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PREFACE

This volume deals with the technologies of crystal fabrication, of crystal machin-
ing, and of epilayer production and is the first book on industrial aspects of crystal
production. Therefore, it will be of use to all scientists, engineers, professors and
students who are active in these fields, or who want to study them. Highest-
quality crystals and epitaxial layers (epilayers) form the basis for many industrial
technological advances, including telecommunications, computer and electrical
energy technology, and those technologies based on lasers and nonlinear-optical
crystals. Furthermore, automobile electronics, audiovisual equipment, infrared
night-vision and detectors for medicine (tomography) and large nuclear-physics
experiments (for example in CERN) are all dependent on high-quality crystals
and epilayers, are as novel technologies currently in development and planned for
the future. Crystals and epilayers will gain special importance in energy saving
and renewable energy. Industrial crystal and epilayer production development has
been driven by the above technological advances and also by the needs of the
military and a multibillion-dollar industry. From the nearly 20000 tons of crys-
tals produced annually, the largest fraction consists of the semiconductors silicon,
gallium arsenide, indium phosphide, germanium, and cadmium telluride. Other
large fractions are optical and scintillator crystals, and crystals for the watch and
jewellery industries.

For most applications the crystals have to be machined, i.e. sliced, lapped,
polished, etched, or surface-treated. These processes have to be better understood
in order to improve yields, reduce the loss of valuable crystal, and improve the
performance of machined crystals and wafers.

Despite its importance, the scientific development and understanding of crystal
and epilayer fabrication is not very advanced, and the education of specialized
engineers and scientists has not even started. The first reason for this is the mul-
tidisciplinarity of crystal growth and epitaxial technology: neither chemical and
materials engineering departments on the preparative side, nor physics and elec-
trical engineering on the application side feel responsible, or capable of taking
care of crystal technologies. Other reasons for the lack of development and recog-
nition are the complexity of the multi-parameter growth processes, the complex
phase transformation from the the mobilized liquid or gaseous phase to the solid
crystal, and the scaling problem with the required growth-interface control on
the nm-scale within growth systems of m-scale.

An initial workshop, named ‘First International School on Crystal Growth
Technology ISCGT-1" took place between September 5—14, 1998 in Beaten-
berg, Switzerland, and ISCGT-2 was held between August 24-29, 2000 in Mount
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Zao Resort, Japan with H. J. Scheel and T. Fukuda action as the co-chairmen.
Extended lectures were given by leading specialists from industries and universi-
ties, and the majority of crystal-producing factories were represented. This book
contains 29 selected review papers from ISCGT-1 and discusses scientific and
technological problems of production and machining of industrial crystals for
the first time. Thus, it is expected that this volume will serve all scientists and
engineers involved in crystal and epilayer fabrication. Furthermore, it will be
useful for the users of crystals, for teachers and graduate students in materials
sciences, in electronic and other functional materials, chemical and metallurgical
engineering, micro- and optoelectronics including nano-technology, mechanical
engineering and precision-machining, microtechnology, and in solid-state sci-
ences. Also, consultants and specialists from funding agencies may profit from
reading this book, as will all those with an interest in crystals, epilayers, and their
production, and those concerned with saving energy and in renewable energy.

In Section I, general aspects of crystal growth are reviewed: the present and
future of crystal growth technology, thermodynamic fundamentals of phase transi-
tions applied to crystal-growth processes, interface and faceting effects, striations,
modeling of crystal growth from melts and from solutions, and structural char-
acterization to develop the growth of large-diameter crystals, In Section II, the
problems relating to silicon are discussed: structural and chemical characteristics
of octahedral void defects, intrinsic point defects and reactions in silicon, heat and
mass transfer in melts under magnetic fields, silicon for photovoltaics, and slicing
and novel precision-machining methods for silicon. Section III treats problems of
the growth of large, rather than perfect, crystals of the compound semiconductors
GaAs, InP, and CdTe. Section 1V discussed oxides for surface-acoustic-wave and
nonlinear-optic applications and the growth of large halogenide scintillator crys-
tals. Section V deals with crystal machining: crystal orientation, sawing, lapping,
and polishing and also includes the novel technologies EEM and CVM. Finally,
Section VI treats the control of epitaxial growth modes to achieve highest-
performance optoelectronic devices, and a novel, fast deposition process for
silicon from high-density plasmas is presented.

The editors would like to thank the contributors for their valuable reviews,
the referees (especially D. Elwell), and the sponsors of ISCGT-1. Furthermore,
the editors acknowledge the competent copy-proof reading of P. Capper, and the
work from J. Cossham, L. James and L. Bird of John Wiley & Sons Ltd, the
publishers: also for pleasant collaboration and their patience.

It is hoped that this book may contribute to the scientific development of
crystal technologies, and that it is of assistance for the necessary education in
this field.

HANS J. SCHEEL and TSUGUO FUKUDA
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1 The Development of Crystal Growth
Technology

HANS J. SCHEEL
SCHEEL CONSULTING, CH-8808 Pfaeffikon SZ, Switzerland

ABSTRACT

The industrial production of crystals started with A. Verneuil with his flame-
fusion growth method 1902. He can be regarded as the father of crystal growth
technology as his principles of nucleation control and crystal-diameter con-
trol are adapted in most later growth methods from the melt, like Tammann,
Stober, Bridgman, Czochralski, Kyropoulos, Stockbarger, etc. The important
crystal pulling from melts named after Czochralski was effectively developed
by Teal, Little and Dash.

The multi-disciplinary nature of technology of crystal and epilayer fabrication,
the complex multi-parameter processes — where ten or more growth parame-
ters have to be compromised and optimized, and also the scaling problem have
impeded the scientific development of this important area. Only recently has the
numerical simulation of Czochralski melts started to become useful for growth
technologists, the deep understanding of the striation problem allowed the experi-
mental conditions to grow striation-free crystals to be established, and the control
of epitaxial growth modes permitted the preparation of atomically flat surfaces
and interfaces of importance for the performance of opto-electronic and super-
conducting devices.

Despite the scale of the multi-billion dollar crystal and epilayer fabrication
and crystal-machining industry and the annual need worldwide of at least 400
engineers, there is so far no formation of specialists for crystal production, epi-
taxy technology, crystal machining and surface preparation. A special curriculum
is required due to the multi-disciplinary character of crystal-growth technology
(CGT) which does not fit into a single classical university discipline like chemical,
mechanical, materials, or electrical engineering, or crystallography, thermody-
namics, solid-state physics, and surface physics. The education scheme for CGT
has to include all these disciplines and basic sciences to such an extent that the
finished engineers and scientists are capable of interacting and collaborating with
specialists from the various disciplines. It is up to the interested industries to
request CGT engineers from the technical universities and engineering schools.

Crystal Growth Technology, Edited by H. I. Scheel and T. Fukuda
© 2003 John Wiley & Sons, Ltd. ISBN: 0-471-49059-8
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Crystal-growth technology and epitaxy technology had developed along with
the technological development in the 20th century. On the other hand, the
rapid advances in microelectronics, in communication technologies, in medical
instrumentation, in energy and space technology were only possible after
the remarkable progress in fabrication of large, rather perfect crystals and
of large-diameter epitaxial layers (epilayers). Further progress in CGT and
education of CGT engineers is required for significant contributions to the energy
crisis. High-efficiency white light-emitting diodes for energy-saving illumination
and photovoltaic/thermo-photovoltaic devices for transforming solar and other
radiation energy into electric power with high yield depend on significant
advances in crystal growth and epitaxy technology. Also, the dream of laser-
fusion energy and other novel technologies can only be realized after appropriate
progress in the technology of crystal and epilayer fabrication.

1.1 HISTORICAL INTRODUCTION

Fundamental aspects of crystal growth had been derived from early crystalliza-
tion experiments in the 18th and the 19th century (Elwell and Scheel 1975,
Scheel 1993). Theoretical understanding started with the development of ther-
modynamics in the late 19th century (Gibbs, Arrhenius, Van't Hoff) and with the
development of nucleation and crystal growth theories and the increasing under-
standing of the role of transport phenomena in the 20th century. The phenomena
of undercooling and supersaturation and the heat of crystallization were already
recognized in the 18th century by Fahrenheit and by Lowitz. The corresponding
metastable region, the existence range of undercooled melts and solutions, was
measured and defined in 1893/1897 by Ostwald and in 1906 by Miers, whereas
the effect of friction on the width of this Ostwald—Miers region was described
in 1911 and 1913 by Young. Although the impact of stirring on this metastable
region is important in mass crystallization of salt, sugar and many chemicals, it
is not yet theoretically understood.

The rates of nucleation and crystallization in glasses were the foundation to
nucleation theories. The crystal surface with steps and kinks of Kossel in 1927
allowed Stranski and Kaishew in 1934 to define the work of separation of crystal
units as repeatable steps as the basis of the first crystal-growth theories. With the
understanding of facet formation as a function of the entropy of fusion in 1958 by
Jackson, and depending on the density of bonds in the crystal structure 1955 by
Hartman and Perdok, the role of screw dislocations as continuous step sources in
the formation of growth hillocks (Frank 1949), and with the generalized crystal
growth theory of Burton, Cabrera and Frank 1951, many growth phenomena
could be explained.

In the growth of crystals from a fluid medium (melt, solution, gas phase) the
heat and mass transport phenomena also play a significant role, as was observed
early by Rouelle 1745 and Frankenheim 1835. The diffusion boundary layer
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defined by Noyes and Whitney 1897 was used in the growth-rate equation of
Nernst 1904 and confirmed by interferometric measurements of concentration
profiles around growing crystals by Berg 1938 and by others. Forced convec-
tion was recognized to be beneficial for diffusion-limited growth by Wulff 1886,
Kriiger and Finke 1910, and Johnsen 1915 for open systems with stirrers, whereas
smooth stirring in sealed containers can be achieved with the accelerated cru-
cible rotation technique ACRT of Scheel 1971/1972. The growth of inclusion-free
crystals from the melt can be accomplished by observing the principles of “diffu-
sional undercooling” of Ivantsov 1951 and “constitutional supercooling” of Tiller
et al. 1953. Formation of inclusions, i.e. growth instability, can be prevented in
growth from solutions by sufficient flow against or along the crystal facets: Carl-
son 1958 developed an empirical theory which was utilized by Scheel and Elwell
1972 to derive the maximum stable growth rate and optimized programming of
supersaturation for obtaining large inclusion-free crystals.

