Scientific Program and Book of Abstracts

17th International Conference on Crystal Growth and
Epitaxy



Scientific Program and Book of Abstracts: 17th International Conference on
Crystal Growth and Epitaxy

Published July 2013, ISBN 83-89585-36-7
Copyright © 2013 pielaszek research

Disclaimer

The Organisers and the Publisher have made every effort to provide accurate and complete information in this Book. However,
further changes or corrections may still be necessary and may be made without notice after the date of publication. To ensure
that you receive the most up-to-date information, please check the Corrigenda, if issued.

Status of the program as on July 31st, 2013.
Revision: 130.8.5, 2013-07-31 16:04 GMT




Table of Contents

B ATZE] 1) ' T O 1
L0 7T 1< ¢ PPN 2
] 0103 15T PPN 3
Frame PIOZIAI .. ...t ettt e e e e e et 5
PrOGramIme . ......oeoi i e e e ettt 7
g 10y T 103 U PPt 9
(153 113 1 B TEST] 1o R PP 17
(153 113 B TTST] 1o 1N PP 69
(1S3 1T 1 B T 0 G T PP 117
L 153 113 1 B T 4 1 PP 135
(153 113 1 B T 0 e PP 153
(153 113 = B T 4 I L PP 177
L 153 1T 1 BT & PP 195
(1S3 113 e B T 0 1 PP 219
GENETAL SESSION O ... ettt et e e e e e e e e e e et 261
(153 113 1 BT 1o o R 277
TOPICAL SESSION 1 .. enetit ittt ettt ettt et et e ettt e et et et e e et e et ettt aaas 321
TOPICAL SESSION 2 ..ottt ettt et e ettt ettt ettt e et e e et e e et et e et e e ettt et aaas 331
TOPICAL SESSION 3 ...ttt ettt ettt ettt e et ettt e et et ettt e e e e et ettt e et aaas 347
TOPICAL SESSION 4 . ...ttt ettt ettt et ettt ettt e e et e et e e e e et ettt 383
TOPICAL SESSION 5 ...ttt ittt et ettt ettt e e ettt e e e et e e e e ettt aaas 401
TOPICAL SESSIOM 6 ...ttt ettt ettt e e e ettt et e e ettt e et et e et e e et e e e ettt aaas 421
TOPICAL SESSION 7 ..ttt et ettt et e et ettt ettt e et e ettt e et et e et e e et e ettt aaas 469
TOPICAL SESSION 8 ..ottt ettt ettt ettt e ettt ettt e et et ettt e et e e et e e et ettt aaas 487
TOPICAL SESSION O ..ttt et et ettt aas 505
2540 Lo 13 o) T 515







Welcome

17th International Conference on Crystal
Growth and Epitaxy - ICCGE-17

University of Warsaw,
Warsaw (Poland)
11th — 16th August, 2013

Dear attendee,

Welcome to the 17th International Conference on Crystal Growth and
Epitaxy (ICCGE-17). The conference will take place in the wonderful
campus of the University of Warsaw, located very close to the old
town, the most charming part of Poland’s capital. We hope that all
participants will enjoy the stay in Warsaw and feel the warm hospitality
of its inhabitants.

For the first time since this series of international crystal growth con-
ferences was initiated, the name has been modified with the addition
of “Epitaxy”. This was made in order to apply the decision taken by
the Council of the International Organization for Crystal Growth during
the last meeting in Beijing. But aside from formalities, the adoption
of the new name wants to underline the unifying spirit of crystal growth
as the discipline which provides the theoretical and experimental tools
for developing crystalline materials, independently of their size and
shape.

The mixture of traditional and new approaches is well apparent from
the exciting technical program that you will find in the next pages. We
wish to thank the Program Chairs Zbigniew R. Zytkiewicz and Jochen
Friedrich and the entire Program Committee for their terrific work. It
is worth mentioning that, in the spirit of strengthening the cooperation
with other scientific societies, four sessions were jointly organized
with representatives of the Commission of Crystal Growth and Mater-
ials Characterization of the Intern. Union of Crystallography.

The organization of ICCGE-17 was possible thanks to the concerted
efforts of the International Organization on Crystal Growth (I0OCG),
and Polish and German Crystal Growth Societies, but especially thanks
to the tireless work of the Local Organizing Committee and the great
support of the co-organizing institutions: Institute of High Pressure
Physics and Institute of Physics of the Polish Academy of Sciences,
University of Warsaw, and Institute of Electronics Materials Techno-
logy. It is our pleasure to express wholehearted thanks to all members
of the above mentioned bodies and institutions for their efforts and
generous help in the whole process of organization of the Conference.
ICCGE-17 benefited from financial support by Poland’s Ministry of
Science and Education and International Union on Crystallography
(IUCr) . Elsevier Ltd accepted to publish the Conference Proceedings
in Journal of Crystal Growth but also contributed directly with a finan-
cial support. All these supporting actions are gratefully acknowledged.
We hope you will enjoy the scientific sessions as well as the social
program and we look forward to meeting you in person at ICCGE-17
in Warsaw.

Warsaw, 21 July 2013
Stanislaw Krukowski and Roberto Fornari
Co-chairs of ICCGE-17

Prizes of International Organization for
Crystal Growth

Since 1989 at ICCG-9 (Sendai), the International Organization for
Crystal Growth (IOCG) has sponsored two triennial prizes, the Frank
Prize and the Laudise Prize. Beginning in 2004 at ICCG-14 (Grenoble),
there was a new triennial IOCG prize, the Schieber Prize, sponsored
by the Journal of Crystal Growth. These prizes consist of a commem-
orative item plus an invitation and financial support to present the
work, which is the subject of the award, at the ICCG meeting at which
the award takes place. The 2013 winners will deliver invited talks
during the ICCGE-17 in Warszawa.

2013 Frank Prize for Prof. K. Tsukamoto (Tohoku
University, Sendai)

The International Organization for Crystal Growth (IOCG) has awarded
the 2013 Frank prize to Prof. Katsuo Tsukamoto of Tohoku University
in Sendai, Japan. The Frank prize is warded for significant fundamental
contributions to the field of crystal growth and Prof. Tsukamoto re-
ceives this prize for his foundational discoveries in the physics of
solution-based crystallization achieved through his pioneering work
in developing phase-shift interferometry for in-situ investigations of
crystal growth mechanism of both inorganic and organic materials. He
has lead the development of phase-shift interferometry to increasing
levels of sophistication, allowing real-time imaging of mono-molecular
step motion and miniaturizing such set-ups to open up new applications.
Prof. Tsukamoto has in particular used this technique for fundamental
studies under microgravity conditions, but has also done experiments
under conditions deep in the earth.

Prof. Katsuo Tsukamoto (born in 1948) studied mineralogy at the To-
hoku University in Sendai and obtained his PhD in 1982 with Prof.
Sunagawa as supervisor. He has visited many institutions during his
career, including two years as invited researcher in The Netherlands
in the group of Prof. Bennema. He is the (co-)author of more than 290
scientific publications.

2013 Laudise Prize for Prof. C.T. Chen (Beijing)

The International Organization for Crystal Growth (IOCG) has awarded
the 2013 Laudise prize to Prof. Chuang-Tian Chen of the Beijing Centre
for Crystal Research and Development in the Technical Institute of
Physics and Chemistry of the Chinese Academy of Sciences. The
Laudise prize is awarded for significant technological contributions
to the field of crystal growth and Prof. Chen receives this prize for his
seminal contributions to the discovery and development of new non-
linear optical crystals. First he proposed and developed a theoretical
model for understanding the relationship between the structures of
these crystals and their non-linear optical properties. On the basis of
this theoretical understanding he and his group discovered and de-
veloped a series of new borate non-linear optical crystals, such as
BaB204 (BBO), L1B305 (LBO), and KBezBO3F2 (KBBF) Such
crystals, grown by a newly developed flux method, now find wide-
spread use for making UV and deep-UV radiation through second
harmonic generation.

Prof. Chen (born in 1937) studied physics at the University of Beijing,
is a member of the Chinese Academy of Sciences and is currently
director of the Bejing Center for Crystal Research & Development.
He is (co-)author of more than 150 scientific papers and has been
awarded a large number of patents, both in China and in the USA.
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2013 Schieber Prize for Prof. Y. Kimura (Tohoku

University, Sendai)

The International Organization for Crystal Growth (IOCG) has awarded
the 2013 Schieber prize to Prof. Yuki Kimura of Tohoku University
in Sendai, Japan. The Schieber Prize recognizes a young author for
his or her outstanding scientific publications in the field of Crystal
Growth. Prof. Kimura receives this prize for his innovative work on
the nucleation and growth of cosmic nano-minerals based on size ef-
fects of nanoparticle. Through innovative experimental approaches,
Prof. Kimura has developed a new understanding of the initial forma-
tion of materials within space which has extensions to the modern
synthesis of nanomaterials He has published over 100 papers in a wide
cross-section of disciplinary journals. A graduate of Ritsumeikan
University, Prof. Kimura had been awarded a fellowship from the Japan
Society for the Promotion of Science to work at the US NASA Goddard
Space Center as well as fellowship in the Institute of Low Temperature
Science in Japan. He has received the Young Scientist Prize of National
Conference on Crystal Growth in Japan and the Japanese Society for
Planetary Sciences Outstanding Young Scientist Award.
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Frame program

Plenary Sessions (Mickiewicz Hall, Aud-
itorium Maximum):

1. Monday, August 12th 9:00 — 10:20 (including Opening

ceremony)
2. Tuesday, August 13th 8:30-9:50
3. Wednesday, August 14th 8:30 - 9:50

4. Thursday, August 15th
5. Friday, August 16th

Poster Sessions (2nd and 3rd floor, Old
Library):

8:30—9:50 (I0CG Prize Lectures)
13:30 — 14:00 Closing ceremony

1. Monday, August 12th 17:00 — 18:30

2. Wednesday, August 14th 16:00 - 17:30

Sessions:

GO1 Hall 16, Old Library Fundamentals and Modeling

G02 Room A, Auditorium Bulk crystal growth
Maximum

GO03 Room B, Auditorium Biological and Biogenic
Maximum Crystallization

G04 Room B, Auditorium Industrial crystallization
Maximum

GO05 Room D Auditorium Characterization
Maximum

G06 Hall 16, Old Library In situ monitoring, new

equipment and technologies

G07 Room D, Auditorium Defect formation/elimination
Maximum

G088 Room D, Auditorium Nanomaterials and low di-
Maximum mensional structures

G09 Hall 16, Old Library Surfaces and interfaces

G10 Room C, Auditorium Thin film and epitaxial
Maximum growth

TO1 Mickiewicz Hall, Intermetalic and highly cor-
Auditorium Maximum related electron materials

T02 Mickiewicz Hall, Materials for spintronics
Auditorium Maximum

TO3 Room C, Auditorium Wide bandgap semiconduct-
Maximum ors

T04 Room C, Auditorium Compound semiconductors
Maximum

TO5 Room A, Auditorium Si/Ge for microelectronics
Maximum and photovoltaics

TO06 Mickiewicz Hall, Oxides and halides including
Auditorium Maximum laser and nonlinear optical

applications
TO7 Room B, Auditorium Novel materials and struc-

Maximum

tures

TOS8 Room A, Auditorium External fields, microgravity

Maximum
T09 Old Library, 2nd - 3rd floor Late news
Registration:

Please note that the Registration office will be open in Auditorium
Maximum according to the timetable below:

Sunday, August 11th 15:00 — 19:00
Monday, August 12th 7:30 —18:00
Tuesday, August 13th 8:00 - 15:00
Wednesday, August 14th 8:00 — 18:00
Thursday, August 15th 8:00 — 18:00
Friday, August 16th 8:00 — 14:00
Exhibition:

Monday, August 12th 9:00 — 18:00
Tuesday, August 13th 9:00 — 15:00
Wednesday, August 14th 9:00 — 18:00
Thursday, August 15th 9:00 — 18:00

The following companies will present their offer during ICCGE-17:

. Ammono SA http://ammono.com

. Aixtron SE http://www.aixtron.com

. CrystAl-N GmbH http://www.crystal-n.com

. Dr Eberl MBE-komponenten GmbH http://www.mbe-komponen-
ten.de

. Elsevier Inc http://www.elsevier.com

. WEP Control http://www.wepcontrol.com

. Juropol Sp.z.0.0. http://www.juropol.pl

MYV Laboratories Inc. http://www.mvlaboratories.com

. K-Space Associates, Inc. http://www.k-space.com

10. QWED Sp.z.0.0. http://www.qwed.eu

11. PANalytical B.V. http://www.panalytical.com

12. PW-WIM http://www.inmat.pw.edu.pl

13. Scientific Instruments Dresden GmbH http://www.scidre.de

14. EFG GmbH Berlin http://www.scidre.de

15. Rigaku Corp http://www.rigaku.com

16. STR Group Inc. http://www.semitech.us

17. TopGaN Sp.z.0.0. http://www.topganlasers.com

18. Vacuum Barrier Systems http://www.vbseurope.com

19. Heraeus Holding GmbH http://www.heraeus.com
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Plenary Session

Programme
Sunday, 11 August

Registration
Sunday afternoon, 11 August, 15:00

Welcome party
Sunday afternoon, 11 August, 17:00

Monday, 12 August

Opening ceremony
Monday morning, 12 August, 9:00

Plenary 1
Monday morning, 12 August, 9:40
Mickiewicz Hall, Auditorium Maximum

9:40 Plenary Lecture

Jan Czochralski and historical development of the Czo-
chralski method - part 1

Anna Paj aczkowskal, Reinhard Uecker”

1. Institute of Electronic Materials Technology (ITME), Wolczynska
133, Warszawa 01-919, Poland 2. Leibniz Institute for Crystal
Growth (IKZ), Max-Born-Str 2, Berlin 12489, Germany

e-mail: apajaczkowska@gmail.com

A brief summary of the life and scientific achievements of the world-
wide known metallurgist and inventor of the new crystal growth
method, hereafter named Czochralski method (CZ method), is
presented. Czochralski was born on October 23 1885 in Kcynia, a
small town belonging then to the German Empire, now in central part
of Poland, close to Torun, the city of Copernicus. First part of his life
he spent in Berlin, Germany, where he studied, worked to become a
well known specialist in metallurgy, the career finally crowned by
founding and heading of the German Metallurgical Society. In this
period, in 1916 he made his most outstanding discovery of the method
of growing single crystals during investigations of growth velocities
of metals. He obtained single crystals of metals a few mm in diameter
and length up to 150 mm. The CZ method, originally invented for
metals, was improved and cited from its very beginning (1918). Later
on, the method was extended to other substances with most notable
success in semiconductors, since germanium and silicon transistors
were discovered. By invitation of the President of Poland, he returned
to then reemerged Poland in 1928 and since then he continued his re-
search at the Technical University in Warsaw. After the Second World
War, he was forced to come back to Kcynia. He died in Poznan and
was buried in 1953 in Kcynia. During his entire professional life he
was a very active and competent scientist, able to identify most import-
ant aspects of physical problems to understand them, and finally to
find successful application of the conceived ideas. He used several

methods for characterization of metals and alloys. He was an author
of large number of papers and patents which can be easily found in
Chemical Abstracts. He was active in German and Polish Materials
Sciences Societies.

Still in the lifetime of Czochralski the crystal growth method named
after him gained tremendously in importance for the growth of mater-
ials applied in electronics technology. Initiated by the invention of the
first transistor (based on Ge) in 1947, germanium and silicon were the
first semiconductor crystals grown by the Czochralski method on in-
dustrial scale. In the middle of the fifties the crystal diameter reached
already 6 and 4 inch, respectively. The availability of the Czochralski
method also contributed substantially to the rapid development of
compound semiconductors invented in the early fifties with GaAs as
most important representative. In 1960 the first - ruby - laser was op-
erated. This event triggered a huge demand worldwide for bulk crystals
for optical applications. Henceforward a rapidly increasing number of
oxide and fluoride crystals were grown by the Czochralski method.
The first oxide crystal was CaWOy in 1960, and the first fluoride CaF,
in 1961, both grown at Bell Telephone Laboratories, the same potent
US-company which has been the first commercial producer of Ge and
Si Czochralski crystals. The early spread of the Czochralski method
into other countries strongly depended on their economic potential
after the Second World War. However, whereas the importance of the
Czochralski method for silicon dropped in favour of the floating zone
technique until the mid of the 70°s, it had become well established for
other compounds, e.g. for oxide crystals by the mid of the sixties. At
that time a boom started in the commercial production and utilisation
of single crystals in different fields. To make the Czochralski method
applicable for this wide spectrum of materials an increasing number
of international research groups made several important modifications
during the following decade. These included measures which suppress
melt evaporation, influence the fluid flow in the melt and allow a pre-
cise diameter control of the growing crystal. Nowadays, the Czochralski
technique is the highest developed method with regard to the technical
level and the process automation and therefore the method of choice
for the growth and production of high perfect bulk single crystals,
among them silicon as well as a multitude of oxides, fluorides and
multicomponent compounds.

From the perspective of almost the passed century the common opinion
of the scientific community recognized him as a great scientist and
investigator who has laid the foundation for the development of the
global electronics. For recognition of his scientific achievements the
Polish Parliament adopted a resolution declaring 2013 as the Year of
Jan Czochralski.

10:00 Plenary Lecture

Jan Czochralski and historical development of the Czo-
chralski method - part 2

Reinhard Ueckerl, Anna Pajaczkowska2

1. Leibniz Institute for Crystal Growth (IKZ), Max-Born-Str 2, Berlin
12489, Germany 2. Institute of Electronic Materials Technology
(ITME), Wolczynska 133, Warszawa 01-919, Poland

e-mail: reinhard.uecker@ikz-berlin.de

A brief summary of the life and scientific achievements of the world-
wide known metallurgist and inventor of the new crystal growth
method, hereafter named Czochralski method (CZ method), is
presented. Czochralski was born on October 23" 1885 in Kcynia, a
small town belonging then to the German Empire, now in central part
of Poland, close to Torun, the city of Copernicus. First part of his life
he spent in Berlin, Germany, where he studied, worked to become a




Tuesday, 13 August

well known specialist in metallurgy, the career finally crowned by
founding and heading of the German Metallurgical Society. In this
period, in 1916 he made his most outstanding discovery of the method
of growing single crystals during investigations of growth velocities
of metals. He obtained single crystals of metals a few mm in diameter
and length up to 150 mm. The CZ method, originally invented for
metals, was improved and cited from its very beginning (1918). Later
on, the method was extended to other substances with most notable
success in semiconductors, since germanium and silicon transistors
were discovered. By invitation of the President of Poland, he returned
to then reemerged Poland in 1928 and since then he continued his re-
search at the Technical University in Warsaw. After the Second World
War, he was forced to come back to Kcynia. He died in Poznan and
was buried in 1953 in Kcynia. During his entire professional life he
was a very active and competent scientist, able to identify most import-
ant aspects of physical problems to understand them, and finally to
find successful application of the conceived ideas. He used several
methods for characterization of metals and alloys. He was an author
of large number of papers and patents which can be easily found in
Chemical Abstracts. He was active in German and Polish Materials
Sciences Societies.

Still in the lifetime of Czochralski the crystal growth method named
after him gained tremendously in importance for the growth of mater-
ials applied in electronics technology. Initiated by the invention of the
first transistor (based on Ge) in 1947, germanium and silicon were the
first semiconductor crystals grown by the Czochralski method on in-
dustrial scale. In the middle of the fifties the crystal diameter reached
already 6 and 4 inch, respectively. The availability of the Czochralski
method also contributed substantially to the rapid development of
compound semiconductors invented in the early fifties with GaAs as
most important representative. In 1960 the first - ruby - laser was op-
erated. This event triggered a huge demand worldwide for bulk crystals
for optical applications. Henceforward a rapidly increasing number of
oxide and fluoride crystals were grown by the Czochralski method.
The first oxide crystal was CaWOy in 1960, and the first fluoride CaF,
in 1961, both grown at Bell Telephone Laboratories, the same potent
US-company which has been the first commercial producer of Ge and
Si Czochralski crystals. The early spread of the Czochralski method
into other countries strongly depended on their economic potential
after the Second World War. However, whereas the importance of the
Czochralski method for silicon dropped in favour of the floating zone
technique until the mid of the 70°s, it had become well established for
other compounds, e.g. for oxide crystals by the mid of the sixties. At
that time a boom started in the commercial production and utilisation
of single crystals in different fields. To make the Czochralski method
applicable for this wide spectrum of materials an increasing number
of international research groups made several important modifications
during the following decade. These included measures which suppress
melt evaporation, influence the fluid flow in the melt and allow a pre-
cise diameter control of the growing crystal. Nowadays, the Czochralski
technique is the highest developed method with regard to the technical
level and the process automation and therefore the method of choice
for the growth and production of high perfect bulk single crystals,
among them silicon as well as a multitude of oxides, fluorides and
multicomponent compounds.

From the perspective of almost the passed century the common opinion
of the scientific community recognized him as a great scientist and
investigator who has laid the foundation for the development of the
global electronics. For recognition of his scientific achievements the
Polish Parliament adopted a resolution declaring 2013 as the Year of
Jan Czochralski.

Coffee
Monday morning, 12 August, 10:20

Sessions

G01, G02, GO3, GOS8, G10, TO6
Monday morning, 12 August, 11:00

Lunch (JCG Editors meeting)
Monday afternoon, 12 August, 13:00

Sessions

G01, G02, G0O3, GOS8, G10, TO6
Monday afternoon, 12 August, 15:00

Posters - MoP

G01, G02, G03, G05, G10, T02, TO6
Monday afternoon, 12 August, 17:00

Break
Monday evening, 12 August, 18:30

PTWK assembly
Monday evening, 12 August, 19:00

Tuesday, 13 August

Plenary 2
Tuesday morning, 13 August, 8:30
Mickiewicz Hall, Auditorium Maximum

8:30 Plenary Lecture

In situ TEM investigations of particle-mediated crystal
growth

James J. De Yoreol, Dongsheng Lil, Michael H. Nielsenz, David
Kisailus®

1. Pacific Northwest National Laboratories (PNNL), PO Box 999,
Richland, WA 99352, United States 2. University of California,
Berkeley, CA 94720, United States 3. University of California,
Riverside, CA 92521, United States

e-mail: james.deyoreo@pnnl.gov

Assembly of molecular clusters and nanoparticles in solution is now
recognized as an important mechanism of crystal growth in many
materials, yet the assembly process and attachment mechanisms are
poorly understood. To achieve this understanding we are investigating
nucleation and assembly of iron oxide, titanium oxide and calcium
carbonate nanoprticles. TEM analysis shows that the TiO, nanowire
branching occurs through attachment of anatase nanoparticles to rutile
wires on a specific crystallographic plane for which the anatase-to-rutile
transformation leads to creation of a twin plane. Using an in-situ
heating stage on an aberration corrected microscope, we follow the

10 Plenary Session



Wednesday, 14 August

transformation of anatase nanoparticles into single crystal rutile both
through heating and by attachment to larger anatase particles. We
document the atomic reorganization and appearance of intermediate
structures that lead to formation of a final co-aligned single crystal.
In-situ TEM using a custom-designed holder and fluid cell to obtain
sub-nanometer resolution shows that, in the iron oxide system, primary
particles of ferrihydrite interact with one another through translational
and rotational diffusion until a near-perfect lattice match is obtained
either with true crystallographic alignment or across a twin plane.
Oriented attachment (OA) then occurs through a sudden jump-to-
contact, after which the interface expands through ion-by-ion attach-
ment at a curvature-dependent rate. Analysis of the acceleration during
the attachment process indicates that OA it is driven by an electrostatic
attraction with about one unit of charge on each particle driving the
event.

Plenary 3
Tuesday morning, 13 August, 9:10
Mickiewicz Hall, Auditorium Maximum

9:10 Plenary Lecture

Growth and Laser Performance of Rare-earth Vanadate
Family Crystals

Jiyang Wang
Institue of Crystal Materials, Shandong University, Jinan 250100,
China

e-mail: jywang@sdu.edu.cn

All-solid state lasers have been developed since the successfully
manufacture of laser diode in last two decades. The most popular laser
crystals are Nd:YAG, Nd:YVO, and TiAl,O3. Among these, Nd:YVO,
is widely used in mid- and low- power output all-solid lasers. Since
1990's, a series of rare-earth vanadate crystals have been grown includ-
ing Nd-, Yb, Tm, Cr- doped and Cr-,Nd- codoped vanadate crystals.
GdVO,, LuVO, and their mixture crystals with different dopants were
also grown. The basic properties of these crystals have been determined.
Laser performances and passive Q-switch for these series crystals were
described in detail.
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8:30 Plenary Lecture

Diluted magnetic semiconductors — from bulk crystals to
low dimensional structures

Jacek Kossut

Polish Academy of Sciences, Institute of Physics, al. Lotnikow 32/46,
Warszawa 02-668, Poland

e-mail: kossut@ifpan.edu.pl

After a brief historical introduction to the physics of diluted magnetic
semiconductors (DMSs) I shall describe some aspects of their physics
that make the prospective applications in spintronics potentially pos-
sible. In particular, I shall mention those properties of bulk crystals,
as well as low dimensional structures (quantum wells, nanowires and
quantum dots) incorporating various members of the DMS family that
focus on their unique properties that are related to exchange interaction
between valence and/or conduction band electrons with localized
magnetic moments present in those materials. [ will talk about methods
of fabrication and growth of these materials. Finally, I will introduce
several concepts of useful devices put so far forward and I discuss
feasibility of their realization.

Plenary 5
Wednesday morning, 14 August, 9:10
Mickiewicz Room, Auditorium Maximum

9:10 Plenary Lecture

Growth of GaN on Si — an overview
Alois Krost

Otto-von-Guericke-Universitit Magdeburg, Institut fiir Experi-
mentelle Physik, Universitdtsplatz 2, Magdeburg 39106, Germany

e-mail: alois.krost@ovgu.de

Growth of GaN on various silicon surfaces by MOVPE is reviewed.
Currently, GaN-on-Si(111) is considered to be the most promising
material for high power electronic applications. Another major applic-
ation for GaN-on-Si(111) will be high-power LEDs for general lighting.
First high power white LEDs suitable for general lighting are already
in production now. Several groups have already demonstrated that
high quality GaN on Si can be grown by MOVPE on 150 mm diameter
substrates and that growth is easier than on large diameter sapphire.
Using in-situ curvature measurement technique we observed the strain
state of group-IlI-nitride layers during growth and established a process
for growing thick, crack-free GaN layers with a quality comparable to
that on sapphire. Growth on Si(100), (110), and semipolar GaN on
Si(11h) surfaces will be reported, too.
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In-Situ Observation of Crystal Growth: in the past and in
the future

Katsuo Tsukamoto

Graduate school of Scienece, Tohoku University, Sendai 980-8578,
Japan

e-mail: ktsuka@m.tohoku.ac.jp

It was during the banquet of ICCG-4 (1974) in Tokyo when I met
Professor Frank. I was a master course student who attended interna-
tional conference for the first time. I knew his name for spiral growth
theory. I wanted to have his signature on a small square wooden cup
for Japanese rice wine. The organizer at the banquet presented the cup
to us. Although I was very much hesitated to ask him, he kindly wrote
his signature on my wooden cup. I still keep this cup in my office for
the memory of my start of crystal growth study, so that it was my
biggest honor to receive the award that bears the name of Frank.

In the lecture, I want to discuss why in-situ observation of crystal
growth from solution phase was necessary in those days, followed by
the recent development together with the applications and then possible
future of in-situ observation.

Ichiro Sunagawa was my first professor who introduced me to the
world of crystal growth by showing beautiful spiral patterns on various
minerals that were grown mainly from vapor phases. It was a shock
for me not only because of the beautiful spiral patterns but also because
of'the ability of optical phase-contrast microscopy, which could reveal
mono-molecular growth steps with the height of a few Angstrom.

He often showed me a work of Bennema in the Netherlands who had
been investigating the growth mechanism of aqueous solution grown
crystals by measuring the growth rate vs supersaturation. His thesis
was to verify the applicability of spiral growth theory to aqueous
solution grown crystals. Professor Sunagawa then invited Professor
Bennema to Tohoku University, where we had a good time for discus-
sion on crystal growth. After he came back to the Netherlands, he in-
vited me to his laboratory in 1977-1979.

I leaned from Sunagawa to observe crystal surface by phase-sensitive
optical microscopy to understand the growth history of the crystal.
However the surface pattern, which could be observed, were already
“dead”. While, in the lab of Bennema, I learned how to measure ex-
tremely slow growth rate of crystals by measuring the weight increase
or the size increase and how to apply crystal growth theories to real
crystal growth. However [ was not satisfied with their methods because
of two reasons: it takes several weeks to finish a measurement of
growth rate vs supersaturation, and we could not see, during experi-
ment, the crystal surfaces that should posses the information about the
growth mechanism.

In order to overcome these difficulties, I started to couple the surface
observation method with the crystal growth rate measurement by de-
veloping various optical in-situ observation methods for crystal growth.

These in-situ observation methods have been applied to crystal growth
not only to investigate crystal growth mechanisms for fundamental
sciences but also to crystal growth in earth and in astronomical envir-
onments for the understand of nature and the history. These new and
successful studies could be achieved thanks to the efforts of my col-
leagues, students and companies.

The topics for Frank Prize Award Lecture will be selected from the
following categories:

1. Development of High Resolution Optical In-Situ Observation
Methods and the Application to Fundamental Crystal Growth Studies

Before 1980s, if one wants to investigate growth mechanism from
solution, the measure the growth rate vs supersaturation by weighing
method developed by Bennema was the only way. However, it took
more than a few weeks to complete all of the measurements and the
analysis on growth mechanism was indirect. We developed in-situ
observation method directly to observe mono-molecular spiral steps
on crystal faces by advanced optical microscopies during crystal growth
in well-controlled conditions (1983). This made us possible also to
understand the effect of defects and flows in crystals on the growth of
kinetics of inorganic crystals (1988) and of proteins (1989).

The in-situ surface observation was later coupled with interferometer
to visualize the concentration/temperature fields over the surface to-
gether with the observation of monomolecular growth steps, to study
the effect of flow and the inhomogeneity of concentration around the
crystals (1988). The high temperature in-situ observation method was
applied to study the natural crystallization from magma, LiNibO3 and
GaAs from the melt phase.
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Ultra-high resolution interferometry (Real-Time Phase-Shift Interfer-
ometry, RPSI) for crystal growth studies was developed in 1994. This
interferometer showed two-order of magnitude higher resolution than
conventional interferometry and thus pioneered some new research
fields, in which crystal growth/dissolution rate is extremely slow like
in earth sciences, in environmental sciences or in carbon sequestration.
The interferometry has further been developed to posesse the capability
of 3D observation (2010) and ultra-high speed (10,000 frame/s) for
the study of mass and heat transfer in nucleation process as well (un-
published).

2. Utilization in Other Fields:
(1) Application to Space Experiments

Numerous growth experiments have been conducted under microgravity
in space shuttles, rockets and so on. However the method to study the
growth mechanism of crystals was a simple way as follows: to grow
crystal in space followed by the transport of these materials to the
ground for the characterization on the ground. We did not like this in-
direct way of studies and for the first time successfully used interfero-
meter for in-situ studies of crystal growth mechanism under micrograv-
ity (1991). The in-situ method was later applied in NASA and ESA
projects for mainly to the studies of protein crystal growth mechanism
using space shuttles.

Everybody believed that growth rate of protein crystals under micro-
gravity would be smaller than that in gravity because buoyancy driven
convection and flows could be suppressed in space. However the
growth rate of protein crystals measred in a Russian satellite in 2007
and in the International Space Sation in 2011 by in-situ method was
sometimes larger than that in gravity.

Simultaneously with this velocity increase in microgravity, appear-
ance of the sharp corner of the elementary step was observed even in
impure soluiotns. That sharpning was identified as impurity controlled.
These two findings (the velocity measurements and morphology
change) suggest that lack of convection allows self- purification of the
growing crystal via absorbing impurities from the surrounding mother
liquor. That may be solution of the long standing problem on why
protein crystals sometimes grow more perfect in microgravity.

(2) Application to environmental sciences and engineers

Application of in-situ observation to natural slow phenomena was
started to measure the solubility and reaction kinetics of insoluble
minerals (1991). The ultra-slow growth rate of giant gypsum crystals,
~11 m long in Mexico was measured with collaboration of Garcia Ruiz
et al. (2012) to be 10-5nm/s (<1um/year) by newly developed white
beam phase-shift interferometry (PSI). This was the champion data of
the slowest crystal growth rate which has been mesed so far.

The PSI had practically been applied to nuclear waste studies in Japan
(1993). The waste will be stored in the glass state with surrounding
barrier of clay minerals under the ground for 100,000 years but reacts
with ground water. However, so far there is not suitable method to
measure the dissolution rate of the clay minerals exactly. The meased
growth rate is the order of 10-5 nm/s.

The in-situ observation was also useful to the study of “Carbon Sequest-
ration” or “CCS” in which how the dissolved CO2 in water could be
sealed and trapped in the cap rocks is the key.

(3) Crystallization 4.6 billion years ago: rapid crystallization in space

Combination of in-situ observation of crystal growth with experience
under microgravity made a new progress in space sciences (1998,
2006). Chondrules are silicate spheres with a few mm size formed
from melt droplets 4.6 billion years ago in the primitive solar system.
These spheres are often found in meteorites and regarded as the result
of very slow cooling and growth rate in many years time. However,

levitating these melt droplets experimentally showed that the crystal-
lization of the melts has to be finished in a few seconds at the super-
cooling of several hundreds K or more in the hypercooling regime
(2010).

(4) Structures of the solution at the crystal surface

Recently, we have successfully used newly developed frequency-
modulate AFM (FM-AFM) with atomic resolution to reveal atomic
configuration of the crystal surface during crystal growth from solution
(2012). Since this FM-AFM is very sensitive, we also succeeded to
visualize the hydrated structures in-situ at the crystal surface and even
at the step front. Notwithstanding that the growth rate of solution grown
crystals is controlled by the dehydration process, we know litte about
the hydrated structure at the surface and steps.

Laudise Prize Lecture
Thursday morning, 15 August, 9:00
Mickiewicz Room, Auditorium Maximum

9:00 Plenary Lecture

Super nonlinear optical crystal-KBe,BO;F,
Chuantiang T. Chen

Technical Institute of Physics and Chemistry, CAS, Beijing 100190,
China

e-mail: cct@mail.ipc.ac.cn

In this paper, the KBe,BO;F,(KBBF) crystal has been demonstrated
to be a super nonlinear optical crystal. Firstly, KBBF has excellent
nonlinear optical properties including a widest phase-matching
wavelength region, a widest temperature bandwidth and highest damage
threshold in all nonlinear optical crystals. Secondly it has superior
capability to produce deep-UV second harmonic generation. For ex-
ample, it can produce 153nm with 0.5SmW output power, 120mW
177.3nm as well as 191nm cw laser at mW level. Finally, some import-
ant applications are introduced especially in the advanced deep-UV
laser angle- and spin- resolved photoemission spectrometers and deep-
UV laser photon-electronic emission microscope et. al.

Schieber Prize Lecture
Thursday morning, 15 August, 9:30
Mickiewicz Room, Auditorium Maximum

9:30 Plenary Lecture

Nucleation and growth of cosmic nanominerals based on
size effects in mesoscale

Yuki Kimura

Graduate school of Scienece, Tohoku University, Sendai 980-8578,
Japan

e-mail: ykimura@m.tohoku.ac.jp

Meteorites contain many kinds of microscopic particles of minerals
such as metals, silicates, sulfides, carbides, and oxides. Most of these
were formed when the Solar system was still a nebula, 4.6 billion years
ago. Some, known as presolar grains, are even older than this and were
formed in a gas outflow of earlier dying stars. It is important to under-
stand the process of formation of nanometer-sized minerals, because
cosmic minerals are the smallest building blocks of planetary systems
and they operate as substrates for the formation of molecules in space.
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Despite extensive studies over a long time, the processes by which
solar and presolar minerals were formed remain largely unknown. We
have assumed that there are two keys to achieving an understanding
of these processes; one is the size effect, and the other is the formation
of cosmic minerals under conditions of microgravity.

Many studies on nanometer-sized solid particles were initiated follow-
ing Kubo’s seminal theoretical study that showed that extremely small
metallic particles have physical properties that differ from those of the
bulk material as a result of their discrete electronic states [R. Kubo, J.
Phys. Soc. Jpn. 17 (1962) 975]; this has come to be known as the Kubo
effect. Later studies on nanometer-sized particles have confirmed and
progressed that their physical properties differ markedly from those
of the bulk materials. For example, the existence of extremely large
diffusion coefficients results in the anomalous phenomenon of spon-
taneous alloying [e.g., H. Yasuda and H. Mori, Phys. Rev. Lett. 69
(1992) 3747]. We have also reported the occurrence of spontaneous
mixing of ions in alkali halide nanocrystals [Y. Kimura et al. Phys.
Low-Dim. Struct. 1/2 (2000) L1; Physica E 13 (2002) 11].

Because the actual size of cosmic nanomineral particles is of the order
of 100 nm or less, I would expect that the singular physical properties
and related phenomena that appear on the nanoscale will have to be
taken into account if we are to understand the process of formation of
nanominerals in the universe. Indeed, we have been able to duplicate
in the laboratory several features of cosmic nanominerals, such as the
formation of carbonaceous hollow particles [M. Saito & Y. Kimura
Astrophys. J. Lett. 703 (2009) 147], the low-temperature crystallization
of forsterite [Y. Kimura et al. Astrophys. J. Lett. 680 (2008) 89], the
formation of composite particles with a titanium carbide core and a
carbon mantle through decomposition of carbon monoxide gas [Y.
Kimura et al. Meteorit. & Planet. Sci. 41 (2006) 673], the formation
of pyrrhotite by a solid—solid reaction [Y. Kimura et al. ICARUS 177
(2005) 280], and the existence of fullerenes around evolved stars [Y.
Kimura et al. Astrophys. J. Lett. 632 (2005) 159], and we have sugges-
ted processes for the formation of such nanominerals that are based
on crystallization in the mesoscale. I do not claim that all of these
minerals were formed by processes identical to those used in the
laboratory experiments, but our studies confirm that a knowledge of
the significant physical properties of nanoparticles is necessary if we
are to understand the life cycles of cosmic minerals.

We recently began a project on homogeneous nucleation that incorpor-
ates studies on physical properties of nanoparticles with the aim of
achieving a better understanding of the process of formation of nano-
particles and evaluating nucleation theories. Nucleation theory can be
used to predict the nucleation temperatures, phase, sizes, size distribu-
tions, and number densities of products. Unfortunately, it has become
apparent that nucleation rates that are determined experimentally or
by means of molecular dynamics simulations always differ by several
orders of magnitude from those of classical nucleation theory. Gener-
ally, this difference can be considered to be a limitation of nucleation
theory. However, on the basis of our experimental results, we have
adopted the idea of coalescence growth, which is a process for the
growth of nanoparticles, to provide a partial explanation for this dis-
crepancy. We have shown that tiny nuclei can fuse together to form
larger particles, thereby reducing their number density by a few orders
of magnitude [Y. Kimura et al. J. Crystal Growth 316 (2011) 196;
Cryst. Growth & Des. 12 (2012) 3278].

Although cosmic minerals are formed under conditions of microgravity,
existing speculations as to mechanisms for their formation have gener-
ally been based on experiences on the Earth, where crystallization in-
evitably involves effects of buoyancy-driven convection and hetero-
geneous nucleation. When we perform experiments in the laboratory,
mineral samples are kept in containers, which form sites for heterogen-
eous nucleation, and buoyancy-driven convection generates inhomo-
geneities in the environment for particle formation. We have therefore

started a new project that incorporates experiments on homogeneous
nucleation under conditions of microgravity and we recently performed
such experiments on the sounding rocket S-520-28, launched on
December 17th, 2012. I believe that further experiments based on this
concept will clarify not only the process of formation of cosmic
nanominerals, but also the nucleation process itself.
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11:00 Invited oral

Step patterns induced by a line source of adatoms

Makio Uwahal, Masashi Kawaguchil, Shinji Kondol, Hitoshi Miuraz,
Masahide Sato®

1. Nagoya University, Department of Physics (NU), Furo-cho,
Chikusa-ku, Nagoya 464-8602, Japan 2. Nagoya City University,
Nagoya 467-8601, Japan 3. Kanazawa University, Kakuma-machi,
Kanazawa 9201192, Japan

e-mail: uwaha@nagoya-u.jp

Being motivated by a comb-like step pattern observed during Ga de-
position on Si(111) surfaces[1], we theoretically study growth of a
step which is guided by a line adatom source moving in front of the
step. The pattern formation in a lattice model[2] and in a phase-field
model is discussed.

The line source of adatoms located initially next to a straight step
moves at a constant speed V], away from the step. It releases adatoms
of the density ¢ =1/2, and makes the step grow. Many intrusions are
soon formed by Mullins-Sekerka instability. In growth towards [11]
direction, the comb-like step pattern appears with small V), after
coarsening of the pattern via competition of the intrusions. Periodic
tips of the comb-like pattern follow the source steadily. With large V,

a fractal pattern is formed by noise.

For the comb pattern, the structure becomes finer with increasing V..
The period of initial intrusions is given by the capillary length d;, and
the diffusion length /=Dy/V, as (dolp)"*. The period A of the steady
comb-like pattern is controlled by the noise strength F,. The period
becomes logarithmically shorter with increasing the noise:
A~ (dolD)l/ 2|1nF ul- Such noise dependence suggests a peculiar mechan-
ism to terminate the coarsening.

Fig.1: Time evolution of an irregular step pattern(upper) and a periodic
comb-like pattern(lower).

[1] H. Hibino, H. Kageshima and M. Uwaha: Surf. Sci., 602 (2008)
2421.

[2] S. Kondo, M. Sato, M. Uwaha and H. Hibino: Phys. Rev. B 84,
045420 (2011).

11:30 Oral

On the Energetics and Structural Behavior of some Si,
Clusters: Molecular Dynamics Simulations

Lynda Amirouchel, Malika Bouazizl, Sakir Erkoc?

1. Laboratoire de Physique Théorique, Faculté de Physqiue,
US.TH.B., Alger 16311, Algeria 2. Middle East Technical University
(METU), Inonu Bulvari, Ankara 06531, Turkey

e-mail: lynda.amirouche@polytechnique.edu

We investigate, by molecular dynamics simulations, the structural be-
havior of silicon nanoparticles of sizes N ranging from 4 to 20 atoms.
The interaction between silicon atoms is modeled by the EDIP potential
(Environment Dependant interatomic Potential) which takes into ac-
count the tetravalent character of silicon as well as the covalent type
of'its chemical binding. EDIP potential is well known for its reliability
in reproducing correctly the bulk silicon properties. In the present
contribution, we use it for silicon nanoparticles of relatively small
sizes, in the aim to estimate the deviations with regard to its approach
for a nanoscopic system. Two sets of simulations have been carried
out, for the whole range of sizes, starting each one from a different
atomic initial configuration: (i) fragment of the diamond structure since
silicon crystallises in this structure and (ii) atomic closed shells. The
energy curves reveal that for N<9, the second initial configuration
produces more stable structures than the first one. On the other hand,
a dominant tendency to icosahedral structures is observed, above a
certain size, for all the nanoparticles resulting from the two initial
configurations. A third set of simulations is carried out by starting, for
each size, from the most stable configuration resulting from the two
previous sets of simulations. In this set, a simulated annealing followed
by a quenching to the temperature of 1K is performed in order to ap-
proach the global minimum structures (optimization algorithm). Thus,
the latter set of simulations is supposed to generate the most stable
structures. However, some exceptions have been found out for some
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particular sizes (N=5, 6, 11, 15, 16, 17 and 20). Our finding are com-
pared to both experimental and computational results available in the
literature for the same nanoparticles.

