (TMF). It was shown that this approach can be effectively used to control and tailor 

resistivity distribution along the ingots height. However, it has not yet been investigated how the 

manipulations with gas pressure and melt mixing affect other parameters of multicrystalline ingots, 

which are important for solar cell operation. 

In this work we present the results for n-type DS-Si ingots, which were grown using complex 

arrangements on influencing phosphorus transport during growth process. These involve variation of 

melt stirring, ambient gas flow and gas pressure. In the row of experiments on homogenization of 

resistivity profiles different process conditions and their combinations were tested on G1-size (22 x 22 

x 12 cm3) n-type DS ingots, including both conventional and high performance mc-Si material. The 

quality of ingots was characterized in terms of minority carrier lifetime, as well as the presence of 

impurities and inclusions (Cs, Oi, SiC, Si3N4, metals etc.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: The shape of solid-liquid 

interface of mc-Si ingots: 

a) without TMF stirring, 

b) with TMF stirring 

a) 

b) 
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The influence of each process parameter on material quality will be discussed. It will be shown 

that enhanced melt stirring with double-frequency TMF not only promote uniform resistivity profile 

in the first half of mc-Si, but also ensures flatter crystallization front (Fig. 1.), which is beneficial for 

stable crystal growth [2]. 

A particular attention will be given to the influence of gas pressure on ingot quality and process 

safety. It is well known that low ambient pressure during crystallization provokes erosion of crucible 

coating as well as migration of oxygen from a crucible into silicon melt and its evaporation from melt 

surface [3]. It will be shown that even at the process pressure of 50 mbar no sticking between a quartz 

crucible and the ingot was observed and no harmful Si3N4 inclusions were found in crystallized ingots. 

The used crucibles were coated with Si3N4 according to a developed in-house procedure. Furthermore, 

although such low pressures result in somewhat increased concentration of Oi in the second half of 

mc-Si ingots, it was on an acceptable level and significantly lower than regular elevated values at the 

bottom of DS ingots (Fig. 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
              

It will be shown that a complex approach to melt stirring and gas transport ensure not only 

improved resistivity distribution along the height of n-type phosphorus-doped DS-Si ingots, but also 

provide multicrystalline material of high quality suitable for production of high efficiency solar cells 

and modules. 
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Fig. 2: Distribution of interstitial oxygen for mc-Si 

ingots grown with different ambient pressure 
Fig. 3: Distribution of substitutional carbon for mc-Si 

ingots grown with different ambient pressure 
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In 1916, Albert Einstein predicted the existence of gravitational waves (GW). A century later 

on 09-14-2015, the Laser Interferometer Gravitational-wave Observatory (LIGO) observed GW from 

the merging of two black holes for the first time [1]. In order to detect more gravitational waves from a 

wider range of sources, the detection sensitivity has to be continuously improved. The European 

Einstein Telescope (ET) is a vision for the next (3rd) generation of GW detectors [2]. One component 

of the conceptual ET design study are 200 kg test-mass mirrors from single crystalline silicon. 

 

Although there exist various techniques to produce silicon single crystals, the diameter of the 

crystals is the first criterion to consider. Since the size of a mirror has to be about 50 cm in diameter, 

single crystalline silicon of highest perfection cannot be provided by the crucible-free float zone 

technique. Even dislocation free silicon single crystals, which have been grown by the Czochralski (Cz) 

method, might not fulfill the proposed size and purity required for the Einstein Telescope [2, 3]. An 

interesting approach to overcome the size problem is the use of silicon grown by directional 

solidification (DS). DS-Si can be grown as quasi-mono ingots with far bigger sizes needed here and 

might be available on the market by request. Unfortunately, this quasi-mono silicon has the lowest 

material quality compared to the dislocation-free silicon crystals mentioned above. But, since the 

oxygen level in directional solidified silicon material is lower than the one in Cz-Si and even magnetic 

Cz-Si crystals, the use of DS-Si might be a promising approach. Thus, the defect limits have to be 

investigated in order to evaluate its suitability for the use as a future gravitational-wave detector test-

mass mirrors material. 

 

Samples of different sizes have been prepared using a quasi-mono silicon ingot grown by 

directional solidification. The material has been characterized regarding carrier lifetime, concentration 

of substitutional carbon Cs, interstitial oxygen Oi and electrical resistivity. Microwave detected 

photoconductivity method, FTIR and conductivity measurements are performed, respectively. 

Additionally, photoluminescence measurements reveal possible recombination active dislocation 

clusters. These data will be discussed in relation to preliminary results of mechanical loss (which 

determines the level of thermal noise) and optical absorption (a crucial parameter for maintaining 

cryogenic operating temperature) values. 

 
References 

 

[1] B. P. Abbott et al., Phys. Rev. Lett.116, 061102 (2016). 

[2] http://www.et-gw.eu/index.php/etdsdocument 

[3] J. Steinlechner, Phil. Trans. R. Soc. A 376, 20170282 (2018). 

 





German Conference on Crystal Growth DKT 2020, March 11 – 13, 2020,  

Physics Department, Technical University Munich, 85748 Garching, Germany    

Deutsche Gesellschaft für Kristallwachstum und Kristallzüchtung e. V. 

 

Single crystal growth of Sn- and Ge-substituted GaPd2 for basic research in catalysis 

  

S. Püschel, K. Bader, and P. Gille 

  

Ludwig-Maximilians-Universität München, Department of Earth and Environmental Sciences, 

Crystallography section, 80333 München, Germany 

E-mail: stefan.pueschel@campus.lmu.de 

   

 

Summary  

 

According to recent studies, intermetallic compounds may have better catalytic properties than 

presently used industrial catalysts that are based on noble metal elements or substitutional alloys 

from them [1]. The latter ones suffer diffusion and segregation under operation conditions, while 

intermetallics have well-defined structures with the catalytically active atoms at specific atomic sites. 