Microscopic and macroscopic inhomogeneities in doped crystals and in solid
solutions are caused by segregation phenomena, which are related to mass and
heat transfer. Based on the derivation of effective distribution coefficients for
melt growth by Burton et al. (1953) and by van Erk (1982) for growth from
solutions, the theoretical and experimental conditions for growth of striation-free
crystals could be established (Rytz and Scheel 1982, Scheel and Sommerauer
1983, Scheel and Swendsen 2001).

There have been remarkable developments with respect to size and perfection
of crystals, with silicon, sapphire, alkali and earth alkali halides reaching diam-
eters up to 0.5m and weights of nearly 500kg. These advances in Czochralski,
Kyropoulos, heat-exchanger method, and Bridgman—Stockbarger growth were
accompanied by numerical simulations which have become increasingly power-
ful to predict the optimized conditions. However, further advances in computer
modelling and in the reliability of the used physico-chemical data are required
in order to increase the efficiency and precision of computer simulations and
to allow the prediction of the best crystal-growth technology including growth
parameters for the growth of new large and relatively perfect crystals.

1.2 THE DEVELOPMENT OF CRYSTAL-GROWTH METHODS

Industrial crystal production started with Verneuil 1902 who with the flame-fusion
growth process named after him achieved for the first time control of nucleation
and thus single crystals of ruby and sapphire with melting points above 2000 °C.
By formation of the neck and the following enlargement of the crystal diameter,
not only was the seed selection achieved in a crucible-free process, but also the
structural perfection of the growing crystal could be controlled to some extent.

Figure 1.1 shows the stages of Verneuil growth of high-melting oxides, and
Figure 1.2 the relatively simple apparatus where powder is fed into the hydro-
gen—oxygen flame and enters the molten cap of first the cone and neck, and
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Figure 1.1 Stages of flame-fusion (Verneuil) growth of ruby, schematic: (a) formation of
sinter cone and central melt droplet onto alumina rod, (b) growth of the neck by adjustment
of powder supply and the hydrogen-oxygen flame, (c) Increase of the diameter without
overflow of the molten cap for the growth of the single-crystal boule. (Reprinted from
H. J. Scheel, J. Cryst. Growth 211(2000) 1-12, copyright (2000) with permission from
Elsevier Science.)

then the molten surface layer of the growing crystal. The latter is slowly moved
downwards so that the surface-melting conditions remain within the observation
window. Historical details of Verneuil’s development were given by Nassau 1969
and Nassau and Nassau 1971. The industrialization for production of ruby watch-
stones and synthetic gemstones started with Verneuil’s laboratory in Paris in 1910
with 30 furnaces and with the Djevahirdjian factory at Monthey VS in Switzer-
land where the CIBA chemical company could provide hydrogen. The annual
ruby production reached 5 million carats in 1907, and 10 million carats ruby and
6 million carats sapphire in 1913. Nowadays, the production capacity of sap-
phire for watch windows and other applications is 250 tons (1.25 x 10 carats),
the largest fraction from the Djevahirdjian factory with 2200 Verneuil furnaces,
and this with the practically unchanged process.

The principles of the Verneuil method with nucleation, growth rate and diam-
eter control have been applied in most of the growth processes described in
the following years: Tammann 1914, Stéber 1925, Bridgman 1923, Stockbarger
1936, vertical-gradient-freeze growth of Ramsberger and Malvin 1927, and in
the Czochralski process 1918/1950, see Figure 1.3 and Wilke-Bohm 1988. Thus,
Verneuil can really be regarded as the founder of crystal-growth technology.

However, the most important method of fabrication of semiconductor and
oxide crystals consists of pulling crystals from melts contained in crucibles, a
method named after Czochralski. The origin of this started with the topical area
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Figure 1.2 The relatively simple apparatus of Verneuil for flame-fusion growth.
(Reprinted from D. T. J. Hurle (ed.) Handbook of Crystal Growth 1, Fundamentals,
Part A, Chapter 1, 1993, copyright (1993) with permission from Elsevier Science.)

of physical chemistry for 50 years, the measurement or crystallization velocities,
which was initiated by Gernez 1882, who had found a high crystallization rate of
molten phosphorus. After Tammann’s studies of glass crystallization, Czochral-
ski presented in 1918 *“a new method for measurement of the crystallization
velocity of metals” where he pulled fibers of low-melting metals from melts.
Soon after this, von Gomperz used floating dies to control the fiber diameter
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Figure 1.3 Modification of Verneuil’s principles of nucleation control and increasing
crystal diameters in other crystal-growth techniques. (Reprinted from H. J. Scheel, J.
Cryst. Growth 211(2000) 1-12, copyright (2000) with permission from Elsevier Science.)

(an early Stepanov or EFG process) 1921, and in 1928 Kapitza measured crys-
tallization rates and prepared single-crystalline bismuth in a vertical glass tube
(early zone melting).

Czochralski never considered pulling a crystal for research, although he could
have adapted the inverse Verneuil principle, which was well known at that time.
The metal crystals for research in Czochralski’s laboratory were prepared by the
Bridgman method. Therefore, it is no wonder that Zerfoss, Johnson and Egli
in their review on growth methods at the International Crystal Growth Meet-
ing in Bristol UK 1949 mentioned Verneuil, Bridgman—Stockbarger, Stéber and
Kyropoulos techniques, but not Czochralski.
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With the discovery of the transistor at Bell Laboratories there arose a need for
single crystals of semiconductors, first of germanium. Teal and Little invented and
developed crystal pulling of relatively large Ge crystals in 1950. Then it was the
book of Buckley in 1951, who erroneously named pulling of large crystals after
Czochralski, and this name became widespread with the fast-growing importance
of crystal pulling. Possibly it is too late to change the name to Teal-Little—Dash,
the latter due to his contribution to dislocation-free crystals by optimized seed
and neck formation. The development of Czochralski and liquid-encapsulated
Czochralski growth was discussed by Hurle 1987.

The majority of crystals is produced by pulling from the melt. Crystal dimen-
sions have reached 10cm for InP, LiTa0;, sapphire and other oxide crystals,
15cm for LiNbO; and GaAs, and 30 to 40 cm for silicon and for halide scintil-
lator crystals with melt dimensions up to 1 m. Numerical modelling has assisted
these developments, for instance for the optimization of the crystal and crucible
rotation rates and of the temperature distribution and the design of heaters, after-
heaters and heat shields. However, for the axial segregation and the striation
problems the final general solution has not yet been established. The following
approaches to reduce convection have been partially introduced in crystal pro-
duction: double crucible for GaAs and stoichiometric LiNbO3, magnetic fields in
various configurations for semiconductors, and shallow melts or small melt vol-
umes with continuous feeding for silicon and for halide scintillator crystals: these
approaches are discussed in this volume. An alternative approach to solve, or at
least minimize, the axial segregation and the striation problem is the co-rotating
ring Czochralski (CRCZ) method which induces a hydrodynamic double-crucible
effect: by optimized rotation rate of crystal and co-rotating ring (inserted into the
melt) and counter-rotation rate of the crucible, a nearly convection-free melt
fraction is achieved below the growing crystal, whereas the larger fraction of the
melt is homogenized by combined forced and natural convection (Scheel 1995).

Only a few Czochralski-grown elements like silicon, germanium, and copper
are produced dislocation-free by application of necking as developed by Dash
in 1959. Most crystals have dislocations of typically 10° to 10®cm~2 due to the
generally large temperature gradients at the growing interface and due to the post-
growth defect agglomeration behind the growth front (Vo6lkl and Miiller 1989).
Attempts to grow with low-temperature gradients at the Institute of Inorganic
Chemistry in Novosibirsk or to grow the crystal into the melt by the Kyropoulos
method (SOI-method in St. Petersburg) have yielded low dislocation crystals of],
for example, sapphire up to 40cm diameter, but have not yet been developed
for large-scale production. However, alternative technologies like Bridgman and
vertical gradient freeze (VGF) have gained importance for production of semi-
conductor crystals of improved structural perfection like GaAs, InP, and CdTe
and its solid solutions. In vertical Bridgman and in VGF growth the forced con-
vection by the accelerated-crucible rotation technique (ACRT) of Scheel 1972
has increased homogeneity, structural perfection, and stable growth rates in the
cases of halides (Horowitz er al. 1983) and doped CdTe (Capper 1994, 2000).
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In silicon, the octahedral void defects (see Falster and Itsumi in this volume)
and their distribution as well as oxygen and dopant homogeneity require further
understanding (see Abe, Falster) and process optimization, otherwise an increas-
ing fraction of silicon wafers have to be provided with epitaxial layers in order
to achieve the homogeneity of surface properties required for highly integrated
microelectronic circuit structures.

Examples of other remarkable developments in the growth of bulk crystals
are briefly given: Hydrothermal growth of large high-quality low-dislocation-
density quartz by VNIISIMS/Russia and Sawyer/USA, hydrothermal growth of
large ZnO and emerald crystals, high-temperature solution growth of perovskites
and garnets by top-seeded solution growth TSSG by Linz ef al. and by the
accelerated crucible rotation technique (ACRT) by Scheel and by Tolksdorf,
TSSG growth of KTP and CLBO (the latter by Sasaki and Mori), aqueous-
solution growth of KDP (Sasaki, Zaitseva), Bridgman—Stockbarger growth of
alkali halides and of CaF,, float-zone growth of TiO, rutile by Shindo er al.,
skull-melting growth of zirconia by Wenckus and Osiko, and Czochralski growth
of numerous oxide compounds mainly in US, French, Japanese and recently
Korean and Taiwan companies.

1.3 CRYSTAL-GROWTH TECHNOLOGY NOW

The world crystal production is estimated at more than 20 000 tons per year, of
which the largest fraction of about 60 % are semiconductors silicon, GaAs, InP,
GaP, CdTe and its alloys. As can be seen in Figure 1.4 , optical crystals, scintilla-
tor crystals, and acousto-optic crystals have about equal shares of 10 %, whereas
laser and nonlinear-optic crystals and crystals for jewelry and watch industry have
shares of a few % only. This scale of crystal production and the fact that most

5% 3%

[] SEMICONDUCTORS

[0} SCINTILLATION CRYSTALS
10%
B OPTICAL CRYSTALS

[l ACOUSTIC OPTICS CRYSTALS

D LASER & NONLINEAR CRYSTALS

H JEWELRY & WATCH INDUSTRY

Figure 1.4 Estimated shares of world crystal production in 1999. (Reprinted from
H. J. Scheel, J. Cryst. Growth 211(2000) 1-12, copyright (2000) with permission from
Elsevier Science.)
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crystals are produced in factories specialized in silicon or GaAs or LiNbOs, etc.
has caused an increasing degree of specialization. Furthermore, crystal growth
has split into five major areas so that cross-fertilization and communication are
more and more reduced:

Fundamental theoretical and experimental crystal growth studies.
Laboratory crystal growth for preparing research samples.