11:45 Oral

Molecular Assembly and Crystal Nucleation: How Molecu-
lar Dynamics Simulations Enhance Our Understanding

Dimitrios Toroz, Kevin J. Roberts, Robert B. Hammond
University of Leeds (SPEME), Leeds LS2-9JT, United Kingdom

e-mail: d.toroz@leeds.ac.uk

Molecular dynamics simulations are employed to elucidate the struc-
ture, lifetime and relative stability of putative assemblies of the funda-
mental growth-units of crystals. In the present study simulations carried
out for the organic molecule para-aminobenzoic acid (PABA). PABA
is an enantiotropic system which has two known polymorphic forms
alpha stable above 13.8C° and beta stable below this transition temper-
ature. Simulations were used to investigate the stability of clusters of
solute molecules for PABA as a function of solution supersaturation
and temperature. Of particular interest is the stability of carboxylic
acid dimers, both singularly and when assembled into larger clusters,
as these dimers are manifested in the solid-state packing of the alpha
polymorph alone. Elucidating the energy landscape of solute clusters
in supersaturated solutions is the key to understand how particular
polymorphs are selected via solution crystallisation according to factors
such as solvent choice, de-supersaturation profile and temperature.

The lifetime and stability of solute clusters was investigated with the
objective of estimating the critical cluster-size, as a function of index
of supersaturation, in a solvent environment based on the probability
for cluster dissolution. Particularly interesting is the solvent effects of
the molecular self-assembly of solute molecules in solution. MD sim-
ulations enable free-energy changes associated with the solvation of
both monomers and dimers of PABA to be calculated, at temperatures
above and below the transition temperature, by which a link to the re-
lative thermodynamic stability of the polymorphs in the bulk might be
made.

Key Words: Nucleation, Homogeneous, Heterogeneous, Crystal,
Polymorphism, Molecular Assembly, Solution Structure, Molecular
Dynamics, Molecular Clusters, Atomistic Potentials, Charge Models,
Para-aminobenzoic Acid.

12:00 Oral

Polymorph prediction by nucleation modeling

Rita Bylsmal, Hugo Meekesl, Elias Vliegz, Joop Horst' ter’ , Niek
Klerk' de'

1. Radboud university Nijmegen, Solid State Chemistry (RU/SSC),
Heyendaalseweg 135, Nijmegen 6525A4J, Netherlands 2. Radboud
University Nijmegen, Heyendaalseweg 135, Nijmegen 6525AJ,
Netherlands 3. Delft University of Technology, Process and Energy
Laboratory (TUD/PE), Leeghwaterstraat 44, Delft 2628CA, Nether-
lands

e-mail: R.Bylsma@science.ru.nl

Most organic compounds are polymorphic, i.e. they can crystallize in
more than one crystal structure. This explains why crystals of the same
compound can exhibit different solubility and effectiveness as a drug.

Conventional polymorph prediction routines are based on thermody-
namic stability and predict that only one form would exist, the "stable'
form. However, due to nucleation kinetics, a thermodynamically un-
stable form may crystallize and prevent the stable form from crystal-
lizing (Ostwald's rule of stages). Thermodynamics predicts subsequent
conversion to the stable form, but as conversion in the crystalline phase
is often very slow, unstable polymorphic forms do actually exist over
extended periods of time. Therefore, unstable polymorphic forms
cannot be ignored in industry and they can even be of use. To be able
to predict their formation, we are developing a kinetic polymorph
predictor that simulates the nucleation process using a Monte Carlo
algorithm.[1]

To ensure computability, our kinetic polymorph predictor uses crystal
graphs: abstract descriptions of molecular structure, which contain all
the important aspects that determine nucleation. We have been using
the molecular mechanics program Cerius to compute crystal graphs
from crystallographic data. In order to be independent of crystallograph-
ic data and to be more accurate, we started using the open source ab
initio DFT program Siesta in combination with JuNoLo that adds a
vdW-DF-functional. Together they function as a sophisticated energy-
based polymorph prediction routine, generating many possible poly-
morphic structures. We added the functionality of representing them
as crystal graphs.

Our kinetic polymorph predictor is highly automated and efficient,
making decisions by root-finding methods rather than using grid
methods. Thus, it is feasible to compare several hundreds of crystal
graphs that result from the energy-based polymorph prediction routine.

Nucleation would be strongly influenced by the existence of precursor
clusters in solution. We therefore added the possibility of simulating
nucleation from all possible precursor clusters.

We will show results for some polymorphic drugs.

12:15 Oral

Analyzing Capture Zone Distributions (CZD) in Growth:
Theory and Applications

Theodore L. Einsteinl, Alberto Pimpinellil’z, Diego Luis Gonzalezl’3,
Rajesh Sathiyanarayananl’4

1. University of Maryland, College Park, MD, United States 2. Rice
University, 6100 Main St., Houston, TX 77005, United States
3. Universidad del Valle, Departimento de Fisica, Cali AA 25360,
Colombia 4. IBM Seimconductor Research and Development, Ban-
galore 560045, India

e-mail: einstein@umd.edu

In submonolayer epitaxial island growth, it is fruitful to consider the
distribution of the area of capture zones [BM96,ETB06,PE07], i.e.
Voronoi (proximity) cells constructed from the island centers. For
random nucleation centers (Poisson Voronoi diagrams) the CZD is
expected to follow a Gamma distribution [K66,FNO7], but more gen-
erally we have argued [PE07], drawing from experiences analyzing
the terrace-width distributions of vicinal surfaces [EP99], that the CZD
is better described by the single-parameter generalized Wigner distri-
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bution (GWD): P(s) =asP exp(-bsz), where s is the CZ area divided
by its average value; a and b are beta-dependent constants that assure
normalization and unit mean of P(s). Painstaking simulations by Amar's
[SSA09] and Evans's [LHE10] groups showed inadequacies in our
mean field Fokker-Planck argument relating B to the critical nucleus
size (conventionally called i+1), i.e. the size of the smallest cluster
assumed not to decay. We refine our derivation to retrieve their finding
that B is nearly i + 2 [PE10]. While the GWD describes the CZD in
the regime in which there is significant data in experiments (0.5 <s <
2), it has shortcomings in the tails at both high and low s
[LHE10,0A11]. For large s, P(s) may decay exponentially rather than
in gaussian fashion. We discuss several treatments of this issue, em-
phasizing the fragmentation model we developed [GE11], which de-
pends on two physically motivated scaling exponents (one of which
changes values around s = 1.7).

We discuss applications of this formula and methodology to experi-
ments involving Ge/Si(001), various organics on SiO,, and para-
hexaphenyl (6P) films on amorphous mica [PTW11,TW12]. We report
a series of studies by Fanfoni et al. of InAs quantum dots on GaAs
[FP07,FA12] and very recent applications to metallic droplets [NM12],
also on GaAs. (The former [FA12] also shows that the more-often-
probed island-size distribution [ISD,ETB06] is comparable to the CZD
at lower temperatures but not at higher temperatures when detachment-
-and consequent coarsening--becomes important.) At Maryland, for
small admixtures of pentacenequinone (PnQ) with pentacene, our ex-
perimental colleagues and we studied the CZD at 0.3 ML coverage on
Si0, [CGO8]. As the fraction of PnQ was increased, the value of
dropped from 6.7 below 1% to 5.0 above 1%, indicative of the poorer
packing possible when PnQ was present. For thick 50 ML films, this
sudden change around 1% is reflected in a sudden decrease grain size
and a consequent decrease in linear mobility. We also found for Cgy
on ultrathin SiO, that B varies nonmonotonically with temperature,
increasing from 2 at room temperature, peaking near 3 around 375K,
then declining; other evidence suggests that surface defects are respons-
ible for this behavior. We have also used the GWD framework to
elucidate kinetic Monte Carlo studies of homoepitaxial growth on
Cu(100) with codeposited impurities of different sorts [HSPE11]. Fi-
nally, we have applied this approach to the distribution of metro stations
in Paris [GE11] and of the areas of French districts (arrondissements)
[GE11,S09,LCD93], counties in southeastern US states [S09], and
other such secondary administrative units such as Polish powiaty and
gminy [S09].
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Grant 07-50334, and the Condensed Matter Theory Center, with ancil-
lary support from CNAM (Center for Nanophysics and Advanced
Materials).
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Classic theory of crystal growth states that all crystals grow by adding
new building units (i.e., atoms, ions, molecules or their complexes) to
their surfaces from solution, melt, vapor or another solid phase [1].
However, there is another theory of the alternative mechanism of the
crystal growth — micro-block mechanism — that suggests that the
crystal growth occurs by the intergrowth of the independently grown
smaller crystals that made a contact in the course of their size increase.
The latter approach, initially developed by P. Goubert as early as in
the 19-th century, was actively pursued and developed by E. S. Fedorov,
A. Traube, M. P. Shaskolskaya, A. V. Schubnikov, N. N. Sheftal, D.
Balarev, N. P. Yushkin [2], A. M. Askhabov, I. V. Melikhov and other.
The propriety of the micro-block mechanism has been confirmed by
scanning (SEM) and transmission (TEM) electron microscopy as well
as other experimental nano-methods [3-5]. In our presentation, we
would like to report our novel results related to the formation of nano-
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powders in the course of their co-precipitation from aqueous solutions.
Our data confirm the aforementioned micro-block mechanism of
crystal growth for the obtained fluoride nanopowders (TEM measure-
ments were carried out at the Center of mutual use of equipment at
Prokhorov General Physics Institute). Specifically, we would like to
emphasize the following features of the observed processes: 1. The
formed primary particles are not X-ray amorphous, they are nanocrys-
tals. 2. Nanoparticles can mutually orient each other in colloid solutions
as well as in solid-state phases. 3. Usually, the first step of crystal
formation is not the particle merge to an existing large single crystal;
instead, it includes primary merging of already formed nanoparticles.
4. Crystallization has a step-wise hierarchical nature with the periods
of rapid nanoparticle growth changing to the relaxation periods; the
latter periods include processes of imperfection decrease and stress
elimination. 5. The above transformations occur at the temperatures
much lower than the melting temperature (i. e., the so-called Tammann
temperature T < 0.6*Tmelt). 6. In aqueous media, the aforementioned
processes are typical for the crystal growth of the substances with low
solubility. We consider that the driving force of the observed non-
classical micro-block crystallization is the thermodynamic tendency
to minimize the system free energy in the course of crystal growth.
Describing the dynamics of the nanoparticle formation, one may name
this force as “orientation ordering force” for convenience purpose.

References [1] L.N. Rashkovich, J.J. De Yoreo, C.A. Orme, and
A.A.Chernov. Crystallography Reports, 51(6), (2006), pp. 1063-1074.
[2] N.P. Yushkin. Theory of micro-block crystal growth in natural
heterogeneous solutions. Syktyvkar, 1971 (in Russian). [3] P.P. Fe-
dorov, A.A. Luginina, S.V. Kuznetsov, and V.V. Osiko. J. Fluorine
Chemistry. Vol.132. (2011) pp.1012-1039. [4] P. P. Fedorov, M. N.
Mayakova, S. V. Kuznetsov, V. V. Voronov, V. V. Osiko, R. P. Er-
makov, I. V. Gontar’, A. A. Timofeev, and L. D. Iskhakova. Nanotech-
nologies in Russia. Vol.6. (2011) pp. 203-210. [5] P.P. Fedorov, V.K.
Ivanov. Doklady Physics. Vol.56. (2011) pp. 205-207.
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Introduction

Classical nucleation-condensation theory is based on the kinetic Zel-
dovich equation in partial derivatives of the second order for the distri-
bution of nanoparticles over sizes [1-4]. This equation is obtained as
a continuous approximation of finite-difference master equations in
the monomer limit, where the growth-evaporation rates are related via
the detailed balance with the known minimum work of nanoparticle
formation [5]. Since the growth equation contains unknown supersat-
uration of a metastable phase, one should also consider the material
balance [2-4]. In an open system with pumping, the supersaturation
changes in time due to the monomer consumption by the growing
nanoparticles and the material influx into the system [1-3]. Analytical
or numerical studies of a particular condensing system therefore re-
quires a solution of two connected equations for the time-dependent
size distribution and the supersaturation: the differential Zeldovich

equation and the integral equation of material balance [2,3]. Steep ex-
ponential dependence of nucleation rate on the supersaturation [1,2]
makes the whole system strongly non-linear. The non-linearity of the
equations, the fluctuation-induced effects and many other factors make
the nucleation-condensation theory rather complex for the analysis.
Such analysis is of great importance however in connection with thin
films and surface islands [1,4], semiconductor quantum dots (QDs),
freestanding nanowires and many other applications.

Green function and dispersion increase

Below we study the case of homogeneous nucleation in the monomer
approximation with the growth-evaporation processes (i)+(1) < (i+1),
where (i) denotes the embryo containing i monomers and (1) is the
monomer in a metastable mother phase. The corresponding growth
rate W, is assumed to be of quite general form [1-4]:
VVi+=m(C+])i(m-1)/m/‘c,

where W' is growth rate of nanoparticle containing i monomers, ¢ is
the supersaturation of the mother phase, 1 is characteristic microscopic
time of nanoparticle growth, and m is the growth index that depends
on the space dimensions of the nanoparticle and the metastable envir-
onment and nanoparticle growth regime. m normally lies between 1
and 3, for condensation of 2D GaAs nanoislands from adatom sea m=2
corresponds to ballistic regime and m=1 to diffusion regime.

Following Kuni [2], we define invariant size p as p=i Umso that
dp/d=C/1. A new time-dependent variable z(f) is defined as the most
representative invariant nanoparticle size at time z. The Zeldovich
equation for the nanoparticle distribution function f{p,z) in supercritical
region can be written as

/.2 =0lp2)+0,[9(@)/(mp"™ NOfp.2)]. M

where 0, is partial derivative with respect to z, 0, is partial derivative
with respect to p, and ¢=1/2+1/C. The first right hand side term in (1)
is well-known regular growth rate and the second one is responsible

for fluctuation-induced spreading of size distribution.

During the growth stage, Green function g(p,z) of the Zeldovich
equation (1) can be asymptotically found in the form of Gaussian with
z-dependent dispersion y(z):

2(p.2)=2my(2)) "exp[-(p-2)* /2y (2))]

In this asymptotic case under the constant material flux the Zeldovich
equation (1) leads the following equation for y(z):
o/oz=20(z)/(mz"").

Solving this equation we can obtain the Green function and, con-
sequently, solution of the Zeldovich equation for any initial condition.
As an illustration, we calculate spectrum shape evolution of 2D GaAs
nanoislands growing from the adatom sea in ballistic (=2) and diffu-
sion (m=1) regimes (cf. Fig. 1 and 2). It is easy to see that broadening
of the size distribution is almost negligible for the ballistic regime
(m=2), while for the diffusion regime (m=1) the diffusion-induced
spreading is huge.
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Figure 1. Time evolution of 2D nanoislands size spectrum in m=2
case. Dashed line show time-invariant spectrum.
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Figure 2. Time evolution of 2D nanoislands size spectrum in m=1
case. Dashed line show time-invariant spectrum.
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Direct numerical simulations

Numerical simulation allows us to consider critical size, absent in the
Zeldovich equation (1). Following Ref. [7] we introduce U as
U=(p/ pc)m/ a p. being the critical size and d being the nanoparticle di-
mension. Assuming (1-U)In({+1)«1 we can arrive at the following
equation for the nanoparticle distribution function

OO L1-UNp T H DoV ™ YD)}, (2)

with 0, being partial derivative with respect to time .

By solving equation (2) with the appropriate boundary conditions nu-
merically we are able to compute the spectrum dispersion D. The results
are presented in Figure 3. The parameters used correspond to GaAs
nanoisland formation. While the simplified analytical approximation
and the numerical results agree qualitatively, the subcritical nano-
particles do change the quantitative results.

Dispersion D

T

. 100 .
Average invariant size z
Figure 3. The dispersion of supercritical nanoislands D against the
average invariant size z for d=2 and different m: gray — m=1, black —
m=2. Dotted lines correspond to analytical asymptotic expressions,
solid lines — numeric results, dashed — numeric asymptotics.

Ostwald ripening

The OR process onsets when the critical size reaches the pre-existing
size distribution, and larger embryos start growing at the expense of
smaller ones. This effect has a major impact on the size spectrum: the
number of particles is no longer conserved and the dispersion increases
much faster than at the growth stage.

By the very nature of the OR stage, its analysis require one to consider
large time intervals, so direct numerical simulation we use above be-
comes infeasible. Therefore, we apply the explicit scheme of the Crank-
Nicolson finite difference method [8] on a regular grid, which allows
us to study times up to 10%s. We compare our result to those predicted
by Lifshits and Slezov (LS) [9] using the standard LS notation:
Sp.0=p" F@),  x=plpe(r)

The results obtained are presented in Figures 4 (m=2) and 5 (m=1).
While the spectra of the system with m=2 seem to collapse to a slightly
different shape, the integral discrepancy is rather small.

Conclusions

To sum up, we present both analytical and numerical study of nano-
particle size spectrum evolution. The Green function for the second
order Zeldovich equation allows us to find size spectrum at the growth
stage accounting for the dispersion increase. Direct numerical calcula-
tion enable us to consider the critical size influence and to perform an
independent check of the previous analytical results. Moreover, a
slightly different numerical technique allows us to consider OR stage
at times up to 10%s.
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Figure 5. Numerical distributions at the late OR stage for the system
with m=2, time ¢ varying from 0 to 10% s. (solid), compared to the LS
spectrum (dots).
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Figure 6. Numerical distributions at the late OR stage for the system

with m=1, time ¢ varying from 0 to 10% s. (solid), compared to the LS

spectrum (dots).
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Formation of various geometric patterns during crystal growth remains
a subject of continuous interests of many researchers. It is important
as an interesting example of far from equilibrium, stationary process
and because of practical applications in the crystal growth technology.
Kinetic Monte Carlo simulation method of analysis is based on a simple
model of particles jumping between well-defined crystal site positions.
The main task in the extended kinetic Monte Carlo (kMC) study is to
find proper parameters of the model, i.e. coupling constants between
particles, energy barriers for each type of particle jump such that de-
scribe main characteristics of the studied system. When correctness of
the model is already verified by comparison with experimental data it
can be used in further investigations. The simplicity of the model and
small number of control parameters allows studying systems of large
number of particles, performing long time simulations and examining
the system behavior in various conditions. The kMC simulation results
for two different systems are compared : GaN(0001) surface model in
N-rich conditions represented by lattice of Ga atoms only and full, two
component model of 4H SiC(0001). Within certain parameters steps
move uniformly and stay straight during growth or sublimation pro-
cesses of both simulated crystals. However within a wide parameter
range different instability phenomena are observed. Step bunching and
step meandering are the most characteristic ones. Both processes were
studied as a function of time, temperature and misorientation angle.
Detailed analysis of the character of structures and their evolution de-
pendence on the growth parameters was done. For some parameters
step bunching happens rapidly and as a result single bunch of all steps
is formed. For other range of parameters two, four step arrangements
develop or step train structure is observed. Phase diagram for all ob-
served structure was found. The comparison of the kMC results with
simple analytic models of step dynamics confirms that bunching and
meandering instabilities are caused by the step movement during the
process of crystal growth or sublimation. All surface patterns, emerging
in the simulations, have their corresponding cases in the experimental
results. The numerical models allow to observe how they develop and
to study their time evolution.
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Wide-band gap silicon carbide (SiC) is a promising semiconductor
material for electronic and optoelectronic devices working in many
extreme conditions, such as high temperature, high frequency, high
power and intensive radiation environments. The physical vapor
transport (PVT) method has been one of the most successful and
common method for growth of bulk SiC crystals. During the process
of SiC crystal growth by PVT, primary particles in the crucible trans-
port from SiC powder surface to crystal growth surface and grow the
SiC crystal, which is very important control process of the crystal
growth. So it is necessary to study the multi-phase flow and particle
transport inside the crucible for growing SiC crystal with large-size
and high-quality.

In present paper, a two-dimensional incompressible growth kinetic
model is developed to optimize the growth process and design the
growth furnace for large-size SiC crystals. In this model, flow coupling
between argon gas and vapor species, Stefan effect and buoyancy effect
are considered. The gas flow and species concentration in the crucible
are simulated by this model, and then based on the species concentra-
tion, the growth rate is also obtained. Firstly, the effect of three main
vapor species in the crucible, namely Si, Si2C and SiC2 on growth
rate at different growth temperatures is investigated. It is found that
the effect of Si2C on growth rate is significant when growth temperat-
ure is below 2600 K, while the effect is weakened as the growth tem-
perature continue to increase. Therefore, we can conclude that the effect
of Si2C on growth rate can not be neglected in numerical models, as
the growth temperature is below 2600 K, while it can be neglected
completely as the growth temperature is beyond 2680 K. Furthermore,
the flow patterns of convection and diffusion in the growth furnace at
different total pressures and growth temperatures is also analyzed. As
the results shown, the effects of convection on transport of vapor spe-
cies are significant at high growth temperature and low total pressure,
so it should be considered in numerical models. The results of this
study may lead to the development of effective methods for producing
SiC single crystals with large-size and high-quality.
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The dissolution behaviour of silicon in a germanium melt has been
numerically investigated. The numerical simulations were carried out
using an axisymmetry model.

The effect of free surface on mixing was examined. The effect, while
slight, did show a tendency of higher mixing with a free surface on
the melt. The effect of the direction of gravity was also examined. One
set of numerical experiments placed the silicon dissolution interface
on top of the melt and the others the bottom of the melt. The chosen
orientation with respect to gravity had a significant effect on dissolu-
tion. Far more dissolution was realized with the dissolution interface
at the bottom of the melt. Silicon transport was aided by its buoyancy
in the germanium melt. The melt, in these cases, remained inhomogen-
eous. This is likely due to very fast dissolution and strong convective
flows.

The numerical results indicate that careful consideration of system
geometry is needed when silicon is to be dissolved into germanium
melt. Silicon dissolution from the surface of the melt will be limited
by diffusion time scales. Silicon dissolution from the bottom of the
melt will occur much faster but be subject to instability and melt in-
homogeneity.
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Formation of solid structure and its subsequent enlargement have been
the main problems to be solved in simulated nucleus/cluster growth
from vapour using the two-temperature-region cluster growth model
[1]. Simulations were done for unsupported heavy rare-gas (Ar, Ne,
Kr, Xe) clusters using Lennard-Jones (LJ) interaction potential. Four
series of the Monte Carlo simulations, carried out for constant temper-
ature T = 0.25,0.30, 0.35 and 0.40 in reduced units (7=30.3 K, 36.3
K, 42.4 K and 48.4 K for argon, respectively), were started from LJ 3
icosahedral cluster used as a seed in a supersaturated LJ vapour.
Evolution of cluster structure during growth was examined using
structural analysis based on the Coordination Polyhedron method [2]
accompanied with visualisation of the cluster structure, if necessary.
In the first simulation stage, growth was stopped when clusters
achieved the final size N = 900-1000 atoms. In this way, every simu-
lation series produces over 100 final clusters as well as much more
clusters of intermediate size during growth. The structural analysis
revealed that the clusters at all analysed temperatures are initially liquid
and then transform to solid ones. The solidification is caused solely
by a growing number of cluster atoms and occurs in the range from
160 to 900 atoms. Irregular non-crystalline structures prevail in the
coldest final clusters, but many hotter clusters show regular non-crys-
talline or regular crystalline structure; regular structure is observed in
10%, 29%, 41% and 58% of cluster population for T = 0.25, 0.30,
0.35 and 0.40, respectively. Regular non-crystalline structures, mainly
in the form of regular polyicosahedral (r-PIC) and rarely as defected
decahedral (d-Dh) structure, are formed, respectively, in 9%, 25%,
27% and 44% of clusters, while regular crystalline structure in 1%,
4%, 14% and 15%. Regular crystalline clusters are classified as layered
(L) ones with a few sandwiched parallel fcc and hcp close-packed
layers and as defected layered (dL) or tetrahedral fcc core (t-FCC)
clusters. This occurs as a result of kinetic trapping of nonparallel hcp
surface planes on curved fcc cluster surface. All mentioned types of
cluster structure were found recently in LJ clusters solidified during
simulated cooling [3].
In order to analyse the growth of solid cluster structure, in the second
simulation stage practically all the obtained clusters were grown until

General Session 1 23



Monday, 12 August

N=3300 was reached. Finally, in the third stage many selected clusters
characterised by the regular internal structure of the types: r-PIC, d-
Dh, L, dL or t-FCC were grown in simulations from N = 3300 up to
N =10 000 in the final clusters. Structural analysis revealed that the
layered structure maintains layered fcc-hep character by the addition
of new atoms at the end of existing layers, keeping flat interface and
its width constant during growth along the layers. The cluster growth
in the perpendicular direction occurs by formation of new dense-packed
layers by island formation mechanism. The r-PIC structure, character-
ised by regularly located icosahedral units, fcc tetrahedral regions and
linear chains of decahedral units forming edges of regular tetrahedrons
(see Fig. 1), initially keeps the structure during the growth, but its
subsequent growth leads to the formation of disordered regions. The
same occurs finally with d-Dh and t-FCC clusters, since they all evolve
to r-PIC clusters during growth forming the long decahedral chains.
The disturbed growth of r-PIC clusters is explained by structural misfit
of tetrahedral fcc regions leading to internal tensions and formation of
defects in growing clusters.

(a) (b)
Fig. 1. Formation of regular structure of decahedral chains during
growth of r-PIC cluster from: (a) N = 3300 to (b) N = 10000 atoms.
[1] W. Polak, Phys. Rev. B 71 (2005) 235413.

[2] W. Polak, A. Patrykiejew, Phys. Rev. B 67 (2003)
[3] W. Polak, Phys. Rev. E 77 (2008) 031404.
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Nucleation of crystals when the nucleation rate does not
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Recent experimental results for the nucleation of both aspirin crystals
in solution [1], and the freezing of water droplets [2], are not consistent
with a nucleation rate that is in the thermodynamic limit. Essentially,
what is happenining is that although each crystallising droplet has a
well defined nucleation rate, this rate varies by orders of magnitude
from one nominally identical droplet to another. Then there is no well
defined rate for a set of droplets at a given temperature and supersatur-
ation. This highly variable rate is caused by heterogeneous nucleation
on impurities that vary from one droplet to the next. I show how to
diagnose an undefined nucleation rate, and how to model the probability
of nucleation as a function of time [3]. The simplest way to observe
an undefined nucleation rate is to plot the fraction of a set of droplets
that have crystallised - deviations from an exponential function of time
indicate an undefined rate. Then it may often be possible to fit to the
data what is called the Weibull distribution of extreme-value statistics.
If so then this fit can be used to determine the scaling of the median

time to nucleation with volume [3]. I will show that, generically, the
larger the deviations from exponential behaviour, the slower the time
to nucleation varies with solution volume. [1] Y. Diao et al., J. Am.
Chem. Soc. 133 (2011) 3756. [2] B.J. Murray e al., Atmos. Chem.
Phys. 11 (2011) 11, 4191. [3] R. P. Sear, Cryst. Growth Design 13
(2013) 1329.
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So many protein crystals have been grown under microgravity condition
to improve the quality of the crystals. However no one has clear an-
swers why the quality is improved or at least is believed to be improved.
To answer this question, we have for the first time measured growth
rate vs supersaturation and the slope of spiral hillocks of lysozyme
crystals from 3 different solutions with respect to concentration by
Michelson Interferometry under microgravity condition in the interna-
tional space station from August to December 2012.

Growth rates from two different solutions with different purity, 99.99%
and 98.5% under microgravity were found to be the same, notwithstand-
ing that growth rate under normal gravity differs a lot at relatively low
supersaturation, <80%. It was also surprising to notice the disappear-
ance of “dead zone” in all solutions near the equilibrium condition,
where the growth rate becomes zero because of the pinning effect of
impurities. When the growth rate under microgravity was compared
with the rate in gravity, the rate was found to be similar or even larger
than that in gravity. This is the same tendency as obtained from our
ex-situ measurements of growth rate in the Foton-M3 recovery satellite.

The shape of growth hillocks is known as largely influenced by the
purity of solution. When the solution is purer, the growth hillocks are
more elongated in shape. This is the general tendency in laboratories
and thus this morphological change would be a good criterion for the
impurity effects on growth. The interferometry clearly demonstrated
that the shape of spiral hillocks of crystals growing in impure solution
were more elongated as if the crystals grew in a very pure solution.

These two findings, the growth rate measurements and morphology
change of hillocks suggest that lack of convection allows self-purific-
ation of the growing crystal via absorbing impurities from the surround-
ing solutions. That may be solution of the long-standing problem on
why protein crystals sometimes grow more perfect under microgravity.

The growth mechanism was discussed based on the growth rate vs
supersaturation relationship. The interfacial tension for 2D homogen-
eous nucleation growth under microgravity was calculated to be ~0.5
mJ/m’ and thus the same value as obtained in gravity. However 2D
heterogeneous nucleation growth, which is dominant in gravity, did
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not operate under microgravity. This finding also supports the above-
mentioned conclusion from a kinetic point of view.
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Ordering of Brownian Particles from Walls Due to an
External Force
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Colloidal crystals are three-dimensional regular structures formed by
colloidal particles with submicron size.The formation of colloidal
crystals has received much attention for their application as photonic
crystals.With regard to the distance between particles, the colloidal
crystals are classified under two types.When the distance between
particles is as large as the diameter of particles, i.e the particles are
packed tightly,the crystals are called close-packed colloidal crystals.
They are now the focus of attention as templates for inverse opals with
three-dimensional photonic bandgaps.

From now on, many groups have tried to create a close-packed col-
loidal crystal by some techniques, e.g. using a template with a regu-
lararray of pyramidal pits [1], and sedimentation by gravitation [2].
However, the colloidal crystals formed in those studies [1,2] are thin
or narrowly columnar. In order to use a templates for inverse opals, it
has been necessary to increase the size of the grain of colloidal crystals.

Recently, Suzuki and co-workers[3,4] used a centrifugation method
and succeed in creating a three-dimensional colloidal crystal with large
grain size.In one of their experiments[4], they controlled the direction
of the centrifugal force. When the direction of the force is tilted from
the normal direction of the wall of a container,
the grain size is larger than that with an external force perpendicular
to a wall.

Keeping their experiment[4] in mind, we carry out a simulation of
Brownian dynamics, and study how ordering of particles with short
ranged repulsion interaction changes by the direction and the strength
of a uniform external force. When the external force is added to
particles with a uniform density, the particles move to the direction to
the force. Two-dimensional ordering of particles occurs on walls. Then,
three-dimensional ordering starts from the walls. The density of
particles on the walls increases all at once when the direction of external
force is perpendicular to the walls, so that the positions of the particles
attached on the walls do not move easily and ordering on the walls is
law. On the other hands, the density of particles increases from an edge
with a tilted force, so that ordering of particles, which proceeds from
the edge, is high.

The difference in ordering on walls affects on the grain size of colloidal
crystal. In bulk, both grains with the face-centered cubic structure and
those with the hexagonal close-packed structure are formed. Irrespective
of the type of structure, a lot of large grains are formed with a tilted
external force.
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Accurate simulation of aqueous crystal growth - solutions
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Computer simulation can be a valuable complement to experiment,
especially for probing the atomic scale detail during crystal growth.
However, this is contingent on being able to address several key chal-
lenges, namely length-scale, time-scale and the accuracy of the under-
lying potential energy landscape. The aim of this presentation will be
to describe some of the approaches available for tackling these chal-
lenges for crystal growth of minerals from aqueous solution. In partic-
ular, the case of calcium carbonate formation will be examined. Here
the process of nucleation and growth is made more intriguing by the
presence of prenucleation species, both liquid and solid amorphous
phases, in addition to the question of polymorphism.

In this work the derivation and application of an accurate force field
for describing aqueous calcium carbonate systems will be discussed.

In contrast to previous models, considerable emphasis has been placed
on the accurate reproduction of the thermodynamics of the system,
rather than just structural or mechanical properties [1]. By fitting the
properties of both the hydrated ions and two of the bulk mineral phases,
calcite and aragonite, the simulation model is able to reproduce the
solubility and key relative polymorph energetics. Based on this, sev-
eral questions regarding the growth of calcium carbonate from aqueous
solution have been addressed:

1) What is the nature of prenucleation species in calcium carbonate
solution?

Gebauer et al [2] have concluded that stable species exist in solutions
of calcium and carbonate ions prior to nucleation. Subsequently, Pouget
et al [3] identified nm-sized clusters using cryo-TEM. Given the diffi-
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culty of directly characterising the structure and dynamics of these
species in situ by experiment, this represents an ideal opportunity for
simulation. Here molecular dynamics indicates that the initial associ-
ation of ions is in the form of an ionic supramolecular polymer that is
dynamically changing [4]. As the concentration increases, enhanced
sampling techniques show that this transforms to more compact
structures that remain significantly hydrated [5]. Significantly, no
minimum is observed in the free energy landscape that would give rise
to a preferred cluster size.

2) How do organics influence the nucleation of calcium carbonate?

During biomineralisation organic molecules clearly have a strong in-
fluence on the growth and assembly of calcium carbonate. This raises
the question of how much of this influence occurs prior or subsequent
to nucleation? Here the interaction of three simple carboxylate-contain-
ing molecules with various calcium carbonate species will be discussed
along with the implications for the broader impact of organics on
nucleation/growth [6].

3) Why does amorphous calcium carbonate appear as a precursor to
crystalline phases?

Under certain conditions amorphous calcium carbonate (ACC) is ob-
served to occur as a precursor to formation of crystalline polymorphs.
One explanation for this might be that nucleation of the amorphous
phase is faster and so this is just a matter of kinetic control. Simulations
of the thermodynamics of nanoparticles of ACC and calcite indicate
that below a size of approximately 4 nm the former material is actually
the thermodynamically stable species [7]. Therefore under homogen-
eous conditions it appears likely that both thermodynamics and kinetics
will favour initial formation of ACC. Furthermore, the ACC nano-
particles are able to lower their free energy by incorporating more
water as the size of the particle increases. Under kinetically controlled
growth conditions this would therefore lead to a heterogeneous distri-
bution of water through out the nanoparticle, consistent with the pro-
posed structure of ACC from Goodwin et al [8].

4) How do ions attach to calcite during growth?

Growth of calcite from solution is well known to occur via attachment
of'ions to steps/kinks on the dominant (104) surface. A subtle question
is whether ions attach directly from solution or whether they first co-
ordinate to the flat surface and then diffuse to the more reactive growth
sites? Due to the presence of two strongly ordered water layers above
this surface, which is observed by X-ray reflectivity and well described
by the present simulation model (at least in terms of the water structure)
[9], it appears that neither Ca** or CO32' ions are able to coordinate
directly to the (104) facet. Using an approach previously demonstrated
for barite [10], that is able to yield quantitative rate constants for mul-
tistep growth processes, we are beginning to explore both the thermo-
dynamics and kinetics of ion attachment to calcite.

[1] P. Raiteri et al, J. Phys. Chem. C, 114, 5997-6010 (2010)
[2] D. Gebauer et al, Science, 322, 1819-1822 (2008)

[3] E. Pouget et al, Science, 323, 1455-1458 (2009)

[4] R. Demichelis et al, Nature Comm., 2, 590 (2011)

[5] A.F. Wallace et al (submitted)

[6] P. Raiteri et al, Faraday Discussions, 159, 61-85 (2012)

[7] P. Raiteri and J.D. Gale, J. Am. Chem. Soc., 132, 17623-17634
(2010)

[8] A.L. Goodwin et al, Chem. Mater., 22, 3197-3205 (2010)
[9] P. Fenter et al, J. Phys. Chem. C., 117, 5028-5042 (2013)
[10] A.G. Stack et al, J. Am. Chem. Soc., 134, 11-14 (2012)
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Numerical Calculation Method of Solution Growth and
the Main Effect of Fluid Flow
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Fig. 1. A parameter varies abruptly. X denotes the parameter. ¢ denotes
atime. At ¢t — +0, it is difficult to treat the phenomenon. At ¢ = ¢, the
phenomenon moderates and we can treat the phenomenon within the
tolerance of parameter. In this presentation, the distance : the distance
from the growth interface, ¢ : a growth time, X : the mole fraction of a
component in the liquid phase, Xb : X just before the growth, X( 0, ¢)
: X that is in an equilibrium state with the solid phase.
1. Introduction

We reviews author's previous reports on solution growth.

Conventionally, we calculate phase diagram to predict experimental
conditions in solution growth. However, we cannot grow the solid just
in the calculated conditions. More than twenty years ago, the speed of
computer was slow. A phase diagram could be computed only few
times. More extended calculation was impossible. The materials we
could grow were limited by the phase diagrams. Nowadays, a home
computer has the speed of supercomputer in those days. We can com-
pute a phase diagram many times, and take into account supersaturation
and the other effect on the growth. We can also compute fluid flow in
the liquid solution. The fluid flow has lately attracted considerable at-
tention because it supplies poorly soluble solutes to the growth inter-
face. For example, ammonothermal method is succeeding using fluid
flow. GaN growth from sodium solution also uses fluid flow. We begin
to overcome the limit of the phase diagram. Thus, it is important to
understand the effect of fluid flow on solution growth.

Unfortunately, the properties of the hot materials are unknown.
Then, this presentation deals with a well-known material to investigate
the main effect of fluid flow on segregation. We deal with the case
where the mass transfer through the growth interface is limited by the
diffusion of each solute.

The calculation of segregation is delicate because the boundary
condition does not have fixed values on the growth interface. In many
calculations of crystal growth, the mole fractions have fixed values on
the growth interface, while in the calculation of segregation, not fixed
values. Moreover, boundary layer thicknesses of solute mole fractions
are thin in the initial stage of growth. In conventional calculations, the
results are buried under the errors [1]. We have to simplify the model
to avoid introducing the errors.

Liquid solution is supersaturated prior to growth. Temperature is
uniform and constant during growth. The mole fraction of each solute
in the liquid solution is much smaller than the mole fraction of its
component in the solid phase. We take into account that each compon-
ent has a different diffusion coefficient from those of the other com-
ponents in the liquid solution. We neglect moving boundary conditions,
e.g., the movement of the position where a solid grows.
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Ref. 2 is inquired about many times from the world. This reference
dealt with an ideal case without fluid flow. This presentation reviews
it first. This is the simplest model, but includes the common phenomen-
on ( Fig. 1) in many fields such as crystal growth, phase-field model,
fluid dynamics, chemical engineering, mechanical engineering, elec-
tromagnetism, etc. Next, the results without fluid flow are applied to
the cases with fluid flow. We will know the mechanism to understand
the main effect of fluid flow on solution growth.

2. An ideal case without fluid flow [2]

This section deals with the case without fluid flow. The size of liquid
solution is sufficiently larger than the boundary layer thicknesses of
solute mole fractions. One reason why we select this simplest case is
that we have already known the analytic solutions for the model. The
basic equations are the diffusion equations of solutes in the liquid
solution. They are similar to the equation of heat conduction in the
thermal engineering. We utilize the results in this field.

We deal with a ternary system. XL, XM : the mole fractions of
component L, M in the liquid phase, respectively. YL, YM : the mole
fractions of component L, M in the solid phase, respectively. XLb, XMb
: XL, XM just before growth, respectively. DL, DM : the diffusion
coefficient for component L, M in the liquid solution, respectively. DL
> DM. The z-axis is defined to be in the direction perpendicular to the
growth interface. The origin is defined to be on the growth interface.
XL(z,t), XM(z,t): XL and XM at z and ¢, respectively. pL, pM : 0XL
/ z, XM / z at the growth interface, respectively. » denotes the ratio of
volume per unit atom in the liquid to that in the solid. Mass transfer
through the growth interface is as follows:

DM (pM) /DL / pL
=[r(YM)—XM(0,¢)]/[r(YL)—XL(O,?)]. (1)

When we numerically solve the diffusion equations for the mole frac-
tions of solutes, we use the finite difference method. AzdL and AzdM
: the mesh sizes in the z direction to solve the diffusion equations for
component L and M, respectively. The above derivatives are approx-
imated as follows:

pL~=(XL(AzdL,t)—XL(0,t))/AzdL, (2)

pPM =~ (XM(AzdM,t)— XM(0,t))/AzdM. (3)

We approximate Eq. 1 as follows:

(DM /DL ) ( XM( AzdM, t)— XM(0,t)) (AzdL )/ AzdM | ( XL(
AzdL, t) = XL(0,¢))=[r(YM)—XM(O0,¢)]/[r(YL)—XL(O,¢
)] (4

The mole fractions vary abruptly at the growth interface (Fig. 1).
The finite difference method cannot express it. We derive the condition
at t — +0, that is, initial condition. If we could obtain the limit of Eq.
4 when AzdL — 0 and AzdM — 0, we obtained the initial condition.
In Eq. 4, we previously made the mistake that AzdL / AzdM was set to
one. If we consider only Eq. 4 and do not consider the physical back-
ground, we have to make AzdL approach zero independently of AzdM,
and it makes the limit of AzdL / AzdM indeterminate. That is, we cannot
calculate initial mole fractions from Eq. 4. Then, we use analytic
solutions of derivatives as follows:
pL=(XLb—XL(0,t))/sqrt(x (DL) 1), (5)
pPM=(XMb—XM(0,t))/sqrt(z (DM )t). (6)

Here, sqrt denotes square root function. We derive the following initial
condition by substituting Egs. 5, 6 for the derivatives in Eq. 1. XLO,
XMO, YLO and YMO, respectively, denote the mole fractions of com-
ponent L, M in the liquid phase and component L, M in the solid phase
on the growth interface when the growth just started.

sqrt( DM/ DL ) (XMb — XMO ) / ( XLb — XLO )
=[r(YM)—-XMO1/[r(YL)—XLO]. (7)

The physical meaning of this derivation is based on that the boundary
layer thickness develops with time so that it is proportional to sqrt( (
diffusion coefficient ) ( growth time ) ). We can calculate mole fractions
in the solid phase using the initial condition for short growth times

because mole fractions are constant on the growth interface. We do
not need any more calculations for this ideal case.