Therefore, they may have better long-term stability and considerably higher catalytic selectivity, 

according to the active-site isolation concept [2]. 

Several binary compounds in the Ga-Pd system have already been grown with the Czochralski 

technique from Ga-rich solutions as cm3-sized single crystals [3], which are required for fundamental 

studies in surface physics and crystallography. The intermetallic compound GaPd2 has been shown to 

be the best candidate for heterogeneous catalysis in hydrogenation processes, with catalytically active 

Pd sites, being well isolated. More recently, it has been found that partially replacing Ga by Sn in GaPd2 

may further increase the activity of this catalyst [4].  

Substituting a part of the Ga atoms by an element from the fourth group in the periodic table, 

thus growing solid solutions, e.g. (Ga,Ge)Pd2 or (Ga,Sn)Pd2, allows to study the electronic influence of 

an additional valence electron on the material’s catalytic properties while the crystal structure remains 

almost unchanged. Unfortunately, little is known about the ternary Ga-Ge-Pd and Ga-Sn-Pd phase 

diagrams. In the pseudobinary GaPd2-GePd2 system, the substitution of Ga by Ge is restricted since 

GaPd2 crystallizes in the Co2Si structure type (Pnma) and GePd2 in the Fe2P structure type with 

hexagonal symmetry (𝑃6̅2𝑚). An isothermal section through the ternary phase diagram at 700°C has 

been published as early as 1975 [6] indicating a maximum Ge substitution according to approx. 

Ga0.57Ge0.43Pd2. GaPd2 and SnPd2 are isostructural in the Co2Si structure type (Pnma) and therefore 

form a complete solid solution series. However, pure SnPd2 cannot be grown from a liquid phase, but 

decomposes in a peritectoid reaction at 820°C [5]. Thus, ternary Ga1-xSnxPd2 solidification from a native 

melt or solution is expected to result in an upper limit of Sn substitution for Ga.  

  

Fig. 1: Ga0.7Sn0.3Pd2 single crystal, grown with the 

Czochralski technique in [010] direction. 

Fig. 2: Ga0.8Ge0.2Pd2 single crystal, grown with the  

Czochralski technique in [001] direction. 
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This contribution presents the results of a high number of slow-cooling experiments in order to 

investigate parts of the unknown liquidus surface, i.e. to study the primary crystallization fields of the 

1:2 phase solid solutions and the relevant tie-lines for the crystal growth in the two ternary systems 

Ga-Ge-Pd and Ga-Sn-Pd. These small-scale experiments were done with typically less than 1 g of 

material in graphitized fused silica ampoules. The obtained spherical samples were investigated using 

X-ray powder diffraction, optical microscopy and electron-probe microanalysis. The maximum Ga 

substitution by Sn has been determined as Ga0.46Sn0.54Pd2 that primarily crystallized from a solution of 

composition (Ga0.4Sn0.6)0.38Pd0.62. Based on these findings, Czochralski growth experiments from 

incongruent melts, being either (Ga,Sn)- or (Ga,Ge)-rich, were successfully done using binary GaPd2 

seeds of different crystallographic orientations. As already known from growth experiments with 

binary GaPd2, extremely low pulling rates down to 25 µm/h were necessary to avoid fluid inclusion 

formation. Weak segregation effects along the pulling direction (Fig. 3) indicate pseudobinary 

segregation coefficients that are only slightly lower than unity. 

 

 

 

 

 

 

 

 

Fig. 3: Axial composition profiles of single 

crystals of the Ga1-xSnxPd2 solid 

solution grown from different 

starting melts. The Sn content of the 

starting charge is given in terms of 

the pseudobinary mole fraction xL 

according to (Ga1-xLSnxL)1-yLPdyL[7]. 
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Previously, the dislocation behavior from the view point of photovoltaics was studied during melting and 

crystallization of large-area single crystal seeds at near-equilibrium conditions using the so-called 

NeoGrowth technique [1], [2]. Alternatively, the authors investigated the crucible-free growth of low-defect 

single crystals on large-diameter silicon seeds by a new, modified FZ- technique [3] without using the 

common Dash technique. All grown crystals, independent of the seed structure or preparation procedure, 

reproducibly developed a dislocation network in the temperature range between 900 °C and 1200 °C already 

during heating to the melting temperature and before the growth started.  

        In the present study, a long dislocation-free crystal with a diameter of 20 mm and smaller than the 

inner hole diameter of the RF-coil was grown using the standard Floating Zone method. Then the grown 

crystal, without any mechanical or chemical treatment, was stepwise heated up in the temperature range 

from 700 °C till 1180 °C controlled by a pyrometric system. After reaching a quasi-stationary state for a 

chosen temperature, the crystal was shifted by a certain distance relative to the fixed coil. The crystal was 

then cut into segments of about 100 mm in length. Plates with a thickness of 2 mm were cut parallel to the 

growth direction and double-side polished. Additionally, wafers were cut perpendicular to the growth 

direction between the segments. The samples were analyzed by Lateral Photovoltage Scanning (LPS), 

photoluminescence (PL) and etch pit density (EPD) as well as the lifetime were measured. 

       Comparing the results of the different methods a strong correlation between the dislocation density and 

the lifetime was found in dependence of the temperature increase in the investigated range. The region of 

the dislocations generation and its spreading behavior could be revealed. Possible origins and correlations 

will be discussed. 

 

                Fig. 1                 Fig. 2              

 

Figure 1 – Temperature (pyrometer)(left) and crystal picture (right) during the heating.                                        

Figure 2 – Lifetime (left) and EPD (right) measured on a longitudinal cut 
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