Industrial fabrication of single crystals and their machining and characteri-
zation.

Fabrication of metallic/dendritic crystals (e.g. turbine blades).

Mass crystallization (salt, sugar, chemicals).

W=

o

Epitaxy has similarly separated from bulk crystal growth and has split into:

1. Fundamental/theoretical and experimental epitaxy studies and surface phe-
nomena.

2. Epitaxy growth methods (VPE, MOCVD/MOVPE, MBE, ALE, LPE).

3. Materials classes (GaAs, InP, GaN, II-VI compounds, high-7, superconduc-
tors, low-dimensional/quantum-well/quantum-dot structures, etc.).

As a consequence of these separations and splits, numerous specialized con-
ferences, workshops and schools are established and regularly organized, new
specialized journals appear, and the common language gets more and more lost,
even to the extent that formerly well-defined terms are misused.

The situation is critical in research and development involving crystal growth
and epitaxy. Due to a worldwide lack of education in these areas, frequently
growth methods are employed for problems for which they are not well-suited
or even not suited at all. It is postulated (Scheel 2002) that for a specific crystal
of defined size and perfection there is only

one optimum and economic growth technology

considering thermodynamics, growth kinetics, and economic factors. This aspect
is schematically shown in Figure 1.5, where the crystal performance, the crystal
size, the efficiency of the growth method, and the price of crystal are shown. The
shape factor may play a role when, for instance, special shapes are needed in the
application, for example square, rectangular or oval watch faces of sapphire. The
concept of one or maximum two optimum technologies should be considered for
industrial crystal fabrication, whereas in laboratories the existing equipment or
experience may determine a nonoptimum growth method. This postulate holds
obviously also for epitaxial methods: for example, high-7, compounds have been
prepared by >1000 groups (after the discovery of high-temperature superconduc-
tivity, HTSC) by vapour-phase epitaxy, which cannot yield the atomically flat
surfaces required for reliable HTSC tunnel-device technology. Instead only liquid
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Figure 1.5 Schematic diagram of the efficiencies of various crystal-growth methods
and the achieved crystal sizes and crystal quality. Note that there is normally only one
optimum economic technology for the required crystal performance and size.

phase epitaxy near thermodynamic equilibrium can give atomically flat surfaces,
as discussed elsewhere in this volume. Here, it could be added that the lack of
recognition of the materials problems and specifically of the crystal growth and
epitaxy problems have caused tremendous economic (and intellectual) losses not
only in industries but also in research. As a recent prominent example, HTSC as
a whole could not be properly developed, neither its physical understanding nor
its many predicted applications because the chemical and structural complexity
of the not very stable HTSC compounds were neglected. Most physical HTSC
measurements were nonreproducible because the used crystals and layers were
not sufficiently characterized for those structural and chemical defects that have
an impact on these measurements or applications.

We realize that ‘education’ is needed for the important field of crystal-growth
technology in order to achieve efficient developments in novel high technolo-
gies, in energy saving, in solar energy generation, in future laser-fusion energy
and with a better approach in HTSC: in all these areas where crystal-growth
technology is the progress-determining factor (Scheel 2002). However, in view
of the multidisciplinary nature of crystal growth technology it will be not easy
to initiate a curriculum in a classical university with the rather strict separation
of disciplines in faculties or departments. In addition, the specialized education
in CGT can start only after the multidisciplinary basic education and requires
additional courses of 1 to 2 years. Furthermore, there are no teachers for this
field as most crystal growers are specialized and experts in specific materials or
specific methods only. In addition education in crystal growth technology and
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Table 1.1 Complexity of crystal growth technology CGT

a. Multi-Disciplinary

o Chemistry (all fields) including Chemical Engineering

* Materials Science & Engineering

e Mechanical & Electrical Engineering (especially hydrodynamics, machine design,
process control)

e Theoretical Physics (especially thermodynamics, non-equilibrium thermodynamics,
statistical mechanics)

» Applied Crystallography and Crystal Chemistry

» Solid-State Physics

b. Complexity

* Phase Transformation from Fluid (melt, solution, vapour) to Crystal

* Scaling Problem: Control of surface on nm scale in growth system of ~m size,
hampers numerical simulation

Complex Structure & Phenomena in Melts and Solutions

e Multi-Parameter Processes: Optimize and compromise ~10 parameters

There is only one Optimum and Economic Growth Technology for a Specific Size and Performance
of Crystal or Crystalline Layer!

epitaxy technology should be complemented by practical work and by periods
in industries: another obstacle where, however, interested industries will collab-
orate. This practical work is needed in order to understand and appreciate the
complexity (see Table 1.1) of crystal-growth processes in view of the involved
phase transformation, of the many parameters that have to be compromised and
optimized, and in view of the scaling problem, which hampers realistic numeri-
cal simulation.

1.4 CONCLUSION

Crystal-growth technology (CGT) including epilayer fabrication technology is
of greatest importance for energy saving, for renewable energy, and for novel
high technologies. Therefore the education of CGT engineers and CGT scientists
is needed as well as significant support and publicity. Excellent students with
intuition and motivation can have a great impact in crystal-growth technology
and thus contribute to the energy problem and to high-technology developments
of mankind.
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2.1 INTRODUCTION

Thermodynamics is an important practical tool for crystal growers. It helps to
derive the most effective phase transition, i.e. growth method, and the value
of the driving force of crystallization. From thermodynamic principles one can
estimate the nucleation and existence conditions of a given crystalline phase, the
width of compound homogeneity regions, and optimize the in-situ control of the
crystal composition during the growth. In a word, no technological optimum can
be found without considering thermodynamic relationships.

In general, crystal growth involves first-order phase transitions. This means
there is the coexistence of two distinct uniform phases that are stable at the
equilibrium point and separated by a phase boundary, i.e. an interface. Close to
the equilibrium point the phases can still exist, one as thermodynamically stable,
the other as the thermodynamically metastable phase, whereas the metastable
phase is supersaturated (supercooled) with respect to the stable (equilibrium)
phase. As a result, a thermodynamic driving force of crystallization will appear
leading at a critical value of supersaturation to spontaneous nucleation of the
crystalline phase within the metastable fluid phase. A controlled propagation of
the solid/fluid phase boundary, however, takes place by providing a seed crystal
or a substrate in contact with the fluid phase.

Classic thermodynamics (Guggenheim 1967, Wallace 1972, Lupis 1983) is
concerned with macroscopic equilibrium states of quasiclosed systems. Such an
approach for crystal growth is allowed due to the slow time scale of macroscopic
processes compared with the Kinetics of atoms, and due to the relatively small
deviations from equilibrium. In order to describe nonequilibrium processes of
quasiopen crystallization systems, characterized by continuous flows of heat and
matter (i.e. entropy production), one uses linear nonequilibrium thermodynam-
ics (de Groot and Mazur 1969, van der Erden 1993). In this work, however, we
will treat only the fundamentals of classic thermodynamics.

Crystal Growth Technology, Edited by H. I. Scheel and T. Fukuda
© 2003 John Wiley & Sons, Ltd. ISBN: 0-471-49059-8
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2.2 PERFECT AND REAL STRUCTURE OF GROWN CRYSTALS
2.2.1 THE PRINCIPLE OF GIBBS FREE ENERGY MINIMIZATION

It is well known that all thermodynamic processes strive to minimize the free
energy. Applied to the crystallization process this means that the single-crystalline
state is a normal one because the free thermodynamic potential G (free potential
of Gibbs) is minimal if the ‘crystal growth units’ (atoms, molecules) are perfectly
packed in a three-dimensional ordered crystal structure, i.e. the atomic bonds are
saturated regularly. Because the sum of the atomic bonds yields de facto the
potential part H, the so-called enthalpy, of the internal crystal energy U = H —
PV (P = pressure, and V = volume) the process of ordering is characterized by
the minimization of enthalpy (H — min.).

On the other side, however, an ideally ordered crystalline state would imply an
impossible minimal entropy S. Thus, the opposite process of increasing entropy,
i.e. disordering (§ — max.) gains relevance with increasing temperature 7. This
is expressed by the basic equation of the thermodynamic potential of Gibbs

G=U+PV—TS=H()-TS(?) — min @2.1)

In fact, the crystallization is composed of two opposite processes — (i) regular,
and (ii) defective incorporation of the ‘growth units’, at which the second con-
tribution increases exponentially with 7 and amounts at 7 = 1000 K to about
1073 % (see Section 2.2.2).

The fundamental principle of energy minimization is also used to determine the
composition of the vapour phase in equilibrium with a melt and a growing crystal
in multicomponent systems. This is of the highest importance for the control of
the melt chemistry and for the incorporation of foreign atoms into the crystal. For
instance, in a Czochralski growth chamber the inert gas atmosphere may consist
of numerous additional species produced by chemical reactions of volatile melt
components with sublimates of the technological materials present (heater, cru-
cible, insulator, encapsulant, etc.). Usually, numerous complex thermochemical
reactions need to be considered. It is the aim of the material scientist, however, to
determine the most stable reaction products having the lowest formation energy
at given growth conditions and, thus, the highest probability of incorporation in
the melt and crystal. Today, one can use powerful computer packages based on
the principle of Gibbs free energy minimization (e.g. ChemSage, see Eriksson
and Hack 1990, for example) in combination with thermodynamic material data
bases (SGTE 1996). Examples of the thermochemical analysis of the LEC GaAs
growth system are given by Oates and Wenzl (1998) and Korb et al. (1999),
for example.
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2.2.2 EQUILIBRIUM POINT-DEFECT CONCENTRATION

Considering the dialectics of ordering and disordering forces from Section 2.2.1
it is not possible to grow an absolutely perfect crystal. In reality ‘no ideal’
but only an ‘optimal’ crystalline state can be obtained. With other words, in
thermodynamic equilibrium the crystal perfection is limited by incorporation of
a given concentration of point defects n (as is well known, only point defects
are able to exist in an equilibrium state).