In the calculation only with the above initial condition, the mole
fractions except for the growth interface are not numerically calculated
in the liquid solution. We establish a numerical calculation method in
this internal region to apply it to the cases with the fluid flow. The
mole fractions are calculated with the finite difference method. We
consider the basic equation of mass transfer through the growth inter-
face. In this equation, the largest computational errors are generated
at the derivatives. These errors decrease with time because the abrupt
spatial profiles of mole fractions moderate (Fig. 1). We calculate these
derivatives so that the relative discretization error of these derivatives
is within the tolerance of these derivatives from a certain growth time.
c : this certain growth time. el : this relative error. o1 : this tolerance.
We estimate the discretization error using the analytic solution of mole
fractions in the liquid phase. The tolerance of these derivatives is de-
rived from the tolerance of mole fractions in the solid phase using Eq.
1. As a result, we obtain the following conditions for the mesh size.
el=1-sqrt(z(x))erf(0.5/sqrt(x))<ol,

AzdM = squt( (DM ) ¢/ k).

Here, x denotes a dimensionless parameter characterizing the mesh
size. We verify this method using the mole fractions obtained the initial
condition because mole fractions are constant on the growth interface
for short growth times. We confirm that the relative errors of the mole
fractions obtained numerically are within the tolerance after the growth
time c.

3. Cases with fluid flow [3-7]

This section deals with fluid flow in the liquid solution. The top of
the liquid solution is flat. The slip condition is applied at this boundary.
At the other boundaries, the no-slip condition is applied. It is assumed
that the velocity perpendicular to the boundaries is zero. The basic
equations of fluid flow are the conservation of mass and the conserva-
tion of momentum. We deal with the case where the fluid flow is inde-
pendent of situation on mole fractions of solutes. The velocity of fluid
flow is computed with computational fluid dynamics.

The boundary condition at the growth interface is the mass transfer
and phase diagram. This condition is implicitly solved with the method
derived in the case without the fluid flow.

The convection-diffusion equations of solute are explicitly solved
with the finite difference method.

A one-dimensional (1-D) model takes into account only the fluid
flow parallel to the growth interface. The fluid flow transports the liquid
solution retaining the initial supersaturated state to the boundary layers
of solute mole fractions. We can understand the most main effect of
the fluid flow on the growth. The fluid flow enhances the growth. The
mole fraction of solute that has the largest diffusion coefficient in-
creases most largely because its boundary layer thickness is largest.
Then, the mole fraction of this solute increases on the growth interface.
The equilibrium state varies on the growth interface. That is, segrega-
tion varies. The fluid flow makes the lager boundary layer thickness
of a solute approach the less boundary layer thickness of another solute.
Namely, the fluid flow makes the phenomena independent of the
properties of materials.

Two-dimensional (2-D) model takes into account the velocity of
fluid flow perpendicular to the growth interface. When the liquid
solution flows from the growth interface to the internal region of liquid
solution, the fluid flow transports a dilute liquid solution whose solutes
are consumed by the growth to the boundary layers of solute mole
fractions. This fluid flow inhibits the growth. This case is opposite to
the case of the above 1-D model. The mole fraction of solute that has
the largest diffusion coefficient decreases most largely. This effect
propagates to the growth interface. Then, on the growth interface, the
mole fraction of this solute decreases. Segregation varies in the direc-
tion opposite to the above 1-D model. If we did not know this mechan-
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ism, we may think the calculation failed because we think fluid flow
always enhances the growth from the conventional knowledge. This
presentation names a model full-2-D model. In this model, segregation
is calculated over the entire growth interface. As an approximation of
the full-2-D model, this presentation defines a quasi-2-D model. In the
quasi-2-D model, segregation is calculated only at the center of growth
interface; and the values at the center are substituted for the values at
the other points on the growth interface. At the center, the time depend-
encies of mole fractions in the quasi-2-D model are similar to those in
the full-2-D model. The variations with time in the full-2-D model are
larger than those in the quasi-2-D model. Some characteristic properties
in the quasi-2-D model deviates from those in the full-2-D model. The
quasi-2-D model saves the computational time when the phase diagram
has not been calculated yet. The full-2-D model can show the spatial
variation of segregation. We find when a vortex exists in the liquid
solution, the mode of effect on the growth varies from enhancement
to inhibition at the place where the vortex contacts with the growth
interface. We have to more carefully deal with mean values such as
mean velocity in turbulence model, compared with other fields such
as thermal engineering.
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A model of impurity distribution based on tolerance degree of crystals
was performed, expressions of cases like one kind of ions on one certain
kind of lattice sites, one kind of species on more than one kind of sites
and two or more kinds of ions on one kind of sites were delivered in
premise of no crystal structural change and keeping high quality of
crystal, no matter what growth conditions were. It also provides a
method of improving concentrations of needed doping ions in crystals.
Accordingly we have calculated maximum concentration of Ti*" in
sapphire to be 1.75% 10"%/em?, in right trends of magnitudes with ex-
periment data.
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Crystals characterized by oscillatory zoning show a quasi-cyclic altern-
ation in the chemical composition in the growth direction, from a few
tens of nanometers to several tens of micrometers in thickness. Such
mineral zoning is a common phenomenon in magmatic rocks, hydro-
thermally altered rocks, mineralized rocks, and carbonate sequences
[1]. Oscillatory zoning may originate from an intrinsic mechanism
—complex diffusion-attachment processes at the solution-crystal inter-
face— even under stable growth conditions. An important factor that
affects the crystal growth kinetics is impurity, which is known to inhibit
crystal growth. Pinning is a well-known effect of impurities on the
kinetics of crystal growth in solution [2-4]. The pinning mechanism
has been discussed successfully for various crystallizing systems with
different impurities. However, the role of impurities on oscillatory
growth has not been modeled on a physical basis to date.

We consider the adsorption and desorption of the impurities on the
growing crystal surface along with the pinning mechanism. If the steps
barely pass beyond a certain area on the crystal surface, the adsorption
and desorption of impurities reach an equilibrium state (Langmuir
isotherm). In contrast, repeated passage of steps shortens the exposure
time of adsorption sites for impurities, and this tends to decrease the
density of the adsorbed impurities [5]. Assuming for simplicity that
once the step has passed beyond this area, the impurities adsorb in the
crystal and do not seriously obstruct the advance of subsequent steps
[2]. Frequent step passages will result in less impurities at the surface,
as if the crystal surface is swept by the advancing steps. Because of
impurity sweeping coupled with pinning, there is a potential feedback
on the change in the step velocity through the change in the impurity
density. The feedback loop causes periodic oscillation of the step velo-
city.

We formulated these two mechanisms, pinning mechanism and impurity
sweeping, as relations between the adsorbed impurity density 6 and
the step velocity V. We found steady solutions that satisfy both of two
relations simultaneously when the supersaturation at interface o is
larger than a critical value (see Fig. 1). The steady solution is unique
when o is large enough. There are, however, two different steady
solutions for intermediate o. One of the solutions suggests a steady
growth with large step velocity under less effect of impurity. Another
is an unstable solution that would not appear in actual systems. The
multiple-valued feature may result in oscillatory behavior as suggested
previously [6-8].

The nature of the oscillatory growth in this system is as follows. We
assume that the system is at point A in Fig. 1 at the beginning. As the
crystal grows, s decreases because of solute depletion in the solution,
resulting in a decrease in V" along the solid curve. If solute transportation
is inefficient, o and ¥ continue to decrease, and finally, V' jumps from
point B to point C because of the positive feedback between the de-
crease in V and the increase in 6. At point C, the impurity adsorption
reaches equilibrium, and step advancement does not occur because of
the pinning mechanism. The suppression of crystal growth leads to an
increase in o by solute transportation. At point D, step advancement
resumes, and then, the system jumps to point A because of the positive
feedback between the increase in 7 and the decrease in 6, completing
one cycle.

Refs. [1] Shore & Fowler 1996, Can. Miner. 34, 1111-1126. [2] Cabrera
& Vermilyea 1958, in Growth and Perfection of Crystals, Proceedings,
pp- 393-410. [3] Burton et al. 1951, Phil. Trans. Roy. Soc. London,
243, pp. 299-358. [4] Kubota & Mullin 1995, JCG 152, 203-208. [5]
van Driessche et al. 2009, Crys. Growth Des. 9, 3062-3071. [6] Haase
et al. 1980, Science 209, 272-274. [7] Ortoleva 1990, Earth Sci. Rev.
29, 3-8. [8] Kalischewski et al. 2007, Phys. Rev. E 75, 021601.
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Fig. 1: Steady solution that satisfies both of two relationships:
pinning mechanism and impurity sweeping by step advancement.
The horizontal axis is the supersaturation at crystal-liquid interface
and the vertical one is the normalized step velocity.
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Effect of magnesium ions on the structure of amorphous
calcium carbonate

Hidekazu Tomono, Hiroki Nada

National Institute of Advanced Industrial Science and Technology
(AIST), Tsukuba 305-8569, Japan

e-mail: hiroki.nada@aist.go.jp

The nucleation ofCaCOj crystals has been an important research subject
in the field of crystal growth, physics, chemistry, mineralogy and bio-
mineralization from long ago. Especially, the effect of Mg2+ ions on
the nucleation of CaCOscrystals has attracted great interest, because
Mg2+ ions affect CaCO; polymorphism [1]. That is, normally, the
nucleation of vaterite or calcite occurs. However, the nucleation of
other polymorphs, such as aragonite and monohydrocalcite, occurs if
Mg2+ ions exist. The cause of the polymorphism in the presence of
Mg2+ ions still remains unclear.

Recently, several experimental studies have reported amorphous CaCO4
(ACC) precursors formed in solution, and the nucleation of CaCOj3
crystals from the precursors [2]. It has been proposed that the structure
of ACC precursors may determine which CaCOj crystal structure is
formed preferentially. Hence, the changes in the atomic-scale structure
ib ACC precursors by adding Mg2+ ions is particularly relevant to
CaCOj polymorphism in the presence of Mg2+ ions.

In this study, molecular dynamics simulations were conducted to elu-
cidate the effect of Mg2+ ions on the structure of ACC [3]. Simulation
results indicated that although ACC did not have a long-range ordered
structure, it did have a weakly ordered local structure resembling the
local structure of a CaCO; crystal. The local structure of pure ACC
resembled that of vaterite. However, the formation of the vaterite-like
local structure was hindered by Mg2+ ions. Moreover, when the fraction
of water molecules in ACC was high, the formation of a monohydro-
calcite-like local structure was promoted by Mg2+ ions.

The effects of Mg2+ ions on the structure of ACC were verified using
the size of Mg2+ ions, and the interaction among Mg2+ ions, H,O and
CaCOj3. The simulated structure of ACC obtained in the simulation

was compared with the structure of CaCOjs crystals nucleated from
ACC precursors in real systems. At the presentation, we will discuss
the role of Mg2+ ions in CaCOj3 polymorphism.
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The effect of boron concentration on facet formation in
in-situ doping silicon selective epitaxial growth
Wonseok Yoo
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e-mail: wonseok.yoo@samsung.com

The effect of boron concentration on sidewall facet formation at SiO,/Si
interface during in-situ doping silicon selective epitaxial growth was
investigated using a standard production Chemical Vapor Doposi-
tion(CVD) reactor. Cross sectional SEM analysis revealed that films
grown through oxide contacts with (110) sidewall orientations exhibit
not any facets in case of high boron concentration(>1e20/cm3), but
typically (111) facets are well defined at low boron concentra-
tion(<1e19/cm3). In order to find the cristical limits of process condi-
tions degrading crystalline quality, B,H¢ gas flow rate, HCI gas flow
rate and temperature were varied. Consequently degradation of crystal-
line quality must be because of boron dopants which impede the growth
of the epitaxial layer and facilitate the formation of extended defects.
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Combined-Convection Segregation Coefficient and Diffu-
sion Coefficients of Impurities in Si Melt

Aleksandar G. Ostrogorsky

Hllinois Institute of Technology, 10 West 33rd Street, Chicago, 1l
60616, United States

e-mail: AOstrogo@IIT edu

In the Burton, Prim and Slichter’s BPS formula, the effective segrega-
tion coefficient k.4 is a function the stagnant film thickness 6. During
the past decades, the shortcomings of the BPS model have been recog-
nized and several new models film-thickness based models have been
proposed.

The film-thickness models are revisited. A new effective segregation
coefficient, were Nusselt numbers are used to quantify convection, is
presented. This combined-convection coefficient is presented in di-
mensionless form, kcc (Nugpc , Nuyc , Pe), where Nugpc and Nuyc are
Nusselt numbers for forced and natural convection and Pe is Peclet
number for convection due to freezing. In contrast to BPS, the
“combined-convection” segregation coefficient k-~ accounts for both
forced and buoyancy-induced convection. The proposed segregation
coefficient is used to recalculate the diffusivity values of impurities in
Si. The presently accepted values have been calculated using the BPS
formula (which ignores buoyancy-induced convection), and thus are
inflated.
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The role of liquid ordering in solution growth

Elias Vlieg
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When growing a crystal from solution, the role of the solvent can be
more than just a transport medium. It is well-known that the habit of
a crystal can be very different for different solvents; for example NaCl
crystals have {100} facets when growing from aqueous solution, but
have {111} facets in water-formamide solutions. Another case is
formed by protein crystals that are only stable when they contain large
inclusions of (disordered) water. In order to unravel the role of such
solvents at the molecular/atomic level, we have used X-ray diffraction
(using synchrotron radiation sources) to determine the structure of
various crystal-solution interfaces and in particular the ordering prop-
erties of the solution in contact with the crystal surface. We find that
typically three layers are quite strongly ordered perpendicular to the
surface (‘layering’) and that the first layer often shows significant lat-
eral ordering as well.

A few examples will be discussed. When growing InP nanowires using
the so-called vapour-solid-liquid (VLS) method, often the wurzite
crystallographic structure is formed instead of the zinc-blende that is
the most stable structure in the bulk. We found that the position of the
solution atoms hampers the zinc-blende growth and thus provides a
possible explanation for this [1]. At the interface of liquid In with
Si(111), the In is found to have a higher density than in the bulk liquid,
which seems to be caused by the mismatch between the surface lattice
and the size of the In atoms [2]. In the case of wet chemical etching
(‘negative growth’) of Si(111) in alkaline solutions, the solution
provides not only the reactants but also the H-atoms to keep the surface
stable. The H-terminated, hydrophobic surface leads to only weak or-
dering of the liquid.

[11R.E. Algra et al., Nano Lett. 11 (2011) 1259.
[2] V. Vonk et al., unpublished.
[3]1 LA. Shah et al., Surf. Sci. 605 (2011) 1027.
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Thermodynamic stabilities of two types of quasi-liquid
layers on basal faces of ice crystals
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Recently, we have succeeded in the directly observing 0.37-nm-thick
elementary steps and their dynamic behavior on ice crystal surfaces!,

by laser confocal microscopy combined with differential interference
contrast microscopy (LCM-DIM) 2, By LCM-DIM, we found that two
types of quasai-liquid layer (QLL) phases, which respectively exhibit
a liquid-drop shape (a-QLLs) and a thin-layer shape (f-QLLs), appear
on basal faces of ice crystals just below the melting temperature (0°C)°.
The different morphologies of a- and B-QLLs strongly suggest that o-
and B-QLLs have different structures. In this study, to reveal the differ-
ences in a- and B-QLLs, we examined thermodynamic stabilities of o-
and B-QLLs.

Sample ice crystals for the observation and other ice crystals for the
supply of water vapor were prepared in an air-tight observation
chamber. The temperatures of the sample and source ice crystals were
controlled separately. The temperature of the sample ice determined
the growth temperature Ty Of the sample ice and water vapor
pressure P, formed by the evaporation of the sample ice. The temper-
ature of the source ice, whose volume was significantly larger than
that of the sample ice, controlled water vapor pressure Py, inside the
observation chamber.

We directly observed the lateral growth of elementary steps on basal
faces, and then determined equilibrium ice-vapor pressure at which
step velocity became zero. Plots of V., = 0 (open circles) in Fig.1
represent the results. We also measured the temporal changes in the
sizes of a- and B-QLLs, and then determined the critical water vapor
pressures of a- and -QLLs at which their size remained constant. Plots
of a- and B-QLLs (open squares and rhombus) in Fig.1 respectively
summarized the results. As shown in Fig.1, the critical pressures of
both QLLs are significantly higher than the equilibrium pressure
between ice and vapor. This result clearly demonstrates that both QLLs
are thermodynamically less stable than solid ice. Hence, we concluded
that the appearances of both QLLs are due to the condensation of su-
persaturated water molecules on basal faces rather than the melt of
most stable ice crystals. The picture of QLLs obtained in this study is
quite different from the long-standing conventional picture in which
a QLL phase has been considered as a thermodynamically stable phase4.
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Fig. 1. Apparent phase diagram of a- and B-QLLs.
Reference
1. Sazaki, G. etal., Proc. Natl. Acad. Sci. USA2010, 107, 19702-19707.
2. Sazaki, G. etal., J.Cryst.Growth.2004, 262, 536-542.
3. Sazaki, G. etal., Proc. Natl. Acad. Sci. USA2012, 109, 1052-1055.
4. Kuroda, T. & Lacmann, R. J. CrystGrowth, 1982, 56 189-205.
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Crystal nucleation kinetics of polyethylene on active centers
Zdenék Kozisek, Pavel Demo, Alexey Sveshnikov

Institute of Physics AS CR, Cukrovarnicka 10, Prague CZ-16200,
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e-mail: kozisek@fzu.cz

Nucleation agent was added to the supercooled polymer melt to increase
the number of formed folded chain polyethylene crystalline nuclei.
Kinetic model of nucleation on active centers is modified to include
exhaustion of the active centers via modified boundary condition in
contrast to the standard Avrami model, where addition equation de-
scribing such a process is needed [1, 2].

The basic characteristics of nucleation process (the size distribution
of nuclei, the total number of nuclei, and nucleation rate) were determ-
ined by numerical solution of kinetic equations and compared with
measured data. It seems that the total number of nuclei, Z;, greater than
some detectable size i increases after some time delay linearly with
time. However nucleation rate, J, = dZ;/dt, after reaching some maxim-
um, which is lower than stationary nucleation rate JS, decreases with
time and as a consequence Z; is not linear in time (Fig. 1). It is caused
by exhaustion of active centers during phase transition.

This work was supported by the Czech Science Foundation (Grant No.
P108/12/0891).

[1] Z. Kozisek, M. Hikosaka, K. Okada, and P. Demo, J. Chem. Phys.
134, 114904 (2011).

[2] Z. Kozisek, M. Hikosaka, K. Okada, and P. Demo, J. Chem. Phys.
136, 164506 (2012).
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Fig. 1. Dimensionless nucleation rate, Ji/JS, for nucleus size i = 500
(full line) and 30000 (dashed line) as a function of time.
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The Effect of the Shear Flow on Particle Growth in the
Undercooled Melt

Mingwen Chen, Xiaojian Ji, Yahong Zheng, Ping Qian, Zidong
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Convection effects are of fundamental importance in controlling pattern
formation of interface microstructures. A great number of experimental
and simulation works have shown the effect of solute convection, ex-

ternal forced flows on interface microstructures[1-3]. The external
forced flow imposed in the undercooled melt will strongly change the
solidification dynamics and then pattern formation of interface micro-
structures. The upstream flow imposed on the growing crystal enhances
the growth velocity of the interface growing in the opposite direction
to the flow[4]. The uniform streaming flow results in higher local
growth rate near the surface where the flow is incoming[5]. Due to the
melt convection, the crystal directly nucleates from the convective
undercooled melt and grows up to a large scale[6]. In the uniform
streaming flow, an initially spherical particle evolve into a peach-like
shape[7]. Lan et al.[8,9] experimentally and numerically investigated
the convective effects driven by accelerated crucible rotation on the
segregation, interface shape, and morphological instability during
crystal growth. Jung ef al.[10] investigated the effect of an external
time-dependent flow to simulate the industrial Czochralski process for
growing silicon crystals. In recent years, these phase selection and
grain refinement have been investigated for the perspective of applic-
ations. It has provided strong motivation for the direct calculation of
interface morphologies and evolution of particle growth. In the paper,
we study the effect of the shear flow on particle growth in the under-
cooled melt[11]. When a flow is exerted on the melt, the fully coupled
problem of the heat transfer and the fluid flow is hard to solve
with numerical and analytical approaches accurately. However, the
fluid velocity near the particle can be decomposed into the superposi-
tion of the uniform streaming flow and the linear flow. By using the
multi-variable expansion method, we find the asymptotic solution
temperature field and shape of the particle in the fully coupled problem.
With the analytical solution, we show the temperature field, interface
evolution and growth of the particle. We calculate the interface shape
of iron particles in Cu-Fe alloys in convective solidification, and the
result shows that the shear flow significantly deforms the interface of
the particle. Due to the competition between the shear flow effect and
the anisotropy effect of surface tension, the particle rapidly splits into
more fine particles and refines the interface microstructure. The result
is in good agreement with the experimental results.
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Degenerate dendrtite - between order and chaos

Andrey G. Borisov
Physico-Technological Institute of Metals and Alloys (PTIMA),
Vernadskogo av. 34, Kiev 03680, Ukraine

e-mail: wwwrogneda@ukr.net

In experiments connected with the study of rheocasting methods for
Al-Si alloy (A356) besides “classic dendrites” (Fig. 1a) were fined
morphologies demonstrating more or less splitting of structure elements
(Fig. 1 b—4d).
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Fig.1. a) — classic dendrite, b) - d) — splitting patterns. Dashed lines
marks “dendrite stems”. Arrows on b) and d) indicate splitting elements
for comparison with Fig. 6 d), h)

Such structure retains some “dendrite features”, therefore we entitled
them as degenerate dendrites. Possible reasons for its appearance are
discussed further.

It is known that regular dendrites forms spontaneously by
growth in preferential direction (<100> for cubic symmetry), that re-
flects crystallographic anisotropy. For growth in other directions aniso-
tropy had be “overcome” due to some circumstances. It seems that
such circumstances can be reduction of anisotropy, transition processes
and forced conditions.

Reduction of anisotropy

Formation of splitting patterns in absence of anisotropy was
demonstrated widely in numerical modeling. As concerns Al-based
alloy [1] declare the possibility of splitting pattern formation in con-
sequence of alteration of preferential growth direction due to increase
of Zn content for Al-Zn alloy. For verification such ability for Al-Si
alloy, the experiments on crystal growth in concentration gradient were
performed. Complex cylindrical sample from two parts — pure Al and
Al-Si eutectic was fabricated. Sample in crucible was melted fully and
then directional crystallization took place, so Al dendrites grow in eu-
tectic region, Fig. 2.

Fig. 2. Al dendrites grow in eutectic region. a) — Al region, b) —
transitory region, c) — eutectic region

As it can be seen from the figure, dendrites continuously grow
through the whole sample, and no changes of preferential growth dir-
ection or splitting were observed.

Transition processes

Relatively transition processes it must be noted that in real
casting growing crystal is surrounded with neighboring, so transition
processes from one stationary growth state to another can be not
completed and structure of casting will fix just transition stage. Con-
cerning possibility of splitting morphology formation as the result of
such processes, we take into account two moments.

At first, in [2] appearance of non-dendrite splitting patterns
associates with two stage crystallization — formation of dendrites,
which partially melted, and final structure is the result of loss of stabil-
ity and further growth of fragments of different shares. To verify this
hypothesis experiments with partial melting and further growth of
camphene-10 wt.% salol alloy were carried out, Fig. 3

Fig. 3 Consequence stages of the growth of fragments. Row a) — seed
crystal less than critical size, row b) — rounded seed crystal a little
more than critical size. See the duplex dendrite structure. Row c) —
small elongated seed crystal. See dumbbell-like structure. Row d) —
large elongated seed crystal

During the melting of initial dendrite different types of fragments
were formed. Depending on shape and size of fragments further growth
formed different but regular dendrite structures.
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At second, one of the possible reason for formation of irregular
splitting morphology can be deceleration of the growth. Background
for such suggestion are results of Trivedi [3]. It was pointed out that
at least for directional solidification abrupt reduction of growth rate
resulted in transient process accompanied with splitting of the pattern,
see Fig4 b), c).

Fig. 4 Changes of growth morphology due to reduction of growth rate.
a) —d) — data from [1]. Directional solidification of SCN-based alloy.
e) — h) —reduction of supercooling from 2,2 ’ct00,6°C. Camphene-
based alloy.

We made experiments with reduction of growth rate by abrupt
reduction of supercooling from 2,2 %Ct00,6 °C. As shown Fig. 4 e)
—h), no splitting took place during transition. “Thickening” of dendrites
took place by suppression of neighbors. Multiple dendrites are the
result of large size of seed crystal, see Fig. 3 d).

Forced conditions

Relatively forced conditions, “constrains” crystal to grow in
non preferential direction, growth of succinonitrile — 2 wt. acetone alloy
was studied in thin gap (20 pm) between parallel glass slides as well
as its directional solidification with different orientation of seed crystal
relatively direction of thermal gradient.

As shown Fig. 5 ¢), d) as dendrite as splitting patterns can exist depend-
ing on orientation of seed crystal relatively plane of the slide. The last
pattern looks like rather as result of percolation than crystal growth.

Fig. 5 Various morphologies. a) unconstrained dendrite growth, b)
dendprite pattern in the gap, c) splitting pattern in the gap.

For growing of crystals in non preferential direction installation for
directional solidification was used, that permits to rotate cuvette with
seed crystal relatively direction of imposed thermal gradient, which
was 40 °C/sm. It was found that for rate 6 um/s, Fig. 6 e) —h), structure
elements (dendrites) were growing in preferential direction <100> in-
dependently from orientation of seed crystal, while for rate 3 pm/s

structure elements tilted to thermal gradient direction and formed
splitting patterns similar to those for degenerate dendrites (compare
marked with red arrows structures on Fig. 6 ¢), d) and Fig. 1 b), d) ).

Fig. 6 Directional solidification. G — direction of thermal gradient.
Angle between G and <100> direction is Oofor a),e); 150for b), ),
300f0r ¢), g) and 450for d), h). Rate of growth is 3 um/s for a) —d)
and 6 um/s for e) —h). Arrows on c) and d) indicates splitting element
to compare with Fig. 1.

So analogy in morphologies put forward the question relatively
analogy of “forced conditions” in both cases. Back to the rheocasting
process (producing of degenerate dendrites) it must be noted that its
essential feature is intensive shearing of the melt. Thereby it seems
that flow incoming on solid-liquid interface generate some gradient.
Due to this locally crystal is growing along this gradient (not in prefer-
ential direction) and some “directional solidification” take place.
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Concave-corner-mediated self-organized crystal growth
Mu Wan
National Laboratory of Solid State Microstructures, Department of
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210093, China

e-mail: muwang@nju.edu.cn

In lateral growth of a crystalline layer on a foreign substrate, by suc-
cessive nucleation at the concave corner of crystal facet and substrate,
consecutive rotation of crystallographic orientation of the crystalline
layer can be observed. Such a consecutive rotation of crystallographic
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orientation may lead to a number of effects, such as the spatial periodic
faceting-roughening transitions and regular zigzag growth (Consecutive
rotation of crystallographic orientation in lateral growth, Phys. Rev.
Lett. 94, 125505 (2005); Fractal aggregations at low driving force with
strong anisotropy, Phys. Rev. Lett. 80, 3089 (1998); Nucleation-medi-
ated lateral growth on foreign substrate, J. Phys. Chem. C, 111, 1071-
1075 (2007)). The physical origin of these effects is the imbalance of
surface/interface tensions at the concave corner, which deforms the
embryo of nucleus at the concave corner and changes the crystallo-
graphic orientation layer-by-layer. A theoretical model is provided,
which predicts a criterion to observe such an effect in the nucleation-
mediated lateral growth. The theoretical expectations are consistent
with the experimental observations. The corner-mediated growth may
also contribute to the unexpected pattern formation of hierarchical
windmill structure of ZnO (Microscopic view of the role of repeated
polytypism in self-organization of hierarchical nanostructures, Phys.
Rev. B87, 085306 (2013)). This effect can be applied further to generate
regular nanosized metallic wire arrays (Creating in-plane metallic-
nanowire arrays by corner-mediated electrodeposition, Adv. Mater.,21,
3576 (2009)).
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Characteristic IR radiation under crystallization, sublim-
ation, and condensation (PeTa effect).

Vitali A. Tatartchenko
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The paper presents a new physical phenomenon - infrared characteristic
radiation under phase transitions of the first order: crystallization from
melts as well as vapors deposition and condensation. In the paper [1]
this phenomenon was named the Perel’man — Tatartchenko effect.
Thus, to clarify a subject, in this paper and the later, the phenomenon
will be titled the PeTa (Perel’man — Tatartchenko) effect. The PeTa
effect was theoretically predicted by M. Perel’man [2, 3] and for the
first time was experimentally investigated by V. Tatartchenko [4 — 6].
Here, the new theoretical results are analyzed as well as the experiment-
al ones concerning crystallization from the melt of some substances
and condensation of water vapor. A background of the PeTa effect is
an assertion that, during phase transition from metastable higher ener-
getic level (in a melt or in a vapor) to the main stable condensed lower
level (in a crystal or in a liquid), the particle emits transient radiation.
The radiation carries away the latent heat by characteristic frequencies
photons generated under this transition. With respect to our model, the
transient radiation results a "recombination" of the multi-pole and its
virtual "mirror reflection” in medium. The estimated ratio of radiated
energy of evaporation to the temperature boiling confirms and proves
the empirical Trouton's rule applicable to many simple substances [7].
It allows an estimation of critical parameters interrelation for corres-
ponding substances. It is postulated an appearance of transparency
window for the characteristic radiation in the substances where first
order phase transitions take place as well as a possibility of new effects
in quantum electronics: amplification of certain frequency infrared
beams in supersaturated vapors or super cooled melts. The radiation
has to be taken into account during modeling of processes of crystal-
lization and condensation. It is possible to imagine numeral applications
of this phenomenon in different fields. For instance, new types of
crystallization process regulation; crystallization stimulated by the
characteristic radiation; an infra-red laser based on the condensation
of water vapor, or crystallization of lithium fluoride or sapphire.
Formation of hailstorm clouds in the atmosphere should be accompan-

ied intensive characteristic infra-red radiation that could be detected
for process characterization and meteorological warnings.
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A wide application of SiC in high-power, high-temperature, high-
frequency and strong-radiation electronics is determined by its excellent
physical properties. Although physical vapor transport (PVT) method
has been widely used to produce SiC bulk crystals since 1970s, several
issues such as reducing thermal stress and increasing growth rate remain
unsolved. In PVT method, radio frequency induction heating is adopted
to generate enough required heat for crucible in order to obtain a
proper temperature distribution inside the crucible for higher growth
rate, lower thermal stresses and lower energy consumption, etc. So it
is very important to study the effects of parameters of induction heating,
such as coil position and electrical frequency, on thermal field inside
crucible.

In this study, a 2-D numerical global model is applied to investigate
effects of induction heating system on silicon carbide crystal growth.
Firstly, the coupled equations for electromagnetic field, conductive
and radiative heat transfer are solved by a finite element method (FEM)
to predict electromagnetic and thermal field, in which induction heating,
heat conduction and radiative heat exchange are taken into account.
Then based on the thermal field, the growth rate is calculated by solving
Hertz-Knudsen equation and one-dimensional mass transfer equation.
Further, models with several different radial coil positions and models
with different electrical frequency are carried out to investigate the
relationship between coil design and temperature distribution while
the temperature of monitoring point is fixed at 2300K. The predicted
growth rate along the substrate surface for each model is also compared
and discussed.

The results show that the temperature distribution inside the crucible
and the growth rate are affected by the radial coil position and fre-
quency. Finally, based on the analysis of simulation results, one reas-
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onable range of radial coil position and frequency to make compromise
between higher growth rate, lower electrical power consuming, more
stable operation of SiC powder and lower thermal stresses in grown
crystal is obtained.
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Solidification of multicrystalline silicon - phase field studies
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We investigated the solidification of two grains with a special focus
on the processes at the three-phase junction of the two grains and melt
by means of a 2D phase-field simulation. The development of the
local morphology is driven by both the interface energies and the
growth kinetics. Thus, the choice of anisotropies in interface energy
and growth kinetics is of great importance [2].

The results are discussed in the context of experiments with in-situ
measurements [3,4], previous phase-field studies [5] and a recently
introduced classification of grain boundaries [6].
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Calcium carbonates (CaCOj3) play a significant role in the biochemistry
of our body and in the geochemistry of our environment, where they
are mostly present as a result of biomineralisation. The nucleation and
crystal growth processes that lead to the formation of the final crystal-
line polymorphs have been recently shown to follow pathways altern-
ative to the classical nucleation theory.[1] This has raised the interest
in characterising the intermediate phases that appear during the various
steps of the process, with the aim of understanding the mechanism itself
and the factors driving to the final polymorph differentiation.

Computer simulation has the potential of providing useful information
in this field, because it allows for an highly accurate exploration of the
atomic details and the inter-atomic interactions that are peculiar of a
given structure and responsible for its stability. In this respect, ab initio

techniques have the advantage of providing the most accurate and
transferable models. In fact, they explicitly account for electrons and
are independent of empirical parameters, so that once the system is
defined all its properties can be calculated straightforward. On the
other hand, it is often necessary to find a compromise between accuracy
and computing resources, while making sure that the model is realistic.

Figure 1: Graphical representation of three isoenergetic structures

for vaterite. The different layer stacking sequence, the possible chirality

and the rotational freedom of carbonate ions are shown (O, Ca and
C atoms are coloured in red, green and grey, respectively).

Density Functional Theory (DFT) is arguably one of the most widely
used method for the simulation of crystalline systems. It is implemented
in most of the available solid state codes and usually allow to simulate
realistic models with a reasonable amount of computing resources.
The main disadvantage of DFT is that the exact formulation of the
exchange-correlation term in the Hamiltonian is unknown, so that
dispersion interactions are not properly accounted for. For this reason,
approximations and corrections have to be introduced.[2]

Two recent studies that apply DFT to the investigation of the structural
and thermodynamic properties of calcium carbonate hydrated and an-
hydrous phases will be presented, and success and failures will be
discussed.

The former deals with the major advances that have been achieved
through DFT methods in understanding the structure of vaterite.[3]
Vaterite is a metastable CaCO; polymorph whose structure has puzzled
scientists for more than half a century. A new model has been sugges-
ted, consisting of multiple structures, which establishes a link between
the most recent models proposed in the literature.[3,4] The disorder
of vaterite is here interpreted in terms of different orientations of the
carbonate anions, different stacking sequences of the carbonate layers,
and possible chiral forms. Hence, vaterite should be considered as a
combination of different forms exhibiting similar average properties,
rather than a single “disordered” structure (Figure I). Furthermore,
chirality represents a new and important direction for future investiga-
tion that may influence which of the possible vaterite structure is ob-
tained.

The latter deals with the relative stability of the CaCO5 anhydrous and
hydrated polymorphs as obtained at the DFT level.[S] This study is
currently at the limit of DFT capability, because it involves systems
exhibiting a very different structure and characterized by different
kinds of interactions. In particular, van der Waals interactions are
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shown to play a non negligible role with respect to ionic and covalent
contributions in all of the considered phases.
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Spontaneous chiral symmetry breaking during crystallization of so-
dium chlorate (NaClOs) from aqueous solution has been of great in-
terest. Each molecule of NaClOs is achiral, but they forms chiral cubic
crystals (space group P2,3). Crystallization from a static solution by
evaporation yields statistically equal numbers of L- and D-crystals
because of equal thermodynamic stability of the two enentiomorphs.
Nevertheless, if the solution is continuously stirred during crystalliza-
tion, resulting crystals are almost all L or all D in each crystallization
experiment [1]. This significant imbalance in chirality is referred to
as chiral symmetry breaking. Mechanism of this spontaneous symmetry
breaking is not fully understood yet.

Despite of many interpretations and implications of the symmetry
breaking during early stage of crystallization, there have been few
direct observations in the early stage of crystallization from the view-
point of the chirality. Recently, we performed an in-situ observation
of nucleation induced by droplet-evaporation with a polarized-light
microscope, and we for the first time found that an unstable unknown
crystalline phase nucleates prior to appearance of the chiral crystal [2].
However, owing to lack of information of the unknown phase, its role
in the determination of chirality is unclear.

In this study, chirality and stability of the unknown phase were
evaluated by a cryogenic single-crystal X-ray structure-analysis and
solubility measurements respectively. Moreover, we also performed
an in-situ observation of phase transition from the unknown phase into
the chiral phase by using a polarized-light microscope. The microscope
is capable to identify handedness of the chiral crystal.

As the result of the evaluation of the unknown phase, (1) Lattice
constant, crystal system and space group were determined as follows:
a=2842(A), b=526(A), c=6.70 (A), = 109.71(°), monoclinic,
and P2,/a, respectively. The space group P2,/a implies that the un-
known phase is achiral. (2) Solubility was roughly determined to be
1.6 times higher than that of the chiral cubic phase in the range from
10 °C to 23 °C, meaning that the unknown phase is metastable phase.
For (1), (2) and the fact that the metastable phase transforms into the
chiral cubic phase, we concluded that the unknown phase plays the
role of precursor of chiral crystals.

In addition, the in-situ observation showed that the phase transition
is classified into two types according to transition rate. Fig. 1 (A) shows
that a bright precursor rapidly changes into a dark chiral crystal with
transition rate of ~2000 pm/s. In contrast, Fig. 1 (B) shows slow phase
transition with transition rate of ~35 um/s [Fig. 1 (B) (5)]. This large
difference of the transition rate is considered to be due to difference
of mechanism. Namely, the rapid transition should be structural phase
transition governed by intracrystalline displacement of atoms, and the
slow transition should be solution-mediated phase transition governed
by dissolution/precipitation. Peculiarly, as shown in Fig. 1 (B) (3), the
solution-mediated phase transition is induced by contact of a precursor
with a chiral crystal. In this case, the precursor transforms into a chiral
crystal with the same handedness as the contacted chiral crystal [Fig.
1.(B) (6)].

We concluded that the precursor transforms into chiral crystal by
either solution-mediated phase transition or structural phase transition.
If the precursor contacts with a chiral crystal, it transforms by the
solution-mediated phase transition. Whereas handedness is determined
randomly in the case of the structural phase transformation, handedness
results in the same as that of contacted crystal in the case of solution-
mediated phase transformation [Fig. 1 (C)].Beside the direct nucleation
of the chiral crystal, the structural phase transition of the achiral pre-
cursor has a potential to bear the origin of handedness. Preferential
choice of handedness seen in the solution-mediated phase transition
may lead to chiral symmetry breaking.

A: achiral precursor
D: D-chiral crystal
C: chiral crystal

) soluti
1) /Dé &)

~2000 pm/s

on-mediated phase transition

(25 ol

(C)determination process of chirality
via achiral precursor

Fig.1 (A) and (B) show in-situ
polarized-light microscopic
images of phase transition from achiral
an achiral precursor to a chiral
crystal: under the microscope,
precursors exhibit brighter color
originating from non-cubic
symmetry. In contrast, chiral
crystals exhibit darker color. (A)
shows that the 250 pm sized

precursor changes to chiral

crystal within 0.1 s, indicating
structural phase transition. (B)
shows solution-mediated phase

transition. (C) indicates the
determination process of
handedness of a NaClOj crystal

L-crystal

grown from solution.
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In 2005, Viedma found that, with grinding, chirality conversion of
crystals occurs in this system[1]. A similar phenomenon has been found
recently in organic systems[2,3]. In the latter case, a molecule has
chirality, and the chirality of the minority molecules is converted to
that of the majority. In order to understand the mechanism, several
theoretical models have been proposed. In crystal growth[4,5], recom-
bination of chiral clusters leads to the homochiral state deterministically
and, in chemical reaction[6], random fluctuation also realizes a
homochiral state eventually.

We studied the chirality conversion in crystal growth with a master
equation based on a simple reaction model. With a stochastic crystal-
lization process, although rate equation analysis provides no chiral
symmetry breaking, random fluctuations drive the system to a
homochiral state. The time necessary for the appearance of the
homochiral state is proportional to the total number of molecules in
the system[7].

In the present paper, We study a similar system with nucleation and
recombination of chiral clusters. Although the system tends to become
a racemic state, the chiral symmetry breaking occurs when the nucle-
ation rate is small.
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Modeling anisotropic shape evolution in large scale melt growth sys-
tems has been reported in the literature over the past 10-15 years.
However, in most cases relevant studies were concerned with interface
attachment kinetics and associated faceting of melt/crystal interfaces
in confined-growth (e.g. vertical Bridgman) systems (e.g. [1,2]). Very
little attention has been given to Czocralski grown crystals which may
exhibit anisotropy in the shape of both the melt/crystal and crystal/gas
interfaces. Relevant studies include a two-dimensional capillary model
used to analyze the cross-sectional shape of certain oxides [3], an
axisymmetric thermal model linking shifts in the balance of heat
transfer mechanisms with experimentally observed changes in morpho-
logy of sillenites [4], and most recently a three-dimensional analysis
of the impact of interface-attachment kinetics on the cross-sectional
shape of Bismuth Germanium Oxide (BGO) [5].

In this contribution we will present our efforts in developing and im-
plementing efficient (e.g. Lattice-Boltzmann-Model based) algorithms
for the three-dimensional numerical modeling of oxide single crystal
growth via the CZ method. We will discuss the status of our algorithms
with a specific emphasis on the application of appropriate boundary
conditions at the partially faceted melt/crystal interface, at the melt/gas
interface and along the three-phase contact line where melt, crystal
and gas phases meet. Results to be presented include a discussion of
the combined impact of interface attachment and growth angle aniso-
tropy on the shape of the growing crystal.

This Research was supported by THE ISRAEL SCIENCE FOUNDA-
TION founded by The Academy of Sciences and Humanities.
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Peculiar aspects of crystal growth mechanism in solutions of KDP and
ADP tetragonal crystals shall be presented using our published data
and some new results. Fractional recrystallization procedure (in two
or three steps) was used to improve the quality of the basic substance
(H.V.Alexandru 2007). Double walled thermostated systems of 9 and
3 liters have been used and reversible rotation of the crystals tree sup-
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port. Stirring rates ensured kinetic regime of the grown crystals. Linear
(horizontal [001] and vertical [110]) crystals dimensions were registered
in-situ versus the supersaturations. This way, pyramidal (011) and
prismatic (100) faces, mean growth rate, were registered for the three
crystals always grown in the same conditions. Arrhenius corrections
of the growth rates, for our data and some literature data, were made
for chosen growth temperature, using activation energy of growth.

Growths kinetic of KDP prismatic faces, more sensitive to Me*" im-
purities, were registered in 9 liters solution volume of the crystallization
chamber, up to one month. Growth kinetic in impure solutions was
measured and analyzed. At higher supersaturations, (¢ > 8%) a domin-
ant heterogeneous 2D-nucleation mechanism of growth was found,
where the coverage of ad-molecules q~10'6 in the surface layer is about
of the same order of magnitude as Fe* impurity concentration in
solution. Using 2D-nucleation formalism introduced by Chernov we
have found the edge free energy per growth unit y = 0.4 kgT, in good
agreement with the literature data. The lower limit of the adsorption
energy 18 kcal/mol of this impurity was estimated on the prismatic
faces of KDP, much higher than ~9.5 kcal/mol the activation energy
for growth. The critical coverage q"‘~10'3 at the limit of the “dead”
growth zone, much higher than previous figure, suggest the segregation
coefficient of this impurity increases dramatically towards the lower
supersaturations (not published yet).