Neglecting any effects of volume change, defect type and defect interplay at
constant pressure the equilibrium defect concentration n can be determined from
the change of thermodynamic potential by introducing the defect as

AG = AHy — ASqT — min (2.2)

with AHy = nE, the change of internal energy at incorporation of n defects,
having a defect formation energy Ey, and ASy = kIn(N!)/[n!(N —n)!] the
accompanying change of entropy (configurational entropy) with & the Boltzmann
constant and N the total number of possible sites. After substitution and appli-
cation of Stirling’s approximation for multiparticle systems like a crystal [In N! =~
NInN,Inn!=nlnn,In(N —n)! = (N —n) In(N — n)] Equation (2.2) becomes

AG =nEy—kTINInN —nlnn — (N —n)In(N — n)] (2.3)

Setting the Ist derivation of Equation (2.3) dAG/dn = 0, which equals the
energetical minimum defect concentration 7, and considering N >> n the ‘per-
fection limit’ of a crystal is

Nmin = N exp(—Eq/kT) (2.4)

exponentially increasing with temperature.

Using N & N (Avogadro’s constant) = 6 x 102 mol~! and Eq = leV (va-
cancy formation energy in copper, for example) the minimum defect concen-
trations ny;,, at 1000K and 300K are about 6 x 10" mol™" and 107 mol™!,
respectively.

Figures 2.1 and 2.2 show the G(n) and n(T) functions schematically. Due to
the limitation of diffusion rate a certain fraction of high-temperature defects
freezes in during the cooling-down process of as-grown crystals (broken
lines) and exceeds the equilibrium concentration at room temperature markedly
(Figure 2.2). In other words, in practical cases the intrinsic point-defect
concentration is still far from thermodynamic equilibrium. Note, in the case of
formation of vacancy-interstitial complexes (Frenkel defects) the value of n:“Fi’n is
somewhat modified and yields /ni;N exp(-EéFJ/kT) with n;s the total number
of interstitial positions depending on the given crystal structure.
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Figure 2.1 Schematic illustration of the equilibrium defect concentration (‘perfection
limit) g, obtained by superposition of defect enthalpy AH; and entropy ASy
using Equations (2.2)—(2.4). (Reprinted from P. Rudolph, Theoretical and Technological

Aspects of Crystal Growth, 1998, copyright (1998) reprinted with permission from Trans.
Tech. Publications Ltd.)
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Figure 2.2 Minimum defect concentration vs. temperature at E4 = 1eV (1) and 2eV

(2) after Equation (2.4). Dashed lines: the ‘freezing in’ courses of high-temperature
defects.

Hence, depending on the device requirements the technologist has to decide
the necessary purification and equilibration of a given material. For instance,
semiconductor laser diodes need high-doped material (>10'” dopants percm?)
allowing a residual point defect level of less than 10'® cm™3, but semi-insulating
(SI) material for high-frequency devices requires the highest possible purity.

Today, the standard level of residual contaminations in SI GaAs does not exceed
10" em—3, for example.
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2.3 THERMODYNAMICS OF PHASE EQUILIBRIUM
2.3.1 THE PHASE TRANSITION

After Landau and Lifschitz (1962) crystal growth is characterized by a first-
order phase transition involving two contacting phases (1 and 2) separated by an
interface. Most growth methods are carried out near equilibrium (exceptions are
vapour growth processes, especially MBE and MOCVD) so that the equilibrium
state, as described by phase diagrams, should serve as a useful guide to the
temperature and pressure conditions.

Two phases are in equilibrium when the Gibbs potentials of the phases (G
and G») are equal so that the potential difference between the phases is zero
(AG = 0). For a single component (e.g. Si, GaAs, LiNbO;, where stoichiomet-
ric compounds are recorded as single components), Equation (2.1) at uniform
temperature and pressure becomes

Gi=U—-TS+ PV,
Go=U—TSH+ PV, (2.3)
G —G:=AG=AU—-TAS+PAV =0
where the change of internal energy can be expressed by AU = AH — PAV.
Figure 2.3 shows a three-dimensional sketch of two contacting phase planes

with G(T), P(T) and G(P) projections. Usually, a melt—solid phase transi-
tion involves relatively small volume change and hence AV = (. Then the free

Figure 2.3 Two phase planes (1 and 2) crossing at the phase equilibrium line G, = G».
Resulting G-T-, G- P-, and T— P-projections are demonstrated.
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Helmholtz potential F can be used and at the phase equilibrium (index e) is
AF = AGy p=conss = AH — T.AS =0 (2.6)

with AH the enthalpy released by crystallization (latent heat of fusion), AS the
transition (melting) entropy and T, the equilibrium temperature (melting point).
Thus, at the phase transition the enthalpy, entropy, internal energy and volume
change abruptly (see Equation (2.5)) and Equation (2.6) becomes AH = T.AS.
Table 2.1 shows the parameter changes of selected materials at vapour-solid,
liquid—solid and solid—solid phase transitions.

This is of practical relevance for crystal growth. For instance, the growth-rate-
dependent liberated heat participates in the thermal balance at the melt—solid
phase transition according to

dT; dT, AH
k[d—l—kh.—'=—v 2.7)

dz c

with ks = A1s/(p15¢1s) the thermal diffusivity (A — heat conductivity, p — den-
sity, ¢ — heat capacity), d7)/dz the temperature gradient along the growth axis
z in the liquid (I) and solid (s) phase, and v the growth rate. In most cases,
AH is conducted away through the growing crystal. For instance, at a typical
value of AH /c ~ 10°K (silicon) a crystallization velocity of 10cmh™' releases
the heat quantity A Hv/c (right term in Equation (2.7)) of 10* Kemh~!. Hence,
a temperature gradient greater than 20K cm™' is required to conduct this heat

Table 2.1 The abrupt change of thermodynamic parameters at first-order phase transi-
tions of selected materials

Volume Entropy Enthalpy

Phase Material change change change
transition (T, P at transit. (Vi = W)/ VvV S -8 = H, — H, =
(1—=2) point) =AV/V(%) AS (JJmolK) AH (J/mol)
vapour—solid Al (723K, latm)  >-99.9 345 250 x 103
(v—s) Si (1000K, 1atm) >-99.9 304 304 x 10°
Al (933K) —6.0 11 11 % 103
liquid—solid ~ Si (1693K) +9.6 30 50 x 10°
(1—s) GaAs (1511 K) +10.7 64 97 x 10°
ZnSe (1733K) —19.6 7 13 x 10°
LiNbO; (1533K) -20.9 17 26 x 10°
BaTiOs7_c (393K) 0 0.5 0.2 x 10°
solid—solid  ZnSew_.zs (1698 K) 0 0.5 1.0 x 10°
(s] — s2) CsClescionaer (749K) —4 10 7.5 x 10°

Corp (1200K, 40 atm) —37 48 1.2 x 10°
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through the growing crystal with thermal diffusivity of 5 x 10> cm?h~! (note no
temperature gradient is assumed in the melt).

In the case of vapour growth the heat of vaporization is released during
condensation (i.e. deposition) of the solid phase. For instance, in the layer-
by-layer growth mode, assisted by a discontinuous two-dimensional nucleation
mechanism, the liberated thermal impulse is It = (AH /c)Az with Az the crys-
tallizing step width. Assuming a spacing between layers Az = 6.5 x 10~% cm and
AH/c =6 x 10°K (ZnSe at 1000°C) the heat It of about 4 x 10~*Kcm per
layer has to dissipate through the growing crystal (i.e. substrate) and ambient.

2.3.2 TWO-COMPONENT SYSTEMS WITH IDEAL AND REAL MIXING

In addition to the variables T, P,V in a material system consisting of two
(or more) chemical components i = A, B, C ... the free potential of Gibbs is
also determined by the chemical phase composition, i.e. the component quantity
n; (number of gram-atomic weights, for example) so that G = f(T,V, P, n;).
Hence, at constant 7', V and P the change of the free Gibbs potential depends on
the variation of n; only and the partial derivative is named chemical potential u;

G

8}1,—

i (2.8)

In a solution, the composition can be expressed by the mole fraction x; yielding,
in a two-component system

Xa=—2 = (1—xp) 2.9)

" na+ng’
It proves to be convenient to write the chemical potential of a component i in a
particular phase as

wi = u (T, P) 4+ RT In(y;x;) (2.10)

with R the universal gas constant, y; the activity coefficient and i the chemical
standard potential. If the solution phase is a liquid, then u{ is the Gibbs energy
per gram-atom of pure liquid i. If the solution is a solid with a particular crystal
structure «, then u is the chemical potential of pure i with a crystal structure.
For an ideal solution with completely mixing the activity coefficients are all equal
to unity.

Using the dimensionless atomic fraction of the components x; one has to
translate the extensive thermodynamic functions of G, H and S in intensive
(molar) values as ¢ = G/n,h = H/n and s = S/n. At fixed T, P and V Euler’s
Theorem can be applied to obtain the molar free Gibbs potential

C
=Z;_L!-’:—:=Zﬂ;x,- @2.11)
A i=A

i=
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Figure 2.4 Energy composition curves for ideal [g(x)" with Ahy = 0] and real solu-
tions [g(x)™ with iy < 0]. (Reprinted from P. Rudolph, Theoretical and Technological
Aspects of Crystal Growth, 1998, copyright (1998) reprinted with permission from Trans.
Tech. Publications Ltd.)

so that in a two-component phase the molar free potential depends on the com-
position as

g(x) = g°+ Agm = (uixa + upxp) + (Ahy — T Asy) (2.12)

with g° and gy the standard and mixing term, respectively (Figure 2.4).

In the case of ideal mixing there is no interaction between the particles of
the different constituting components (y; = 1), i.e. there is no mixing enthalpy
(AR = 0). However, due to the disordering by mixing, the configurational
entropy can be enlarged in the mixture by the amount

Asyi = —R(xaInxp + xp Inxp) (2.13)
and the free molar mixing potential (bold-lined curve in Figure 2.4) is then
Agid(x) = —T Asid(x) = RT (x5 Inxa + xp In xp) (2.14)

However, only very few systems yields ya &~ yg & | over the whole composi-
tion (CCly-SnCly, chlorobenzene-bromobenzene, n-hexane-n-heptane; see Rosen-
berger 1979).