Macroscopic growth kinetic measurements were performed for pyram-
idal faces of KDP crystal. The three crystals were simultaneously
grown in the same conditions, by temperature decreasing method.
Arrhenius corrections were made for 40 °C growth temperature. Surface
diffusion mechanism of growth appears as essential at small supersat-
urations, but several particular aspects dominate the growth. Pyramidal
faces are less sensitive to impurities and show a large dispersion of
the growth kinetic at s = 1+5 %. There are distinct BCF curves fitting
the experimental data on several ranges of supersaturation, correspond-
ing to several efficiencies of growth. Biirgers vector and the linear di-
mension of the dominant centers of dislocations involved during growth
shall be discussed.

Growth kinetic of pyramidal faces of ADP was studied at small super-
saturations (s < 1 %.). There is a large dispersion of the kinetic data
and apparently there is not a well defined relation between the growth
rate and supersaturation, during a long run experiment. A special pro-
cedure was used to correlate the kinetic date with the efficiency of
growth. The reverse of the estimated efficiencies versus the supersat-
uration, allowed estimating approximately the Burger’s vector at sev-
eral stages of growth and the edge free energy ratio y/kgT of the steps
in the frame of the BCF dislocation mechanism of growth. Unexpected
switching effect of efficiencies, found around 0.5 % supersaturations
shall be discussed in relation with literature data (Vekilov, Kuznetsov
1992).
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The shape of crystals is an important factor in processing crystalline
products. Many industries including pharmaceuticals, fuels and fine
chemicals process products using techniques such as filtering and
milling where the morphology of the crystals is very important. The

work presented forms part of the joint Critical Mass project between
the University of Leeds and University of Manchester focused on un-
derstanding the process by which molecules cluster in solution, nucleate
and grow to macroscopic crystals. In this case the morphology of para
amino-benzoic acid (PABA) is predicted first in vacuum environment
with analysis of the intermolecular ‘intrinsic’ synthons in the bulk
structure and the unsaturated ‘extrinsic’ synthons at the surface. Using
grid based search methods the solvent interactions at the habit faces
are then analysed with respect to their effect on crystal morphology.

PABA has two known forms a and Bl. The o polymorph crystallises
is a needle like morphology whereas the B forms plate like crystals.
HABIT 98 uses atomistic forcefields to calculate the strength of the
intermolecular interactions within the crystal using the atom-atom ap-
proximation in a matter of seconds. The important morphological faces
selected using the BFDH rule states that the morphological important
faces will have the largest interplanar distance but does not account
for chemical bonding. The attachment energy term pioneered by Ben-
nema’ et al takes into account the intermolecular forces within the
crystal and is proportional to the growth rate of the faces and can also
be calculated using HABIT for the user selected morphologically im-
portant habit faces using the following equations.

In addition to calculating the attachment energy the bulk intermolecular
forces can be calculated and compared to the interactions at the surface.
The orientation of the molecules and dangling unsaturated functional
groups as predicted by perfect termination of the crystal provide
valuable information about the surface chemistry at the crystal faces
and can therefore allow predictions of how solvent will interact at
crystal surfaces and effect the crystal morphology.

Further to the morphological prediction based on the internal structure
in vacuum, solvent effects can be approximated using the grid based
search SYSTSEARCH* developed at the University of Leeds. A probe
solvent molecule is allowed to move around the crystal surface along
user set grid points and change orientation to find the most energetically
favourable position at the crystal surface. The intermolecular interaction
between the probe molecule and the surface is calculated using the
same atomistic forcefields as HABIT 98 and the whole process is
possible in a matter of minutes. The interaction between the surface
and the probe molecule can then be used to calculate a modified attach-
ment energy and therefore a solvent induced morphology prediction.

Theoretical prediction of the morphology of PABA showed reasonable
agreement using the attachment energy theory in HABIT. The intrinsic
and extrinsic synthons were evaluated using HABIT. The SYST-
SEARCH showed an improved prediction upon evaluation of the inter-
actions at the surfaces and modified attachment energy. These results
were also compared to other case studies undertaken within the group.

References

[1] Gracin, S.; Rasmuson, A. C., Polymorphism and Crystallization
of p-Aminobenzoic Acid. Crystal Growth & Design, 4 (2004) 1013-
1023

[2] G. Clydesdale, R. Docherty, K.J. Roberts, HABIT - a program for
predicting the morphology of molecular crystals, Computer Physics
Communications, 64 (1991) 311-328.

[3] P. Hartman, P. Bennema, The attachment energy as a habit con-
trolling factor: 1. Theoretical considerations, Journal of Crystal Growth,
49 (1980) 145-156.

[4] R.B. Hammond, K. Pencheva, K.J. Roberts, Molecular modeling
of crystal-crystal interactions between the alpha- and beta-polymorphic
forms of L-glutamic acid using grid-based methods, Crystal Growth
& Design, 7 (2007) 875-884.

38 General Session 1



Wednesday, 14 August

15:00 Oral

Internal Radiation Effect on the Buoyancy-driven Flow
pattern of Czochralski Oxide Melt

Reza Faiez!, Yaser Abdollahpourl, Farzad Naj afi’

1. SSL Research Group, School of Lasers and Optics, Tehran 11365-
8486, Iran 2. Research Institute of Petroleum Industry, Tehran
14665-137, Iran

e-mail: rfaiez@gmail.com

The radiative heat transfer (RHT) through the melt and the crystal
strongly couples with the buoyancy-driven flow during the Cz growth
of oxide crystals. In the present modeling, a finite volume method was
applied to compute quasi-steady and axisymmetric solutions to the
fully coupled equations governing heat transfer and the melt hydro-
dynamics. As well, the discrete ordinate method was used to solve the
RHT equation. Particular attention was paid to an undulating structure
of the natural convection flow which appears in the optically thick
oxide melt characterized by Pr =4.69, Ra=0 (106). The forced con-
vection effect and the surface tension-driven flow were ignored. It was
shown that, when the internal RHT is taken into account, the wavy
structure of the flow and the convective distortion of the temperature
field were smeared out, and consequently the secondary vortex located
nearby the crucible bottom, disappeared. The shape and position of
the vortex were studied in some detail. In the optically thick oxide melt
of 2x10°< Ra < 3x 106, both the position of the vortex centroid, P, and
its elliptical shape with the ratio of diameters AB/CD = 1.6 remains
nearly unchanged while the area of the ellipse increases with Ra. At
around the point P in the opaque melt, (dT/dr)cp found to be consider-
ably (~40%) larger than (dT/dz),5. However, in the semitransparent
melt, the ration between these local gradients equals to unity. This can
be inferred that, in the opaque melt the local Richardson number, Rip
might be smaller than % as necessary criterion for instability. As well,
the radial flow velocity profile along the vertical line including the
vortex diameter, AB were compared for the two optically different
cases. The Rayleigh-Fjertoft instability condition found to be satisfied
in the opaque melt. It was demonstrated that, the instability is sup-
pressed by the stable stratification due to the internal RHT in the melt.
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The application of PBC method to calculate the equilibrium
form of sapphire crystals

Viktor N. Maslov, Sergey 1. Bakholdin
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The problems of theoretical calculation of the crystals forms are of
great fundamental and practical importance. A number of publications
are available now devoted to faceting of real crystals of corundum.
Faceting sapphire single crystal rods grown by Stepanov method is
described in deteil [1], giving the ratio of the size of faces on the side
surface of cylindrical rod ¢ {0001}> r{10-11}> a{11-20} as 8:4:1.
There are, in eddition, reports calculat concerning on of theoretical
faceting. Thus, [2] gives the result of quantum calculation, i.e. c
{0001}>m{10-10}>R{10-12}>a{11-20}>r{10-11}. As in seen, the
result of theoretical calculation does not agree with the data of the ex-
periment.

M.D. Lubalinsuggested the mathematical tool for the theory of Periodic
Bond Chain (PBC) to be applied in practice [3]. Here he introduces

the parameters of bond unsaturation (H) and of atomic surface rough-
ness (X). In the present work the parameters H and X for crystal lattice
of a-Al,0O5 are calculated. It is shown that energetically the most ad-
vantageous are ¢, r and a. The quantitative ratio of bond unsaturation
(H) for the main faces is close to ¢> r> a as 4:3:2. Also shown is the
difference in parameter H for negative and positive rhombohedrons.
Thus, the result of calculation of corundum lattice according to the
PBC theory describes to a good rather well the sequence of face display,
although the quantitative values differ significantly.

It should be pointed out that on corundum crystals grown by flux
method as well as on natural crystals there is observed quite different
sequence of face sizes. This gives grounds to say that faceting of co-
rundum crystals is influenced by the impurities of other atoms and the
medium of crystal formation. On the other hand, the results on calcu-
lation by the PBC method best of all faceting of crystals of pure a-
Al,05 grown form reflect the melts in neutral atmosphere.

[1]1}O.I". Hocos, C.U. baxonmuH, B.M. Kpsimos XKyprain Texardecroi
¢uszuky, 2009, T.79 Ne2, c. 76-82.

[2] I. Manassidis, M.J. Gillan. Journal American Ceramic Society,
1994, 77[2], p. 335-338

[3] M.A. JlrobamuH. Poct  kpuctaJuioB B pacIuiaBe.
Kpucramnorpadpuueckuii ananus u sxcnepument. CI16.: Hayxka, 2008.
390c.
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Morphology of Stripes Created in the (Zn) — Single Crystal
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Some experiments dealing with the (Zn)-hexagonal single crystal
growth have been performed with the imposed positive thermal
gradient and a set of the constant growth rates. Experiments were de-
veloped under stationary state created by means of the Bridgman sys-
tem. The apparatus was equipped with a moving temperature field. A
graphite crucible had a sophisticated geometry that the germs could
be positioned within. The (Zn) — single crystal was doped by the small
amount of titanium and copper. Titanium forms the Zn4Ti inter-
metallic compound with the zinc. Copper does not form any inter-
metallic compound but is solved in the zinc / titanium solid solution,
(Zn).

Some eutectic stripes were generated periodically in the single crystal.
The stripes consisted of strengthening inter-metallic compound, Zn¢Ti
and (Zn) — solid solution.

Three ranges of growth rates were distinguished in the (Zn) - single
crystal formation: a/ at some low growth rates, the L — shape irregular
eutectic structure appears, (with branches), b/ at some middle growth
rates the regular lamellar structure is observed, ¢/ at some elevated
growth rates the regular rod-like structure is the morphology which
exists exclusively in the stripes.

Since the discussed single crystal growth occurs under stationary
state the proper criterion which defines this state is to be applied. The
thermodynamics of irreversible processes supposed that the only con-
dition which describes the stationary state is the criterion of minimum
entropy production.

Based on the mentioned criterion a new procedure of pattern selec-
tion has recently been formulated. According to the procedure this
pattern is selected which exhibits the lower minimum entropy produc-
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tion in the envisaged system. In the current model, the procedure will
be applied to select the stripes morphology. Additionally, a growth
rates range within which L-shape irregular rods were transforming
continuously into the regular lamellae was observed. The progressive
vanishing of branches occurs within the range. The formation of
branches is referred to the creation of marginal stability in the system
and continuous alteration of this stability into the stationary state. The
existence of marginal stability is accompanied by the formation of a
perturbation wave at the solid / liquid interface of the non-faceted (Zn)
- eutectic phase which always appears in the stripes.

15:45 Oral

Nucleation statistics during the nanowire growth
Nickolay V. Sibirevl’z, Maxim Nazarenko'
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Nanowires (NWs) of III-V semiconductor compounds are promising
building blocks for future nanophotonic and nanoelectronic devices
and functional photonic circuits. [II-V NWs are usually fabricated by
different epitaxy techniques via the so-called vapor—liquid—solid
mechanism activated by a metal (usually Au) catalyst. Nucleation
process is of paramount importance in this case. These processes de-
termined the NW crystal structure and therefore its physical properties.

This paper is devoted to study of nucleation during the NW growth.
In our model we assume that growth proceeds in layer-by-layer regime
in monocentric mode. Also we suggest that the time interval between
two nucleation events is much larger than overgrowth time. Under
these assumptions the nucleation statistics in nanowires with mono-
centric growth regime has been studied theoretically. It has been shown
that the small size of droplet and its depletion cause anticorrelation of
nucleation events and therefore suppress Poisson variation in the
nanowire lengths. The dependence of the nanowire length dispersion
on the growth rate and radius has been established. It has been shown
that dispersion of nanowire length increase with increasing of evapor-
ation rate from the droplet.
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Underlying most of our modern semiconductor devices, and hence
optical and electronic systems, are semiconductor heterostructures
composed of thin lattice-matched or pseudomorphic epitaxial layers.
While some measure of lattice-mismatched derived strain can be ac-
commodated within an epitaxial structure, the constraints of lattice-
matching and thermodynamic stability of the alloy material have limited
the choices of semiconductor alloy materials that can be used for
structure design and device development. In order to increase the de-
grees of freedom within the design of devices, such as independent
control over lattice parameter, band gap, band gap alignments, and
electronic carrier transport characteristics, the chemical complexity of
the epitaxial layer must increase through the incorporation of additional
alloying elements. Unfortunately, most semiconductor alloys of arbit-
rary composition lie within a miscibility gap present in their respective
phase diagrams. Epitaxial strain can be used to modify the phase rela-
tionships in epitaxial and pseudomorphic alloys. Alternatively, a variety
of growth techniques have been used in attempts to form these thermo-
dynamically immiscible materials as metastable phases. The formation
of'these potentially desirable alloys through epitaxial growth techniques
that are characterized by being near thermodynamic equilibrium at the
growth surface is generally impossible They can be formed, however,
by suppressing those surface processes, such as surface mass transport,
which lead to local phase separation during growth. Low growth tem-
perature and chemical modification of the growth front can both be
used to inhibit or suspend such surface transport processes and lead
the formation of homogeneous alloys deep within a miscibility gap.
Once formed, these alloys can be used in device applications since any
subsequent phase separation would require some bulk diffusion, which
is kinetically “frozen-out” under normal device operating conditions.
This talk will discuss the thermodynamic relationships and kinetic
processes that can be realized in a variety of alloy systems using estab-
lished epitaxial growth techniques. Recent work on the formation of
alloys which contain multiple anion substitutions in compound semi-
conductors and their extension to pentanary alloys will be presented
as examples of the development of new materials that can open new
areas of device design and technology.
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A systematization of the structural stability in ANB3N
compounds based on the bond-order potential
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Waurtzite (WZ), zinc blende (ZB), and rocksalt (RS) structures are
generally found in a number of binary octet A Ng&N compounds, such
as GaN (WZ), GaAs (ZB), and ZnSe (ZB), MgS (RS). To clarify why
a given compound is formed in a certain structure, there has been some
qualitative systematization of structural trends that have been accom-
plished using the dielectric model, pseudopotential orbital radii, and
electrostatic interactions. Although these systematizations give success-
ful interpretation in some aspects such as the separation of fourfold
and sixfold-coordinated structures of A ¥ BV compounds, they cannot
be applied to the structural stability for threefold-coordinated structure
such as graphitic structure (G) crucial for nanotube and graphene. In
this study, the bond-order potential (BOP) proposed by Abell [1] is
employed to investigate the structural stability for A Ng&N compounds
in terms of bond length 7, and cohesive energy D, on the basis of the
previously reported ab initio results for ZB and RS in 26 compounds.
To extract the crucial factor for the systematization, bond order p as a
function of coordination number Z is also estimated within the frame-
work of BOP using our ab initio calculations for G, ZB, and RS of C,
BN, BeO, and Si. Moreover, simple energy formula of electrostatic
interactions [2] is applied to determine the separation of threefold and
fourfold-coordinated structures of A BS'Ncompounds.

Figure 1 shows the calculated K,+K; for 26 compounds on the basis
of the relationship in BOP assuming p [Z4such as r,=KIn(Z)+C, and
r~=Kn(D,/Z)+C,; where C, C,, andC, are the constants. Despite the
values of K. +K, derived from the results of ZB and RS without G, this
figure definitely reveals that the larger the K. +K;, the more stable the
low-coordinated structures. Since large K. +K; is directly related to
small 7,, small bond length is crucial for stabilizing low-coordinated
structure such as G. In the range of Z<4, however, the relation p [Z1
contradicts to ab initio results in Si obtained by Bazant and Kaxiras
[3], who proposed p IEp(-bZz) instead of p [Z9. Thus we reasonably
employ the formula of pz-,=(4/Z) at Z>4 and py4=aexp(-bZ") at Z<4,
where c, a, b, and n are the parameters adjusted to reproduce D, for
G, ZB, and RS with conditions of d(py>4)/dZ=d(pz<4)/dZ and p=1 at
Z=4. The calculated bond order p(3y for Si (p3)=1.09) is favorably
compared with the ab initio results (p(3y=1.05) [3]. It is found that the
values of p(3) of C, BN, and BeO are larger than those of Si consistent
with the empirical Pauling relation », [=Id(p). Moreover, comparing
the ionicity f; for each material with critical iconicity for the separation
of threefold and fourfold-coordinated structures
f,-c(3'4)=3p(3)2/(3p(3)2+22,-2) estimated by electrostatic interactions
between bond charges p and between ionic charges Z;, graphitic
structure G is favored in C and BN because of their f; (0 for C and
0.143 for BN) smaller than /% (0.107 for C and 0.174 for BN)
whereas WZ appears in BeO with its larger f; (0.602) than .f,’-c(3’4)
(0.316). This is consistent with experimental findings where G does
not appear in A N B8N compounds with N=2 . Consequently, bond
length and ionicity are crucial for the structural stability of AVBSN
compounds so that the threefold-coordinated structure does not appear
in II-VI and I-VII compounds with large iconicity but limitedly appear
in the compounds with small 7, introducing large p(3y and small f; such
as C and BN.

References

[1] G. C. Abell, Phys. Rev. B 31 (1985) 6184.

[2] T. Ito, Jpn. J. Appl. Phys. 37 (1998) L1217.
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growth studied by the Monte Carlo simulation and the
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Predicting the composition of a sold solution (or alloy) during its
growth has been one of the principle themes in the study of crystal
growth. Recently, the epitaxial growth of semiconductor compounds,
such as ternary alloys of AlGaN and GaAsSb, has also been extensively
studied. On the other hand, the interface kinetics during the growth of
a solid solution, especially a non-ideal solid solution, has not been
fully understood and the theoretical study on the kinetics is still in
progress.

The dependency of the distribution coefficients of a binary ideal
solid solution growing from its vapor has been studied by using the
Monte Carlo (MC) simulation and the mean field approximation [1,
2]. Our previous studies are then extended to the case of a binary non-
ideal (regular) solid solution in the present study. The degree of the
non-ideality is expressed by the value of ®pg—(DPps+Ppg)/2, Where
®@;; is the bonds between i and j atoms.

The results of MC simulation show that the supersaturation range
of lateral growth can be divided into three regions of (a, b, ¢c). When
the equilibrium distribution coefficient is smaller than 1, the composi-
tion of a solid approaches the equilibrium composition of terrace sites
in (a), almost equals to the equilibrium composition of terrace in (b),
and increases again in (c), as an increase of supersaturation. The beha-
vior of the chemical composition of a solid can be explained by the
relaxation processes on both terraces and terrace-tails, as in the case
of ideal solid solution [2].

The introduction of the non-ideality changes the local atomic arrange-
ments in a solid. These changes are clear in the case where a solid has
the composition near A:B~1. Tiny clusters consisting of the ordered
arrangement of AB is observed when @ ,g>(® s s +Pgg)/2 and clusters
consisting of AA and BB when ©,g<(®Op5+Ppg)/2. The rate of the
compositional change of a solid due to an increase of supersaturation
is also affected by the non-ideality.

The mean field approximation model for ideal solid solution is exten-
ded for a non-ideal solid solution. The extended model explains the
compositional changes in (a) obtained by the present MC simulation.

Reference

[1] K. Matsumoto, T. Irisawa, M. Kitamura, E. Yokoyama, Y. Kuma-
gai, A. Koukitu, J. Crystal Growth 276 (2005) 635.

[2] K. Matumoto, T .Irisawa, M. Kitamura J. Crystal Growth 310
(2008) 646.
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Creations of vacancy on growth interface during silicon
melt growth by decreasing pulling rate
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1. Introduction

Almost people in the field of point defects research in silicon crystals
have believed that both point defects coexist in growth interface.
However, our following experimental results show that the growth
interface is always filled with vacancies. On the other hand, interstitials
are created far from the growth interface when and where the thermal
gradient is increased.

2. Experiments

Since a 100 mm CZ crystal grown with 1.4 mm/min pulling rate was
reached at stationary state, it was grown with gradually decreased
pulling rate until 0.5 mm/min and finally it was detached from the melt
and rapidly cooled. The crystal was cut parallel to growth direction
with 1.0 mm in thickness and then annealed at 1000 °C, 16 hrs in dry
O, Figure 1 is an x-ray topograph of the specimen.

FPulling rate

=1 4 mundmin

COP

E&— growth directiom

~ droplet

Fig. 1 X-ray topograph after AOP annealing of CZ crystal grown
gradually decreased pulling rate and finally detached from melt.

The black contrast shows the strong x-ray diffraction intensity from
oxygen precipitates (SiO,). Such oxygen precipitation induced by one
step annealing is called as the AOP (anomalous oxygen precipitation)
[1] which presents that the existence of isolated vacancies before ag-
gregation to produce a COP (crystal originated particle) [2] = void [3].

On the other hand, the existence of I is confirmed by using a WLT
(wafer lifetime) method. Since the minority carriers induced by light
are trapped by silicon dangling bonds which interstitial type dislocation
loops have, the lifetime value is decreased. In both side regions under
part of Fig. 2 the decreased WLT region is confirmed.

In Fig. 1 the three traces of growth interface shapes which are actually
marked in the crystal by decreasing of crystal rotation rate for 30 second

are seen. One is strong concave interface to a melt at 1.4 mm/min when
decreasing pulling rate starts, second is weak concave shape at 1.0
mm/min and third is flat shape at 0.6 mm/min.

3. Results

In Fig. 1 the black contrast part like a wine glass shape is the V rich
region which is formed by the AOP annealing. The upper white contrast
part is the COP region which is produced by the aggregation of indi-
vidual V. The lower both sides white regions are confirmed as I rich
regions by the WLT map as seen in Fig. 2.

Fig. 2 WLT map of as grown crystal of Fig. 1.

Finally it is confirmed that the growth interface and neighbor grown
region with the denser black color shows the high density V region.

According to the traditional Voronkov model [4], the growth inter-
face should be the interstitial rich region with 0.6 mm/min pulling rate.
However, even the growth interface with 0.5 mm/min pulling rate, the
growth interface is filled with vacancy.

4. Conclusion

From the above results it is concluded that the growth interface is
always filled with vacancy but interstitial is not existed. Interstitials
are created far from the growth interface induced by a large thermal
gradient.
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analysis acoustic emission
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This scientific work is devoted to the studying of the genetic connection
structures of solid and liquid phases.

Fourier analysis of signals of acoustic emission (AE) accompanying
melting high purity aluminum from the melting point up to t = 860
degrees Celsius was performed.

Based on the results of previous studies [1, 2] cluster formations in
the melt — the micro-regions, those retain crystallinity (areas with short-
range order of symmetry) were considered as the source of AE.

The experimental data allowed to follow the dynamics of disorder
zones range order in the melt with increasing melt temperature up to
their complete destruction.

The presented results of spectral analysis of the signals were analyzed
from the standpoint of the theory of cluster melting metals.

1. Vorontsov V. B., Zhuravlev D. V., Vorontsov V. B., Zhuravlev D.
V., "Cluster mechanism of solid phase forming at the example of
growth of aluminium single-crystals of melt", Journal FOUNDRY
PRODUCTION AND METALLURGY, 3 (57) 2010, p. 230;

2. Vorontsov V. B., Zhuravlev D. V., "Analysis of Acoustic Emission
Signals Accompanying Growth of Single Aluminum Crystals: Exper-
imental Results and Theoretical Model of the Cluster", Journal of
Chemistry and Chemical Engineering, ISSN 1934-7375, USA, 6 (2012)
358-362;
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The present paper is concerned with steady eutectic growth in the
directional solidification of a binary mixture by using the two-dimen-
sional model with the isotropic surface tension. We consider the case
that Peclet number ¢ is small and the segregation coefficient « is closed
to the unit. The Peclet number ¢ is defined as the ratio of the half of
primary spacing and mass diffusion length. By using multiple variable
expansion and matched asymptotic method and exploring the singular-
ity existing at the triple point, we obtain the global uniformly valid
asymptotic solution for the steady state in the whole physical space.
It is shown that the steady state solution contains two free parameters,
the tilted angle parameter, which determines the orientation of the liquid
open angle at the triple point and the Peclet number, which measures
the primary spacing. Hence, given growth conditions the primary space
may not be uniquely selected. The results show that the system has a
boundary layer with the thickness of 0(81/2), where the slope and
curvature of the interface are drastically large, hence the effect of iso-

tropic surface tension pays a significant role and the interface has a
noticeable non-uniform undercooling temperature. Our results lead to
a self-consistent theory for steady lamellar eutectic growth, and raise
the question on the validity of the hypothesis proposed by Jackson-
Hunt, that the steady state with the minimum average undercooling at
the interface is uniquely selected. The comparisons between the theor-
etical predictions and the available experimental observations have
been made, which show quite good quantitative agreements.
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When SOI wafer is kept at a high temperature, Si overlayer becomes
unstable against dewetting and spontanesously agglomerates into is-
lands. On further elevating the temperature, a Si atom reacts with an
underlying SiO, molecule to produce two SiO molecules. Since SiO
molecule is volatile, Si islands evaporate by leaving nano-pores in the
dioxide layer.

In this paper, we study dynamical behavior of an evaporating island
in terms of a simple solid-on-solid model with a two-dimensional ad-
sorbate island on a one-dimensional substrate surface. The model is
simulated with a kinetic Monte Carlo (KMC) method. Dynamics con-
sists of five elementary processes: 1) Surface diffusion of adatoms A,
2) decomposition of a substrate atom S into A by emitting two oxygen
atoms O, 3) reverse of 2), 4) interface diffusion of O, and 5) evaporation
of A combined with O at the edge of an island.

Without decomposition, an adisland as a whole migrates on the sub-
strate surface, and a means square displacement (MSD) of the island's
center of mass increases linearly in time. The island diffusion constant
Dc decreases as an island size R increases in a power law as Dc~R>.
With decomposition and evaporation, the temporal behavior of an island
MSD in general is classified in three stages: 1) Initially, MSD increases
linearly in time, 2) then in an intermediate stage, MSD increases faster
than a linear behavior due to the depinning of triple points, and 3) fi-
nally until the island disappears, MSD saturates since the island is
trapped in a nano-pore it drilled.

In an early stage of evaporation, the interface between the island and
the substrate has two dips near the edges of the island, because those
O's produced close to edges can escape from the interface and the de-
composition from S to A proceeds, whereas in the center of the island
decomposition is balanced with the reverse reaction. Eventually, when
the island becomes too small, it is trapped into one of the nano-pore
that it drilled. The final shape of a drilled pore is deep when the evap-
oration rate is large.
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Creations of interstitial inside crystal during silicon melt
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1. Introduction

Almost researchers in the field of point defects in silicon crystals have
believed that both point defects coexist in growth interface. However,
our following experimental results show that the growth interface is
always filled with vacancy (V). On the other hand, interstitial (I) is
created at a region to be long way from the growth interface, depending
on increasing thermal gradient.

2. Experiments

Three 100 mm CZ crystals with 1.4 mm/min pulling rate were grown
from the same melt in one crucible and then they were detached from
the melt during growth and cooled rapidly. They were cut parallel to
growth direction to obtain specimens with 1.0 mm in thickness and
were annealed with 1000(], 16hrs in dry O,. Their x-ray topographs
were obtained as seen in Fig. 1, 2 and 3. Where the black contrast
shows the strong intensity of x-ray diffraction from oxygen precipitates
(Si0,). Such oxygen precipitation induced by only one step annealing
is called as the AOP (anomalous oxygen precipitation) [1], which
presents that the existence of isolated vacancies before producing a
COP (crystal originated particle) [2] = void [3] by aggregation.

shoulder

~ droplet

l growth direction

Fig. |

Fig. 2 Fig. 3

Fig. 1 and 2 X-ray topographs after AOP annealing of mechanically
detached CZ crystals at 50 mm from shoulder position and at 100 mm,
respectively. Fig. 3 X-ray topograph after AOP annealing of partially
detached CZ crystal by heating melt for 30 min and finally detached
it mechanically. Schematic drawings of interface shape and meniscus
of melt.

On the other hand, the existence of I is confirmed by using a WLT
(wafer lifetime) method. Since the minority carriers induced by light
are trapped by silicon dangling bonds of interstitial type dislocation
loops, the lifetime value is decreased with increasing the density of
the dislocation loop. In both side regions under part of Fig. 3, the de-
creased WLT region is confirmed.

3. Results and discussions

The first crystal as shown in Fig. 1 was detached from the melt at
length of 100 mm from crystal shoulder. It is understood from the AOP
distribution that almost whole crystal except surface area of the
shoulder is V rich. The second crystal as shown in Fig. 2 was grown
50 mm in length and 36 min in period longer than those of the first
crystal and was detached and cooled. During longer growth period the
COP region is newly generated and spread 40 mm in depth from the
shoulder level. This means that individual V in the AOP region aggreg-
ates to make a void. When the third crystal as seen in Fig. 3 was grown
at the same length (150 mm) with the second crystal, instead of the
mechanical detaching procedure the melt temperature was continuously
increased for 30 min by increasing the input power. As the result both
sides of peripheral area of the growth interface was separated from the
melt but in the center area was grown continuously due to large cooling
effect by pulling stop. The above explanations are recognized using a
schematic line drawn along growth striations in Fig. 3. That is, the
growth interface is deeply concave to the melt just at pulling stop but
after that the interface shape becomes gradually deeply convex in
center area. Finally the crystal was mechanically detached after 30 min
from pulling stop. It is clear that the area where crystal contacts with
the melt is always V rich but the both sides peripheral area where
crystal does not contact with the melt are replaced by I rich region.
The white contrast area in x-ray topograph in Fig. 3 corresponds to the
low lifetime area where is the I rich region in WLT map in Fig. 4.
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Fig. 4 WLT map of as grown crystal of Fig. 3
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If the crystals which do not contact with the melt are heated up, the I
is created. This fact was already reported by Roksnoer [4]. However,
it is observed in our growing experiments that the V rich region con-
verts into the I rich region in one crystal during growth. The third
crystal was grown 30 min longer period than that of the second crystal
so that the depth of the COP region elongated to 60 mm. It is recognized
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that in standard crystal growth procedure the whole crystal becomes
the COP crystal due to gradually cooling without detaching.

4. Conclusion

From the above results it is concluded that the growth interface is al-
ways filled with vacancy but interstitial is not existed. Interstitials are
created far from the growth interface induced by a large thermal
gradient.
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In this work we present a numerical study of the solidification of
crystalline fibers of titanium doped sapphire drawn by the micro-pulling
down (u-PD) growing technique. Our study emphasizes on the physical
properties of the melting zone. The crystals of sapphire have many
applications in lasers and in optoelectronics. In this study we have
established a numerical, two-dimensional model in cylindrical co-
ordinates with an axisymmetric configuration for a Newtonian
and incompressible fluid, of a laminar flow based on the equa-
tions which are mainly those of derived from of the physical con-
servation laws. The flow, the thermal transfer and the mass transfer
are modeled by the differential equations of conservation of the mass,
of quantity of the movement, energy and the species. This problem,
which takes into account the convection-diffusion coupling, is discret-
ized using the Finite Volumes Method (FVM). Our model is in good
agreement with experimental results. We have been able to show that
the p-PD method can gather the necessary conditions for optimization
of the dopants concentration distribution for increasing the coupling
between the laser wave and the ions of the dopingagent in order
to give the highest possible luminous power at the output of
the laser. We found that, in the melt, Marangoni convection is
dominant, and the buoyancy convection is negligible.
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The vertical Bridgman technique is commonly used for the growth of
II-V and II-VI semiconductors, halide and chalcogenide crystals, and
anumber of oxides for scintillation or laser applications. This technique
has some drawbacks that are linked to the use of a crucible in intimate
contact with the crystal. In order to solve these problems some variants
based on capillary aspects have been proposed, such as full encapsula-
tion or dewetting [1]. Modeling and simulation are very important for
a better understanding of the phenomena involved in the crystal growth
processes. In the specific case of the vertical Bridgman technique, it
is useful to include in a single model the transport phenomena (energy,
momentum, mass) and the interfacial phenomena at the melt-crystal-
crucible and respectively melt-gas-crucible interfaces. We already
made a stationary model and obtained some numerical results for the
coupled heat transfer and fluid dynamics in the vertical Bridgman so-
lidification of InSb [2]. In the present paper we extend our previous
model by including the calculation of the energy, momentum and mass
transport, plus the interfacial phenomena at the melt-gas-crucible inter-
face, under normal gravity, while applying a time dependent step-type
temperature distribution on the outer part of the crucible. The geometry
of the model resemble that used in a vertical Bridgman configuration:
a cylindrical silica crucible (90 mm in length, having a 5.5 mm inner
radius and a 6.5 mm outer radius) contains the InSb charge. A slightly
modified version of the model presented by Voller and Prakash [3] is
used to account for solidification of the liquid phase, including convec-
tion and conduction heat transfer with mushy region phase change. In
order to model the flow of two different, immiscible fluids, where the
exact position of the interface is of interest, we have applied the phase-
field (diffuse interface) method. All these new models were developed
numerically by using the finite element software COMSOL Multiphys-
ics. Using the actual models, the numerical calculation of the thermal
field, velocity field, and interface shape gives qualitatively correct
results (see Figure 1 for the shape of the interfaces). For developing
better models numerical results must be compared with the experiment-
al ones and this will be done in a next step of the study.
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It is very important to know the dependence of the shape of crystalliz-
ation front on variations in technological parameters and heat exchange
near this front along the boundary “shaper — melt” for optimize the
process of sapphire profiles growing. The paper gives the mathematical
model of the growing of sapphire profiles that considers the variations
of thermal and hydrodynamic parameters with different rates of
growing within the zone of crystallization. The model uses an adaptive
mesh of finite elements for sampling inside the area of phase transfer.
The used variation parameters are the rate of growing, the heat extrac-
tion of the crystal and inside the thermal zone. It is possible to obtain
the distribution of temperature inside the zone of growth and also the
shape of crystallization front for various configurations of the thermal
zone and technological parameters of growing using the model.

Parameters used for the sapphire profiles growing such as the config-
uration of thermal zone (the quantity and position of thermal screens),
the design of shaper and the pulling rate can be defined using the
calculation data by the model with sufficient accuracy. A period of
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time which is needed for testing the configuration of thermal zone
while changing cross-section types of the sapphire.

The reported study was partially supported by Russian Foundation
for Basic Research, research project No. 12-05-00876-a.
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Kinetic anomalies are oscillating nonmonotonous changes of growth
rate with temperature. It was found in 1967 by V.Sipyagin and
A.Chernov (Sipyagin, 1967; Sipyagin, Chernov, 1972) and now is
known for dozens of water-soluble salts (Punin, Petrov, 1972; Kibal-
czyc, Kolasinski, 1977; Franke, 1986; Bocharov, 2004 etc). It was es-
tablished that kinetic anomalies has influence on crystal morphology
(Glikin et al, 2003) as well as chemical composition (Bocharov et al,
2009). So this phenomenon is important for industrial crystal growth
from solution, mineralogical reconstruction and basic researches of
crystal growth theory. Nevertheless this phenomenon is poorly known
and not covered by monographs and articles. It is supposed that anom-
alies formation linked to structural transitions on molecular level
(Bocharov, Glikin, 2008; Bocharov, 2011) at different parts of crystal-
solution system (bulk of solution and adsorption layer). Comparison
of kinetic anomalies features for different systems can give us inform-
ation about anomalies nature as well as possibility to grow mixed
crystals with precision control of chemical composition distribution.

From this point of view it is interesting to compare kinetic anomalies
for matters with fixed chemical composition and matters with varying
chemical composition (mixed crystals) as well as kinetic anomalies
changes in chain of intermediate solution compositions between pure
members. We investigated kinetic anomalies of mixed crystals growth
for NaClO5-NaBrOj system by traditional microcrystallization method
and for Cu-Hg system by modified electrocrystallization method
(Bocharov, Glikin, 2008). Kinetic anomalies for NaClO;-NaBrOs
system were investigated in temperature range 33 — 41 °C and com-
pound ratio in solution which responds to alyotropic point of system
(NaClO3:NaBrO5 = 20:1). For Cu-Hg system kinetic anomalies were
investigated in temperature range 45-53 °C and compound ratio in
solution from 1:50 to 1:500 (Cu:Hg). Extreme compound ratios corres-
pond to pure members deposition since difference of electrochemical
potentials for Cu and Hg exists.

Our investigations show that low deviation of solid phase chemical
composition from end-member composition resulted in kinetic anom-
alies which are similar to anomalies of main phase as temperature po-
sition of peaks as well as peak intensity. As example kinetic anomalies
of Na(Cl1,Br)Oj in the temperature range 33 — 41 °C are characterized
by four maxima of growth rate. Three of these maxima correspond to
maxima of pure sodium chlorate. Kinetic anomalies of Cu-amalgams
deposited from solution with compound ratio 1:50 are characterized
by seven maxima in the temperature range 47 — 52 °C. Five of them
correspond to maxima of copper kinetic curve and two correspond to
maxima of mercury Kinetic curve. So, main difference of mixed crystal
kinetic anomalies is existing additional peaks which relate to kinetic
anomalies of opposite end-member. Changes in compound ratio result
in complication of kinetic curves. It can be described as superposition
of end-member kinetic curves plotted by maxima of growth rate.

Thus, on one hand, kinetic anomalies of mixed crystals growth are
defined by initial ratio of compounds in solution. On other hand it is
defined by kinetic curves of end-members. In some cases it can result
in specific zone formation.

Combined interface attachment Kinetics and transport
phenomena in large scale solution growth systems
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Studies linking transport phenomena (e.g. [1]) to morphological stabil-
ity and the formation of defects suggest that it may be possible to
control the flow and resultant solute distribution near vicinal surfaces
in a manner which will render these surfaces less susceptible to loss
of stability and to the resultant formation of defects. Meso-scale ana-
lyses (e.g. [2]) of vicinal surfaces indicate that it may be useful to use
flow modulation as a means to control interfacial stability. However,
amacroscopic-view point of the same problem [2] demonstrated unex-
pected changes in morphology due to an interaction between periodic-
ally changing solute fields, step sources and moving steps. This motiv-
ated us in our efforts (presented in this contribution) to combine three-
dimensional modeling of fluid flow and solute transport with non-
trivial interface attachment kinetics as a means for investigating the
impact of large scale dynamics of flow and solute transport on interfa-
cial morphology.

We will discuss our modeling efforts which are specifically applied
in the analysis of a potassium dihydrogen phosphate (KDP) growth
system. This three-dimensional modeling project hinges on the
CATS3D [3] finite element software developed at the University of
Minnesota which, in this study, was modified to include interface
motion consistent with interface attachment kinetic mechanisms such
as rough, vicinal, screw-dislocation-driven and 2D-nucleation driven
growth. Results to be presented will include analyses of different inter-
actions between flow fields, supersaturation profiles and interfacial
morphology.

This Research was supported by the U.S.-Israel Binational Science
Foundation.
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A polythermal methodology to assess the mechanisms and the kinetics
associated with solutions crystallisation is defined and analysed using
the recently-derived KBHR model. This first principles approach yields
crystallisation parameters that could otherwise only be obtained by the
combined application of both isothermal and polythemal methods. The
methodology is validated through assessment of experimental data
measured for methyl stearate crystallising from kerosene solutions,
revealing a progressive nucleation mechanism and interfacial tensions
in the range of 1.64-1.79 with no obvious dependence on solution
concentration in the range of 200 to 350 g/1, showing good agreement
with values derived by isothermal methods. Sensitivity analysis reveals
that a minimum of four different cooling rates separated by at least
one order of magnitude together with at least five repeats for crystal-
lisation temperature values at each cooling rate is appropriate.
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With a reasonable balance between cost and efficiency, multicrystalline
silicon (mc-Si) has been a mainstream material for solar cells, and
these cells make up approximately 50% of the market of today’s
photovoltaics industry. There are significant opportunities for increasing
quality and reducing cost of the mc-Si substrate material via a better
understanding of crystal growth processes. One challenge is the
formation of silicon carbide and silicon nitride precipitates in the melt
due to carbon and nitrogen impurities coupled with their relatively
small segregation coefficients. These solid particles can be engulfed
by the solidification front to form inclusions in the mc-Si solid. The
presence of inclusions lowers cell efficiency and can lead to wafer
breakage and sawing defects, even breakage of the wire saw.

To better understand the physical mechanisms responsible for these
inclusions, we are applying finite-element, moving-boundary analyses
to assess particle dynamics during engulfment via solidification fronts.
Two-dimensional steady-state and dynamic models are developed using
the Galerkin finite element method and elliptic mesh generation tech-
niques. Such an approach is particularly well suited for rigorous and
accurate representation of geometrical and interfacial interactions in
this system, and we demonstrate how this model is able to represent
very large deformations of the melt-solid interface during the process
of engulfing a solid particle.

We discuss model formulation, implementation, validation, and its
performance with respect to prior models of this process. We also
present initial results to investigate various factors' influence on
particle-solidification front dynamics, such as 1) particle size, ii) differ-
ent materials’ densities and thermal conductivities, iii) interfacial
premelting, iv) Gibbs-Thomson effects, v) temperature gradient, vi)
gravity, and vii) the bulk flow caused by the density change upon so-
lidification. Criteria to establish the all-important pushing/engulfing
transition of a particle near a solid-melt interface are investigated via
transient simulations. The significance of introducing a premelting
film into the system is also discussed.

Supported in part by U.S. National Aeronautics and Space Administra-
tion, NNX10AR70G, the content of which does not necessarily reflect
the position or policy of the United States Government, and no official
endorsement should be inferred.
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Both steady-state and time-dependent simulations of the two-dimen-
sional Navier-Stokes equations were performed to investigate the in-
fluence of surface tension-driven forces on the structure of convective
flow in an open crucible Cz oxide melt with a stationary crystal dummy
deflected into the fluid. The internal radiative heat transport was ignored
and, for computational purposes, the coefficients and were allowed
to vary within some reasonable ranges of values. The simulation results
for were discussed in details.

For all cases with, the convective flow exhibits an undulating structure
beyond the cold plume along the melt centerline and a small secondary
vortex (RFV) nearby the crucible bottom. Increasing in slightly up to
its threshold value i.e., the steady-state behavior of the melt changes
suddenly for so that the wavy pattern of the flow and the secondary
vortex both disappear. This can be shown that the effect is associated
with a jump-discontinuity in the magnitude of stream function , and
the jump is larger for a higher intensity of the natural convection.