For real solutions (y; # 1) the term Ahy is no longer more zero and deforms
the g(x) course as shown by the broken-lined curve in Figure 2.4. Now the real
mixing potential consists of an ideal and a so-called excess term as

g™ = g(x) + g(x)™
(g°+ RTInyx) =(g°+ RT Inx) + (RT Iny)

(2.15)
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In many cases the regular-solution model with randomly mixed alloy (Asy¢ = 0)
can be applied. Then the variation of the excess potential is Ag®** = RTIny =
Ahy© = Qx(1 — x) where Q is the interaction parameter related in the regular
solution model of a binary A-B system to the relative energies of AB, AA and
BB bonds in the alloy. A positive interaction parameter indicates that AB bonds
have a higher energy than the average of AA and BB and phase separation
may occur. On the other side, a negative value of €2 indicates that A and B
atoms are attracted to each other with a tendency of compound formation. Using
the quasichemical equilibrium (QCE) model of Panish (1974) the interaction
parameter can be expressed as

Q= ZNx[Eas — 3(Eaa — Esp)] (2.16)

with Z the coordination number, N, the Avogadro number, and E;; the bond
energy between nearest neighbours. In the more physical delta-lattice-parameter
(DLP) model of Stringfellow (1972) the enthalpy of mixing is related to the
effect of composition on the total energy of the bonding electrons. In this case the
interaction parameter depends on the lattice parameters of the constituents only

Q =4.375K (Aa)’ [a*? (2.17)

with Aa the lattice-parameter difference, @ the average lattice parameter, and K
an adjustable constant (being the same for all III-V alloys, for example). A major
prediction of the DLP model is that the values of 2 are always greater than or
equal to zero. This means in the regular-solution the solid alloys may cluster and
phase-separate, but they will not order (Stringfellow 1997). However, ordering is
also observed, especially in thin films of semiconductor alloys consisting of atoms
of markedly different size. For such cases one has to apply the Hume-Rothery
model (1963), which predicts in systems with large difference of atomic size the
evolution of large macroscopic strain energies that drive short- and long-range
ordering rather than clustering (see Section 2.3.3).

The following typical cases can be distinguished at liquid—solid crystallization,
for example:

y <1l Al <0 Agx), < Ag(x); system with T

y=>1 Al >0 Ag(x), < Ag(x); system with Ty (2.18)

The extreme cases of both types lead to the appearance of intermediate phase
(systems with compound; see Section 2.3.2) or eutectic composition, respectively.
Further numerous transitive variants (i.e. systems with miscibility gap) are pos-
sible (see Lupis 1983 and Rosenberger 1979, for example).

2.3.3 PHASE BOUNDARIES AND SURFACES

The surface of a crystal is a cross discontinuity and has a free energy associated
with it. The value of this free energy depends on the orientation of the face
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and on the other phase in contact (vacuum, liquid). After Brice (1987) a first
approximation of the surface free energy is

y =1 —w/u)AHN,'? (2.19)

where u is the number of nearest neighbours for an atom inside the crystal
and w is the number of nearest neighbours in the crystal for an atom on the
surface (w < u). N4 is the Avogadro number and AH the enthalpy of fusion
(i.e. vaporization). A plot of y against face orientation is shown in Figure 2.5
schematically. Energetic minima appear at atomically smooth, so-called singular
faces. Faces corresponding to less-sharp minima are not flat on the atomical scale.
Some values of y for solid/vapour, solid/liquid and liquid/vapour interfaces of
selected materials are compiled in Table 2.2. The equilibrium shape of a crystal
consists of a set of singular faces by using the principle of surface potential
minimization (Wulff construction)

hkl

G= Z Yikt Apgt —> min (2.20)
( 100y

with A the surface area and ikl indicating the crystallographic orientation. Hence,
the change of the Gibbs potential is also determined by the surface-area varia-
tion, i.e. 3G/9dA = y, and the complete thermodynamical function is now G =
f(T, P,V,n;, A).

Radius vector
normals

Equilibrium
polyhedron

Figure 2.5 Wulff plot (bold contour) showing the variation of the free surface energy
Y (radius vector) with orientation. The dotted contour gives the cross section of the
equilibrium crystal shape.
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Table 2.2 Surface tensions (), solid/vapour and
solid/liquid interface energies (y4,. ) of selected
materials (in Jem™2 x 10%)

Material Voo (hkl) (T) Yiv Vil
Cu 1.70 (100) (300K) 1.35 0.14
Ag 1.20 (111) (300K) 0.93 0.11
Si 1.24 (111) (300K) 0.74 0.57

1.08 (111) (1683 K)
Ge 0.76 (111) (1209K) 0.63 0.24
GaAs 0.50 (111) (1511 K) 0.70 0.19
LiNbO; 0.10 (0112) (1533 K) 0.18 0.15

Such a theoretical estimation is of special interest for the overcritical nucleation
state where first stable crystallites with equilibrium shape may exist. Usually,
however, large real crystals contain numerous defects (dislocations, for example)
and grow under specific kinetic conditions that modify the equilibrium shape.

The surface energy also plays a role for diameter control in crystal-pulling
methods (Czochralski, floating zone, EFG). For instance, the equilibrium between
the three interface energies ys, s and y, controls the capillary condition (stable
meniscus height) by the characteristic growth angle (Tatartchenko 1994)

Yo = arccos (v + Ve — ¥a) /27 ¥s] (2.21)

Y, values of 11° for silicon, 13° for germanium, 25° for indium antimonide and
17° for Al,O3 were reported (Hurle and Cockayne 1994). Hence, to pull a crystal
with constant diameter in the vertical direction, the meniscus angle at the three-
phase boundary (between the line tangent to the meniscus and the horizontal) of
o, = 90° — s, needs to be held constant.

In systems of two (and more) components like solutions, the composition at
the interface differs from that of the bulk (effect of adsorption). In this case the
specific free interface energy depends on the concentration x and is a function
of the chemical potential n' (Lupis 1983). If a solute is enriched at the interface
then it is a surface (interface) active one (dy /dx < 0), passive surface (interface)
components (dy/dx > 0) are rejected.

24 THERMODYNAMICS OF TOPICAL CRYSTAL
GROWTH PROBLEMS

2.4.1 MIXED CRYSTALS WITH NEARLY IDEAL SOLID SOLUTION
Mixed bulk crystals are of increasing importance, especially as suitable substrates

for epitaxial layers of pseudobinary semiconductor-alloys like Ge;_,Si,,
In;_,Ga,As, Cd,_,Zn,Te, for example. In such cases, monocrystals with high
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compositional homogeneity (x uniformity) are required. On the other hand,
mixed crystals with linear variation of the ‘lattice constant’ (delta-crystals)
have enhanced mechanical stability (Ginzburg—Landau theory) and, after Smither
(1982) are applicable as lenses in X-ray optics. The difficulty of this concept is to
achieve the linear variation of the lattice constant with high accuracy and without
loss of single crystallinity. In both areas, mixed crystals with nearly ideal solution
behavior are under investigation.

An ideal solution means a system with complete miscibility in both the liquid
and solid phase within the whole composition range 0 < x < 1. In the low-
pressure 7' —x-projection of such a phase diagram there are three fields, liquid,
liquid + solid, and solid, separated by two boundaries known as the liquidus L
and solidus S (Figure 2.6).

The liquidus and solidus lines of an ideal system can be calculated analytically.
With respect to the component i = B the equilibrium between solid and liquid
phases is given by (compare Equations (2.8)—(2.10)

pps(xps, T) = ppi(xpr, T)

K, + RT Inxpoys, = upy + RT Inxp yp (2.22)

RT In ("'B“y““) = Apg = ARy —TAs§ =0

XBIVBI
1500 -
liquid
11412
1300 -
e, ;
|
L,
1100 ’
S, solid
(mixed crystal)
93?7 Xy
| 1 1 1
Ge 0.2 0.4 0.6 0.8 Si

Xg;

Figure 2.6 T -x-Projection of the near ideal system Ge-Si. Full lines were calcu-
lated, dashed line is experimental. The equilibrium distribution coefficient k, is given
by x,/x; with subscripts s, | for solid and liquid phase, respectively. (Reprinted from
P. Rudolph, Theoretical and Technological Aspects of Crystal Growth, 1998, copyright
(1998) reprinted with permission from Trans. Tech. Publications Ltd.)
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with hg and sg = A}/ T,p the intensive standard enthalpy and entropy of the pure
component B with melting temperature 7,,5. Hence, Equation (2.22) becomes

. VBs Ahy (1] 1
In (xB*VB“) B (_ = _) (2.23)
XBI1YBI R T T
Since the solutions are ideal, the activities ¥, may be replaced by mole fractions
and Equation (2.23) yields the van Laar equation

XRBg

o gl ARR P 1 (2.24)
XBI R T TmB

with k, the (thermodynamic) equilibrium distribution coefficient of component B
(in the case of Ge-Si is kos; > 1, as demonstrated in Figure 2.6). Using x5, +
xps, = | the equation of the solidus is

ARG (1 1 Ahg (1 I
Xas €XP [—TA (?“T—A)]+XB5€‘XP [—TB (?—-T—B)] =1 (2.25)

and, the equation of the liguidus is

-] (i = L) + xpexp | 2o (1 = L) 1 26)
R T Tm.a\ R T TmB

Figure 2.6 shows the T —x-projection of the Ge-Si phase diagram calculated
after Equations (2.25) and (2.26) using AhQ, = 32kJmol~', Ahg, = 50kImol~',
Twge = 1210K and T,,5; = 1685 K. Since the experimental and calculated curves
agree quite well, one can say the Ge—Si system exhibits nearly ideal mixing behav-
ior. This is also reflected in the near linear variation of the lattice constant with
composition (Vegard’s rule). At present, one is interested to obtain (i) high-quality
Ge,_,Si, substrates with fixed homogeneous composition for homoepitaxy of
Si—Ge MQWs expanding the area of Si technology (high-speed bipolar transis-
tors, photodetectors), (ii) high-efficiency solar cells, and (iii) crystals with linear
composition gradient, i.e. linear gradient of the lattice constant, for application in
X-ray focusing systems. Looking at the phase diagram one can show that for homo-
geneous compositions a diffusion-controlled growth regime with k. = 1 is favored
(Figure 2.6). Further successful measures are the double-crucible Czochralski tech-
nique and conventional Czochralski growth with in-situ recharging (Abrosimov
et al. 1997). For growth of “delta’ crystals one has to find a well-defined program
of monotonous variation of k. from &, to 1, e.g. by convection damping apply-
ing an increasing magnetic field (as was proposed by Johnson and Tiller 1961,
1962), or one uses the travelling-solvent-zone growth in a positive temperature
gradient (Penzel et al. 1997). However, due to the concave solidus (Figure 2.6)
a slightly concaver axial temperature gradient needs to be established during the
Zone run.
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The growth of ternary bulk mixed crystals (Ga,_,As,P and Ga;_,In,As) by
using of the liquid-encapsulated Czochralski technique was reported by Bonner
(1994). These pseudobinary III-V materials form solid solutions with significant
separation between liquidus and solidus. This results in strong compositional
segregation, associated supercooling effects, and potential for interface break-
down resulting in polycrystalline growth. The problem was solved by intensive
mechanical stirring of the melt. Also, InP;_, As, ternary monocrystals with diam-
eter of 2—3 c¢m, length up to 8cm and x values up to 0.14 have been grown by
the same method. With improved radial composition uniformity these crystals
still exhibit a moderate x variation along the length of the boule due to the
separation between liquidus and solidus lines. As a result, individual wafers cut
normal to the growth direction of a given crystal may be of uniform compo-
sition, but there are still wafer-to-wafer composition variations that have to be
eliminated in future (Bonner 1997). The first encouraging R&D results of MQW
epitaxy on lattice-matched pseudobinary III-V substrates demonstrate the poten-
tial for a number of devices, particularly for 1.3-pm laser structures grown on
InGa,_,As, (Shoji er al. 1997).

242 SYSTEMS WITH COMPOUND FORMATION
2.4.2.1 Thermodynamic fundamentals

The tendency to form intermediate phases arises from the strong attractive forces
between unlike atoms (y < 1, AA}© < 0, Ag(x)s < Ag(x); see Equation (2.18)).
In intermediate phases the bonds have a much stronger ionic or covalent charac-
ter than in the metallic ordered solution. Therefore, the free energy, i.e. entropy
and enthalpy, of such phases are typically low leading to their high stability. The
following chemical reaction takes place

mAy +nBg) = AuBug) (2.27)

As example, Figure 2.7 shows the T—x-projection of the Ga—-As system with
GaAs compound at m = n = 1 after Wenzl et al. (1993). Due to the relatively
narrow stability region the compound is shown as a single vertical line of exact
stoichiometry. If the solid and liquid phases are of identical composition in equi-
librium at a given melt temperature, the compound melts congruently (as in the
case of GaAs with a congruent melting point at 1513 K).

In compounds, two elements A and B mix to form an ordered structure where
the atoms occupy well-defined lattice sites. Such completely ordered structure
exists only if the ratio of the numbers of atoms A and B is equal to the ratio
of relatively small integers vy and vg. The mixture is then designated by the
formula A,sB,g. Hence, the compounds AB or A;B are related to vy = vg
or vy = 2vg, respectively. Deviation from such formulas (v & §) corresponds to
nonstoichiometric compositions with misarrangements or vacancies. As discussed
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Figure 2.7 The T —x-projection of the Ga—As phase diagram with congruent melting
point (cmp) on the arsenic-rich side after Wenzl and Oates (1993).

already in Section 2.2.2, at T > 0K, in thermodynamic equilibrium the materials
always contain a certain number of intrinsic point defects. This follows also
from the plot of the free energy curves vs. composition (Figure 2.8) where the
narrowness and steepness of the compound branch gag as well as the minimum
positions of the go and gp branches indicate the deviation from stoichiometry
by the tangent intersection points. The region between these points (bold lines in
Figure 2.8) is called the range of existence or region of homogeneity.

If its width is very small, i.e. the two tangents A — AyBg and AyBg — B touch
the AB curve close to the minimum (Figure 2.8(a)), then its structure is referred
to as a stoichiometric compound. If the range of stability is not negligible, i.e. the
tangent contact points are markedly separated, the phase corresponds to a non-
stoichiometric compound (Figure 2.8(b)). The width of the homogeneity region
increases with 7" and depends on the formation enthalpies of nonstoichiometry-
related defects.

Table 2.3 compiles some AS of selected compounds. Near stoichiometric
situations with widths between 107 to 1072 mole fraction are typical for semi-
conductor compounds with typical formation enthalpies of point defects between
1 and 4eV.

2.4.2.2 Nonstoichiometry-correlated growth defects

Today, the deviation from stoichiometry is a key problem in growth of com-
pound crystals. The side and degree of deviation influences the intrinsic point
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Figure 2.8 Thermodynamic derivation of the width of existence region (A§) using the

tangent construction of (a) near-stoichiometric compound AB and (b) nonstoichiometric
compound AB.

Table 2.3 Maximum widths of the existence region Ad of selected compound materials

Compound GaAs Cr3S; CdTe PbTe MnSb Fe;0y4 Cu;S  LiNbO;

A8 (mole fraction) ~10~* 107* 3 x107* 1073 1073 3x 1073 3x 1072 5x 1072

defect concentration, i.e. electrical and optical parameters of such crystals, very
sensitively. Thus, the control of stoichiometry during the growth process or
by post-growth annealing is important. But in certain cases nonstoichiometry
is required. For instance, the prerequisite for semi-insulating behavior of GaAs
is a critical As excess. Therefore, such crystals are exclusively obtained from
As-rich melt resulting in off-stoichiometric, i.e. arsenic-rich compositions and
As-antisite defects known as double donors EL2, which are of crucial importance
for compensation by doping control.

The generation of stoichiometry-related structural defects will be explained by
the T —x phase projection of the system Cd—Te. CdTe single crystals are of inter-
est for photo-refractive devices and X-ray detectors. Figure 2.9 shows the region
of homogeneity of this compound after Rudolph (1994). Three coupled growth
problems can arise if the melt composition is not controlled: (i) the incongruent
evaporation of the melt at the congruent melting point, therefore, (ii) segregation
effects (i.e. constitutional supercooling) from the excess component on both sides
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Figure 2.9 Sketched T—x-phase projection with region of homogeneity (hatched) of
CdTe demonstrating the genesis paths of inclusions and precipitates in dependence on
deviation from stoichiometry in the melt. 1,2 — formation of Cd (1) or Te (2) inclusions
and precipitates; 3,4, — growth conditions of near inclusion- and precipitate-free solid
composition, respectively (after Rudolph 1994).

of the congruent melting point, and (iii) the precipitation of the excess compo-
nent during cooling of the as-grown crystal due to the retrograde behavior of
the solidus lines. Here, one should distinguish between precipitates, generated
by point-defect condensation in the solid, and inclusions that are formed by melt
droplet capture from the diffusion boundary layer in front of the growing interface
and enriched by the excess component (case (i)).

Second-phase precipitates and inclusions are common defects in melt-grown
compound semiconductors (II-VI, III-V, IV-VI) and in several oxide systems. A
sensitive dependence of the density of inclusions and also of the carrier concen-
tration on deviation from stoichiometry was detected by Rudolph ef al. (1995a)
and is demonstrated in Figure 2.10. Under microgravity conditions an increased
content of Te inclusions has been observed in CdTe due to the absence of convec-
tion in the melt. Variable magnetic fields (Salk et al. 1994) or accelerated crucible
rotation techniques (Capper 1994, adapted from Scheel and Schulz-DuBois 1971)
were used to prevent the enrichment at the interface and inclusion capture. Also
post-growth annealing of bulk and wafers in active gas atmosphere (Cd satu-
rated) was used by Ard et al. (1988) to remove inclusions. However, in this case
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Figure 2.10 Concentration of excess component measured in (a) second-phase particles
and (b) as carrier concentration vs. deviation from stoichiometry in CdTe. The results
were obtained by vertical and horizontal Bridgman growth (after Rudolph et al. 1995).

the dissolution process of inclusions during annealing can promote the release
of residual impurities by diffusion. Moreover, mechanical stress and dislocation
multiplication at the site of inclusions were reported. Therefore, the best way is
the in-situ control of stoichiometry during the crystal growth process.

2.4.2.3 The use of the P-T —x phase diagram to control the stoichiometry

As can be seen from Figure 2.9 (path 4) the growth of stoichiometric crystals
requires an off-stoichiometric melt composition (in CdTe and GaAs a Cd- or
Ga-rich melt, respectively). In order to achieve constant conditions the melt com-
position with a given excess component must be kept constant during the whole
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equilibrium. Dashed lines mark the Pcy = Pcare (melt) equilibrium pressure for the growth
of near stoichiometric crystals from the melt. As can be seen a marked Cd-excess in the
melt is required to fix stoichiometric growth. (Reprinted from P. Rudolph, Theoretical
and Technological Aspects of Crystal Growth, 1998, copyright (1998) reprinted with
permission from Trans. Tech. Publications Ltd.)

growth run by accurate control of the gas atmosphere (Nishizawa 1990). Hence,
the use of the p—7T and P—x-projections in combination with the traditional
T —x-projection of the phase diagram is necessary (Figure 2.11).

If both elements A and B are volatile, like in II-VI compounds, and the melt
evaporates incongruently with vapour species A and B, (whereas Py > Pgy), the
expression for the temperature of an additional source of the A component is
approximately given by Rudolph et al. (1994)

&

TilK] = (2.28)

o —1 (IPAB
=8| W +la—1)

with Pyp — total pressure above the melt, « = P/ Pp, — relative volatility (ratio
of partial pressures of components), x; — melt composition for stoichiometric
growth, and ¢ > — constants of the partial function log Ps(atm) = —c¢;/T + c».
Rudolph (1994) and Rudolph et al. (1994) introduced this formula to estimate
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the source temperature of Zn (Tz, = 1000°C) and Cd (Teq = 850°C) for
stoichiometry-controlled Bridgman growth of ZnSe (a = 5, Pzuse = 2atm, ¢| =
—66?8.4, C = 5491] and CdTe {.{l =39 PCch = 2atm, c) = =100 W [ 5.1 19)..
respectively. A good agreement with experimental values (7" = 986°C and
TS, = 848 °C) was found.

Today it is standard to grow well-controlled semiconductor crystals of I1I-
V and II-VI compounds by using the vertical or horizontal Bridgman method
with an in situ source of the volatile component (As at GaAs, Cd at CdTe, for
example) the partial pressure (i.e. temperature) of which is selected after the P-T
and P—x projections of the phase diagram.