In the interior of the melt, the buoyancy frequency, N as well as the
frequency of disturbances and more strongly, the local Richardson
number, Ri are decreasing with , so that for the wave-induced shear
instability is satisfied for. The internal Froude number, increases ex-
ponentially with and equals to its critical value at for which the phase
velocity, of the internal waves is equal to the mean flow velocity, i.e.
independent of. For the subcritical state associated with shorter internal
waves, changes abruptly to the super critical state with the waves of
longer wavelength compared to the melt characteristic length [1]. In
the critical state, the waves decay by a factor for. The factor found
to be multiplied by ~10? for implying a strong modification of the
flow under the influence of the longitudinal Marangoni waves.

The unsteady-state simulations with for the case display the effect of
thermocapillary forces on (i) the dynamics of the Kirchhoff-type sec-
ondary vortex (RFV) and (ii) its development against the Hadley cell
circulation (HCC). During the time, the RFV core area found to be
highly (~3-4 times) increased. The ellipse orientation angle, meets its
maximum value, at around when the HCC disappears. In the course
of time, the up-going wavy streamlines are more and more flattened
towards the crucible hot wall. This can be shown that, the equation ,
with and as the ratio of the ellipse semi-axes, is held at around for
which [2]. The ratio between the straining part of the shear flow and
the local vorticity (at the RFV center, found to be increasing with time
at. However, the ratio remains smaller than unity suggesting that the
fluid particles are entrained into the vertical region of coherent struc-
ture. The kinetic energy of the vortex ring found to be highly (~10
times) increased for a slight increment in during the first steps of this
irreversible process.
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Breaking the stoichiometric composition of calcium fluoride crystals
under the impact of an ionizing radiation or at heating in the reduction
atmosphere of metal vapors (so called “additive coloring” of crystal)
results in color centers formation. In the process of additive coloring
these centers arise due to recombination of anion vacancies and elec-
trons which are produced on the heated crystal surface and diffuse into
the crystal bulk. The centers are subdivided into “simple” (¥, M, R and
N) centers, which are composed of 14 anion vacancies, respectively,
with an equal numbers of electrons and highly-aggregated centers. It
was initially proposed that such centers are colloidal particles of calci-
um, which arise as a result of transformation of large accumulation of
anion vacancies and electrons into metal inclusions [1,2]. Another type
of highly-aggregated centers was found later, that is “quasi-colloidal”
centers (see [3]). Their structure is unknown, it is likely that they are
in an intermediate position between simple and colloidal center by the
number of vacancies/electrons. Color centers have characteristic ab-
sorption bands. The most intensive absorption bands of simple centers
are in the wavelength range of / < 550 nm, the absorption band of
colloidal center is within the wavelength range of / = 550—650 nm, the
bands of quasi-colloidal centers cover the wide spectral range of ~0.6—6
mm. As arule, additively colored CaF, crystals contain predominantly
simple and colloidal centers. Their ratio depends on the concentration
of vacancies/electrons introduced into the crystal during its coloring,
i.e. on the coloring mode. The stiffer the mode (the higher the calcium
vapor pressure and the sample temperature) the larger the relative
content of colloidal centers [4]. It was recently found that actually
these centers are two-dimensional rounded or prolate metal islands
with thickness of 1.3—1.4 nm and lateral size of 30-200 nm. Such is-
lands occur at vacancies/electrons concentration of ~10'7 cm'3[5].
When concentration increases up to ~10'® cm™ islands coalesce
forming as it film fragments with pores of arbitrary shape and different
size. Nevertheless the height of coalesced islands remains equal to
1.3-1.4 nm. Absorption spectrum of such crystals practically contains
only the band of colloidal centers. That means the most of color centers
are coalesced into “colloidal” particles scattered randomly over the
crystal volume and only their small part form film fragments. These
fragments are disposed in selected {111} planes; the crystal is cleaved
exactly along these planes. Absorption spectrum of the crystals with
even higher concentration of color centers changes drastically. The
intensity of absorption band of “colloidal” centers decreases, and in-
tense non-selective absorption arises typical for thin metal films. In
such a crystal a majority of color centers are coalescent into fragments
of such films. Under impact of the radiation resonant to absorption
bands of particular color centers and the temperature the conversion
of color centers occurs [6,7]. Their photochromic transformations un-
derlie using CaF, crystals with color centers as highly-stable volume
holographic media [8,9]. One should note that the specific diffusion-
drift mechanism of hologram recording results in accumulation of
color centers in the minima of fringe pattern; the larger the exposure
the narrower are the regions of centers concentration [10,11]. This
feature favors metal inclusion formation. Thus, recording holograms

in additively colored CaF, crystal with sufficiently high concentration
of anion vacancies/electrons can convert it into a metamaterial-like
state.
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There are two existing methods of production of large-size BisGe;0,
(BGO) single crystals. The biggest known crystals now are produced
by the low-thermal gradient Czochralski technology (LTG) [1]. At the
same time, the conventional Czochralski method (Cz) has some advant-
ages over LTG, such as lower Pt consumption for crucibles, higher
yield of crystalline material due to cylinder shape of grown ingots,
easy implementation on production-run equipment [2]. Therefore, op-
timization of BGO growth technology by Cz method is a topic of
continuous interest.

One of existing drawbacks of the Cz method decreasing the production
yield is a relatively big volume of the melt remaining in the crucible
after growth. This is caused by heat transfer conditions in growth setups
with induction heating [3], namely non-uniform crucible heating and
BGO melt opacity. As a result, most of heat is released in side crucible
walls, and crystallization interface (CI) is convex to the melt to the
colder bottom crucible wall. This leads to contact of CI with crucible
bottom and impossibility to crystallize about 40 % of the melt.

The present work is focused on solving this problem using the install-
ation of additional passive heater. This heater is a metal disk installed
under the crucible [4]. The disk is heated by the same induction coil
as the crucible. Additional heating from below provides a higher tem-
perature along the interface between the melt and the bottom crucible
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wall. This helps to create heat conditions when CI shape is nearly flat.
This allows one to crystallize sufficiently bigger fraction of the melt
and, at the same time, avoid crystallization inside the crucible leading
to crucible deformation and lowering its lifespan. Definitely, the sim-
plicity of technical implementation is a serious advantage of this ap-
proach. Contrariwise, heat power releasing from the lower heater is
directly depends on power incoming to the induction coil, hence, inde-
pendent control of lower heater power is impossible. To skip this
drawback, the dimensions and material of lower heater ensuring flat
CI during growth process are determined using numerical modeling
of global heat transfer in the growth setup.

Main goals of the current study are: (i) to reveal trends characterizing
an influence of geometrical and physical parameters of the bottom
heater on heat conditions of the BGO crystal growth; (ii) to determine
optimal configuration of the parameters of the bottom heater, which
allows one to receive nearly flat crystallization front through all growth
stages.

Modeling is carried out by the Finite-Volume method using a CGSim
program package [5]. The problem was solved in 2D axisymetrical
approach using a quasistationary approximation. Convection patterns
in melt are determined on the base of Navier-Stockes equation for in-
compressible liquid using the Boussinesq approach with RANS turbu-
lence model. The effects of thermal and forced convection, as well as
Marangoni effect at free melt surface are accounted for. Spectral ab-
sorptivity was approximated by a three-band model radiation heat
transfer in the crystal, calculated by the discrete ordinates method.
Calculation of radiofrequency (RF) was based on solving Maxwell
equations in quasistationary approach for linear, isotropic, and inhomo-
geneous media.

In particular, we have found the optimal electric conductivity of the
bottom heater and the optimal diameter of the bottom heater. The
computation results are in satisfactory agreement with experiment
implementing the bottom heater for CI shape optimization at growth
of BGO crystals with the diameter up to 80 mm by Cz method in cru-
cibles with 96 mm inner diameter. The demonstrated approach can be
used in optimization of Cz growth technology for other materials with
opaque melt.

1.Yu.A. Borovlev, N.V. Ivannikova, V.N. Shlegel, Ya.V. Vasiliev,
V.A. Gusev, J. Cryst. Growth, 229 (2001), pp. 305-311.

2. http://www.ezan.ac.ru/products/crystalgrowth/nika3/

3. K. Mazaev, V. Kalaev, E. Galenin, S. Tkachenko, O. Sidletskiy, J.
Cryst. Growth, 311 (2009), Iss. 15, pp. 3933-3937.

4. V. Bondar, E. Galenin, Ia. Gerasymov, V. Nagornyak, O. Sidlestkiy,
S. Tkachenko, Patent of Ukraine Ne88579, Oct. 26, 2009

5. http://www.str-soft.com/products/CGSim/
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Evaluation of kinetic coefficient for 111 facet of Ge
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CrystalsNord (CRYST), Oktiabrskaya 6 21, Aleksandrov 601654,
Russian Federation
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The formation of faceted melt/crystal (m/c) interfaces takes place at
crystal growth of many technologically important semiconductor ma-
terials. As is shown, for example in work [1, 2], the faceted interfaces
must be morphologically more stable than nonfaceted ones as interfacial
kinetics exerts a strong influence on the stability of the growing inter-
face. Thus, crystal growth by the faceted mechanism enables to obtain

perfect single crystals with higher dopant concentration than it is al-
lowed by rough growth. However, theoretically and experimentally,
the problem of facet stability at high dopant concentration is insuffi-
ciently investigated. To investigate this phenomenon more accurately
it is necessary to know a kinetic dependence for facet at a high dopant
concentration.

So, the aim of this work is to find the kinetic dependence V = V(dT),
where Vis crystal growth rate, d7'is supercooling of singular facet 111
of Ge. To obtain data on V = V(dT) it is necessary to find d7i values
that took place at different Vi values. The experimental data on dT
were obtained from data on visualization of shape of m/c interface
after etching longitudinal section of grown Ge crystal as follows. For
a known value of the temperature gradient in the melt, gradTm, the
value of the supercooling can be calculated from expression: d7 =
A xgradTm, where A is the measured distance between the central part
of the facet and the central part of the melting temperature isotherm
as shown in Fig. 1. This approach of d7 finding is based on fact that
supercooling is negligible on nonfacetted regions of the interface.

Ge crystals were grown by AHP technique [3, 4]. The AHP method
gives possibility to use a one dimensional model of a heat transfer to
obtain data on ¥ and gradTm. Thus, a set of data on d7i and correspond
it data on Vi were obtained. Ge crystals were grown at 111 direction
in 2 inch diameter graphite crucible. Accuracy of crystallography
orientation was 1 minute. Crystals were doped by Sb and it’s concen-
tration in the melt was in the range of 9x10'8 - 2x10%° cm™. The dis-
location density was in the range of 10* = 10% cm?. Crystal growth
rate, at which the dT value was found, was in the range of 5 — 25
mm/hour. To make more a facet size the growth rate was increased
and the temperature gradient was reduced before m/c interface marking.
M/c interface marking was made by the AHP heater translation up to
contact with the melt-crystal interface. After this procedure, the AHP
heater was returned to its initial position and it was again fixed relative
to the growth setup casing. The single crystal of Ge which was grown
in this manner was cut into plates in the longitudinal direction. To
visualize the melt-crystal interface and structure of a crystal, the Ge
plate was etched by the method of anode etching in a 0.1 mole Na,SO;
per liter of H,O.
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Fig. 1 Fig 2

The obtained result on V' = V(dT) dependence is presented in Fig. 2.
V = V(dT) dependence has slightly squared relationship. This result
corresponds to dislocations mechanisms of interfacial kinetic. One can
see from Fig. 2 that as first approximation V' = V(dT) dependence is
linear dependence and the kinetic coefficient, b*, is constant for Sb
concentration in the range of 9x10'™ - 2x10%” cm™ and the crystal
growth rate in the range of 5 — 25 mm/hour. One can see that d7 value
is big enough in spite of big density of dislocations and it must be taken
into consideration for crystal growth rate more then 25 mm/hour and
at small temperature gradient.

1. Abbaschian, R.; Coriell, S.; Chernov, A. In Solidification1999;

2. Hofmeister, W. H., Rogers, J. R., Singh, et al., Eds.; TMS: Warrend-
ale, PA, 1999;pp 219-228.

3. E.Balikci, A. Deal, R. Abbaschian, et al, Crystal Growth & Design,
2004, vol. 4, No 2, pp. 377-381.

4. S.V. Bykova, V.D. Golysheyv, et al, Journal of Crystal Growth, 275
(2005) 229 - 236
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The effect of pH on calcium carbonate polymorphs precip-
itated from aqueous solutions at 0°C
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1. Alfred Wegener Institute, Am Handelshafen 12, Bremerhaven
27570, Germany 2. University College London, Department of
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University, 3508 TA, Utrecht 80021, Netherlands

e-mail: Yubin. Hu@awi.de

Calcium carbonate (CaCOs) has six different phases whose formation
is affected strongly by precipitation conditions. Among them, pH is
considered to be one of dominating factors controlling polymorphism
during calcium carbonate precipitation. Furthermore, the Ca/COj ratio
in solution was recently shown to strongly affect CaCO5 growth rate
(e.g. Nehrke et al., 2007). However, the change of solution pH is at
the same time associated with a change in hydrogen ion concentration
(H") and the Ca/COj, ratio in solution, making it difficult to separate
pH and solution stoichiometry effects. The objective of this study is
to investigate whether the H' or Ca/COj ratio has a control on calcium
carbonate polymorphism.

Experiments were carried out at 0°C and two different pH conditions
(pH=12.6 and 9.0). Under each pH condition, different concentrations
of CaCl, and NaHCO; were applied to achieve ratios of 1:1 and 10:1
for Ca/COj3. CaCl, and NaHCOj solutions were pumped into different
pH solutions with or without phosphate at different pumping rates.
Results showed that, at high pH (pH = 12.6), only ikaite formed, inde-
pendent of PO,4, pumping rate or the ratio of Ca/CO3. At low pH (pH
=9.0), the precipitate was vaterite in the absence of PO, and ikiate in
the presence of PO, regardless of the ratio of Ca/COj5. These results
indicate that at low temperature, the H concentration determined
which polymorph was precipitated (ikaite or vaterite) rather than
Ca/COgy ratio.

17:00 Poster Mol4

Incorporation of divalent cations into surface sites and
clusters of calcium carbonate

Jun Kawano', Hiroshi Sakuma?, Takaya Nagai3
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[Introduction]

Formation process of calcium carbonate polymorphs, calcite, arag-
onite and vaterite has been extensively investigated because of its im-
portance in both geological and biological environments. In order to
account for the formation of a particular polymorph, impurity effect
has been proposed as controlling phenomena by many researchers,
however incorporation mechanism of these impurities during crystal
growth is poorly understood.

Here, we focused on the effect of alkaline earth cations (M2+) other
than Ca®" as the impurities. In general, smaller divalent cations than
Ca”", like Mg2+, cannot form solid solution with aragonite, while larger
cations like Ba®" cannot be incorporated into the structure of calcite.
However, the structure of a crystal surface or small cluster as an initial

stage of crystal growth can be different from the bulk crystal because
of its flexibility, and it can play an important role as the site for incor-
poration of ions which is unstable in the bulk structure and in the sub-
sequent crystal growth. Therefore, in the present study, the stability
of alkaline earth cation (1) on the surface and (2) in the cluster forming
in an early stage of nucleation was investigated by the first-principles
calculations based on the density functional theory, and the impurity
effects on the formation of polymorphs were discussed.

[Mg2+ at a surface]

Recently, it has been pointed out that the surface energy difference
among polymorphs could determine their stability field [1], so that it
becomes more important to analyze in detail their surface structures
and the incorporation process of ions and molecules into the surfaces.
Here we focused on the case in which Mg2+ ion substitutes for Ca®"
site of aragonite (001) surface as an impurity. While Mg2+ is unstable
in the nine-fold cation positions of aragonite and can hardly be incor-
porated into the bulk aragonite crystal, it is expected to be substituted
for Ca®" site at the surface. Our simulation results show that Mg2+ can
be incorporated into the Ca®" sites at the surface with lower substitution
energy than that in the bulk. Furthermore, Mg2+ on the aragonite surface
considerably affects the surface structure, especially on the arrangement
of CO;3 groups, indicating that the presence of Mg2+ can change the
surface stability of aragonite.

[Mg2+ in a cluster]

According to the concept of prenucleation cluster (e.g. Gebauer et
al. [2]), stable small clusters of calcium carbonate form even in an
undersaturated solution and play an important role for the formation
of polymorphs. Tribello et al. [3] showed by using molecular dynamics
simulations that, at an early stage of calcium carbonate growth, isolated
ions disappear very quickly and charged clusters are rarely observed.
It means that, Ca2+/CO32' pair forms first, and then larger clusters ap-
pear as the aggregation of these pairs.

Therefore, in order to understand the effect of impurities like Mg2+
on an early stage of CaCO; growth, we should discuss the incorporation
process of these ions during the formation of Ca2+/CO32' pairs and
their aggregation. In the present study, we calculated energies of (i)
primary hydration shells of M>", (ii) M?*/CO5?" pairs, and (iii) clusters
including two M2+/CO32' pairs, and determined the stable arrangement
of these clusters by the first-principles calculations.

The calculation results show that Mg2+ is easier to be incorporated
into a small cluster and prefers to be at the center of the cluster, while
the hydration energy of Mngr is higher than that of other divalent
cations. This indicates that Mg2+ is difficult to be released from hydra-
tion shell, however, once released, it is easy to be incorporated into
the clusters. Considering that thermal energy is needed to release Mg2+
ion from hydration shell, the effect of Mg2+ is expected to be more
striking with increasing temperature.

[1] A. Navrotsky, PNAS 101 (2004) 12096, [2] D. Gebauer et al.,
Science 322 (2008) 1819, [3] G.A. Tribello et al., J. Phys. Chem.B
113 (2009) 11680.
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Density Functional Theory (DFT) study of hydrogen on
GaN (0001) surface
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We present ab initio study within the framework of Density Functional
Theory (DFT) on the behavior of hydrogen on the GaN (0001) surface
depending on the surface coverage and the type of semiconductor
doping. We show that the H, molecules are dissociatively adsorbed
on bare GaN(0001) surface with adsorption energy in excess of 2 eV.
The adsorption energy is determined by energy change of gallium
surface state with respect to energy of bands states at the surface. For
bare surface the Fermi level is pinned on surface states equidistant
from the top of valence band which is bent at the surface respectively
in opposite directions for n-GaN and p-GaN. Therefore, in this case
the energy of adsorption does not change significantly and the small
differences are due to the effect of the charge localization by different
electric field. When surface coverage with hydrogen is about 75% of
the monolayer the pinning on surface states disappears. In this situation
the type of semiconductor and related Fermi level position is extremely
important. We present the dependence of the adsorption energy as a
function of hydrogen coverage, which shows a step change in value
by about 2 eV when material was changing from n-type to p-type. For
the surface coverage close to full monolayer the Fermi level becomes
pinned again but in this case at the top of the valence band. Energy
shift of the states associated with the adatoms relative to the Fermi
level is also independent of the type of doping. Our results are consist-
ent with the results of experiments of Ambacher et al. [1] and Wampler
and Myers [2] and help to explain the differences between them.

[1] O. Ambacher et al., Phys. Status Solidi A 159, 105 (1997).
[2] W. Wampler and S. Myers, J. Appl. Phys. 94, 5682 (2003).
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Adsorption of gallium on GaN(0001) surface in ammonia
rich conditions - Density Functional Theory (DFT) study

Pawel Kempistyl, Pawel Strakl, Stanistaw Krukowski'”?

1. Polish Academy of Sciences, Institute of High Pressure Physics
(UNIPRESS), Sokolowska 29/37, Warszawa 01-142, Poland
2. University of Warsaw, Interdisciplinary Centre for Mathematical
and Computational Modelling (ICM), Pawinskiego 5a, Warsaw 02-
106, Poland
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Density Functional Theory (DFT) calculations were used to determine
the adsorption energy of GaCl molecule on the GaN(0001) surface
covered with mixture of NH; admolecules and NH, radicals. This
corresponds to physical conditions during GaN growth by hydride
vapor phase epitaxy method (HVPE). The average content of ammonia
in the mixture of admolecules have been estimated to be in the range
25-32 percent. We present a series of adsorption curves for surface
with various NH3/NH, ratio. We show that the adsorption energy of
GaCl molecule strongly depends on the composition of this mixture.
Gallium chloride is strongly attached (with energy of about 6 V) when
the surface is covered mostly by NH, radicals. For comparison, we
also show the adsorption of InCl molecule on the same surface. With
the increase of ammonia content the adsorption energy of both species
decreases significantly. Termination of the InCl adsorption occurs at
lower NH;/NH, ratio than termination of GaCl adsorption. That sug-
gests the above factor contributing to the fact that InGaN growth re-
quires different conditions than growth of pure GaN.

NH, content:
0.000 —8—
0.125

0.1875 ---A---

I L, 0230

2.5 3 3.5 4 4.5 5 5.5

7GaCl™"Gagyy-1op [A]

Adsorption energy of GaCl molecule on GaN(0001) surface covered
with mixture of NH3/NH, admolecules.
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Quantitative analysis of morphology of polycrystalline
precipitate received in temperature ranges of growth rate
anomalies
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Kinetic anomalies were discovered in 1967 and were found in all de-
tailed measurements in randomly selected systems [3]. Anomalies
represent the temperature ranges in which the growth rate undergoes
sharp changes. It was subsequently shown that anomalies have a signi-
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ficant influence on kinetic dependent properties of crystals such as
chemical composition [1] and morphology [2]. Influence of kinetic
anomalies on crystals morphology was investigated only for single
crystals and at quality level. So the aim of this work is study of poly-
crystalline deposit morphology in the temperature range of kinetic
anomalies.

Investigation of polycrystalline precipitate morphology in dependence
on temperature was performed at copper electrocrystallization as ex-
ample. The experiments were carried out in a temperature range of
46.0-51.0 ° C in solution of copper sulphate with a fixed concentration
15 g of the salt per 100 g of water. Kinetic curve for this temperature
range and concentration was obtained earlier and it reproduces kinetic
curve known from the reference [4]. Electrochemical copper precipitate
obtained at different temperatures has been studied ex-situ by atomic
force microscopy with quantitative analysis of received AFM images.
Quantitative analysis consisted in statistical processing of images of
the surface morphology in the NOVA program. We took the following
characteristics as the main parameters that characterize morphology
of the deposit: average roughness, scale height, ten point height, devi-
ation from the mean height.

Statistical characteristics of copper precipitate morphology in depend-
ence on temperature vary non monotonically. These variations have
the same temperature positions but intensities are different that what
we relate to the method of curves normalization. Quantitative charac-
teristics of copper precipitate morphology reproduce kinetic curve of
copper electrocrystallization in dependence on temperature. It confirms
the data on kinetic anomalies influence on crystal morphology obtained
for monocrystals case.

References:

[1] A.A. Chernov, V.V. Sipyagin, Current Topics in Materials Science,
5, p. 281 (1980).

[2] S. N. Bocharov, P. Gille, A. E. Glikin, Cryst. Res. Technol., 44,
1, p. 13 (2009).

[3]A.E. Glikin, S.N. Bocharov, E.V. Kir’yanova, V.V. Sipyagin, Zap.
Vseross. Mineral. O—va, No. 2, p.99 (2003) [in Russian].

[4] S.N. Bocharov, A.E. Glikin, Crystallography Reports, Vol. 53, 1,
p. 147 (2008).
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Phase-field simulation of abnormal grain growth
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Grain growth in polycrystalline materials can proceed in two different
modes: normal or abnormal mode. In the normal grain growth, most
grain boundaries (GBs) migrate smoothly as time goes on. In the ab-
normal grain growth, some grains grow preferentially at the expense
of their neighbor grains, whereas most boundaries between the matrix
grains remain almost immobile by the pinning effect from the dispersed
particles or grain boundary segregation. Notable among the character-
istics of the AGG is the jerky motion (go-and-stop motion) of the grain
boundaries surrounding the abnormally growing grains. This jerky
motion has clearly been observed both in the in-situ and ex-situ exper-
iments, and seems to be an natural consequence of the discontinuous
interaction between GBs and the pinning particles (and/or segregated
atoms). In this study we investigate the detailed process of the jerky
motions of GBs in AGG by using a phase-field simulation. We show
that the AGG takes place in a chain reaction like a series of collapsing

dominoes. The jerky motion of GBs appears to be not a subsidiary
result from AGG, but closely related with a key process in the funda-
mental mechanism of AGG
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The study of temperature equilibrium of KDP, ADP crys-
tals and solutions from their magnetic treatment
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The effect of magnetic treatment of KDP and ADP crystals and solu-
tions on their equilibrium temperature has been revealed and studied.
The change in the temperature reaches a maximum immediately after
the magnetization. Then, the effect decreases monotonically, and the
equilibrium temperature approaches its equilibrium value for 5 h. It
has been found that the observed decrease in the solubility depends on
the impurity concentration, and it is maximum in magnetically treated
KDP crystals with a chromium impurity; then, it decreases in the series:
KDP crystal, KDP-ADP crystals in a KDP-ADP solution, KDP crystal
in KDP-ADP solution, and KDP solution. For all five systems under
study, the relaxation times have been determined. It has been revealed
that the effect rapidly increases and reaches saturation at B = 0.02 T.
The energy effects in the crystals and solutions have been estimated.
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Kinetics of crystal growth of vivianite, Fe;(PO,),,8H,0,
from solution at 25, 35 and 45°C
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Crystallization of the iron phosphate mineral vivianite,
Fe;3(P0O,),,8H,0, has been studied by simple precipitation from solu-
tions of Mohr’s salt, Fe(NH,4),(SO,),,6H,0, and a mixture of ammoni-
um dihydrogen and monohydrogen phosphate, both 0.05 M. The vials
were closed to the air, so that only initially dissolved oxygen was
present. Initial pH of the solutions ranged from 4.5 to 7. Crystals of
vivianite, which belong to the monoclinic prismatic class 2/m, were
tabular with {010} as the dominating form and normally showed
overgrowth of smaller crystals. The largest dimension was about 0.1
mm. At 25°C aggregates were common, but at higher temperatures
single crystals were more frequent. In spite of high affinity towards
oxidation, vivianite crystals were dominating in most precipitates,
presumably because dissolved oxygen is consumed in the initial stage
of the process as a result of fast precipitation of much less soluble,
nanocrystalline strengite, FePO,4,2H,0, following oxidation of iron(II)
to iron(IIT). Crystal growth kinetics was determined from pH recording
on solutions during 12 hours, and precipitate was examined in the mi-
croscope the following day. Results could be interpreted as spiral
growth at low supersaturation and a combination of this mechanism
with surface-nucleation growth at higher supersaturation. Edge free
energies A deduced from analyses of the latter mechanism did not show
any significant dependence on temperature; most often they agreed
with A =27.4+0.5 or 36.0+0.4 pJ/m. Two experiments at 25°C yielded
values from the initial stage of the process as high as A = 80.4+4.5
pJ/m. An abrupt decrease of slope of the graphs of growth rate versus
supersaturation to a value in the usual range followed this stage. A few

52 General Session 1



Monday, 12 August

experiments showed one or two pronounced minima in the graphs of
growth rate versus supersaturation. This may be interpreted in terms
of the Cabrera-Vermilyea theory of crystal growth inhibition, the in-
hibitor being most likely a minute amount of iron(III) from redissolved
strengite.
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Domain competition in deposition growth

Kenyu Osadal, Hiroyasu Katsunol, Toshiharu Irisawal, Shintaro
Suzuki?, Yukio Saito”

1. Gakushuin University Computer Center, 1-5-1 Mejiro Toshima-
ku, Tokyo 171-8588, Japan 2. Keio University, Faculty of Science
and Technology (Keio), 3-14-1 Hiyoshi, Kouhokuku, Yokohama
2238522, Japan

e-mail: 12141001@gakushuin.ac.jp

In heteroepitaxial growth, deposited adatoms start solidification by
contacting with a substrate. Due to misfit or misorientations between
the adsorbate and substrate, crystals started to grow from different
contact points may be incoherent each other. We consider an extreme
case that each contact point initiates separate crystal domain, and study
their competition during deposition growth by kinetic Monte Carlo
simulations of a lattice-gas system.

In a ballistic deposition (BD) model, a deposited adatom freezes at a
position of a first contact with substrate or already crystallized adatoms.
The number density of domains p decreases as the height h of the BD
aggregate increases in a power law as p [, The value of the expo-
nentis y L0167 in a two-dimensional BD model, and y [111 in a three-
dimensional BD. The results agree with theoretical estimation that the
exponent y is inversely proportional to the dynamical exponent z of
the d-dimensional BD growth front as y = (d-1)/z. We study further
the effect of surface diffusion on the exponent y.
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Simplified numerical approach for estimation of effective
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The effective segregation coefficient — K is an important parameter
for the analysis of a dopant inhomogeneity in crystals grown from a
melt. Its value depends on a structure and intensity of a melt flow,
which substantially affect on a dopant flux from a melt into a crystal.

The estimations of K¢ value were done in many publications on
the basis of two main approaches. The former of these approaches is
quite simple, and therefore it is the most widely used in technological
practice [1]. Its basis is the analytical expressions for calculation of
Kefp, which is determined by the value of flow velocity near the
melt/crystal interface, according to some analytical hydrodynamic
formulas [2-3]. The second approach is based on the complete numer-
ical simulation of crystallization process, requiring specialized program
codes, large computational cost and high user qualification [4-6].

This work describes an intermediate approach for Bridgman
GaSb(Te) crystal growth in microgravity [7]. For its implementation
the numerical modeling is required, too. But it is much less costly than
in second case. Its basis is a simplified model of convective heat and
mass transfer in a melt on the assumption of a flat moving melt/crystal
interface with taking into account of dopant flux from a melt into a
crystal [8].

The crystallization process is considered for the constant velocity
of the melt/crystal interface Vg in a flat melt layer of thickness D and
length L at gravitational field g for following thermal conditions: Tg
=985 K (the melting point) and different values of T,, = 996 , 1057
K (Fig. 1), which determine the variation of longitudinal temperature
gradient.

The equations of Navier-Stokes-Boussinesq and heat- and mass
transfer in a melt may be written in the coordinate system associated
with moving melt/crystal interface [8]. By solution of this system the
velocity vector V, pressure P, temperature T, the dopant concentration
C depending on the spatial coordinates and time are determined.
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Fig. 1. Scheme of the simplified model: thermal boundary conditions,
Vg — velocity of the melt/crystal interface, and the direction of melt
flow (dashed line).

On the boundaries of a melt: V=0 and T is defined as shown in
Fig. 1. The initial concentration of dopant in a melt: C = Co. The
boundary conditions for dopant concentration are following: Dgrad(C)
=(1-K,)VsC —at the melt/crystal interface, and C =0 — for all other
boundaries in the case of a continuous crystallization for a whole ingot
length.

For a GaSb (Te) melt the physical parameters were following:
kinematic viscosity visc=0.0032 cm?/s, thermal conductivity 1.02*10°
erg/cmKs, heat capacity 3.3* 10° erg/gK, thermal expansion coefficient
b=9.6*10" 1/K, tellurium diffusion coefficient D = 5* 10 cmz/s, and
equilibrium segregation coefficient K, = 0.37. Crystallization rate was
constant: Vg = 3*107* cm/s, and microgravity was varied: g/g, =
1.6%107 - 2.2%107%; g, = 980 cm/s”.

Desired value of the effective segregation coefficient is calculated
by following formula: K. = K ,<C>/C,, where <C> is an average
dopant concentration at the melt/crystal interface.

In this work the more simplified variant of the model was applied,
which corresponds to the calculation of a discrete stage of crystalliza-
tion (D = 1.5 cm, L = 4 cm), and the condition C = C, at x = L (Fig.
1). The parametric calculations were carried out with the use of wide-
spread program code AnsysFluent [9], which was supplemented by
the author subroutines in C++ taking into account of crystallization
model [8].

Numerical results have been compared with those of analytical
models [2,3] and data of semianalytic model [8], in which the equation
for dopant concentration is solved numerically at the analytical velocity
field in a melt:

V., (x,y) = (Gr/6)[1/4 — (y — 1/2)2](y — 1/2){1 — e-ox[cos(Bx) +
(a/B)sin(Bx)]},
Vy(x,y) = (Gr/24)[1/4 - (y - 1/2)*]e-ax(a2/B + B)sin(Bx).
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Fig. 2. The dependences of effective segregation coefficient K g upon
maximum velocity V., in a melt: 1 — the simplified model, 2 and 3
— the estimations by [2] with different formulas for the diffusion layer
thickness, 4, 5 — the estimations by [3] and [8] respectively.

Fig. 2 illustrates the dependences of K g upon maximum velocity
Vax in @ melt as calculated by simplified model — 1, in accordance
with [2] for the different formulas of the diffusion layer thickness — 2,
3, by formula [3]—4, and with application of the analytical hydrodynam-
ic model [8] — 5. May be noted the discrepancies of various analytical
estimations of K¢ depending upon V... It is explained by an ambi-
guity at the choice of the formula for V ;. in [2,3] and the approximate
velocity field in [8], which corresponds to the thermal convection in
a semi-infinite layer. By means of simplified approach (see 1 in Fig.
2) the best analytical model - 2 of [2] has been selected for the analysis
of measured tellurium concentration [1] in GaSb crystal, grown in
microgravity conditions [7].
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There is a critical need in industry to get a desired morphology of a
crystal in order to have control in downstream processing or flow
properties and product yield. All crystalline products produce molecular
analogues from side reactions and/or processing. These molecular
analogues as additives/impurities and solvents may have an effect on
the growth of the crystals leading to different physical and chemical
properties which will in turn have an effect on the formulation beha-
viour. Therefore, the understanding of these crystal growth modifiers
and their interactions with the host is critical in manipulating the host
system to obtain a morphology that is most suitable for product formu-
lation and processing requirements. VisualHABIT is a molecular
modelling tool '™ routinely used to understand, predict and manipulate
crystal growth morphology but with an added user-friendly graphical
user interface. The morphology prediction is on the basis that the sur-
face attachment energy of a particular crystal face is assumed to be
proportional its relative growth. The attachment energy is the contribu-
tion from all the interactions that are normal to the growth surface
(hkl). Thus, a quantitative analysis of the intermolecular forces (syn-
thons) involved in the growth processes is provided by a systematic
search approach within VisualHABIT. This knowledge of the strengths
and contributions of intrinsic synthons (solute/solute) and extrinsic
synthons (solute/solvent or solute/crystal growth modifiers) to the
growth process enables the understanding and prediction of the effects
of the crystallisation environment on crystal morphology.

This research was carried out as part of an EPSRC follow-on grant
and it provides a molecular level understanding of industrial applica-
tions through case study examples. These case studies include the ef-
fects of different solvents on the morphology of an active pharmaceut-
ical ingredient, solvent effect on the growth morphology of an ester,
comparison of the effects of solvents on the growth morphology of
hydrates and anhydrates and the effects of solvents on the crystal
morphology of benzophenone.
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The pre-ordering of molecules in the solution state is not fully under-
stood with respect to the formation of crystal nuclei. Here we investig-
ate the importance of the conformational stability in nucleation and
subsequent growth of the two polymorphic forms of para-amino ben-
zoic acid (PABA) and further to the examination of molecular pre-or-
dering of clusters in the solution state. Additionally solvent continuum
calculations have proven effective in predicting solute-solvent interac-
tions without the need of computationally expensive resources.

PABA is an enantiotropic system which has two known forms, o stable
above 13.8C and P stable below this transition temperature. However
crystallization experiments above or below the transition temperature
almost always yield the o polymorph. Conformational analysis was
performed for the single molecule of PABA in the gas phase with re-
spect to the conformational preference in the crystal structure based
on a hierarchical selection scheme using electronic structure theory
methods. The conformational analysis showed that the f monomer is
the most stable conformer which is a result of the pyramidal formation
of the amino functional group of the f monomer compared to the planar
conformation of the amino group of the a. Thus a scan of the dihedral
angle that defines the amino group of PABA was explored to probe a
potential energy barrier between the two polymorphs.

We then model the crystallization process through fundamental
building blocks of increasing complexity (monomers, dimers, tetramer,
octamers etc) to probe the transition state nucleation pathway from
solvated molecules to their directed assembly at the crystal/solution
interface into the solid state. All the building blocks were optimized
within the COSMO solvent continuum model and the statistical ther-
modynamics COSMO-RS method was applied.

In agreement with the conformational analysis, the COSMO calcula-
tions showed that the B monomer is the most favoured conformer in
solution. Comparison of dimers suggests that different building blocks
favour different polymorphs in solution. When carboxylic acid dimers
are present (which are only present in the a structure) these clusters
are always favoured in solution, whereas alternate building blocks fa-
vour B beta in some solvents. Comparison of small clusters (up to 8
molecules) showed favourability to the o polymorph reflecting exper-
imental data.
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Hydrodynamical aspects of floating zone silicon crystal
growth process
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Introduction

Although Floating Zone (FZ) process is widely known and has been
developed for many years, it is necessary to improve numerical models
of'it. Computational resources allow considering many physical aspects
of a system, for example, hydrodynamical (HD) processes in liquid
silicon. In the present work HD approach is used for two purposes:
obtaining more precise shape of phase boundaries and calculating ra-
dial resistivity profiles from dopant concentration field in melt. This
allows to investigate influence of surface tension y and its temperature
coefficient M = 0y/0T (i.e., Marangoni coefficient) on FZ process. It
is essential for better understanding of modelling nuances because of
Marangoni coefficient’s strong dependence on oxygen content in atmo-
sphere.

Description of the modelling software

The most important programs, which were used in the present study,
are:

* FZone. This is a program for 2D axisymmetric modelling of FZ
crystal growth. It performs iteratively coupled calculations of tem-
perature field (HD in melt can be included) and thermal radiation
(considering all surfaces as optically gray). High frequency 3D
electromagnetic field, that induces current in thin silicon skin layer,
is azimuthally averaged and then taken into account as a heat source
distribution [1].

* FZSiFOAM. This is a program for 3D HD calculations in melt, based
on OpenFOAM code library. 3D finite volume mesh is created on
the base of shape of phase boundaries, which were obtained via
FZone. FZSiFOAM considers non-stationary, incompressible, lam-
inar, buoyancy driven flow; with Marangoni and EM tangential
surface stresses. Dopant concentration, melt temperature and pressure
fields are considered as well [2].

Results of the study

As an example characteristic 4” FZ system from ICG, Berlin is used.
Crystal pulling rate is 3.4 mm/min and zone height is 34.87 mm. The
current frequency was reduced from 3 MHz to 2.2 and 1.6 MHz in
order to compare calculation results with experimental results [3].
Realistic shape of phase boundaries can be obtained with Marangoni
coefficient equal to —1 6107 N/(m'K) (see Fig. 1).

Then, it was investigated how does M influence radial resistivity dis-
tribution in single crystal. Wide range of M was examined — from 0.75
to 12:10™ N/(m'K), that correspond to strong variations of oxygen
concentration [4]. At last, averaged resistivity profiles were obtained
and compared with experimental data (few of them are shown in Fig.
2).
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Figure 1. Shapes of phase boundaries obtained for 4” ICG system via
FZone, using different values of Marangoni coefficient and inductor
current frequency.
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Figure 2. Averaged in time radial resistivity profiles. They are obtained
from dopant concentration distribution on crystallization interface.
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Nomenclature

This abstract does not use superscript and subscript for symbols due
to a printing reason. Then, some symbols deviate from the conventional
nomenclature.

The presentation uses the conventional nomenclature, e.g., X; MS*.

BM (YM—YMO )/ YMO (-)
¢ the growth time such that el(x, t) <ol(x, t)whent<c (s)
DL, DM diffusion coefficients for component L, M in liquid solution
el the relative discretization error of pL and pM (-)
el(x,t) el atxandt (-)
h the length of liquid solution in the z direction (m)
L, M the most and less affected components by fluid flow
NL (XL—XLO)/(XLb—XLO) (-)
NL(x,z,t), NM(x,z,t) NLand NM atx,z,and ¢ (-)
NM (XM —XMO)/(XMb—XMO) (-)
ol the tolerance of el (-)
ol(x,t) olatxandzt (-)
pL, pM OXL / 6z, 0XM / Oz at growth interface (mfl)
7 ratio of volume per unit atom in the liquid to that in the solid
sqrt( £ ) the square root of & ( the square root of the unit of &)
¢t a growth time (s)
XL, XM mole fractions of component L, M in liquid phase
XL(x,z,t), XM(x,z,t) XL, XM at x, z, and ¢
XLO0, XMO0 XL, XM on growth interface when growth has just started
XLb, XMb XL, XM just before growth
YL, YM mole fractions of component L, M in solid phase
YLO, YMO YL, YM when growth has just started
Azd the mesh size in the z direction to solve the convection-diffusion
equations of solutes (m)
oL, oM the boundary layer thicknesses of XL, XM (m)
x a dimensionless parameter characterizing Azd (-)
1. Introduction

We have understood the main behavior of computed results on se-
gregation in numerical simulation of solution growth with fluid flow
at the 7th Int. Workshop Model. Cyst. Growth [1]. The present
presentation applies that discussion to understand changes in segrega-
tion with time. The time dependency had been showed in the 16th Int.
Conf. Cryst. Growth [2]. That presentation was comprehensive. The
present presentation simplifies the computational models to show the
essential matters. The time dependency is discussed more in detail.
We understand computed results, watching the fluid flow.

Conventionally, we cannot grow materials when poorly soluble

solutes exist in the liquid solution. For example, we could not grow
InGaAlP, which is a material for red LEDs. Aluminum is the poorly
soluble solute. On the other hand, GaN grows from sodium solution
[3]. In this growth, the fluid flow in the liquid solution plays an import-
ant role because it supplies the poorly soluble solute, nitrogen to the
growth interface. Thus, it is important to understand the effect of the
fluid flow on solution growth. It leads to designing new growth tech-
niques.

The calculation of segregation is delicate. The boundary layers of
solute mole fractions are thin at the initial stage of growth. The mole
fractions do not have fixed values on the growth interface. It causes
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the results to be buried under computational errors. On the other hand,
all computed results include errors because the precision of arithmetic
is not infinite on the computer, that is, we use finite resources. It is
different from the traditional mathematics such as differential calculus.
When we compare computed results with the experimental results, it
is difficult to separate the error caused by flaws in the model from the
error caused by the computation for the model. Moreover, the experi-
mental results itself include errors. Then, we desire to consider the
computed results theoretically.
2. Model and computational method

The x-axis is defined to be in the direction of the main flow. The
z-axis is perpendicular to the growth interface. The origin is defined
as the center of the growth interface. The computational domain is in
the xz plane (Fig. 1a).

L and M denote components in the liquid solution. XL and XM denote
the mole fractions of component L and M in the liquid phase, respect-
ively. YL and YM denote the mole fractions of component L and M in
the solid phase, respectively. XL << YL. XM << YM. The liquid solution
is supersaturated before the growth. DL and DM denote the diffusion
coefficients for component L and M in the liquid solution, respectively.
DL > DM. The temperature is uniform and constant during the growth.

Concretely, we adopt a well-known material to facilitate the verific-
ation. We set parameters to approximate the previous experiment [4]
(Appendix). The grown material is InGaP. Indium is the solvent of the
liquid solution. L =P. M= Ga. YL =0.5. XLb and XMb denote, respect-
ively, XL and XM just before growth. XLb=2.8x10"2. XMb=9.5x10">.
The growth temperature is 1055 K.

2.1 Fluid flow

The fluid is molten indium and treated as an incompressible Newto-
nian fluid. The gravity and the change of fluid density dependent on
solute mole fractions were neglected. That is, the fluid flow is inde-
pendent of the situation on solute mole fractions. The basic equations
of fluid flow are the conservation of mass and the conservation of
momentum. The top of the liquid solution is flat. The slip condition
was applied at this boundary. At the other boundaries, the no-slip
condition was applied. It was assumed that the velocity perpendicular
to the boundaries is zero. It is different from some vapor depositions.

Before the growth, the liquid solution was stationary and next, a
velocity of 20 cm/s was applied on the bottom of the liquid solution
for 0.25 s. Finally, this bottom stopped and the growth started. This
boundary condition was modeled on the motion of sliding board in li-
quid phase epitaxy. Such a motion also appears in other techniques.

The velocities of the fluid flow were computed with SIMPLE [5],
which is a computational method in computational fluid dynamics.
2.2 Transport phenomena of solutes

The diffusion of solutes limits the growth at the growth interface
[6]. Convection-diffusion equations of solutes are explicitly solved
with the finite difference method.

oL and oM denote the boundary layer thicknesses of XL and XM,
respectively. / denotes the size of liquid solution in the z direction. SM
< 6L <<h.DM /DL =0.56 [4]. DL = 1.6x10" m?/s [7].

t denotes a growth time. XL( x, z, ¢ ) and XM( x, z, t ) denote XL and
XM at x, z and ¢, respectively. pL and pM denote XL / 0z and OXM /
Oz at the growth interface, respectively. » denotes the ratio of the
volume per unit atom in the liquid to that in the solid. Mass transfer
through the growth interface is as follows:

DM (pM)/ DL/ pL
=[r (M)—XM(x,0,¢)]/[r(YL)—XL(x,0,t)].

XL0 and XMO denote, respectively, XL and XM on the growth inter-
face when the growth has just started. YL0 and YMO denote, respect-
ively, YL and YM when the growth has just started. At the initial growth,
the finite difference cannot express pL and pM. We use the analytic
solutions of XL and XM. XL0, XM0 and YMO were calculated with the
method briefly described in Appendix. Ref. 8 provides detailed descrip-

tions on the derivation of them and the meaning of them in the compu-
tation.

The time interval is set so that the results are obtained stably [9]. el
denotes the relative discretization error of pL and pM. ol denotes the
tolerance of el. It is estimated from the mass transfer through the
growth interface. el( x, ¢ ) and o1( x, ¢ ) denote el and ol at x and ¢,
respectively. ¢ is defined as the growth time such that el( x, #) < o1(
x, t ) when t < ¢. Azd denotes the mesh size in the z direction to solve
the convection-diffusion equations of solutes. sqrt denotes square root
function. It should be determined with the following equations [8] be-
cause the computational error does not retain the qualitative properties
of the result [10].

1 —sqrt( = (x)) erf( 0.5/ sqrt(x )) < ol.

Azd =sqrt(( DM ) ¢ / k).

Here, x denotes a dimensionless parameter characterizing Azd. BM is
defined as ( YM — YMO ) / YMO. In the experiment, BM is of the order
of 1x1073. Asa result, for ¢ = 0.1 s, the tolerance of BM = 4x 107 and
ol =4x 1075, Azd becomes 20 times finer than the mesh size in the z
direction to solve the basic equations of fluid flow. The mesh size in
the z direction and time interval to compute XL and XM is much
smaller than those to solve the basic equations of the fluid flow. Then,
the velocities are interpolated with a cubic spline in the z direction and
interpolated linearly in the time domain to obtain the velocities at the
grid points for computing XL and XM.

The mole fractions on the growth interface were implicitly calculated
to satisfy the mass transfer and phase diagram.
2.3 Quasi-model and full-model

Quasi-model [11] was defined as follows:

Mole fractions on the growth interface are calculated only at the origin.
These calculated values are substituted for mole fractions at the other
points on the growth interface.

This presentation adds a model and names this model full-model.
In this model, the segregation is calculated over the entire growth in-
terface.

2.4 The different conditions from the previous research

The model and methods are almost same as Ref. 11. The different
conditions are as follows. The liquidus line and solidus line are approx-
imated linearly by directly reading the phase diagram of Ref. 6 because
we have found the non-linearity and absolute values in phase diagram
are not essential matters from the discussions at the previous confer-
ences [1, 2, 7, 10, 11, 12]. Liquidus line: dXM / dXL < —6.5. Solidus
line: dYL / dXL =0, dYM / dXL < —8.

Q The first vortex The second vortex 2 cm/s  NL (%)
] } N 1 ——————— 100
e NI TS
£ - SWh
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N N :
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Fig. 1. Computed results at # = 0.35 s in the full-model: (a) flow pattern
and normalized mole fraction of component L in the computational
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domain, (b) normalized mole fraction of component L in the liquid
phase on the growth interface.
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Fig. 2. Growth time vs. normalized mole fraction of component M in
the solid phase.
3. Results and discussion

NL and NM are defined as follows:

NL=(XL—-XL0)/(XLb—XL0),

NM = (XM —XMO )/ ( XMb — XMO ).

The normalizations facilitate the understanding of results [1, 12]. The
normalized values on the growth interface express the effect of fluid
flow because they are zeros for short growth times without fluid flow.

Fig. 2 shows the time dependency of BM. The dashed curve is a
result in the quasi-model. The solid curve similar to the dashed curve
is a result at x = 0 in the full-model. The solid curve that shows BM <
0 at all the growth times is the average of BM over the entire growth
interface in the full-model. Mainly, BM has lower values than the values
without the fluid flow. It is coincident with a previous experiment [4]
(Appendix). The variation in the full-model is larger than that in the
quasi-model.

Around ¢ = 0.2 s, BM increases at x = 0, because the fluid flow
transports a dilute liquid solution consumed by the growth to the
boundary layers of solute mole fractions. This interpretation was repor-
ted in the previous conferences [1, 2, 12]. The flow pattern at this time
is reported in Ref. 11.

Around ¢ = 0.3 s, BM decreases at x = 0. The reason was also dis-
cussed at the previous conferences. The summary is as follows. The
fluid flow transports a liquid solution retaining the initial state to the
boundary layers of solute mole fractions. Then, XL increases. XM in-
creases not so much because dM < L, that is, XM has almost the initial
value and increases only slightly. Thus, the fluid flow affects compon-
ent L most in the solutes. This effect of the fluid flow propagates into
the internal region of solute mole fraction boundary layers. Then, on
the growth interface, XL increases. XM decreases due to the liquidus
line. Therefore, BM decreases.

t1 and £3 denote the growth times when the values of BM become
minimum values in the full-model and quasi-model, respectively. Ob-
viously, #3 is different from ¢1. The reason is as follows. 2 = 0.35 s.
12 is between 1 and 3. Fig. 1 shows the result of the full-model at £2.
Fig. 1a shows the flow pattern and NL. In the shaded region, NL <0.9.
In the white region, NL almost retains the initial state. Fig. 1b shows
NL on the growth interface at this time. At x =0, near the growth inter-
face, the liquid solution flows from the right to the left. In this direction,
XL increases near the growth interface. The convection term in this
direction has minus values. However, in the quasi-model, XL has the
same value over the entire growth interface. Then, the convection term

in this direction does not have such minus values. Therefore, BM
continues to decrease at this time in the quasi-model. After this time,
the momentum of the fluid flow is dissipated by the viscosity.
Moreover, the second vortex moves to the left and a block of the fluid
flow that has low velocities comes to the center of the growth interface.
Then, BM begins to increase in the quasi-model.
4. Conclusion

We discussed the time dependencies of mole fractions in numerical
simulations of solution growth. The temperature was uniform and
constant during the growth. The effect of fluid flow was focused on.
The computational domain was in a two-dimensional plane. In a quasi-
model, mole fractions on the growth interface were calculated only at
the center of growth interface. These calculated values were substituted
for mole fractions at the other points on the growth interface. In a full-
model, the segregation was calculated over the entire growth interface.
The mole fraction in the solid phase varied with time. The outline of
the variation in the quasi-model was similar to that in the full-model.
The average behavior of the mole fraction in the solid phase was coin-
cident with a previous experiment qualitatively. The variation in the
full-model was larger than that in the quasi-model. In other words, the
quasi-model is more stable than the full-model. It also saves the com-
putational time when the phase diagram has not been calculated yet.
Then, it is useful when the computational conditions are unknown.
There was a difference of the growth times for a characteristic phe-
nomenon between the quasi-model and full-model. The difference was
caused by the approximation specific to the quasi-model, spatial vari-
ations of mole fractions on the growth interface and the flow pattern.
Appendix
Initial condition [8]

XL0, XM0 and YMO are calculated with the following equation and
phase diagram.
sqrt( DM/ DL ) (XMb — XMO ) / ( XLb — XLO )
=[r(YM)-XMO1/[r(YL)—XLO].

Previous experiment of solution growth

Ref. 4 reported an experiment of liquid phase epitaxy. The grown
crystal is an InGaP. The solvent is indium. The solutes are phosphorus
and gallium. In the present model, L = P and M = Ga. The substrate
was separated from the liquid solution before the growth. After the li-
quid solution was supersaturated, the liquid solution slid to the substrate
in order to start the growth. The composition in the solid phase was
determined with X-ray diffraction. YM had low values when ¢ <5 s,
compared with the values when ¢ > 5 s.
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Theorems for Numerical Simulation of Solution Growth
with Segregation and Fluid Flow

Hiromoto Susawa
Home, Aichi 489-0888, Japan
e-mail: automobile 21@yahoo.co.jp

1. Introduction

Solution growth contributes to mass production and is environment-
friendly. The author originated light-emitting diodes (LEDs) made
with Bragg reflectors constituted by semiconductor layers with metal
organic vapor deposition [1, 2], which is a more dangerous technique
than solution growth, and could enhance the light extraction efficiency,
but the yield of product was limited because the thickness of each
layer in a Bragg reflector required rigorous control all over a wafer.
We needed more complicated structures with more layers to improve
the yield [3]. On the other hand, a solid solution substrate offered a
simple structure to enhance the light extraction efficiency. This sub-
strate was transparent to light emitted from the active layer in LEDs.
The electrode on the substrate could serve as a reflector. This solid
solution substrate was produced with solution growth.

However, in solution growth, the mole fraction of each component
in liquid phase is different from that of its component in solid phase.
We find the mole fractions by experiment after repeated trial and error.
Numerical simulation reduces these experiments. Moreover, it offers
finer understanding and can propose new techniques.

When we grow a crystal on a substrate and do not dissolve the sub-
strate on the initial growth, we supersaturate the liquid solution before
the growth. When the growth has just started, the macroscopic model
is singular. The liquid phase is in equilibrium with the solid phase on
the growth interface, while mole fractions in the liquid phase have
supersaturated values at the places except for the growth interface. The
gradients of mole fractions at the growth interface are large for short
growth times. This singularity causes a computational error. This error
was recognized recently in an ideal case without fluid flow in the liquid
solution [4].

In a technique of solution growth, to start growth, the entire liquid
solution is put into contact with the substrate relatively. This motion
induces a fluid flow in the liquid solution. The effect of this flow lasts
for short growth times.

Moreover, the effect of fluid flow is important for short growth
times. The growth lacks poorly soluble solutes rapidly. The fluid flow
can supply them to the growth interface. For example, ammonothermal
method is succeeding, utilizing fluid flow.

The main effect of fluid flow on solution growth was discussed [5-
8]. A manuscript of proceedings for [9] was received a comment, "For
the sake of clarity, the materials whose compositions are affected by
forced convection should be named. Generally, your model should be
applicable all mixed crystals i.e. solid mixtures of group IV elements
(Si and Ge), group I1I-V compounds (GaAs and InAs etc.), and group
II-VI compounds.". This presentation reflects this comment, generalizes
those discussions and shows a solute affected by fluid flow most
strongly. This is a key solute to verify the computed result. In the text,
this solute is named L. This presentation also reflects the comments
of the manuscript for the conference last year [9] so that the content
is not misunderstood.

We recognized an open question whether a computed result should
be verified with the experiment or the theory at the previous conference
[10]. There is the following example of failure related to this question.
A model was insufficient for the experiment, solved insufficiently and
the computed result fit the experimental result but was against the
mathematics. On the other hand, floating-point arithmetic causes errors
due to the finite length of significand. Fore example, 4 = 1.0 + 1.0E20;
B =1.0E20; then, the result of (4 — B') is not 1.0 on the conventional
computer. We cannot take complete measures against the errors. When
we employ an experimental result for verifying a computation and do
not use employ the experimental result for verifying the model, the
experiment deviates from the original role. In this case, the experiment
is employed as an analog computer. We have to have already known
the property of each device in the analog computer. The circuit has to
match the model. However, we usually do not expect it because we
experiment for the phenomena that we have not known well. Therefore,
we answer that question at the present time as follows. We can apply
the experiment to verifying the model but it is better to theoretically
verify the computation executed to solve the model than to apply the
experimental result for verifying the computation. Then, this presenta-
tion shows theorems to interpret computed results qualitatively.

2. Nomenclature

Fig. 1a shows the coordinate system. The origin is defined to be at
the center of the growth interface. The x-axis and z-axis are defined to
be parallel and perpendicular to the growth interface, respectively.

In this abstract, some symbols deviate from the conventional nomen-
clature for the printing reason.

The presentation uses the conventional nomenclature, e.g., X; LI*A

—~ oL
b T, 10+ .
a /z\ g/ 0.9 (XLb—XL(x,0,1))
Liquid ] 0.9 (XMb— XM( x, 0, ¢
“’i solution<:> § ° ( ( )
A X <
6] 3
Solid solution =~ 0
<
Growth interface 0 50 100
z (um)

Fig. 1a. Coordinate system.

b. AXL and AXM in the boundary layers at enhancement of growth
from inhibition of growth by fluid flows. The concrete model is the
same as Ref. 6 except for the phase diagram approximated linearly by
directly reading that in Ref. 11. This simulation was modeled on InGaP
growth from indium melt. L=P. M=Ga.x=0.7=0.278 s.

DL, DM the diffusion coefficients for components L and M in the liquid
solution, respectively (mz/s)
h the length of liquid solution in the z direction (m)
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L, M the most and less affected components by fluid flow, respectively
¢)
NL (XL—XLO)/(XLb—XLO) (-)
NL(x,z,t) NLatx,z,and ¢ (-)
NM (XM —XMO)/(XMb—XMO) (-)
NM(x,z,t) NMatx,z, and ¢ (-)
pL, pM OXL /0z and 0XM / Oz at the growth interface, respectively
7 ratio of volume per unit atom in the liquid to that in the solid
sqrt( &) the square root of & ( the square root of the unit of &)
¢t a growth time (s)
u, w the x and z components of the fluid flow velocity, respectively
XL, XM the mole fractions of components L and M in the liquid phase,
respectively (-)
XL(x,z,t) XLatx,z,andt (-)
XLO, XM0 XL and XM when growth has just started, respectively
XLb, XMb XL and XM just before growth, respectively (-)
XM(x,z,t) XM atx,z,and ¢t (-)
YL, YM the mole fractions of components L and M in the solid phase,
respectively (-)
YLO, YMO YL and YM when growth has just started, respectively (-)
AXL XL(x,z,t)-XL(x,0,t) (-)
AXL(x,z,t) AXL atx,zand ¢ (-)
AXM XM(x,z,t)-XM(x,0,t) (-)
AXM(x,z,t) AXM atx,zand t (-)
oL, oM the boundary layer thicknesses of XL and XM, respectively
3. The base of Model
We deal with the growth of a ternary solid solution from a liquid

solution. We assume the growth interface is in an equilibrium state.
During the growth, the temperature is uniform and constant, i.e., the
phase diagram is fixed. XL << YL. XM << YM. 6L << h. 6M << h.

Mole fractions in liquid phase are the most important parameters to
determine segregation. This presentation discusses only the effect of
fluid flow on segregation.

It is assumed the solid solution grows only at z = 0.
4. Mass transfer through growth interface [12]
DL (pL)/ DM/ pM
=[r(YL)—XL(x,0,t)]/[r(YM)—XM(x,0,¢)]. (1)
5. Known Theorem

We can approximate % to be infinite in order to use analytic solutions
[13].
Theorem 1: Theorem 1 assumes that the solutes are transported only
by diffusion in the liquid solution, the base of model and diffusion-
limited model. Mole fractions are approximated to be constant on the
growth interface.
6. The benefits of normalizations, NL and NM

» The normalized values on the growth interface express the effect of
fluid flow. The reason is as follows: on the growth interface, the
mole fractions approximately have the values when the growth has
just started from Theorem 1; then, the normalized values are zeros
on the growth interface without fluid flow.

* The normalized value of a component can be compared with that
of another component based on the initial supersaturation state.

7. Assumptions related to fluid flow

The model is in the xz plane. DL > DM. The fluid flow traverses the
boundary layers of mole fractions. Velocity perpendicular to the
boundary of fluid flow is zero. Discussion starts with the mole fractions
without the fluid flow.
8. Theorems by generalizing a series of these studies [5-9]
8.1 Enhancement of growth by fluid flow
Case 1: A liquid solution retaining the initial supersaturated state in
an outer region of the boundary layers of XL and XM flows to their
boundary layers.

Theorem 2: Theorem 2 deals with Case 1 and assumes the base of
model and assumptions related to fluid flow.

Then, the fluid flow increases XL( x, z, ¢ ) more than XM( x, z, ¢ )
around the border between their boundary layers and the outer region
of the boundary layers.

Reason:

Fig. 1b is an example to show the profiles of mole fractions in their
boundary layers. Fig. 2 characterizes the boundary layers. This figure
defines positions, e and f. Position e is in an outer region of the
boundary layers. Position f is inside the boundary layer of XL and
outside the boundary layer of XM. Suppose that a block of liquid
solution retains the initial supersaturated state at Position e and ¢ = ¢1,
and comes to Position fat ¢ = 2.

Fig. 2a illustrates how the fluid flow affects XL. The fluid flow
transports a block of liquid solution in which XL has XLb to the
boundary layer. 41 = 42 + A3. XL( x, Position f, 12 ) increases by the
amount proportional to Area A42.

Fig. 2b illustrates the effect on XM. The relation between Area A4,
A5 and A6 is A4 = A5 + A6. The fluid flow increases XM( x, Position

f, 12) by the amount proportional to Area 45. The effect on XM is

smaller than the effect on XL because the profile of XM was more sat-
urated to its initial value than that of XL at ¢1.

Obviously, the above geometric discussion can be expanded to three-
dimensional space. The upstream position and destination do not need
to be along the z-axis.

The following becomes an index to verify the computed results. It
is obvious form Fig. 2.
Theorem 3: Theorem 3 uses the assumptions and result of Theorem
2. The fluid flow decreases JL and oM.

From Theorem 3, this fluid flow enhances the growth.

The following is a preparation for the next theorem.
Proposition 1: The fluid flow increases XL and decreases XM on the
growth interface.

Theorem 4: Theorem 4 uses the assumptions and results of Theorem
2 and 3. Theorem 4 assumes the result of Theorem 2 propagates to the
growth interface and dXM / dXL < 0 on the liquidus line.

Proposition 1 is valid under Eq. 1.

Reason:

From Theorem 3, pL and pM increase. The increase of XM is less
than that of XL in the vicinity of growth interface because the result
of Theorem 2 propagates to the growth interface. The left hand side
of Eq. 1 is greater than the right hand side if the equilibrium state re-
mains constant. On the other hand, on the growth interface, XL and
XM are on the liquidus line; then, when XL increases, XM decreases.
The increase of XL on the growth interface contributes to the decrease
of pL. The decrease of XM on the growth interface contributes to the
increase of pM. That is, this change of equilibrium state contributes to
the adjustment of the left hand side of Eq. 1 to the right hand side. Fig.
4a is examples of NL profiles in the boundary layers of XL. These
profiles show how XL varies in z direction. Fig. 4b shows NL in the
vicinity of growth interface. On the growth interface, “dYL / dXL > 0
or dYM / dXM > 0” is obvious. Suppose XL increases on the growth
interface. Then, YL increases and YM decreases. YL >> XL. YM >>
XM. Then, the right hand side in Eq. 1 increases. Therefore, the increase
of XL on the growth interface decreases (the left hand side) - (the right
hand side). At a certain value of XL on the growth interface, the left
hand side balances with the right hand side. When suppose XL de-
creases on the growth interface, by repeating the similar consideration,
we find Eq. 1 is not satisfied. That is, Proposition 1 is valid under Eq.
1.
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Fig. 2. Schematic illustration of the effect on the boundary layers by
a fluid flow. Position fis inside the boundary layer of XL and outside
that of XM. Suppose a liquid solution retaining the initial supersaturated
state flows to Position f: (a) Effect on the boundary layer of XL, (b)
Effect on the boundary layer of XM.
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Fig. 3. Examples of normalized mole fractions in the liquid phase on
the line, x = 0 near the growth interface Concrete model is the same
as that in Fig. 1b. (a) The enhancement of growth by fluid flow at ¢ =
0.278 s. (b) The inhibition of growth by fluid flow at 7 =10.12 s.

8.2 Inhibition of growth by fluid flow

Case 2: The direction of a fluid flow is from the growth interface to
an outer region of the boundary layers constituted by the mole fractions
of solutes.

Case 2 is opposite to Case 1. We find out the reasons with the sim-
ilar procedures. The fluid flow inhibits the growth. We move the control
volumes form Position f'to Position e in Fig. 2. The conclusions are
opposite to those in Case 1.

Theorem 5: Theorem 5 deals with Case 2 and assumes the base of
model and assumptions related to fluid flow.

Then, the fluid flow decreases XL( x, z, ¢t ) more than XM( x, z, t )
around the border between their boundary layers and the outer region
of the boundary layers.

Theorem 6: Theorem 6 uses the assumptions and result of Theorem
5. The fluid flow increases JL and oM.

Proposition 2: The fluid flow decreases XL and increases XM on the
growth interface.

Theorem 7: Theorem 7 uses the assumptions and results of Theorem
5 and 6. Theorem 7 assumes the result of Theorem 5 propagates to the
growth interface and dXM / dXL < 0 on the liquidus line.

Proposition 2 is valid under Eq. 1.
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Nowadays it is a widely interest to composites containing nano-
particles. But as it appears from our study nanoparticles can not only
play the role as filler agent but affect directly on morphology during
solidification. Thus it opens the possibility to make material with
structure that impossible to get using conventional methods.

In present research impact of nanoparticles of 1,03 (d=20 nm) on the
growth of salol crystals under different supercoolings AT (2, 5, 10,
32 OC) was studied. If was found difference as in morphology of
crystal growth as in tendency of gas bubbles release from the melt.
Fig. 1 shows growth of pure salol Figs. 1a-1d and salol with 10 wt.%
nanoparticles Figs. le-1h.

Fig. 1. The influence of nanoparticles on the growing structure (a),
(e) AT=2°C: (b), () AT=5"C; (c), (g AT=10"C; (d), (h) AT=32
0

C.

As it can be seen, for pure salol increasing of supercooling resulted
in direct transition from faceted Figs. 1a, 1b, 1c to spherulite morpho-
logy Fig. 1d. For sample with nanoparticles intermediate (between fa-
ceted Fig. le and spherulite morphology Fig. 1h) dendrite stage took
place Figs. 1fand 1g.
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Relatively gas bubble release it must be noted that for pure salol in-
tensive emission took place, followed by “classical” capturing — repul-
sion, Fig. 1c and 1d. For salol with nanoparticles another situation was
observed. Gas bubbles appears occasionally, for AT < 22 OC its inter-
action with interface is the same as for pure salol (see captured bubbles,
Fig. 1g). For greater supercoolings gas bubble ahead the front “attract”
sharp protuberance, Fig. 2a.

o

| E=§ = /3 o -
Fig. 2. Salol with nanoparticles, AT =22 c. Stages of growth, (a) t=0
s, (b)t=15s, (c) t=25 s, (d) t=40 s. Bubble is marked by arrow.

Than with the rate, essentially greater than rate of main crystal in-
terface, this protuberance with bubble at the end propagates in the
melt by rather arbitrary trajectory, Fig. 2b — 2d. It must be noted, that
such behavior was not accidental and observed in all experiments with
AT>20°C (Fig. 1h s the stage of growth before meeting with bubble).

For pure salol such behavior was not observed in all interval of
studied supercoolings.
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Formation of the microdefect's striations in crystals grown by Czochral-
ski (Cz) method is connected with the instability of a melt flow, which
causes the time-instability of liquid/solid interface and pulsating dopant
flux from a melt into crystal. This problem is the subject of many ex-
perimental and theoretical papers that analyze the temperature fluctu-
ations in a melt for concrete conditions of Cz crystal growth [1].
However, modern Cz numerical simulations use the multi-conjugated
models, which are very complicated for detailed analysis of the flow
instabilities in a melt. Their verification by means of experimental data
obtained in complex technological conditions, in our opinion, gives
only the qualitative notion about the correlation of calculated and ex-
perimental data.

In this paper the problem of flow instability is considered on the basis
of Cz numerical hydrodynamic model. Its mathematical formulation
fully corresponds to the laboratory experiment [2]. The study was
carried out by using of modeling liquid (ethanol). The liquid fills the
cylindrical crucible of the radius 0.1475 m till the height 0.1032 m.
The disk of the radius 0.0536 m is located on the liquid surface
coaxially with the crucible. Thermal conditions are following: the disk
temperature T = 300 K, the crucible bottom is thermally insulated,
and its lateral wall is heated to the temperature T,, = T + AT. The flow
structure is caused by the thermal gravitational convection and
Marangoni convection under the action of thermocapillary forces on
the free liquid surface. The transition to the hydrodynamic unstable
flows is studied at variation of the temperature difference between the
lateral crucible wall and the disc for the range AT =1, 15 K.

Fig. 1. The experimental picture of unstable flow structure.

The detailed description of the experiment is given in [2]. The accord-
ing flow structure was visualized by finely dispersed aluminum particles
(Fig. 1), and the temperature measurements were carried out by means
of thermocouples located near the disk.

Numerical simulation was carried out by means of control volume
method for a solution of Navier-Stokes and heat transfer equations in
Boussinesq’s approximation [3]. The axisymmetric and three-dimen-
sional formulations of the problem were considered. The transitions
of a steady flow and heat transfer to their unstable modes with the
emergence and development of temperature fluctuations were invest-
igated. The special subroutines of statistical treatment were applied
for the calculation of average characteristics and a spectral power of
velocity and temperature fluctuations.

In a clear graphic form an evolution of thermic was visualized: the
formation, development and its tearing from the disk surface, the es-
sence of which is as follows. In gravity field the inhomogeneity of
temperature distribution in the crucible causes the melt motion under
the action of gravitational thermal convection, which is amplified by
the additional influence of thermocapillary forces at the free liquid
surface. As a result, the liquid is heated and lifted up near the lateral
crucible wall. Then it moves in the radial direction to the cold disk.
Under this disc the cooled liquid drops to the bottom. The peculiarity
of this flow is a presence of cooled liquid jet having the specific form
in the crucible center (near the axis), which extends from the lower
disk edge to the crucible bottom.

Under the disc the jet structures undergo the specific changes with in-
creasing AT from 4 to 15 K. This jet steadily achieves the crucible
bottom without losing its initial form at the small value of AT =4 K.
The essential radial changes of its shape become visible with removal
down from the disk at the greater values of AT = 10 and 15 K. These
spatial changes of downflow are time-dependent, too. At AT = 15 K
the time dependence of temperature contours near the crucible bottom
becomes clearly noticeable. It is accompanied by a radial turning of
the jet from the axis to the lateral wall.
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The experimental video shows that the pattern of instability in the flow
structure according to the mechanism of formation, development and
tearing of thermics from the disc is similar the formation of a liquid
droplet on an icicle, and its periodic tearing from its surface. Similar
experiments were carried out at some different geometry of the model
and with using of'silicone oil. Their data show a similar pattern of flow
instability [4].

301 302 307 300 304 302 30F 308 2 J10 311 303 303 I

0.0
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Fig. 2. The calculated instantaneous picture of temperature contours
with its values atAT = 15 K. Here:"is the location of “point-1" temper-
ature sensor atr = 0.0268 m, z = 0.0982 m.

Fig. 2 shows the calculated instantaneous picture of temperature con-
tours at AT = 15 K, at which the process of thermics development is
clearly visible under the cold disk: thermic's formation near the disk
edge, its increase towards the center and then its tearing from the disk
near the central downflow.

The calculated spectral power of temperature fluctuations in “point-1”
at AT = 15 K is shown in Fig. 3. This spectrum was plotted on basis
of the records in “point-1” (see Fig. 2) of temperature fluctuations,
which have been resulted from the axisymmetric and three-dimensional
calculations. The spectrum of temperature fluctuations is noticeably
discrete. In it the frequencies with the highest spectral power of tem-
perature fluctuations are distinguished.

DT=16K

polnd-1_2D
polnd-1_ZD

1o

10t

Fig. 3. The calculated spectral power of temperature fluctuations in
“point-1" atAT = 15 K. Here: 2D — axisymmetric and 3D — three-di-
mensional cases.

The experimental data (Fig. 4), corresponding to the discrete spectrum
of laminar-turbulent transition, are in good agreement with these cal-
culated results. In comparison with the calculated spectrum it may be
noted a small shift of frequencies in experimental data. It may be ex-
plained by some difference of the location of “point-1” and the exper-
imental sensor near the disk.

The experimental data (Fig. 4), corresponding to the discrete spectrum
of laminar-turbulent transition, are in good agreement with these cal-
culated results. In comparison with the calculated spectrum it may be
noted a small shift of frequencies in experimental data. It may be ex-
plained by some difference of the location of “point-1” and the exper-
imental sensor near the disk.

fHz
16

0 04 0.8 12

Fig. 4. The experimental spectral power of temperature fluctuations
for unstable flow structure shown in Fig. 1.

The instantaneous three-dimensional picture for the process of forma-
tion and development of thermics may be illustrated by Fig. 5, which
shows the discrete azimuthal distribution of thermics under the disc.
Such distribution of thermics differs from their uniform azimuthal
distribution for axially symmetric case.

Fig. 5. The spatial picture of thermics under the disk in 3D-calculation,
which has been plotted as isothermal surface at T = 312 K.

The frequency distribution of the spectral power in axisymmetric case
is approximately similar to three-dimensional one, but its power values
are somewhat smaller in three-dimensional case (Fig. 3). This distin-
guishing feature of three-dimensional results is explained by the pres-
ence of azimuthal inhomogenity in distribution of thermics.
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The use of some biological agents gives a potential to control the
crystallization processes of ice. Living organisms (polar fish, insects)
produce anti-freeze proteins to survive in subfreezing environments.
Some agents are used in medicine for preservation and transplantation
of cells and tissues [1]. Carboxylated e-poly-L-lysine (PLL) is a new
cryoprotector which shows lower cytotoxicity [2].

In this study we have investigated the effects of carboxylated e-poly-
L-lysine as an impurity on crystallization of ice in supercooled water.
Seed crystals of ice of hexagonal modification (space group P6;/mmc)
were created in a glass capillary and then were grown up in a growth
cell filled with supercooled water with PLL concentrations 0-150
mg/ml H,O. The accuracy of temperature control in the growth
chamber was within £0.02 °C. Measurements of growth rates R were
performed by optical microscopy at supercoolings A7 from 0 to 1.5°C.
Images of growing crystal were captured at every fixed time interval
by a video-system and processed by specially developed software. Ice
crystal has a disk-like shape at small supercoolings (0.2-0.3°C) where
the top and bottom planes are basal faces {0001}. Further increase in
supercooling leads to formation of dendrites with branches parallel to
the {0001} faces. The change to dendritic growth in the presence of
PLL impurity occurs at lower supercoolings than in pure deionized
water. An increase in PLL concentration inhibits growth rate of the
faces of'ice crystals at fixed supercooling. Growth rate sharply increases
when supercooling reaches a certain critical value. Depression of
melting point of ice has not been detected in water with PLL additions.
Blocking effect of impurity is explained on the basis of Gibbs-Thomson
law and under the assumption of Langmuir's dynamics of PLL adsorp-
tion. Retardation of ice growth in the presence of PLL occurs due to
following factors: blocking of the surface by molecules of impurity
and increase in the viscosity of solution with PLL addition. We used
Punin's model for non-equilibrium adsorption [3] as a basis for theor-
etical description of the shape of kinetic curves R(A4T) at different PLL

concentrations. Calculated values for the growth rate correspond with
the results of our experiments.

1. K. Matsumura, J.Y. Bae, S.H. Hyon. Cell Transplantation. 2010. V.
19. P. 691-699.

2. K. Matsumura, S.H. Hyon. Biomaterials. 2009. V. 30. P. 4842-4849.
3. Yu.O. Punin, O.I. Artamonova. Kristallographiya. 1989. V. 34. P.
1262-1266.

17:00 Poster Mo31
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Ga-terminated GaN(0001) surface, covered with gallium metal is
studied by density functional calculations within PBE version of GGA
approximation, projector augmented waves method and periodic
boundary conditions. Slab-vacuum model, rarely used for metal-
semiconductor interface simulations, allowed us to vary electric field
present in the semiconductor part by introduction of artificial acceptor
state on the slab termination surface. We studied the system properties
in function of the electric field, Fermi level or equivalently, the doping
of the semiconductor bulk. The configurations used are 1x1 and 2x2
slabs with vacuum up to 30 A to cancel the effect of periodicity.
Metallic part of the structure was deposited and relaxed one by one
Ga layers on top of GaN slab. The system is classical metal-semicon-
ductor Schottky junction, but due to the low melting temperature of
gallium, this work could be treated as the first step towards modelling
of GaN and liquid phase of Ga interface. The work of Rosa and
Nuegebauer [Phys. Rev. B 73, 205346 (2006)] where 1-2 gallium
monolayer coverage of GaN was considered, is extended for several
metal layers. The following structural and electronic parameters, cus-
tomary used to describe metal-semiconductor interface, are calculated:
structural parameters of Ga phase imposed by GaN (hexagonal ABAB
with possible stacking faults) as compared to orthorhombic a-Ga phase,
the most stable in the room temperature (few kelvins below melting
point), interlayer distances of fully relaxed Ga bulk showing pro-
nounced deviations (about 6.5%), Schottky barrier height (SBH, ~2.6
V for p-type or, adequately, ~0.8 V for n-type GaN), electric potential
irregularities of Ga part (3-layer range order), projected density of
states across the structure confirming fast fade-out of metallic states
(two layers) inside the semiconductor, band edges of the semiconductor
part, band structure projected onto interface plane (I'-K-M). The pos-
sibility of emergence of the localized midgap states is discussed. The
consequences of the obtained results are discussed, e.g., metallicity of
the system (bandgap closure), linear dependence of SBH and energy
levels on electric field. (The research supported by the EU within
European Regional Development Fund, grant Innovative Economy
POIG.01.01.02-00-008/08, and Polish National Science Center, Grant
No. 2012/05/B/ST3/02516.)
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The global theory of deep cellular growth in direcional
solidification
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The present paper elustrates the global theory of deep cellular growth
in directional solidification. Especially the paper demonstrates the
following issues: the multiple structure of steady state solutions, the
presence of simle turning point singularty in the root region, the
mechanism interface-closure; the global stabilities of the system and
selection of steady states, the essence of the side-branching structure
formed in oscillatory cellular growth.
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Global stabilities and selection of lamellar eutectic growth
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The present paper is concerned with the global stability mechanisms
of the steady state of lamellar eutectic growth in directional solidific-
ation, which depends on two free parameters the Peclect number € and
the tilted angle o.

We perform the asymptotic analysis in the limit of Peclet number
e—0 and the segregation coefficient parameter k— 1 and find that the
system involves two types of global instabilities: the low frequency
(LF) instability and the oscillatory wave (OS) instabilities. Each of
these stability mechanisms may have two types of modes, symmetric
(S)-modes and anti-symmetric (A)-modes. The neutral LF modes yield
the steady interface-patterns, while the neutral oscillatory wave modes
yield the oscillatory interface-patterns. It appears that similar to the
case of deep cellular growth, there is no selection in eutectic growth,
neither for the steady state, nor for the oscillatory state. The neutral
curves of these two types of global instability mechanisms on(o,e) -
plane have the intersection, which determines the transition of the
steady periodic pattern to the oscillatory pattern.

17:00 Mo34

Form I/IT binary crystal phase morphology of melt grown
isotactic polybutene-1
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Isotactic polybutene-1 (PB1) has outstanding mechanical properties.
However, its applications are limited compared to those of the lighter
olefin polymers such as polyethylene and polypropylene. One main
reason is the complication introduced by crystal structure transforma-
tions. PB1 is polymorphous, with form I (trigonal form) and form II

(tetragonal form) as the most common structures. Form I is stable and
form II is metastable, but despite the metastability it is always form
IT which is obtained when PB1 crystallizes from the melt. The trans-
formation to form I then takes place after cooling to room temperature,
accompanied by strain of crystallized samples; several days are needed
for it. Because of this transformation and strain, direct melt crystalliz-
ation of PB1 form I has long been a big issue. In the 1990's, Kopp et
al! reported a breakthrough in forming form I. They successfully
crystallized the form I in the melt via epitaxy on aromatic acids or
salts, and demonstrated that the form I can grow in the melt even at
atmospheric pressure if appropriate substrates are provided. We
presented a new solution to this problem in our recent studyz. Using
solution-grown form I crystals as nuclei, we demonstrated that the
form I crystals can grow in the melt via self-seeding at atmospheric
pressure.

In the present work, we report the preliminary study of the morphology
of PB1 form I single crystals coexisting with form II spherulites
and form I single crystals in thin films. We are going to discuss briefly
the influence of form II spherulite growth on the growth shape of melt
crystallized PB1 forn I crystals grown by self-seeding.

! Kopp, S.; Wittmann, J.C.; Lotz, B, Polymer35,916, 1994.

2 Yamashita, M.; Hoshino, A.; Kato, M, J. Polym. Sci. Part B: Polym.
Phys.45, 684, 2007.
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Formation and melting of high pressure rotator phase of
n-tridecane, pentadecane and heptadecane studied by FT-
IR

Motoi Yamashita
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The effect of pressure on the phase transition behavior of tridecane
(C13), pentadecane (C,5) and heptadecane (C;7) has been investigated
up to 489, 220 and 387 MPa, respectively, using Fourier transform
infrared spectroscopy at 25 °C. The transition between the high pressure
ordered (HPO) and high pressure rotator (HPR) phase has been ob-
served in the pressure ranges of 270-220, 10695 and 152-181 MPa
for Cy3, Cy5 and C,, respectively, and the transition between the HPR
and liquid phase was observed in the pressure ranges of 171-112,
73-47 and 43-70 MPa for C3, C;5 and C,, respectively. The P;+P;
band of the methylene rocking mode exhibits factor group splitting
caused by intermolecular vibrational coupling. This was observed in
both the HPO and HPR phases, while the P;+P; band did not split in
the liquid phase. The separation of the peaks in the P;+P; band changed
discontinuously at the HPO-HPR and HPR-liquid phase transitions,
even though the separation is known to change continuously in the
transition from the liquid to the high temperature rotator (HTR) phase.
In the HPR phase, the ratio of the intensities of the higher and lower
frequency components in the P;+P5 doublet is roughly unity independ-
ent of pressure, while it is known to be much less than unity in the
HTR phase. The separation of the P,+P3 doublet in the HPR phase is
found to be larger for longer alkanes. From the intensity ratio, a large
proportion of alkane molecules is believed to participate in intermolecu-
lar vibrational coupling and possess herringbone-type short-range po-
sitional order in the HPR phase. Conversely, in the HTR phase only
small proportion of alkane molecules participate in intermolecular vi-
brational coupling. From the pressure dependence of the separation of
the doublet, intermolecular vibrational coupling and herringbone-type
short-range positional order is considered to change discontinuously
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at the HPR-liquid phase transition, while they are reported to change
continuously at the HTR-liquid phase transition. The HPR-liquid phase
transition is governed by the effect of molecular packing while the
HTR-liquid phase transition is predominantly governed by the differ-
ence in entropy between the herringbone-type and parallel-type packing.

17:00 Poster Mo36

Regime transition of isotactic polybutene-1 form II crystal
growth

Motoi Yamashita
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For polymers and low-molecular-weight materials, crystallization
mechanisms have been investigated through the morphology and
growth rate of crystals. The nucleation theory of Hoffman' successfully
explained the temperature dependence of polymer crystal growth rate
by categorizing the growth mode into three distinct regimes, I, IT and
111, depending on the relative rates of formation of new surface nuclei
on the growth front and the rate at which the nuclei once formed spread
along the growth front. Regime I corresponds to single nucleation
growth mode. At low supercoolings, the rate of spreading is so large
compared with the rate of nucleation that a nucleus once formed spreads
right across the growth front. Regime II is a growth mode of multiple
nucleation. At higher supercoolings, several nuclei form and spread
across the growth front together, the separation between them decreas-
ing with increasing supercooling. Regime III corresponds to rough
surface growth. At sufficient supercoolings, the separation is of the
order of the molecular width and no more spreading takes place.

Between different growth regimes, transitions are observed in the
temperature dependence of crystal growth rate. Regime I-II transition
has been investigated in association with the morphological change of
lateral growth shape of lamellar crystals. The most typical examples
are change from lenticular shaped crystals into truncated-lozenge
shaped ones reported for polyethylene by Toda et al’. Regime II-111
transition corresponds to a change from multiple nucleation mode into
rough surface growth mode, and one can naturally associate it with
kinetic roughening transition of lateral growth shape. However, reports
of morphological change of lamellar crystals in association with regime
II-1II transition are very few> 4.

We have investigated the melt crystal growth of isotactic polybutene-
1 (PB1) form I (trigonal phase) and form II ( tetragonal phase) in order
to elucidate the mechanisms of polymer crystal growth and to explain
growth kinetics consistently with morphology change of crystal growth
shape5 5. Recently, PB1 is of growing interest because of its outstanding
mechanical properties and its excellent thermal properties. Investigating
PBI crystal growth is also significant from a practical standpoint. In
our previous work 56 we observed the kinetic roughening transition
of PB1 form II crystals. In this work, we are going to make a prelimin-
ary report of regime II-III transition of form II crystals in association
with kinetic roughening transition.

! Hoffman, J. D.; Miller, R. L. Polymer38, 315, 1997.
2 Toda, A.; Faraday Discuss. Chem. Soc. 95,129, 1993.