243 COMPOSITIONAL MODULATION AND ORDERING IN MIXED
SEMICONDUCTOR THIN FILMS

In the following, a phenomenon of surface thermodynamics occurring in modern
thin-film technology will be discussed (see MRS Bulletin Vol. 22, No. 7, 1997).
Almost all semiconductor devices are based on the control and manipulation of
electrons and holes in thin-film structures. These structures are often produced in
mixed semiconductor alloys (Ga,_,In,As, Ga,_,In,P), which become increas-
ingly important because the electronic properties can be tailored by varying the
composition. In addition, the use of very thin alloys allows the production of
special structures such as quantum wells with abrupt changes in bandgap energy.
Due to the microscopic scale of the layer thickness the energetical surface, i.e. the
interface state becomes dominant for atom arrangement within the film “volume”.
In fact, recent studies of epitaxial growth of mixed semiconductor alloys showed
interesting materials-growth phenomena that are driven mainly by surface ther-
modynamics. The well-known effect of surface reconstruction causes an atomistic
ordering of the alloy components within the thin layer. First, the discovery of this
phenomenon was surprising because for many years it was believed that when
two isovalent semiconductors are mixed, they will form a solid solution at high
temperature or separated phases at low temperature, but they will never produce
ordered atomic arrangements. It was assumed that the mixing enthalpy Ah(x)
of an alloy depends on its global composition x only and not on the micro-
scopic arrangement of atoms. However, thermodynamic analysis (Stringfellow
1997, Zunger 1997) has shown that certain ordered three-dimensional atomic
arrangements within the layer minimize the strain energy resulting from the large
lattice-constant mismatch between the constituents, while random arrangements
do not (see also Section 2.3.2). In particular, there are special ordered structures
« that have lower energies than the random alloy of the same composition x,
that is

Ah(a, ordered) < Ah(x, random) (2.29)

where Ah(a, ordered) = E(w, ordered) — xE(A) — (1 —x)E(B) and Ah(x,
random) = E(x, random) — xE(A) — (1 — x)E(B) with E(«, ordered) the total
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energy of a given arrangement « of A and B atoms on a lattice with N sites,
x = Ng/N, E(A) and E(B) the total energies of the constituent solids.

Thus, ordered and disordered configurations at the same composition x can
have different excess enthalpy Ah**(x). In particular, the thermodynamically sta-
ble arrangement near the surface will be qualitatively different from the thermo-
dynamically stable arrangement in an infinite bulk solid. Obviously, the surface
has an important role in ordering of very thin films.

The most frequently observed form for these alloys grown epitaxially on (001)
oriented substrates is the rhombohedral CuPt structure, with ordering on one or
two of the set of four {111} planes (MRS Bulletin Vol. 22, No. 7, 1997). In its
turn the CuPt structure is stable only for the surface reconstruction that forms
[110] rows of [110] group-V dimers on the (001) surface. These group-V-dimer
rows form to reduce the energy due to the large number of dangling bonds at
the surface.

Figure 2.12 shows the lowest-energy configuration of a (100) film of Gag sIng sP
on a GaAs (100) substrate illustrating the relation between surface reconstruction,
surface segregation, and subsurface ordering (MRS Bulletin Vol. 22, No. 7, 1997).
When the reconstruction is (2 x 4), In segregation and CuPt-B ordering (alter-
nating {111} planes of In and Ga) exist. CuPt-B ordering implies that there is Ga
under the dimer (site A) and In between dimer rows (site C).

This thermodynamically driven effect of ordering has extremely important
practical consequences. An interesting order-induced property of thin-film alloys
is the reduction of the bandgap energy compared to that of bulk alloys of the
same composition (Stringfellow 1997), thus moving the wavelength further into

B2(12x4
reconstruction

In segregation
CuPt-B

ordering

GaAs (001)
substrate

Figure 2.12 The lowest energy configuration of a (100)-oriented thin layer of Gag sIng sP
on a GaAs (100)-substrate, illustrating the relation between surface reconstruction, surface
segregation and subsurface ordering. (Reprinted from A. Zunger, MRS Bull. 22/7 (1997)
cover image, copyright (1997) reprinted with permission from MRS Bulletin.)
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Figure 2.13 Degree of order as function of the growth temperature (for growth at a
constant tertiarybutylphosphine (TBP) partial pressure of 50Pa) and TBP partial pres-
sure (for growth at constant temperature of 670°C) in OMCVD-grown (Ga, In)P layers
(after Stringfellow 1997).

the infrared. Hence, ordered III-V structures may become useful for IR detec-
tors for which, so far, complicated I1I-VI materials (Cd,_,Hg,Te) were used.
But for that the materials engineer must be able to control ordering over the
entire surface of a wafer, to replace the spontaneous ordering by a precisely
controlled one. Figure 2.13 shows a successful result to control the ordering
in MOCVD grown Ga,_,In,P layers as a function of the growth temperature
after Stringfellow (1997).

2.5 DEVIATION FROM EQUILIBRIUM
2.5.1 DRIVING FORCE OF CRYSTALLIZATION

The prerequisite for crystallization of a stable solid phase within a metastable
fluid phase is the deviation from the thermodynamic equilibrium, i.e. the crossing
of coexistence conditions between the phases. In Figure 2.14 the u(T) func-
tion in the neighborhood of a first-order phase transition is sketched. It can be
seen, that p (i.e. the Gibbs potential G) has a different dependence from the
intensive variables in the two phases. Only at equilibrium are these potentials
equal (Equation (2.5)). But away from equilibrium the potentials of the solid
u® and fluid (mother phase) u' are different. The difference in temperatures
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Figure 2.14 . (T) function near the two-phase equilibrium. Solid lines: stable phases,
dashed lines: metastable phases, T. — equilibrium temperature, Ay — driving force of
crystallization. (Reprinted from P. Rudolph, Theoretical and Technological Aspects of
Crystal Growth, 1998, copyright (1998) reprinted with permission from Trans. Tech.
Publications Ltd.)

AT =T, — T (Figure 2.14) denotes the driving force of crystallization or growth
affinity as
Ap = pr — s (2.30)

In practical operations, several terms are used. One differs between supersat-
uration, expressing the pressure or concentration relationships at vapour—solid
or solution—solid transition, and temperature-related supercooling used mainly
in the case of crystallization from melt. Most convenient expressions are

AP=P-P, total supersaturation
AP/P.=(S—1)=0 relative supersaturation (2.31)
AP/P.-100 (%) percentage of relative supersaturation

with P and P, the actual and equilibrium pressure, respectively, and § = P/P,.
For small values of o the energetic relation Au/kT =In(P/P.) = o,ie.In§ =
In(1 + o) = o, is used.

The supercooling at liquid—solid transition (1 — s)

AT =(T,—T) (2.32)
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is related to the driving force by

Uls = Ah = TAs = Ah — T(Ah/Ty) = (Ah/T) (T — T) = ARAT/ T,

(2.33)
where T — actual temperature, 7, — melting point, Ah, As — enthalpy and
entropy of melting, respectively. The melt-growth processes are characterized
by relatively low driving forces. Values of Ah/T,, usually fall within the range
of 10 to 100J K~ mol™", and values of AT are typically 1-5K. Hence, Ajy_
is about 10-100J mol~".

In Figure 2.15 the metastable regions of supersaturation and supercooling in a
sketched P—T -projection are demonstrated. As can be seen, below the triple point
T3 the v—s phase transition can begin with the unstable intermediate stage of fluid
nuclei due to the smaller supersaturation (lower nucleation work) for generation
of molten droplets than for solid nuclei. Only after that do the droplets translate
into the stable crystalline phase. This phenomenon has been observed in various
vapour-growth situations and is an example of Ostwald’s step rule.

Comparing the various methods of epitaxy the relative supersaturation ¢ dif-
fers considerably. As ‘rule of thumb’, we have

liquid phase epitaxy (LPE): OLPE ~ 0.02-0.1
vapour phase epitaxy (VPE): ovpg  ~ 0.5-2
molecular beam epitaxy (MBE): ompe =~ 10-100
metal organic chemical vapour omocvp ~ 40

deposition (MOCVD):

V=L

vapour

V-(L)*-§

Figure 2.15 Schematic drawing of a P-T-projection with metastable regions of
supersaturation AP and supercooling AT (dashed lines). 75 — equilibrium triple point,
T* — intersection point between the metastable regions of vapour—solid (V — S) and
vapour—liquid (V — L) transitions, i.e. non-equilibrium triple point.
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Because at melt growth and LPE the crystals and layers are grown in near-
equilibrium situations, the actual equilibrium states as described by the phase
diagrams can be used as good approximation. At high deviations from equi-
librium, however, the equilibrium phase diagrams are a rough tool only. For
such cases, nonequilibrium phase diagrams considering additionally the growth
kinetics are under theoretical investigations (Cherepanova and Dzelme 1981).

2.5.2 GROWTH MODE WITH TWO-DIMENSIONAL NUCLEATION

In the practice of bulk and thin-film crystal growth one starts with artificial
seed crystals or single-crystalline substrates, respectively. Therefore the case of
homogeneous three-dimensional nucleation in a metastable fluid phase, quite
important for industrial mass crystallization, here omitted. In this work the special
case of two-dimensional (2D) nucleation will be discussed which plays not only
an important role in thin-film deposition processes (including homoepitaxy) but
also reflects the bulk crystal growth at atomically flat phase boundaries. It is
well known that after the 2D-nucleus is formed, the whole interface plane is then
rapidly completed by lateral growth.

The change of the free Gibbs potential at the generation of a disc-shaped
nucleus is expressed by the energy balance

AGyp = AGy + AGy
, (2.34)
AGoyp = —mrealAp/Q + 2aray

where AGy associates with increasing volume of the nucleus (being negative due
to the energy gain) and AG r denotes the energy required for increase of nucleus
surface (r — radius of the nucleus disc, a — lattice constant, 2 — molecular vol-
ume, y — surface energy, Au — driving force). The maximum, i.e. critical value
of AG,p, at which the nucleus is stable, can be obtained by d(AG)/or = 0.
Then the critical of the nucleus radius becomes

_re
-5

*

r (2.35)

Combining Equation (2.34) with Equation (2.35) the critical nucleation energy
becomes
TQy’a

Ap

AGH, = (2.36)

For instance, in the melt growth of the atomically smooth and dislocation-free
{111} face of Si crystals a supercooling of AT ~ 4K was ascertained experi-
mentally (Chernov 1985). Inserting this value in Equation (2.33) together with
the heat of fusion Ah = 50kJmol~' and melting point T, = 1693 K a driv-
ing force of Ay = (Ah/T,)AT = 118Tmol~! can be deduced. Taking from
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Figure 2.16 2-D nucleus radius vs. supersaturation for different thin-film deposition
techniques estimated from Equation (2.35).