3 Abe, H.; Kikkawa, Y.; Inoue Y.; Doi, Y.; Biomacromolecules2,
1007, 2001.

4 Abe, H.; Harigaya, M.; Kikkawa, Y.; Tsuge, T.; Doi, Y.; Biomacro-
molecules 6, 457, 2005.

3 Yamashita, M.; Miyaji, H.; Hoshino A.; Izumi, K.; Polymer J., 36,
226.2004.

6 Yamashita, M.; Miyaji, H.; Hoshino A.; [zumi, K.; Polymer J., 41,
1152.2009.
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Growth behavior of monohydrocalcite crystals in silica
rich alkaline solution
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Monohydrocalcite (MHC, CaCO3°H,0) is a metastable calcium car-
bonate crystalline phase, which can be rarely found in nature compared
to other anhydrous crystalline phases such as calcite and aragonite or
even vaterite.! In laboratory, most of the experiments reported that
MHC has been synthesized by the reaction of Ca?" and CO32’ in the
presence of Mg2+ when the Mg/Ca ratio was higher than 1, the results
suggesting that Mg2+ played a key role in MHC crystallization.2 Al-
though there were a few exceptions found that MHC can be synthesized
without the presence of Mg2+, the MHC crystal in these experiments
behaved as an intermediated product and transformed into stable an-
hydrous calcium carbonate (calcite and aragonite) soon. >

In this study, we show that the precipitation of calcium carbonate in
silica rich alkaline solution by the counterdiffusion method results in
the formation of spherical multi-layers structures made only of MHC
crystals. The in situ analysis by X-ray diffraction (XRD) and Raman
spectroscopy showed unequivocally that MHC is the only phase
forming these structures and that the as formed MHC can be stabilized
in the absence of Mg2+ at least for the duration of our experiments
(months). Video optical microscopy showed that the MHC start
growing as peanut-like crystals during the first week crystallization.
Then, they develop into spherical structures with size of hundreds
meters after 4 weeks growth. Further studies by field emission scanning
electron microscopy (FESEM) and energy dispersive X-ray analysis
(EDX) reveal that the multi-layers structure consisted of plenty of
nano-rod and nano-sphere particles in different layers, the outer layer
contains more silica than the former. These results suggested that silica
played a key role in the formation of MHC multi-layer structure. The
variation in time of pH and Ca®" concentration during the crystallization
was followed by pH microprobe and ICP-OE spectrometry, respect-
ively. The time variation was correlated with the morphological evol-
ution, as the crystallization of MHC can be divided into 4 stages ac-
cording to the pH changes, namely: the initial MHC crystallization,
the development from peanut-like structure to spherical structure, the
formation of the multi-layers structure and the formation of silica
outer skin.

According to our results, the formation of the multi-layers structure is
thought to be driven by the different level of coupling between calcium
carbonate and the coprecipitated silica in different stages of the crys-
tallization, as well as the different silica content in nano-rod and nano-
sphere particles. We propose that the precipitation of calcium carbonate
decreased the local pH and thus triggered the coprecipitation of silica
on the surface of the crystal. On the other hand, the precipitation of
silica would increase the local pH again, which provoke the new nuc-
leation and growth of calcium carbonate crystals. From the iteration
of these two consecutive steps a multi-layer structure would result.
Noticeably, we fail to get MHC precipitation in parallel experiments
by either counter diffusion method without silica or classical mixing
experiments with silica, which suggested: a) the key role of silica in
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the formation of MHC and b) the importance of the supersaturation
rate in CaCOj in selecting the precipitation of the MHC polymorph.
1. T. Kimura and N. Koga, The Journal of Physical Chemistry A, 2011,
115, 10491-10501.

2. F. Keisuke, M. Takashi, S. Minoru and Y. Shintaro, Sci. Tech. Adv.
Mater., 2011, 12, 064702.

3. E. T. Stepkowska, J. Therm. Anal. Calorim., 2005, 80, 727-733.

4. C. Jiménez-Lopez, E. Caballero, F. J. Huertas and C. S. Romanek,
Geochim. Cosmochim. Acta, 2001, 65, 3219-3231.
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Germanium-doped Crystalline Silicon

Deren Yang
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Road, Hangzhou 310027, China
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Crystalline silicon is the major material used in both of microelectronic
and photovoltaic industry. In the last decades, to lower the cost and
improve the quality of crystalline silicon wafers has widely attracted
research attention.

Germanium-doped crystalline silicon including both of Czochralski
(CZ) silicon and multicrystalline (mc) has developed and intensively
investigated by my group since 2002. It was reported that Ge-doping
in CZ silicon could suppress void defects, increase oxygen precipitation,
improve internal gettering and so on. Moreover, mechanical strength
in CZ silicon is also increased by Ge-doping. Therefore, it is believed
that Ge-doped CZ silicon should be benefit for integrated circuits (ICs).
In fact, it has been used in IC industry last several years.

In this presentation, the behavior of Ge-doped crystalline silicon includ-
ing both of the CZ silicon and mc silicon which are used for solar cells
have been reported. It is believed that Ge-doping could increase the
mechanical strength and decrease the breakage of silicon wafers.
Meanwhile, the light induced degradation which is considered to be
related to boron-oxygen complexes is suppressed in CZ silicon.
Therefore, more power will be generated in the modules based on Ge-
doped CZ silicon wafers. These findings suggest that Ge-doped crys-
tallie silicon is a promising material for manufacturing the high-effi-
ciency and low-cost solar cells.

11:30 Oral

2D simulation of transient CZ silicon crystal growth includ-
ing process control

Andrejs Sabanskis, Kristaps Bergfelds, Andris Muiznieks

Faculty of Physics and Mathematics, University of Latvia, Zellu
Street 8, Riga LV-1002, Latvia

e-mail: andrejs.sabanskis@gmail.com

The Czochralski (CZ) technique is widely used for the growth of
monocrystalline ingots of semiconducting silicon (Si). Because the
quality and physical properties (such as distribution of dopants) as well
as the diameter of crystals have to be in a certain range, CZ puller has
to be equipped with several mechanisms for the fine-tuning of the
growth process. Typically, for the control of the flow in silicon melt,
crucible and crystal rotation and an external magnetic field are used.
Crystal diameter is traditionally controlled by two PID controllers,
which adjust crystal pulling velocity and heater power.

The crystal is grown starting from a small seed crystal, which radius
is carefully increased until the necessary crystal diameter value is
reached. It is evident that effective mathematical and numerical meth-
ods are needed to capture the whole evolution of CZ process. Although
this problem has already been addressed, see, e.g., [1, 2], there are still
no publications in which the algorithm of handling the moving unstruc-
tured meshes is described and PID-based process control using crystal
radius value is considered.

We present a non-stationary axisymmetric mathematical model of CZ
Si growth, which is based on the transient model of floating zone pro-
cess [3, 4]. A schematic view of the simplified CZ system is shown in
Figure 1. Crystal-melt, melt-gas and crystal-gas interfaces are calculated
in a transient way; the size of the mesh elements on the changing
boundaries is automatically adjusted and unstructured finite element
mesh is regenerated to fit the changing geometry. The non-stationary
temperature field in crystal and melt is solved using the FEM. Only
the main system components are modelled, e.g., while the heat transfer
by thermal radiation is calculated with view factors, the influence of
CZ puller walls is taken into account by the effective ambient temper-
ature. The overall calculation algorithm of the develop computer pro-
gram CZ-Trans is given in Figure 2.

For the control of crystal diameter, two PID-based controllers are
considered, as shown in Figure 2. The output of the second controller
is the change of heater power. For faster calculations, the temperature
field in the heater is not solved explicitly; the change of heater temper-
ature is related to the power change by using a simple integral model.
Calculation example shown in Figure 3 demonstrates a successful
simulation of CZ Si growth, which was started from a small seed
crystal. To follow the considerable changes of the crystal geometry,
the precise shape of crystal side surface is saved and used for the cre-
ation of a rougher mesh for temperature and radiation calculations.
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Figure 3.Calculation example. Shown are the used finite element mesh,
the calculated temperature field in crystal and melt, as well as the
saved history of crystal shape.
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Crystal growth of 50 cm square single crystal Si by direc-
tional solidification and its characterization
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It is necessary to achieve an efficiency of more than 20 % using low
cost Si wafers. To meet this demand, growth method of single crystal
Si by directional solidification, so called mono cast Si, has been pro-
posed by BP solar [1,2]. Although a lot of efforts have been made to
realize this technique, the mono-cast Si ingots of high quality have not
yet appeared in the market due to several problems.

The first problem is to set a seed before growth. If we grow larger ingot,
we need either to place the multiple seeds at the bottom of a cast cru-
cible or conduct the crystal growth from a small seed. We have selected
the latter choice and have partly succeeded in the growth of ingots of
50 cm square. The crystal growth condition was determined according
to the result of numerical calculation [3]. The mushroom shaped inter-
face is realized during the growth.

The second problem is to avoid light elements such as C, N, and O
from the ingots. The reduction of C was realized by optimizing the gas
flow condition.

The third problem is to reduce the residual strain and dislocations. By
controlling the crystal growth and the following cooling history, the
residual strain is reduced to the level without breakage. The disloca-
tions/lineage and twins are also reduced by optimizing the growth
procedure.

Now, the device performance of the mono-Si is going to be character-
ized to prove the advantage of this method.
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Dislocations in semiconductor crystals adversely affect the charac-
teristic properties of semiconductors [1]. Dislocation-free or low-dis-
location density bulk semiconductor crystals are required for substrates
of high-performance electronic devices. To control and reduce the
dislocation, the generation mechanism of dislocation has been broadly
studied [2-4]. It is known that a dislocation can originate from several
factors, such as agglomeration of point defects, surface damage, foreign
particles or precipitates, chemical inhomogeneities, defective seeds,
and thermal stress. Thermal stress is regarded as a primary reason for
the presence of dislocations in as-grown crystals, and is mainly caused
by the temperature gradient that exists during the crystal growth and
cooling processes.

During crystal growth, the cooling rate must be controlled to a small
value to grow high-quality crystals, and thus, the thermal stress is
generally small; however, during cooling, the cooling rate is usually
set to be high to decrease the production cost, and thus, the thermal
stress is generally large. Therefore, a critical issue in reducing the
dislocation density is how to control the cooling process.

Controlling the cooling process involves controlling both the radial
cooling flux and the axial cooling flux. To determine the most effective
method to reduce the dislocation density by adjusting the cooling flux,
it is essential to determine the relationship between the activated slip
system and its corresponding activation flux in the radial and axial
directions (radial flux and axial flux). In this paper, we address this
theoretical problem.

Results show that the effect of cooling flux on the activation of slip
systems in single-crystal silicon is dependent on the directions of the
cooling flux and crystal growth. For crystal growth in the [001] direc-
tion, the 12 slip directions can be divided into an §-fold symmetric
group Ap, and a 4-fold symmetric group By;. For crystal growth in
the [111] direction, the 12 slip directions can be divided into three 3-
fold symmetric groups Cp», D4, and E ;. Irrespective of the direction
of crystal growth, radial flux only activates dislocation at the edges of
slices and axial flux activates dislocation both in the interior and at the
edges of slices.

For [001] growth, radial flux can activate both eight-fold symmetry
(group Ap, at the edges of slices near both ends) and four-fold sym-
metry (group B, at the edges of slices between the ends); however,

axial flux can only activate eight-fold symmetry (group Ag, in the in-
terior of slices near both ends and at the edge of slices between the
ends). For [111] growth, radial flux can only activate three-fold sym-
metry (group D4, at the edges of slices); however, axial flux can activ-
ate both groups Cp, and E4 |, where group C,, exists in the interior
of slices near both ends and at the edges of slices between the ends,
and group E,; only exists in the interior of slices close to both ends.

For practical crystal growth, it is essential to reduce the radial cooling
flux as much as possible for the reduction of dislocation density.
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Multicrystalline sillicon using unidirectional solidification process is
the most widely material for solar cells because of its cost-effectiveness
and the mass productivity. However, dislocation density and residual
stress are serious problems for solar cells because increasing of dislo-
cation densities reduces the conversion efficiency of solar cells and
increasing of residul stress causes the fracture of silicon ingot during
the slicing process. It has been reported that dislocation densities rapidly
increased during cooling process [1, 2]. Therefore, we have to optimize
to temperature distribution in a silicon ingot during cooling process.
We compared experimental and numerical results of residual strain,
dislocation density and residual stress in a silicon ingot. Then, we
evaluated the validity of numericalresults.

We investigated time-dependent dislocation multiplication in a silicon
ingot. At first, thermal stress distribution in a silicon ingot was solved
using temperature distribution in a silicon ingot. Then, we studied
stress relaxation, creep deformation and the multiplication of the dis-
locations using Haasen-Alexander-Sumino model [3, 4].

We checked residual strain as a function of height from the bottom of
the silicon ingot quantitatively. The numerical results show that a value
of residual strain in a body of a crystal is order of 107, and residual
strain in the top and bottom areas of the silicon ingot is high (10'4).
This difference of residual strain between center area and edge area is
due to outgoing thermal flux. Thermal flux in the top and bottom of
the silicon ingot is large because conductive heat transfer in the bottom
area and radiative heat transfer in the top area of the silicon ingot
strongly affects to the residual strain. The value and distribution of
residual strain obtained by numerical analysis are close to experimental
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data. Then, we can analyze residual strain quantitatively using this
simulation. However, dislocation density of numerical analysis is not
close to experimental data because we assumed a crystal as isotropic,
and took into account dislocation multiplication only based on increase
rate of mobile dislocation density.
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Bulk crystal growth has major high-tech applications among which
three particularly important uses should be highlighted: (i) Integrated
Circuit (IC) components such as DRAMs, transistors, etc., which all
over fill our everyday life, are manufactured on mono-crystalline silicon
or other semi-conductors; (ii) most solar cells are made on mono- or
multi-crystalline silicon wafers; (iii) mono-crystalline sapphire is the
key substrate of blue LEDs as devoted to completely replace traditional
lighting in the near future. In general single- and multi-crystals repres-
ent strategic products to drive the progress of new and clean technolo-
gies for the forthcoming years.

Most of industrial bulk crystals are grown from the melt except in
those peculiar cases where this technique is not applicable. In particular
the Czochralski (Cz) process is principally used to grow mono-crystal-
line silicon boules for IC and solar applications. However the produc-
tion of large diameter high quality wafers generally requires making
use of rigid magnetic fields of various shapes (transverse or configured)
to stabilize the melt flow. An alternative method to grow silicon single
crystals is the Floating Zone (FZ) process, which is more expensive
but whose use is needed to produce oxygen-free wafers for power
devices. The Cz process may also be applied to grow sapphire single
crystals in competition with alternative techniques such as the Heat
Exchanger Method (HEM) or the Kyropoulos (Ky) technique. Finally
the Directional Solidification System (DSS) is a rapidly developing
process to produce silicon multi-crystals for solar applications.
Nowadays, at a lower cost, the efficiency of DSS-produced cells almost
reaches that of Cz-produced cells, especially when the mono-cast
technique is used.

All the above examples may be used to illustrate the privileged interest
of numerical simulation to optimize crystal growth and other forming
processes. Using a trial and error approach the software user’s object-
ive is to perform so-called numerical experiments in order to investigate
the effect of any change of the geometry (and especially the hot zone
design), the selected material properties and the processing conditions
(heater power, crystal growth and rotation rates, etc.) on the resulting
crystal quality and process yield. To achieve this goal two requirements

have to be fulfilled by the simulation tool: (i) the use of global and, if
possible, time-dependent simulations is a need to predict the detail of
the crystal and melt thermal evolution, the solidification front shape
and the melt velocity field at any stage of the growth process; (ii) the
software must have the ability to accurately predict crystal quality and
any quantity measuring the process yield as resulting from these
global calculations.

FEMAGSoft S.A. is a spin-off company of the Université catholique
de Louvain (Belgium) whose activity is to develop crystal growth
simulation software for industrial use. From its creation in 2003 most
of the company research activity has borne on the development of
physical models and numerical algorithms to simulate bulk crystal
growth from the melt in collaboration with the university [1-5]. Ac-
cordingly, on the one hand, various programs have been developed to
model the global heat transfer in the overall furnace, the melt and am-
bient gas flows and the solidification process in order to accurately
predict the thermal, mechanical and geometrical evolution of the melt
and crystal for Cz, FZ, DSS... processes. On the other hand, additional
programs have been developed to predict the resulting crystal quality
as measured by point- and micro-defect densities in the crystal (for
mono-crystalline silicon or germanium), by thermal stresses and dislo-
cation density (e.g. for mono-crystalline sapphire), and by the concen-
tration of any species characterizing crystal stoichiometry or incorpor-
ated into the crystal during the growth process (dopants, impurities,
oxygen in silicon growth, etc.). Improving the software prediction
accuracy together with reducing the simulation time has constantly
governed FEMAGSofi’s development strategy.

In general, numerical methods, programming techniques and computer
hardware have experienced an accelerating progression rate during the
last decades and this has driven a very steep increase of quality of the
numerical tools used by the FEMAG family of products. In particular
the development of a very efficient linear solver (in terms of computa-
tion cost and memory) together with the use of up-to-date numerical
methods allow the FEMAG programs to provide well-resolved solutions
to the user in a time not exceeding 1-2 days. However getting accurate
results remains a complex and hard task in view of the high difficulty
to model the involved physical phenomena. This holds true for both
global heat transfer and crystal quality modeling. Correlating the res-
ulting crystal quality and process yield to the furnace and process
design nonetheless requires to have an accurate physical model at one’s
disposal. Therefore the current objective of FEMAGSoft’s R&D team
is to improve the predictive capabilities of the FEMAG models
wherever this is possible. This approach is illustrated by several ex-
amples in the following paragraphs.

A first application is provided by the growth of large diameter mono-
crystalline silicon ingots under the effect of a strong transverse mag-
netic field [6]. Using this technique is mandatory in view of the very
high crystal quality requirements imposed by IC technology. The nu-
merical problem is solved by means of a combined FEM - spectral
method with accurate resolution of the very thin Hartmann boundary
layers. A key problem is to well-model the flow turbulence, which is
rapidly weakened and becomes 2D without being completely cancelled
out when the magnetic field is sufficiently strong. To this end a non-
isotropic mixing length tensor is introduced in order to correctly
model the momentum transfer resulting from the 2D turbulence.

A second application is provided by the growth of silicon multi-crystals
by DSS process for the production of solar cells. Here again a com-
bined FEM - spectral technique is applied to efficiently solve the 3D
problem. Main issues are to model the growth transitions between
columnar and equi-axial grain structures, and also to accurately predict
the distribution of species (especially carbon and oxygen) in the crystal,
taking into account the effects of the layered flow structure, of
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Marangoni convection, of the gas flow and of segregation at the solid-
liquid interface.

A last application is provided by the numerical modeling of FZ single
crystal growth. Several difficult problems are posed. First, the high-
frequency magnetic field has to be accurately calculated including its
thermal and mechanical effects which are modeled as a heat flux,
magnetic pressure and shear stress acting along the melt surface. This
approach is favored to the equivalent but more expensive modeling of
Joule heating and Lorentz force by use of refined boundary layer
meshes in the melt [7, 8]. Secondly the open melting front is governed
by complex physical effects since molten silicon flows along the feed-
rod in the form of small droplets or as a non-uniform thin film whose
material properties must be correctly averaged. Finally a main issue
in FZ growth results from the absence of turbulent mixing. As an un-
desired technical consequence of this effect the distribution of dopants
and of the associated resistivity in the crystal may be strongly segreg-
ated and various techniques are used to counteract this problem. These
techniques generally result in a loss of the system axisymmetry or
quasi-steadiness and hence require appropriate modeling.
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Modern need in equipment for prevention of radioactive terrorism is
a driving force for development of scintillation detectors with improved
characteristics, first of all, high light yield and energy resolution. BaBrl
host is considered as one among the most promising for activation with
Eu?". Recently, it has been demonstrated that BaBrl:Eu possesses a
high light yield about 100000 ph/MeV and excellent energy resolution
2,55% (137Cs), fast scintillation decay (~500 ns) relatively to other al-
kali earth halides [1]. The main problem limiting development and
application of such materials is a high hygroscopicity. BaBrlI is less
hygroscopic relatively to LaBrs, Srl,, CsBa,ls hosts.

BaBrl:Eu, as well as other alkaline earth halide crystals, are usually
grown by Stockbarger method in evacuated ampoules in order to pre-
vent oxidation. Crystals grown by this method are limited in diameter

by ampoule size and normally do not exceed 1" - 1.5" in diameter.
Absence of a seed does not guarantee growth orientation and structure
perfection of grown crystals. They often crack due to adhesion to the
material of ampoules.

This work is devoted to development of the Czochralski (CZ) growth
technology of BaBrl. At current stage the growth conditions are optim-
ized for 2" diameter ingots. A specific technique preventing raw ma-
terial interaction with atmospheric air at uploading of raw material into
the crucible was utilized.

Influence of radial temperature distribution in the crucible on the
crystal-melt interface shape is studied. It is shown that the radial
gradient of 15-20 K/cm leads to growth interface convexity and deteri-
oration of crystal quality. Reduction of the radial gradient down to 5
K/cm leads to flattening of the crystallization interface and provides
stable conditions of pulling for 2" diameter crystals (see fig.1.)

Figure 1. BaBrl 2" diameter CZ grown crystal.

Presence of oxygen-containing impurities was estimated by IR trans-
mission measurements. The grown crystals have the absorption band
at 880 cm™! and 1410 cm! corresponding to CO32'. The luminescence
spectra demonstrate a set of bands ranging from 400 to 550 nm, which
is in agreement with spectroscopic measurements made with undoped
crystals obtained by the Stockbarger technique [2].
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We have succeeded in synthesizing high-quality, large-size type Ila
diamond crystals, measuring up to 12 mm in diameter or about 10
carats by the temperature gradient method under high pressure and
high temperature (HPHT) of 5.5 GPa and 1300-1400 °C. The important
points in the synthesis of the high-quality diamond crystals are the
adequate selection and optimization of solvent metals and additives
[1], the improvement of crystalline quality of seed crystal [2], and the
high precious HPHT control over a prolonged time [3].

The derived high-quality diamond crystals have very few impurities
(less than 0.1 ppm) and high crystalline quality (few crystal defects
and little internal strain). X-ray topography found no crystal defects
such as dislocations and stacking faults in the (001) growth sector of
the large crystal grown on high-quality (001)-oriented seeds. Growth
of crystals in which the (001) surface is dominant via advanced control
of synthesis temperatures in the low-temperature region enabled us to
produce diamond crystals free from crystal defects in large areas
measuring 5 x 5 mm? or more [4]. The defect-free synthetic diamond
will be valuable for a wide range of industrial and scientific applications
such as optical windows, optical elements for synchrotron radiation,
various high-sensitive detectors (sensors), substrates for high-quality
CVD homoepitaxial diamonds, and so on. The excellent crystalline
perfection of the high-quality synthetic diamond also permits us to
comprehend the essential properties of diamond and to clarify the ef-
fects of the impurities and defects on the diamond properties.
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Silicon carbide (SiC) is a promising material for next-generation power
device. The performance of the SiC power device strongly depends
on the crystal quality of SiC substrate. State of the art bulk growth of
SiC crystals is carried out by the seeded sublimation growth method.

In the early stage of the development, the unique macro-defect i.e.
“micropipe,” was a critical problem. 4 inch wafers are commercially
available with almost zero micropipe density, today In current growth

technology, however, crystals include the other extended defects
(threading dislocations and basal plane dislocation) affecting the reli-
ability.

Recently we have achieved the growth of ultra-high quality SiC crystal
with top-seeded solution growth method utilizing the conversion phe-
nomenon from threading dislocations to basal pane defects. For in-
stance, the density of threading screw dislocation (TSD) in the crystal
grown by the solution method (20-30 cm'z) was much lower than that
of the crystal produce by using conventional sublimation method
(~1000 cm’z). Moreover, it is easier to decrease the defect density in
the short-term growth compared to the RAF (repeated a-face) method
which is well-known as the specially modified sublimation method.

The key to high-quality crystal growth is to utilize the defect conversion
due to the macrostep flow. Figure 1 shows the X-ray topographic im-
ages of 4H-SiC layer grown on vicinal (0001) Si-face taken at the same
position before and after growth. Before the growth, we can observe
many rice-shape images corresponding to TSDs. After the growth,
most of the TSD images changes to line images extending towards the
step-flow direction corresponding to the Frank-type plane defects on
basal planes. The conversion phenomenon is induced by the macrostep
flowing over the TSD on the surface, and the frequency of the conver-
sion depends on the height of macrostep. In addition, the macrostep
flowing leads to the conversion from threading edge dislocations
(TEDs) to defects on basal planes as well. These conversion phenom-
ena can improve the quality of SiC crystal. As shown in Fig. 2, the
threading dislocations propagate to the grown layer, while the defects
lying on basal planes are finally wiped out. Actually, we have success-
fully achieved the ultra-high quality SiC crystal utilizing the conversion
phenomenon.

Several years ago, it was believed that the bulk growth of solution
method was impossible because of low growth rate, the difficulty of
polytype control, enlargement of crystal size and so on. Recently,
many groups can overcome these problems. Each solution is still in-
dependent now, but we cannot realize them together. The last remain-
ing problem that is to merge these solutions and develop an unified
technique. We firmly believe that it will be completed within a few
years.

Threading screw dislocation

BeforegrOWth —
Threading screw dislocation
After growth it \\/

Defect on basal plane TSD is converted to other defects

Fig. 1: X-ray topographic images of 4H-SiC grown on a vicinal (0001)
seed crystal before and after growth. The rice-shape image (TSD) was
changed to the line image (defect on basal plane).
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(a) Threading dislocation continues into grown layer.

[0001]

Growth direction

Threading dislocation

(b) Converted defects are wiped and high quality layer is grown.

. NOdefeCt

Conventional method  Our method
about 1000 cm-2 20-30 cm-2

Macrostep

-

Threading dislocation

TSD density

Fig. 2: (a) Without macrostep-flow, most of threading dislocations

propagate to the grown layer. (b) With macrostep-flow, threading
dislocations are converted to defects on basal planes and they are
wiped. Consequently high-quality crystal is achieved.
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We report the first successful growth of Cr-containing topaz single
crystals on seeds by hydrothermal method. Crystal growth was based
on received earlier results of study of silica/alumina transport phenom-
ena in supercritical water solutions. This study concerns investigation
of growth conditions of Cr-topaz crystals: compositions of solution,
TP parameters and nutrient materials. So, the principal condition of
topaz crystal growth is neutral and acid fluoride solutions of density
from 0.05 to 0.5 g/cm3 at temperatures from 450 to 720°C. The nutrient
consisted from mixture of both quartz and topaz places in the upper
(colder) zone of autoclave. The topaz seeds best position is in lower
(hotter) zone of autoclave. Some quantity of chrome ions were injected
into solution by dissolution of chromium salts. Duration of the crystal
growth runs was from 1 to 2 months.

As a result, topaz single crystals of bluish-green to yellowish green
colour were grown (Fig. 1). The external morphology of the as grown
crystals is determined by crystallographic orientation of seeds, their
form and sizes. The crystals are characterized by a clear zoning and
sectorial structure (see Fig. 1).

The described feature of colour change of natural Cr-topaz under dif-
ferent wavelength light was observed as well on synthesised Cr-topaz
single crystals. At normal incandescent lamp illumination the Cr-topaz

get a pink coloring, and at ultra-violet radiation (337 nm) as grown
crystals demonstrate an intensive fluorescence of purple-red colour
(see Fig. 1). The primary colouring of as grown crystals and also in-
tensive fluorescence are connected with isomorphic occurrence of
Cr¥/AI™ and confirmed by optical and fluorescent spectres. The
content of Cr’" in the crystals doesn't exceed 0.2-0.5 mass. %.

Thus, for the first time Cr-containing topaz single crystals with intens-
ive fluorescence was grown in supercritical fluids and their structure
characteristics and main properties were studied.

Fig. 1 The top line: Cr-containing topaz crystals for the first time
grown in supercritical fluids; the bottom line: a,b - cross-section cuts
of the grown crystals; Gr-containing topaz at daylight (c), electric (d)
and ultra-violet (e) illumination.
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There are some promising methods for obtaining good quality GaN
crystals i.e. growth from the vapor phase, called HVPE!' or crystalliz-
ation from a solution: growth in gallium/sodium solution, the sodium
flux methodz, or in supercritical ammonia, the ammonothermal meth-
od>. 1t is also well known that the High Nitrogen Pressure Solution
(HNPS) growth allows obtaining high quality GaN crystals4, Recently,
the multi-feed-seed (MFS) configuration in the HNPS growth method
has been proposed and developeds. This configuration has been based
on the conversion of free-standing HVPE-GaN crystals to the free-
standing, pressure grown HNPS-GaN of much higher quality than the
seeds. It has been already shown that the crystallization of GaN in the
MEFS configuration without an intentional doping results in growth of
strongly n-type crystals with free electron concentration increasing
with growth temperature. It has been suggested that so high free elec-
tron concentration in HNPS-MFS-GaN can be associated with high
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oxygen concentration in the material. Obviously, the oxygen impurities
in the GaN crystals can be compensated by magnesium. The HNPS-
MFS-GaN:Mg crystallization has been already reportedé. Highly res-
istive crystals have been obtained. However, one big difference in
crystal growth procedure has been noted. The crystallization process
has proceeded on the (000-1) GaN surface instead of the (0001) surface,
typical for n-type GaN growth. It can be thus suggested that polarity
of the GaN seed surface is determined and controlled by the Ga solution
and its impurities.

In this paper the role and influence of impurities such as oxygen, indium
and magnesium on GaN crystal growth from liquid solution in the
MEFS configuration will be presented and discussed in details. The
differences in the properties of differently doped GaN crystals will be
shown. It will be also demonstrated that HNPS-MFS-GaN crystals can
be successfully used as substrates for epitaxy of optoelectronic and
electronic devices.

[1] K. Motoki, SEI Technical Review, Number 70, April 2010; 28

[2] Y. Mori, M. Imade. K. Murakami, H. Takazawa, H. Imabayashi,
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T. Sasaki, Journal of Crystal Growth, 350 (1), 72-74, (2012)
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Heidelberg, ISBN 978-3-642-04828-9), 137-158, (2010)
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4 inches langasite crystals growth along SAW-cut orienta-
tions

Xiaoniu Tu, Yanqing Zheng, Kainan Xiong, Yifan Tu, Erwei Shi

Shanghai Institute of Ceramics, Chinese Academy of Sciences, 1295
Dingxi Road, Shanghai 200050, China

e-mail: xiaoniu_tu@mail.sic.ac.cn

Langasite crystal possesses some excellent properties, such as higher
piezoelectric constants and electromechanical coupling factor than
quartz, no phase transition from room temperature to their melt point.
Furthermore, langasite crystal can be grown by Czochralski method,
and commercial three and four inch langasite wafers are available.
Therefore, it becomes one of the most competitive candidate materials
for high temperature (up to 1000 °C) sensors and acoustic electronic
devices. However, there ere two issues prevented the large-scale ap-
plication of langasite crystal, high cost and low homogeneity.

In this work, 4 inches langasite crystals along SAW-cut orientations
had been grown successfully. The crystal shows in fig. 1 growth along
Euler angles (0°, 22°, 90°) direction, and the crystal shows in fig. 2
growth along Euler angles (0°, 138.5°, 26.7°) direction. The growth
morphology of those two types’ as-grown crystals was discussed. The

facet growth were compared with the as-grow crystal grown along Z
direction. The high resolution X-ray diffraction surface mapping of
14 mm x 14 mm sample was measured. Frequency constant of 4 inches
wafer has been tested by ALC-III frequency meter. Finally, resistivity
was measured as a function of temperature. The results show that the
4 inches langasite crystals have high homogeneity, can satisfy the re-
quirements of acoustic electronic devices and high temperature effective
sensors applications.

Fig. 1 4 inches Langasite crystal growth along Euler angles (0°, 22°,
90°)

Fig. 2 4 inches Langasite crystal growth along Euler angles (0°,
138.5°,26.7°)

16:30 Oral

Top-seeded solution crystal growth of polar materials:
design strategies and functional properties

Shiv Halasyamani, Weiguo Zhang
Department of Chemistry, Aalto University, Espoo FI-02150, Finland
e-mail: psh@uh.edu

Polar oxide materials — those with a macroscopic dipole moment — are
ubiquitous in advanced technologies, i.e. computer memories, sensors,
etc. The design and synthesis of new polar oxides, however, remains
an ongoing challenge. Macroscopic polarity implies microscopic po-
larity, in other words some of the coordination polyhedra must be polar.
As is often the case, the local dipole moment in the coordination
polyhedra is directed in opposite directions resulting in a non-polar
material. In this presentation we will discuss strategies toward
designing new polar oxide materials, as well as the characterization
of their functional properties. Specifically we will demonstrate that by
exploiting second-order Jahn Teller distortions, we can design and
synthesize new polar oxide materials. In addition we will describe the
top-seeded solution crystal growth (tssg) of centimeter size crystals of
Na,TeW,0y, LiFeP,07, and K;Vs0,4. Functional properties will be
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presented, and structure-property relationships will be discussed and
explored.

16:45 Oral

Growth of Ce:LigLu(BOj3); Single Crystals for Neutron
Detection

Shangke Pan, Dandan Sun, Guohao Ren

Shanghai Institute of Ceramics, Chinese Academy of Sciences, 1295
Dingxi Road, Shanghai 200050, China

e-mail: psk@mail.sic.ac.cn

Inorganic scintillation crystals are usually widely used in the detection
of X- or gamma ray radiation. Recently, the interest in the detection
of the thermal neutron has been increasing for the increasing need for
neutron detectors in the fields of national security system and neutron
scattering equipment, such as radiation portal monitors and spallation
neutron sources. The neutron detection crystals of Eu:Lil and
Ce:Cs,LiYClg can been obtained from the market. But they are very
expensive for the sensitivity to water gas and the strictly control of the
®Li isotopes. So crystals containing B elements may be promising
cheap scintillators for neutron detection. Recently, we investigated the
growth techniques of LigLu(BOs3); crystals and grew its single crystal
by Czochralski technique.

The single crystal of Ce:LigLu(BO3); with the diameter of about 30
mm (Fig 1) has been grown with the Czochraski technique under N,
atmosphere. The effects of pulling rate on the crystal shape have been
investigated.

The light yields of Ce:LigLu(BOj3); crystal excited by X-ray, gamma
ray and o particles are comparable with Ce:LigGd(BO3); crystal, which
means that Ce:LigLu(BOj3); is a new promising neutron detection
scintillation crystal for the IOB(H,U.) "Li reaction.

Fig 1. As-grown crystal of Ce:LigLu(BOj3); grown by the Czochralski
technique
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Growth of AIN crystals and AlGaN epitaxy on AIN wafers
Zlatko Sitar

North Carolina State University, MSE (NCSU), 1001 Capability
Dr, Raleigh, NC 27695, United States HexaTech, Morrisville 27560,
United States

e-mail: sitar@ncsu.edu

For the first time in history of III-nitrides, the availability of low defect
density (<10* cm™) native AIN substrates offers an opportunity for
growth of AlGaN alloys and device layers that exhibit million-fold
lower defect densities than the incumbent technologies and enable one
to assess and control optical end electrical properties in absence of
extended defects. Epi-ready AIN wafers are fabricated from AIN boules
grown by physical vapor transport at temperatures between 2200 and
2300°C. Gradual crystal expansion is achieved through a scalable, it-
erative re-growth process in which the high crystal quality is maintained
over many generations of boules.

Despite the excellent crystal quality, below bandgap optical absorption
bands in the blue/UV range affect the UV transparency of wafers. We
use density functional theory (DFT) to develop a model to understand
the interplay of point defects responsible for this absorption. We show
a direct dependence of the mid-gap absorption band with the carbon
concentration within the AIN.

Low defect density AIN and AlGaN epitaxial films are grown upon
these wafers that exhibit superior optical properties in terms of emission
efficiency and line width and can be doped with an efficiency that is
several orders of magnitude higher than possible in technologies using
non-native substrates. UV LED structures and laser diodes were fab-
ricated on these materials that exhibit low turn-on voltages and record
low lasing threshold.
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This presentation will review state-of-the-art of AIN-based technology
and give examples of potential applications in future devices and
contrast these with other wide bandgap technologies.

10:50 Oral

Vertical Bridgman Growth of Large ZnGeP, Single
Crystals for High Power Applications

Chunhui Yangl, Zuotao Leil, Chong-Qiang Zhul, Chao Xul, Galina
A. Verozubova®

1. Harbin Institute of Technology (HIT), No.92, West Da-Zhi
Street,Harbin, Heilongjiang, Harbin 150001, China 2. Insitute of
Climatic and Ecological Systems of SB RAS (IMCES), 10/3 ave
Akademicheskii, Tomsk 634055, Russian Federation

e-mail: yangchh@hit.edu.cn

Zinc germanium diphosohide (ZnGeP,) belongs to the chalcopyrite
family with a direct band gap, and it is a ternary analog of the III-V
group binary compound GaP with the zinc-blende structure. However,
the chalcopyrite structure is tetragonally distorted from the simpler
zinc-blende structure. Due to the distorted structure relative to its binary
analogue, ZnGeP, exhibits a far wider range of physical properties.
ZnGeP, has large nonlinear optical coefficient (d3¢=75 pm’V'l), awide
transparency range from 0.74 to 12um, sufficient birefringence (An=
0.04) for type I and type II phase matching, and relatively high thermal
conductivity (O.35W'cm’1'K'1) for high average power applications.
All these physical properties make ZnGeP, suitable for frequency
conversion applications such as tunable mid-infrared optical parametric
oscillator (OPO) laser systems. The main goal of the present work is
to systematically study and deeply discuss the growth, optical properties
and applications of ZnGeP,.

Firstly, ZnGeP, polycrystalline ingots were synthesized by two-tem-
perature method, and the maximum mass is about 470g for one run.
Fig.1 shows the synthesized ZnGeP, ingots with 470g. The XRD
suggests that they show chalcopyrite structure, high pure and good
crystallinity. The ingots are suitable for growth as raw materials.
Moreover, the study indicates that the more the charge amount, the
higher the yield of product.

Fig.1 The synthesized ZnGeP, polycrystalline ingots with 470g

Secondly, ZnGeP, crystals were grown by Vertical Bridgman tech-
nique, and the largest size is about ®50mmx140mm. Fig.2 shows
the as-grown ZnGeP, crystals.The XRD and rocking curves suggest
that they show good crystallinity and single phase, the XRF indicates
that the as-grown ZnGeP, is stoichiometric, and the absorption coeffi-
cients of as-grown ZnGeP, are 0.05-0.08cm™ at 2.05um for o-light.
However, the absorption coefficients of annealed and other post-treated
ZnGeP, reduce to 0.01-0.03cm™ at 2.05um for o-light. The crystals
are suitable for frequency conversion applications.

Fig.2 The as-grown ZnGeP, crystals

Finally, the ZnGeP, devices were tested for OPO. The ZnGeP, crystals
were cut to 6mmx6mmx24mm in sizes after thermal annealing. Both
surfaces of the crystal were carefully polished and antireflection coated
for pump, signal, and idler lights. The ZnGeP,-OPO devices are shown
in Fig.3. Fig.4 shows the ZnGeP,-OPO experiment setup. The OPO
output wavelengths were in the spectral range of 3-5 mm. The results
suggest that the output power of 30W is obtained pumping at 2.09um
and the conversion efficiency is 56%. Thus, ZnGeP, is an excellent
OPO material and is acceptable for the fabrication of the infrared
nonlinear optical device

Fig.3 The ZnGeP,-OPO devices
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Fig.4 The ZnGeP,-OPO experiment setup

11:05 Oral

Growth and Studies on Pure and Doped Magnetoelectric
GdMnOj; Single Crystals

Aditya A. Wagh, Anil Kumar P S, Suja E. Saji

Indian Institute of Science, Bangalore 560 012, India

e-mail: liz@physics.iisc.ernet.in

Various multiferroic materials classified as “improper ferroelectrics,”
are known to posses polar state due to different types of ordering. They
exhibit large magneto-electric coupling and are further sub-categorized
as geometric, electronic and magnetic ferroelectrics. Divalent doping
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is known to introduce significant changes in physical properties. Our
studies on pure and strontium doped GdMnOj are discussed here. We
have grown single crystals of GdAMnO; and Gd, 5Sry sMnO;3 using
float-zone method. Growth parameters are optimized to yield good
quality single crystals. Preliminary characterization is carried out to
ensure phase purity, crystallinity and composition. In order to invest-
igate anisotropic properties of these crystals, they are oriented using
back-reflection Laue technique and cut into appropriate dimensions
for the experimental measurements. Magneto-dielectric and electric
polarization measurements are performed in the temperature range, 5
to 100 K at applied magnetic fields ranging from 0 — 50 kOe. GAMnOj5
exhibits interesting antiferromagnetic transitions. At ~ 43 K, it trans-
forms to long-wavelength modulated collinear structure, which is in-
commensurate [1]. At ~ 23 K, an A-type antiferromagnetic phase sets
in [1]. Application of magnetic field (10 KOe) along b-axis induces
ferroelectric phase along a-axis in GdMnOj crystal [1]. Tuning of
electric polarization with magnetic field and magneto-dielectric effects
are studied in this configuration. Specific heat measurements are carried
out to probe low temperature magnetic transitions of both crystals.
Gdy.5519.sMnO3

shows glass-like magnetic phase below ~ 32 K [2]. It also exhibits in-
teresting features like, charge ordered insulating phase and colossal
magnetoresistance [2,3]. Dielectric behaviour is investigated on oriented
single crystals. Thermal, magnetic and dielectric properties as well as
growth aspects of these gadolinium manganite crystals will be discussed
in detail.
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Growth and Properties of Mid-infrared Chalcogenide
Crystals

Shanpeng Wang, Xixia Zhang, Xiang Zhang, Huapeng Ruan,
Chunlong Li, Zeliang Gao, Chunming Dong, Xutang Tao

State Key Laboratory of Crystal Materials, Shandong University,
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Over the past few decades, widely tunable coherent mid-infrared laser
sources in the range of 3-20 um, specially in band 3-5 ym and 8-14
pm of three atmospheric transparent windows, have become research
focus of infrared (IR) laser technology[1]. Frequency conversion by
an infrared nonlinear optical (NLO) crystal is an effective way of
producing coherent mid-infrared light.

Lithium containing chalcogenide (such as LilnS,, LilnSe, LiGa;Tes)
are promising candidates for mid-IR optical frequency conversion.
LilnS, has wide transparency range (0.35~12.5um), high nonlinear
coefficient and is phase matchable over a large wavelength range.
Compared to other infrared nonlinear crystals, such as silver thiogallate
(AgGaS,) [2] and zinc germanium phosphide (ZnGeP,) [3], LilnS,
displays a nearly isotropic thermal expansion behavior and a 5-times-

larger thermal conductivity. Owing to its wider band gap and lower
absorptions in the range of near infrared, LilnS, crystals can be pumped
by Nd: YAG laser. LISe is one of these few nonoxide nonlinear crystals
whose band-gap (2.86 eV) and transparency allow operation in the
nanosecond optical parametric above 4 um without TPA for a pump
wavelength of 1064 nm. LiGa;Tes crystallizes in the noncentrosym-
metrical system, space group R32. The transmission of LGT crystal is
above a level 40% from 3.5 to 18 pm, and the cut-off edges at short
and long wavelength are at 0.9 and 25 pum, respectively.

In this paper, we report the growth and properties of large-sized
Lithium containing chalcogenide crystals. The crystals were grown by
the modified Bridgman method. The characterizations such as XRD,
high resolution X-ray diffractometor, the thermal properties, damage
threshold and refractive index of the grown crystals are also discussed.
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Crystal Growth and Neutron Diffraction Studies of LiCoO,
Bulk Single Crystals
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There has been a renaissance of research on alternative energy sources
to decrease global warming and environmental pollution. Hence energy
generation and energy storage are two of the biggest challenges facing
modern science. Lithium ion batteries are considered to be one of the
most attractive technologies in recent years due to its high energy
density and long service life. Such high performance batteries based
on the movement of Li" ions in layered transition metal oxides such
as LiCoO, have made a revolution possible in the technology industry
in products from iPods to mobile phones. These materials are already
used extensively in commercial applications, but until now it has not
been possible to study their basic properties using single crystal neutron
scattering. To develop this pollution free system further, it is imperative
to understand the growth-structure interrelationship to shed light on
material properties such as the electro chemical properties, capacity
loss and cyclability.

Material synthesis is a key component in the discovery and design of
energy related research. The most common method of preparing
Li,CoO, is by solid state reaction method. However the results obtained
from polycrystalline samples lead to scattered results due to irregular
morphology, grain boundaries or impurities. An alternative, the slow
cooling technique, leads to particle coarsening and evaporation of
lithium species. This in turn significantly hampers the electrochemical
properties. To solve these issues we employed the optical floating-zone
technique (FZ-T-10000-H-VI-VPO-PC, Crystal System) and found
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that this favours improved morphological and chemical reactivity
compared to slow cooling and the solid state reaction techniques.

The as-grown crystals were subjected to various characterizations.
Fundamental understanding with regard to melt processing is essential
for optimizing processing conditions. Hence, DTA-TGA analysis was
made to optimize the thermal profile for the growth. The surface
morphology was analysed by scanning electron microscope. Using a
SQUID, magnetic measurements were performed in a field of 1Tesla
in both the H || C and H [Clconfigurations. A transition was observed
at 10K. Analysis of small (<0.5mm) crystals using single crystal x-ray
diffraction at RHUL indicate the high crystalline quality of the growth.
A much larger boule was screened using neutron diffraction in SXD
at ISIS. SXD combines the white beam Laue technique with area de-
tectors covering a solid-angle of 2 steradians, allowing comprehensive
surveys of 3D volumes of reciprocal space. We were able to cleave
large samples (>1 cm) with sharp Bragg reflections from a single grain.
The structure refined in the space group R3™ m with an R, -factor of
7.96 %. It was possible to accurately determine the Li concentration.

This is the first time that it has been possible to grow a large high
quality single crystal of Li, CoO,, allowing further measurements that
require large single crystals, such as studies of diffusion using neutron
scattering. The results and growth procedures will be presented in de-
tail.

11:50 Oral

Investigation on the SR method Growth etching, birefrin-
gence, laser damage threshold and thermal characteriza-
tion of Strontium bis (hydrogen L-malate) hexahydrate
single crystal

Senthil Arumugaml, Ramasamy Perumal’

1. SRM University, Ramapuram, Bharathisalai, Chennai 600089,
India 2. Centre for Crystal Growth,SSN College of Engineering,Ka-
lavakkam, Chennai, Chennai 603110, India

e-mail: tasenthil@yahoo.co.in

In recent years the search for new nonlinear optical materials included
semi-organic and coordination compounds due to their advantages
over traditional inorganic and organic compounds. Semi-organic ma-
terials possess several attractive properties such as high damage
threshold, wide transparency range, less deliquescence and high non-
linear coefficient, which make them suitable for frequency doubling.
Dicarboxylic acids have attracted the specific attention of many re-
searchers for long time due to their overwhelming practical applications
in science and technology. The growth and characterization of metal
complexes of dicarboxylate crystals like oxalates, malonates, maleates
and substituted acids like tartrates and lactates caught major attention
due to their optical and ferroelectric properties. L-malic acid (C4HgO5)
is one of the simplest chiral dicarboxylic acids, is a suitable building
block in crystal engineering. Its chirality ensures the absence of a
center of symmetry, essential for optical nonlinear second harmonic
generation. Ammonium malate, racemic potassium malate, zinc malate
1,10-phenanthroline and cesium hydrogen malate are the famous repor-
ted semi-organic malic acid family crystals. The low-temperature
solution growth is an important technique because large-size nonlinear
optical and other crystals are being grown by this technique. In order
to grow large crystals one has to ensure that, during the growth period,
the available nutrient is deposited on the chosen seed only. Any spon-
taneous nucleation occurring during the growth will eat away a portion
of the solute, thus making it difficult or impossible to grow a single
large crystal. Crystals of different orientations with different morpho-
logy are grown by conventional solution growth technique but for ap-

plication point of view, specific orientation with good quality is needed.
The Sankaranarayanan—Ramasamy solution growth technique is suit-
able to grow high-quality large-size unidirectional L- Malic acid single
crystals from solution. In the present investigation, semi-organic, good
quality single crystals of strontium bis (hydrogen L-malate) hexahydrate
(SrLM) were successfully grown by unidirectional SR method. Optic-
ally transparent SrLM crystal was grown by conventional slow cooling
solution growth technique Based on the morphology of the conventional
slow cooling grown SrLM crystal, the (010) plane was selected in the
present study to impose the orientation in the growing crystal. The
seed crystal started to grow after 12 days with growth rate of 1 mm/day.

By this method, StLM crystal with the diameter 10 mm and 50 mm
length was grown in 34 days. The structural perfection and growth
features of SrLM was analysed by chemical etching studies. The grown
crystals were characterized by UV-Vis-NIR spectrum, birefringence,
laser damage threshold and Thermal analysis (TG/DTA) studies. The
UV-vis-NIR spectrum elucidates that the crystal is transparent between
230- 1100 nm and the lower cutoff is found to be around 226 nm. The
value of birefringence and quality were ascertained by birefringence
interferometer. The birefringence interferogram shows good refractive
index homogeneity of the StTLM crystal grown by SR method. Optical
damage tolerance of SR grown SrLM crystal was investigated by laser
damage threshold studies. Laser damage value has been determined
using Q-switched diode array side pumped Nd:YAG laser operating
at 532 nm.

12:05 Oral

Bulk Single crystal growth and magnetic studies of
La,_Sr,CoO,
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The discovery of charge and spin stripes in the high-7, cuprate super-
conductors has motivated us to investigate other doped oxides possess-
ing the K,NiF, structure. The single-layered cobalt oxides
La,_,Sr,Co0y are one such system with similar crystal structure. Al-
though no superconductivity has been found at any doping level,
compounds in this cobaltate family do exhibit charge stripe ordering
and other phenomena similar to those found in the cuprates.

In order to understand the static and dynamic properties of the charge
stripe phases in the cobaltates by neutron scattering, large single crystals
are needed (1-3). We will report the optimisation and growth of large
La,_Sr , CoOy4 (x=0.0 to 0.9) crystals by the floating-zone technique
in an image furnace. Crack-free single crystals of diameter ~10 mm
and length up to 80 mm have been obtained. One of the major issues
associated with this system was the oxygen non-stoichiometry. To
over come this problem, we have post annealed the as-grown crystals
in CO:CO, atmosphere. The phase-purity of the crystals has been
checked by powder x-ray diffraction, and information on the crystal
quality has been obtained by x-ray Laue and neutron diffraction. We
will give an account of our investigations into the conditions needed
to obtain the highest quality crystals. We will also provide some pre-
liminary results on the spin and charge ordering in the crystals.
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Growth of Bulk Crystals of Semiconductors by Electroep-
itaxy

Sadik Dost
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The article presents an overview of the growth of single crystal bulk
semiconductors by liquid phase electroepitaxy (LPEE). The talk covers
the LPEE growth of III-V, 1I-VI, and IV-IV semiconductor materials.

Following a short introduction on early modeling and theoretical
studies on LPEE, we will first introduce recent experimental results
of the LPEE growth of GaAs/GalnAs single crystals under a static
applied magnetic field. Crystal growth experiments carried out have
shown that the application of a static magnetic field in the LPEE growth
of GaAs increases growth rate very significantly. For instance the
LPEE growth rate of GaAs under a 3-A/cm?2 electric current density
is about 0.5 mm/day. However, the growth under the same electric
current is about ten times higher in the presence of a static magnetic
field of 4.5 kGauss. In order to predict such a high growth rate, a
continuum model was developed by giving a new definition to the
process of electromigration in which a total electric mobility was intro-
duced, i.e., “electromagnetic mobility”. Introduction of the electromag-
netic mobility allowed accurate predictions for both the growth rate
and the growth interface shape. A thermodynamic and kinetic interpret-
ation for this electromagnetic mobility was also given. Dimensionless
electromagnetic mobility varies with the magnetic field intensity as
14+2B (up to B=4.5 kGauss).

LPEE growth CdTe single crystal experiments were also carried out.
Although experiments led to the growth CdTe crystals of about 2mm
thickness, we have failed to find an appropriate contact zone that would
lead to a uniform passage of the applied electric current through the
seed crystal, and would maintain to a prolong growth for ticker crystals.
This issue of contact zone in LPEE growth of CdTe/CdZnTe crystals
still remains unresolved.

In the talk we will also present the results of our recent LPEE growth
experiments for SiGe bulk single crystals. Experiments were designed
for the growth of crystals of 24mm in diameter, and were run under a
3 A/cm2 electric current density. Growth was achieved from the silicon
side (on silicon seed).

14:30 Oral

Chemical segregation in micro-pulling-down process:
analytical model and experiments

Abdeldjalil Nehari!, Thierry Duffar?, Kheirreddine Lebbou!

1. Institut Matiere et Lumiere Université Lyon (CNRS), Villeurbanne
cedex 69622, France 2. SIMaP EPM, CNRS UJF, BP 75, Saint
Martin d'Heres cedex 38402, France

e-mail: thierry.duffar@grenoble-inp.fr

The micro-pulling down (u-PD) process consists in pulling a crystal
under a capillary channel placed at the bottom of a crucible. In spite
of the fact that it is limited to rather small liquid volumes, it is used to
grow single crystal fibers and shaped crystals of various cross sections,
mainly applied industrially for optical applications such as lasers, optics
or scintillators. Consequently those crystals should be doped with
active elements in order to fit the target application. Unfortunately,
whatever the growth parameters and the dopant type, quite often se-
gregation problem is observed. It is generally believed that chemical
segregations in p-PD technique are restricted to the first grown milli-
meters, but some experiments show that it is not always the case.

An analytical one dimensional model is presented, aiming to predict
the longitudinal segregation along the growth direction. It is shown
that it depends in practice on growth parameters such as capillary
length, meniscus height, crucible volume and growth rate. The charac-
teristic numbers controlling the type of segregation that will be obtained
are derived and a parametric study is performed in the case of Ti-doped
sapphire single crystal fibers.

Such Ti:Al,O3 single crystal fibers oriented along c-axis have been
grown under stationary stable regime using different pulling rates and
the longitudinal chemical segregation has been characterized by pho-
toluminescence. Results are in agreement with the model predictions.

14:45 Oral

Thermodynamic analysis of impurity partitioning in col-
loidal crystallization

Jun Nozawa, Yuhei Naradate, Haruhiko Koizumi, Kozo Fujiwara,
Satoshi Uda

Institute for Materials Research, Tohoku University, 2-1-1, Katahira,
Aoba-ku, Sendai 980-8577, Japan

e-mail: nozawa@imr.tohoku.ac.jp

Colloidal crystals are regarded as a promising tool to investigate di-
verse basic physical phenomena. We have applied this colloidal crystal
to impurity partitioning in the melt growth. Since no research has been
focused to detail partitioning behavior of colloidal crystals, the object-
ive of the present work is to reveal a partitioning behavior during col-
loidal crystallization.

A few amount of impurities (2 percent) were doped to the colloidal
dispersion, from which colloidal crystals were grown with convective
assembly method. Polystyrene particles (PS) were used for fabricating
colloidal crystals, and different sizes of PS and fluorescent bearing PS
(w/fluor.) were doped as impurity particles.

In each particle size for two kinds of impurity, effective partition
coefficient (k.y) were measured at various growth rates. Ob-
tained kg gives kq by using BPS plot. The k is decreased as the differ-
ence between the size of the impurity and the 500 nm host particle in-
creased. The & of each w/fluor. was larger than that of the correspond-
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ing pure PS. Moreover, the value of k; for the 520 nm w/fluor. sur-
passed unity, whereas the PS is always less than unity.

We have employed a Thurmond and Struthers (T&S) model (J. Phys.
Chem. 57, 831 (1953)) to discuss the difference of kO for PS and
w/fluor. particles. T&S model shows k as; ky = exp((AG—AH)/RT).
Here, AGr, is free energy difference between the solid and liquid phases
of an impurity at the transition temperature, T, AH is the excess en-
thalpy which is caused by incorporation of the impurity into the host
material, and R is a gas constant. We have determined the phase
transition volume fraction for PS and w/fluor. to evaluate the AGr,. It
was shown that AGy, of w/fluor. is positive whereas PS is zero. This
leads to larger AG,—AH of w/fluor. than that of PS, which corresponds
to larger ky of w/fluor., and in a small —AH range, &, of w/fluor. sur-
passes unity. We have found the difference of & for different kinds of
impurity particles, and succeeded in applying concept of T&S model
to partitioning of colloidal crystals.

15:00 Oral

Growth and characterization of 2-hydroxy biphenyl single
crystals by top seeded melt growth method

Sadhasivam Subramani, Rajesh Narayana Perumal

Centre for crystal growth, SSN college of engineeting, kalavakkam,
Chennai 603110, India

e-mail: sadha.phyl@gmail.com

In recent years, various seeding techniques were used for melt growth
to obtain maximum perfect crystal. In order, delocalized electrons rich
organic nonlinear optical single crystal 2-hydroxy biphenyl with dimen-
sion of 25x15x8mm° was grown by top seeded melt growth technique.
The growth rate was observed Smm/h. The seed orientation was optim-
ized for fast growth. The morphological growth habits were analyzed.
Scanning electron microscopy studies have been carried out on the
surface of the grown crystal to investigate the nature of growth and
defects on the crystal. The lattice parameters of the grown crystal were
determined by single crystal X-ray diffraction technique. The grown
crystals were characterized by powder XRD, FT-IR, FT-Raman and
UV-Vis-NIR techniques. Thermal properties of grown crystal were
studied by thermogravimetric analysis. The melting point of grown
crystal was confirmed by differential scanning calorimetry analysis.
The micro hardness values were measured for parallel and perpendic-
ular face to growth direction. Second harmonic generation efficiency
was measured using Q-switched Nd: YAG laser. Dielectric studies have
been carried out for the grown crystal in the frequency range of 50Hz
to SMHz at various temperature and the results were discussed in detail.

15:15 Oral

Organic/inorganic doped aromatic derivatives crystals:
growth and properties

Florin Stanculescul’z, Floricica Barvinschi’, Tulian lonital, Anca
Stanculescu®

1. University of Bucharest, Faculty of Physics, Str. Atomistilor
nr405, Bucharest- Magurele 077125, Romania 2. ROMANIAN
MATERIAL SCIENCE CRYSTAL GROWTH SOCIETY (ROMS-
CGS), Str. Atomistilor nr.405, Bucharest- Magurele 077125, Ro-
mania 3. Politehnica University of Timisoara, P-ta Victoriei no. 2,
Timisoara 300006, Romania 4. National Institute of Materials
Physics, 105 Atomistilor Street, Bucharest- Magurele 77125, Ro-
mania

e-mail: fstanculescu@jfpcel fizica.unibuc.ro

In the last decades, the organic molecular crystals have been considered
as potential substitutes for inorganic crystals in photonics for optical
signal processing and integrated optics showing large second order
non-resonant nonlinearities and fast response times. Their most signi-
ficant advantages compared to inorganics are the high values for non-
linear coefficients, large birefringence values, high damage thresholds
in laser beam and large transparency domain. These properties are as-
sociated with the presence of the delocalized 7 electrons cloud and,
donor and acceptor substituent groups, which are generating important
inductive and mezomeric effects at the molecular level and significant
optical non-linear effect at the macroscopic scale.

Crystalline aromatic derivatives compounds such as meta-dinitroben-
zene (m-DNB) and benzil are interesting for the above mention applic-
ations because they show large transparency domain, and theoretically
study have anticipated high non-linear coefficients on one hand and
the n-electrons systems that favour the emission property by fluores-
cence and/or intermolecular energy transfer on the other hand.

Additionally, substituted organics could show specific properties like
important two photon absorption fluorescence emission (TPF) and are
interesting for potential applications in frequency up conversion lasing,
optical power limiting, three-dimensional (3D) fluorescence imaging,
3D optical data storage, 3D lithographic micro fabrication and photo-
dynamic therapy.

In particular, the interest in studying crystalline benzil and m-DNB is
explained mainly by their behaviour similar to that of the inorganic
wide-gap semiconductors. This interest is also justify by the particular-
ities of their molecular and crystalline structure that favors the appear-
ance of the free space having diameter (~3 A for both m-DNB and
benzil evaluated from the molecular chemical structure taking into
account the geometry of the molecule [1]) adequate for the inclusion
of foreign atoms or molecules (doping), or for the development of
specific internal microstructures of a different phase.

The type of dopant incorporation in the host matrix, substitutionally
or interstitially, depends on the shape, volume and intermolecular
bonding of the dopant molecule and, on the geometrical similarity
between dopant and matrix. The investigation of the effect of the dopant
incorporation and organization inside an organic matrix is important
for obtaining a new class of materials combining the properties of the
both components.

This paper presents some studies concerning the incorporation of inor-
ganic (silver, iodine, sodium) and organic (naphthalene, m-DNB) single
dopant in benzil or m-DNB matrix and of m-DNB+iodine; naph-
thalene+iodine) double dopant in benzil or m-DNB matrix.

Because both m-DNB and benzil are characterized by good thermal
stability at the melting point (89°C and 95°C respectively), these or-
ganic molecular crystals have been grown from the melt in a Bridgman-
Stockbarger vertical configuration (thermal gradient at the growth in-
terface: 5-35°C/cm; moving speed of the growth interface: 0.5-3 mm/h),
which has been adapted to counteract the supercooling and low thermal
conductivity characterizing the big molecule organic compounds. The
starting material was purified by chemical methods/vacuum distilla-
tion/multiple passages (~20) zone refining process. The dopant concen-
tration in wt% was well controlled.

Thick crystalline wafer (1.5-3 mm) with a diameter of ~8-12 mm, have
been obtained by cutting these pure and doped ingots with a wire saw
machine and mechanically polishing the slices with a mixture of alu-
mina powder in ethyleneglycol.

We have analysed the dopant/matrix systems from the point of view
of the growth interface stability emphasising the stability limits and
the experimental conditions (temperature gradient, moving speed,
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concentration gradient) for initiating the instabilities associated with
defects in the final crystal.

To obtain high quality crystals, the temperature distribution both in
melt and crystal must be accurately controlled. Controlling the local
thermal distribution in the heater during the solidification process de-
termined by the position of the growth ampoule in the heater we can
control the position and shape of the solid-liquid interface. For this
purpose we propose the numerical modelling of the heat transfer during
the process of aromatic derivatives crystallization by firstly solving
the steady-state heat transport model equation and subsequently con-
sidering the pseudo-transient heat transfer in the central zone of the
furnace, simulated in a time-dependent model, assuming that the
moving speed of the ampoule was equal to the solidification rate [2].

We have investigated the effect of the experimental conditions (Tj,
sone and ampoule position for charge melting; T4 ,one and ampoule
position for initiating the crystallization) on the growth interface shape
and evaluated the interface deflection (curvature). This value was
correlated with the growth interface shape, which is an important
parameter associated with the structural quality of the crystal.

We have also realized a comparative study between the structural/mor-
phological/optical (transmission, emission) properties of the pure and
doped molecular crystals. We have evidenced an exponential sub band
gap absorption process and estimated the corresponding Urbach energy.
This parameter which is correlated with topological and/or structural
defects is determined by two types of factors correlated: 1. to the growth
regime (temperature gradient, moving speed); 2. to selected dopant.
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A special attention was paid to analyse the particularities of the inter-
action between the molecular crystal and a laser beam. We have used
the ultrashort pulses of a pulsed laser Spectra Physics “Tsunami” with
a maximum emission wavelength 800 nm, pulse duration of 60 fs and
different medium power between 10 mW, and 500 mW.

We have analysed the effect of the doping on the second harmonic
generation (SHG) and TPF signals (Fig. 1a and 1b), emphasising the
dependence of the maximum intensity on the beam position, moving
the beam focus across the wafer surface and depth inside the sample
(Fig. 2). The effect of the dopant on the SHG will be estimated evalu-
ating the non-linear coefficient of pure and doped organic crystal from
the dependence of the SH intensity on the power of the incident laser
beam.
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Growth and properties of bulk single crystals of selected
transparent semiconducting oxides (TSOs): f-Ga,03,In,0;
and SnO,

Zbigniew Galazka, Reinhard Uecker, Klaus Irmscher, Detlef Klimm,
Mike Pietsch, Martin Albrecht, Detlev Schulz, Steffen Ganschow,
Albert Kwasniewski, Robert Schewski, Rainer Bertram, Matthias
Bickermann, Roberto Fornari

Leibniz Institute for Crystal Growth (IKZ), Max-Born-Str 2, Berlin
12489, Germany

e-mail: zbigniew.galazka@ikz-berlin.de

B-Ga,0s3, In,03, and SnO, are attractive transparent semiconducting
oxides (TSOs) with wide bandgaps 0f 4.8, 2.8, and 3.6 eV, respectively.
They are however, chemically unstable at elevated temperatures and
tend to decompose, therefore growing such single crystals from the
melt is a very challenging task. Bulk f-Ga,0; (MP=1820°C) single
crystals were grown by the Czochralski method using a self-adjusting
dynamic growth atmosphere. The crystal appearance and electrical /
optical properties are strongly dependent on applied growth conditions.
In,03 (MP=1950°C) is much more unstable than Ga,05 and ZnO, and
for the purpose of growing bulk In,O5 single crystals from the melt
we have developed a novel crystal growth method (PCT patent applic-
ation, 2012), which will be disclosed for the first time at this confer-
ence. SnO, is the most chemically unstable compound at high temper-
atures (MP>2100°C) among other TSOs so that single crystals of SnO,
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cannot be grown from the melt. Therefore, bulk SnO, single crystals
were obtained by the physical vapor transport (PVT). All these bulk
TSO single crystals showed n-type conductivity with free electron
concentrations in the range of 5x1 0'°-5x10'8 cm™ and electron mobil-
ities between 120-220 cm?/(V s). A systematic annealing study of the
bulk TSOs at different atmospheres, temperatures, and times revealed
that all the crystals are thermo-chemically stable up to 1200°C in non-
reducing and up to 600—700°C in highly reducing conditions. Moreover,
in terms of electrical properties, bulk TSO single crystals are sensitive
to annealing conditions: the free electron concentration of bulk In,O5
crystals could be modified by more than 2 orders of magnitude, while
bulk B-Ga,03 and SnO, crystals could be even switched interchange-
ably between semiconductor and electrical insulator just by suitable
annealing. Availability of truly bulk TSO single crystals combined
with their unique electrical and optical properties opens the door to
new applications, such as high power electronics, transparent electron-
ics, and light detectors.

10:50 Oral

Growth and EPR properties of NdVO4, HoVO, and NdVO,
single crystals

Slawomir M. Kaczmarekl, Marek Berkowskiz, Grzegorz Leniecl,
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Single crystals of NdVO,, HoVO, and ErVO, were grown by
the Czochralski method in an inductively heated iridium crucible of
40 x 40 mm and with an passive afterheater. Starting materials with
4N purity were heated at 1000 °C (Nd,03, Ho,0O5 and Er,03) or at
300°C V,05 for 6 hours before weighing, mixing and melting. Due to
evaporation of vanadium from the melt during crystal growth process
[1] composition of starting oxides was 1 mol.% shifted towards higher
concentration of V,0s. Single crystals with 20 mm diameter were
grown on an iridium 2 mm rod with pulling rate of 3-4 mm/h and a
rotation of 4-6 rpm. Crystals were grown under ambient pressure in a
nitrogen atmosphere. During crystallization strong tendency to spiral
growth was observed, especially for HoVO,. In spite of lack of crystal
seed most crystals started to grow along direction close c-axis with a-
and b-planes (cleavage planes) on the side. Obtained single crystals
were transparent with strong coloring — violet for NdVO,, yellow for
HoVO, and pink for ErVO,.
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EPR spectra of the three well oriented crystals were recorded
on a conventional X-band Bruker ELEXSY'S E 500 CW-spectrometer
(Bruker Analytik GmbH, Rheinstetten, Germany) operating at 9.5 GHz
with a 100-kHz magnetic field modulation. The first derivative of the
absorption spectra has been recorded as a function of the applied
magnetic field. Temperature dependence of the EPR spectra of the
samples in the 3-300 K temperature range was recorded using an Ox-

ford Instruments ESP nitrogen-flow cryostat (Oxford Instruments Ltd.,
Witney, UK). EPR-NMR program was applied to recognize spin
Hamiltonian parameters of the rare-earth ions [2].

[1T1K. Oka, H. Unoki, H. Shibata, H. Eisaki, Journal of Crystal Growth
286 (2006) 288-293

[2] M.J. Mombourquette, J.A. Weil, and D.G. McGavi: EPR-NMR
User’s Manual (Department of Chemistry, University of Saskatchewan,
Saskatoon, Canada, 1999).

11:05 Oral

Bulk crystals of ammonium acid phthalate single crystals
for optical limiting applications grown by Sankaranaray-
anan- Ramasamy method

Arunkumar Alagesan, Ramasamy Perumalsamy

Centre for Crystal Growth,SSN College of Engineering Ka-
lavakkam, Chennai, Chennai 603110, India

e-mail: ramasamyp@ssn.edu.in

Transparent ammonium acid phthalate (AAP) crystal of length
140 mm long and 20 mm diameter has been grown from aqueous
solution in <001> using Sankaranarayanan - Ramasamy method. The
unit cell parameters were confirmed by single crystal X-ray diffraction
analysis and it belongs to orthorhombic system. The crystalline perfec-
tion of grown crystals was analyzed by High-resolution X-ray diffrac-
tion. The UV-vis-NIR spectrum showed that the grown crystal is
transparent in the entire visible region. Fluorescence studies were car-
ried out in range of 200 — 700 nm. Thermogravimetric and differential
thermal analysis was carried out to determine the thermal property of
the grown crystal. The mechanical property of the grown crystal was
studied by Vickers Microhardness measurement. Nonlinear optical
absorption of the sample has been studied at 532 nm using single 7 ns
laser pulses, employing the open-aperture Z-scan technique. It is found
that the AAP molecule is a potential candidate for optical limiting ap-
plications. The laser damage threshold was measured using Q-switched
Nd: YAG laser (1064 nm).

Photograph of SR grown ammonium acid phthalate crystal
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Crystal Growth of pure and doped Potassium Titanyl
Phosphate single crystal for E-O applications and its
characterisation

Rajesh Narayana Perumal, Sadhasivam Subramani
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Nonlinear optics research and its needs require new materials for large
variety of processes. The Potassium Titanyl Phosphate (KTP) is well
known and prominent commercial material for harmonic generation.
The KTP crystal used in integrated optics, optical parametric oscillator
and high power laser generation for laser surgery. KTP have transparent
through 350 nm to 4500 nm and good optical properties, which makes
it is frontier single crystal for second harmonic generation at 532 nm
of Nd-based fundamental lasers. Hydrothermal method also used but
the risk is it needs several order pressure to reduce the growth temper-
ature. Alternatively Flux growth (high temperature solution growth)
using to grow Potassium titanyl phosphate material. Flux growth has
many sub division and paths to grow crystal but in our investigation
Top Seeded Solution Growth is chosen for obtaining good perfection
of crystalline materials. The TSSG method is consist several parameters
to get ideal technique.

The present investigation gives optimization during the growth of KTP
crystal using TSSG technique such as vertical and horizontal temper-
ature gradient optimizations, seed rotations and flow of melt causes
the surface of crystal growth, interfacing effects of growing crystal
with melt and growth rate, Solvent and solute concentration effects on
viscosity and growth characteristics, ionic characteristics with defect
relations. The inorganic material potassium titanyl phosphate single
crystal has been grown using flux growth technique. The grown crystal
analyzed by Atomic Force microscope for surface characteristics. The
grown crystal confirmed using elementary dispersive analysis of X-
ray (EDAX) and powder X-ray diffraction (XRD). The optical property
of the grown crystal was analyzed by UV—vis—NIR, Raman scattering
and photoluminescence (PL) spectral measurements. The dielectric
measurements were carried out for three crystallographic planes at 10-
10MHz frequency and the results discussed. The ferroelectric polariz-
ation with applied electric field measured. The indentation measure-
ments were used to analyze the mechanical property of the grown
crystal. Overcoming the growth obstacles were discussed as elaborately.

11:35 Oral

Development of Large Size Direction Controlled a-NiSQy,.
6H,0 Single Crystals and its Optical Studies for Bandpass
Filters

Rajesh Paulraj, Ramasamy Perumalsamy

Centre for Crystal Growth,SSN College of Engineering Ka-
lavakkam, Chennai, Chennai 603110, India

e-mail: rajeshppraj@gmail.com

Optical band pass filters need normally a cylindrical plate crystal and
perpendicular to the optical axis (0 0 1) and the crystal is directly ap-
plicable for the fabrication of the filters.Highly transparent single
crystals of a- Nickel sulphate hexahydrate were grown by Sankaranaray-
anan-Ramasamy method. The size of the grown crystal is 150 mm in
length and 25 mm in diameter. The grown crystals are shown in the
Fig. 1. The element applied for filter, a -NSH crystal is normally a

cylindrical sheet and perpendicular to the optical axis (0 0 1), while
all the crystals grown by conventional method have a bitetragonal
shape. The Sankaranarayanan-Ramasamy (SR) method has given the
solution, and it is possible to grow bulk-size single crystals along a
desired orientation needed for device fabrication. Its parameters of
transmission spectrometry in the range from UV to near IR
wavelengths, Microhardness, dislocation density, laser damage
threshold and thermal properties are reported. It has the transmission
of specific spectral wavelengths and rejection of others. The laser
damage threshold studies show that SR method grown crystal has high
laser stability compared to other crystals. Similar behaviour was re-
flected on the hardness measurements also.

FIGURE 1.(a) Conventional method (b) 3R method and grown NEH crystal

11:50 Oral

Bulk crystal growth and characterisation of nonlinear op-
tical crystals by unidirectional growth method

Jerome S. Das
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e-mail: sjeromedas2004@yahoo.com

In recent years there has been considerable interest to synthesize non-
linear optical materials with excellent second order optical non linear-
ities owing to their potential application in electro-optic and opto-
electronics devices. Nonlinear optics (NLO) is at the forefront of current
research because of its importance in providing the key functions of
frequency shifting, optical modulation, optical switching, optical logic
and optical memory for the emerging technologies in the areas such
as telecommunications, signal processing and optical interconnections.
The rapid development of optical communication systems has led to
a demand for nonlinear optical materials with high optical quality. Due
to the technological importance of these nonlinear crystals, the need
for good quality crystals has grown dramatically in the last few decades.
The wide range of applicability of bulk single crystals is evident in the
fields of semiconductors, infrared detectors, nonlinear optics, piezo-
electric oscillators, photonics and optoelectronic industries. The key
factors for materials selection depend not only on the laser condition
but also on the physical properties of the crystal, such as transparency,
damage threshold, conversion efficiency, phase matching, temperature
stability and size of the crystal. Bridgeman-stockbarger method, Czo-
chralski methods etc. are known for bulk crystal growth techniques
from melt. However in these methods, the transparency and other
mechanical properties of the grown crystals are affected due to thermal
stress. The crystals, completely decompose at their melting point,
cannot be grown by these methods. And also, growth technology plays
a principal role for the non-linear optical susceptibilities. This is a main
reason for the modification of the existed technological processes. It
is reported that solution growth overcomes these difficulties due to its
simplicity and convenience.

The unidirectional Sankaranarayanan - Ramasamy (SR) solution growth
method attracted the researchers due to the growth of defect free
transparent bulk single crystals along a particular axis. The unidirec-
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tional growth of bulk single crystals and their characterization towards
device fabrication have assumed great momentum due to their signific-
ance in both academic and applied research. Simple experimental
techniques, unidirectional growth, 100% solute-solid conversion,
minimum thermal stress and prevention of the microbial growth are
the interesting features of this technique. Due to these reasons, our in-
terest is focused towards the development of several NLO crystals by
Sankaranarayanan — Ramasamy (SR) method. All the grown crystals
were subjected to various characterizations such as single crystal X-
ray diffraction analysis, FTIR analysis, optical and thermal studies and
the results were discussed in detail.

12:05 Oral

Studies of solubility, metastable zone width, crystal growth
morphology, mechanical and optical properties of UNBA
NLO materials in different solvents

RamaNand Rai', Chung-Wen Lan’

1. Banaras Hindu University, Varanasi 221005, India 2. Department
of Chemical Engineering, National Taiwan University, No. 1, Sec.
4, Roosevelt Road, Taipei city 10617, Taiwan

e-mail: rn_rai@yahoo.co.in

The transparent single crystals of organic nonlinear optical (NLO)
urea-m.nitrobenzoic acid, UNBA, material have been grown from
methanol, acetone and ethanol solvents. The solubility and metastable
zone width (solution stability) of UNBA have been studied in different
solvents at different particular temperatures. Applying the van’t Hoff
equation the enthalpy, entropy and Jackson’s roughness parameters
were computed from the saturation temperature for each solvent. The
deviation from ideal behavior of different solutions were assessed using
the enthalpy of solution, determined applying van’t Hoff equation, to
that of heat of fusion value determined via differential scanning
calorimeter (DSC). The temperature range of solution stability of dif-
ferent solution saturated at different particular temperature and optimum
conditions to grow the good quality crystals from different solvents
were studied. The crystals’ habits of grown crystals from different
solvents were found to be solvent dependence. The Optical transmit-
tance, mechanical stability, band gap and refractive index of crystals
grown from different solvents were also studied.

PACS: 47.70.M; 31.70.D; 42.25B; 64.75

Key word: Solubility; Metastable zone width; van Haff equation; pH
measurements;

Solution crystal growth; Optical Transmittance; Band gap

*Corresponding author: E-mail:rn_rai@yahoo.co.in
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CZ growth of large sapphire single crystals up to 8 inch
diameter 300 mm length for multiple applications

Tsuguo Fukuda

Fukuda X'tal Laboratory, c/o ICR 6-6-3, Minami Yoshinari, Aoba-
ku, Sendai 981-3204, Japan

e-mail: fukuda@fxtal.co.jp

The Sapphire substrate market is fast growing and driven by multiple
applications such as LEDs, The SOS devices, RF devices, Cover lens
and Power devices.

In Fukuda Crystal Labs, according to requirements from customers
having many different purposes, CZ sapphire crystal growth technology
of 1 inch to 8 inch diameter were developed. CZ crystal growth is
historically proven and remains the major technique for producing Si
wafer due to quality and cost of ownership requirements. Sapphire
wafers would follow that same way at a stand point market expansions
and cost reductions for the multiple applications. The development for
resistance heating furnaces with Mo crucible has also progressed for
lower cost solution as a key to the future markets. After sophisticated
examinations with a number of suppliers including fabrication equip-
ment such as multi wire saw, 8 inch sapphire wafers are in ready to
markets.

Our efforts and the technology features including summary of melting
points and choice of crucibles is also reviewed in this talk.

14:30 Oral

Growth of large-size sapphire and Ti:sapphire crystals
with high optical and structural characteristics by HDC
method

Viacheslav M. Puzikov, Georgyi Adonkin, Viacheslav Baranov,
Aleksander Budnikov, Leonid Gryn, Sergii V. Nizhankovskyi, Nat-
alia Sidelnikova, Alina Tanko

Institute for Single Crystals NAS of Ukraine (ISC), 60 Lenin Ave.,
Kharkov 61001, Ukraine

e-mail: grin@isc.kharkov.ua

Horizontally directed crystallization (HDC) is one of most effective
methods for the obtaining of large-size sapphire windows for aerospace
engineering and transparent armour, laser and scintillation crystals.
Studied in the present work were the conditions for the growth of
sapphire crystals with rectangular parts measuring 350x500x40 mm®
and large-size Ti:sapphire crystals by HDC method in reducing gaseous
medium (CO+H,). The structural, optical and laser characteristics of
these crystals were investigated.
The distribution of the temperature fields in the crystals and the thermal
convection in the melt were simulated in the frame of a two-dimension-
al model. The regions of non-uniform distribution of the thermal and
stress fields in the crystals were established. The change of the density
of dislocations and their distribution in the crystal bulk after making
corrections of the technological growth conditions were considered.
This made it possible to optimize the thermal conditions for the growth
of large-size sapphire and Ti:sapphire crystals by the method of HDC.
The conditions for the growth of Ti:sapphire crystals with high optical
homogeneity were established. Activator striation was shown to be
essentially reduced by proper choice of the thermal and convective
conditions in the melt. The investigation of the laser characteristics
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testifies that the method of HDC is promising for the growth of wide-
aperture Ti:sapphire crystals.

14:45 Oral

Effect of heat transfer on the crystal-melt interface shape
of sapphire crystal grown using the vertical Bridgman
method

Chihiro Miyagawa1’2, Takumi Kobayashiz, Toshinori Taishil, Keigo
Hoshikawa

1. Shinshu University, 4-17-1 Wakasato, Nagano 380-8553, Japan
2. Fujikoshi Machinery Corp. (FMC), 1650 Kiyono Matsushiro-
machi, Nagano 381-1233, Japan

e-mail: ¢_miyagawa@shinshu-u.ac.jp

In recent years, c-plane (0001) sapphire substrates have been used
for the fabrication of GaN-based LED devices. We have applied the
vertical Bridgman (VB) method to c-axis 3-inch diameter sapphire
crystal growth, and crystals were successfully grown [1]. However,
low-angle boundaries propagating from the seed-crystal interface were
observed at the periphery of the crystal.

The quality of a crystal is affected by the shape of the crystal-melt
interface. In order to control this interface shape, two crucibles were
prepared for crystal growth by VB method, each with a different shape
in order to control the change in heat flux. The crystal-melt interface
shapes and resulting low-angle grain boundaries in grown crystals
were investigated experimentally and numerically.

As-grown sapphire boules were cut into wafers. Polished sapphire
wafers were evaluated using crossed polarizers and were also examined
by X-ray topography. In addition, the influence of heat transfer using
these crucibles on the crystal-melt interface shapes was numerically
estimated using a 2D axisymmetric approach, performed using crystal
growth simulator (CGSim) software.

Photographs using crossed polarizers and X-ray topographic images
showed that the shape of the crystal-melt interface and the occurrence
of low-angle grain boundaries in the crystals were influenced by the
heat transfer characteristics of the different crucible structures. The
numerical predictions shown in Fig.1 (a) and (b) are consistent with
available experimental data.

[1] C. Miyagawa et.al, Demonstration of crack-free c-axis sapphire
crystal growth using the vertical Bridgman method, J. Cryst. Growth
(in press).

15:00 Oral

Growth and spectroscopic properties of SLi- and '"B-en-
riched crystals for heat-scintillation cryogenic bolometers
used in the rare events searches

Rekia Belhoucif"s, Matias Velazguezl, Yannick Petitl, Olivier
Pérez?, Benoit Glorieux', Oudomsack Viraphong', Pierre de Mar-
cillac® , Noél Coron® , Lidia Torres3’4, Emmanuel Vérons, AbdelHam-
id Kellou®, Philippe Veber!, Rodolphe Decourt!, Hassan El Hafid'

1. Institut de Chimie de la Matiere Condensée de Bordeaux, ICMCB
- CNRS, 87 avenue du Dr Albert Schweitzer, Pessac 33608, France
2. Laboratoir CRISMAT, CNRS UMR 6508, Bd Marechal Juin, Caen
F-14050, France 3. Institut d'Astrophysique Spatiale (IAS), Batiment
121, UMR 8617 Université Paris-Sud 11/CNRS, Orsay 91405,
France 4. CEA-Saclay, Saclay 91191, France 5. CEMHTI, 1D aven-
ue de la Recherche Scientifique, Orléans 45071, France 6. LEQ, BP
32 El alia, 16111 Bab Ezzouar, Alger 16111, Algeria

e-mail: matias.velazquez@icmcb-bordeaux.cnrs.fr

he dark matter content of the Universe accounts for 23% of its total
energy [1]. Dark matter particles from the halo of our galaxy can be,
in principle, detected by the nuclear recoils that they produce in a de-
tector when scattered off nuclei and great experimental efforts are
nowadays dedicated to this subject [2]. In the past decade, improved
sensitivity of this kind of experiments has come from the acquired
capability of distinguishing nuclear recoils in the detector (like those
presumably produced by WIMPs) from electronic recoils (produced
by the most common radioactive background—gamma, electrons and
alpha particles) [3-6]. Neutrons, which scatter off nuclei, are therefore
the ultimate background of these searches. A bolometer consists of a
crystal absorber strongly coupled to a thermometer, both weakly
coupled to a heat sink maintained at 10-30 mK. When a particle of any
kind interacts with the absorber, the energy released is seen as a tem-
perature increase by the sensor. Scintillating bolometers are double
readout (light and heat) detectors that measure simultaneously the heat
and the light generated by a particle [7]. Particle discrimination is
achieved by comparison of both signals, since the heat released by a
particle is similar for all types of particles, and proportional to their
energy, and the light yield strongly depends on the ionization power
of the incident particle [3-7]. In this context, we are developing the
growth of crystals with diameters of several centimeters and thicknesses
several times the thermal neutron mean free path in SLi-based crystals
and the range of neutron capture induced particles in crystals made of
®Lior 1B, typically 6 mm for alpha’s and 34 mm for tritiums in lithium
borates. As the °Li and '°B isotopes, as well as several Gd isotopes,
exhibit high neutron capture cross-sections (sigmalOB_n~4sigma6Li_n( 10
keV)~8.lO'24 sz) [8,9], it soon turned out that crystals of the
LigGd(BOs);-type would constitute ideal candidates for both tailoring
HSBCs with high light yields over a wide neutron energy range and
adapting them to powerful light detectors working at low temperature
and available from UV to X-ray spectral ranges [3-7].
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Figure 1.Top top : as-grown 6Li6Eu(mBO3)3 bulk crystals of 43.5 g
and 17.7 g, respectively. Top bottom : the same crystals illuminated
by 365 nm radiation. Bottom top : as-grown LisGd) 35Eu s5(BO3)3
bulk crystal of ~30 g. Bottom bottom cut and polished
LisGd,) 55Eu 75(BO3)3 crystals 6 mm-thick and of diameters 30 mm
and 23 mm, respectively. All crystals shown at the bottom are illumin-
ated by 365 nm radiation.
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