Table 2.2 the value of y, = 0.57 x 107*Jem™2 and for = 12cm? mol™! after
Equation (2.35) the critical nucleus radius yields about 60 nm.

Figure 2.16 shows the critical radius of disc-shaped 2D-nucleus versus super-
saturation for different methods of homoepitaxy of silicon at 500 K using Equa-
tion (2.35). As can be seen in the case of highly supersaturated growth from the
vapour (MOCVD, MBE) the nucleus dimension yields only a few nm, comparable
to a cluster consisting of a few atoms only.

Crystal growth from the melt occurs mainly under conditions of an atom-
istically rough interface (metals, semiconductors), which are growing without
nucleation generation and, hence, under very small supercooling (i.e. driving
force). In certain cases, however parts of the interface grow with atomically
smooth interface-forming facets. On such face a discontinuous nucleation mech-
anism, as discussed above, takes place. As a result, in semiconductor compounds,
twins can form (Hurle 1995). Furthermore typical sawtooth-like facet seams gen-
erate along the melt-grown boule surface, being a reliable indication of single
crystallinity.

In epitaxial processes, where mainly atomically smooth interfaces occur, the
growth mode of 2D-nucleation can be prevented by using slightly off-oriented
substrates (few degrees) in order to achieve a continuous step-flow mechanism.
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3 Interface-kinetics-driven Facet
Formation During Melt Growth
of Oxide Crystals
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ABSTRACT

Facetting of crystals during their growth from the melt may lead to unwanted
phenomena, adversely impacting the quality of the final crystalline product. In
addition, substantial facet formation may significantly influence details of melt
flow and other transport phenomena in the growth system. We present a com-
putational method for combining the prediction of transport phenomena with
interface-attachment-kinetics-driven facetting during the melt growth of single
crystals; this method is applied in the analysis of vertical gradient solidification
growth of oxide slabs. Calculations showing the sensitivity of facetting to changes
in crystal-growth rate and furnace temperature gradient are reviewed. Results are
compared with predictions based on a simple algebraic relation derived in the
literature. In addition, the effects of melt convection and a transparent crystalline
phase on facetting are examined. Melt flow is shown, in the bottom-seeded con-
figuration, to enhance facetting at the center of the interface. Center facets on
top-seeded crystals are, on the other hand, decreased in size due to the inverted
melt flow pattern. A severely deflected, partially facetted melt/crystal interface in
the case of a transparent crystalline phase demonstrates the difficulties associated
with calculations of this type. Finally, semiqualitative agreement is achieved
between facet positions predicted according to our calculations and those due
to experiments shown in the literature. Discrepancies are most probably due
to differences between the geometries studied (cylinders versus slabs) as well
as inaccurate estimates of the degree of internal radiative transport within the
crystalline phase.

! Current address: Department of Chemical Engineering, Tianjin University, Tianjin 300072, P. R.
China.

Crystal Growth Technology, Edited by H. J. Scheel and T. Fukuda
© 2003 John Wiley & Sons, Ltd. ISBN: 0-471-49059-8



44 Crystal Growth Technology
3.1 INTRODUCTION

Facet formation during melt growth of single crystals is a phenomenon commonly
seen in many systems. One may observe facets appearing on the melt/crystal
interface as well as, in some cases (e.g. Czochralski (CZ) growth of several
oxides), along the sides of the solidified crystalline material. Both anisotropy in
interfacial-attachment kinetics and anisotropy in surface energy are the primary
causes of facetting. In addition, transport phenomena within the growth system
play a major role in controlling details of facet formation, size and position.

Understanding facetting phenomena, in particular understanding how to incor-
porate facetting into existing algorithms for modeling crystal-growth,” is of
utmost importance. Achieving a capability for the prediction of facet formation is
an important step towards learning how to control and minimize adverse effects
resulting from facetting. Moreover, this approach is invaluable in systems involv-
ing severely facetted crystals; calculation of transport phenomena using existing
algorithms may, in these systems, be erroneous due to inadequate prediction of the
crystal geometry, which affects details of heat, mass and momentum transport.

Several problems related to facetting are recorded in the literature. The rapid
step motion associated with growth of a facetted melt/crystal interface is often
shown to be accompanied by nonequilibrium incorporation of a solute along the
facet. Examples of this so, called ‘facet effect’ (Hurle and Cockayne, 1994) are
numerous. Noteworthy is the case of Te incorporation during the CZ growth
of InSb in the (111) direction, which was shown to exhibit an eight-fold dif-
ference in the effective segregation coefficient when comparing a (111) facet
(kegr = 4.0) to regions off the facet (ke = 0.5) (Hulme and Mullin, 1962). Of
particular relevance to the results presented here is the facet effect in garnet
crystals (Cockayne, 1968; Cockayne ef al., 1973), which has been linked to the
appearance of a low-quality strained inner core along the axis of certain CZ
grown crystals. An additional adverse effect of facetting involves twin formation
associated with facets connected to the three-phase tri-junction during CZ and
encapsulated vertical bridgman (VB) growth of certain semiconductor materials
(e.g. InP). Discussions and examples of this phenomenon are given in (Hurle,
1995; Amon et al., 1998; Chung et al., 1998) and references within.

In a recent publication (Liu e al., 1999) we presented a method for incorpo-
rating modeling of facet formation along the melt/crystal interface into existing
algorithms for computation of transport phenomena during crystal-growth. This
approach is strictly valid only in the case where facetting is caused by anisotropy
of the interfacial attachment kinetics coefficient. The system studied in (Liu ef al.,
1999) loosely corresponds to the VB growth experiments of Nd:YAG reported
in (Petrosyan and Bagdasarov, 1976). Facetting, in these experiments, was shown
to exhibit a sensitivity to thermal gradients and crystal-growth velocity in a man-
ner suggesting kinetics as the dominant cause of facet formation.

? Large-scale modeling of bulk crystal-growth (see, e.g. Dupret and van den Bogaert, 1994) has
traditionally focused on transport phenomena while ignoring facetting effects.
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Two classical kinetic mechanisms (see, e.g. Flemings, 1974) linking the growth
rate normal to the melt/crystal interface (V;) to the driving force for crystalliza-
tion (the undercooling AT) are of relevance to the work presented in (Liu ef al.,
1999). These are growth by screw dislocations, which is characterized by a depen-
dence of growth rate on undercooling raised to the second power (V, «x AT?),
and two-dimensional nucleation limited growth, which requires a relatively large
undercooling value and is associated with an exponential growth rate dependence
on undercooling (V, o exp(—A/AT)). In (Liu et al., 1999) we described calcu-
lations obtained using a model kinetic relation that is consistent both with the
experimental results of Petrosyan and Bagdasarov (1976) and with a dislocation-
driven growth mechanism. In addition, we showed an approach compatible with
a two-dimensional nucleation growth mechanism.

In the early 1970s, Brice (1970) and Voronkov (1972) proposed simple geo-
metric theories, relating the facet size (b) to the maximum undercooling (ATp)
along the facet, the radius of curvature of the melting point isotherm (R) as well
as the temperature gradient at the melt/crystal interface (g). According to these
the size of the facet is given by

b= /8ATyR/g 3.1)

where, following (Voronkov, 1972),

_ kmgm + ksg_q .

(3.2)
ko + kg

here gn, and g are the temperature gradients normal to the interface in the melt
and solid phases, respectively. Assuming facet formation does not significantly
affect transport phenomena, it is possible to use results of large-scale models of
crystal-growth (which do not account for facetting) as a tool for obtaining the
values of R and g necessary for the prediction of facetting via Equation (3.1).

In (Liu et al., 1999) we compared results from our new approach for simulta-
neously calculating facetting and transport phenomena with predictions based on
Equation (3.1). In this chapter we review these comparisons as well as present
new calculations involving effects of melt flow, internal radiation through a trans-
parent growing crystal, and more.

Convective heat transport in the melt of VB (or vertical gradient solidification)
systems has been extensively studied in the literature (e.g. Chang and Brown,
1983; Adornato and Brown, 1987; Kim and Brown, 1991; Brandon er al., 1996;
Yeckel et al., 1999). It has been shown that this mode of heat transport may or
may not be of importance depending on the system studied. In the case of oxide
growth (relevant to results presented here), melt convection has been demon-
strated to be of importance in relatively large crucibles placed in substantial
furnace gradients (Derby et al., 1994).

Internal radiation within the crystalline phase of oxides is known to be of
importance, mainly due to the high growth temperatures and optical properties
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associated with these materials (see, e.g. Brandon et al., 1996, and references
within). In the results presented in (Liu et al., 1999) as well as in most of the
results shown here we use an enhanced thermal conductivity in the crystalline
phase, therefore (in some sense) assuming the crystal to be an optically thick
medium. This assumption is compatible with certain doped (see, e.g. Petrosyan,
1994) or undoped (see, e.g. Cockayne ef al., 1969) oxide systems. In addition, in
this chapter, we briefly consider the growth of crystals whose optical properties
render them almost transparent to infrared radiation.

This chapter is organized as follows. An outline of the model system and
equations as well as the numerical approach is given in Section 3.2. Results of
our calculations are presented in Section 3.3. These include a short review of the
effects of crystal-growth rates and furnace gradient values on facet formation,
calculations of convective effects and internal radiation (in a transparent crys-
talline phase) coupled with interface facetting, as well as an attempt at predicting
the position of facets along the melt/crystal interface in the context of the exper-
imental results of Petrosyan and Bagdasarov (1976). Finally, our conclusions are
presented in Section 3.4.

3.2 MODEL DEVELOPMENT

We employ the same idealized model system, for the growth of oxide slabs,
described in our previous work (Liu ef al., 1999). The system consists of a trans-
lationary symmetric rectangular-shaped molybdenum crucible placed in a vertical
furnace whose linear temperature profile is slowly reduced with time, thus induc-
ing directional solidification. In (Liu ef al., 1999) we presented both a transient
and a quasi-steady-state version of our model. The transient analysis showed that
after a short time the thermal field and partially facetted melt/crystal interface
shape reached a steady-state form, thereby justifying the use of a quasi-steady-
state approach. Therefore, most of the calculations presented in (Liu et al., 1999)
as well as all of those presented here are based on a quasi-steady-state formula-
tion. Details of the transient analysis as well as further information on the model
system can be found in (Liu ef al., 1999).

3.2.1 MATHEMATICAL FORMULATION

A two-dimensional slab-shaped system is modeled. The equations describing heat
transport in this system result from a quasi-steady-state formulation involving
conduction, radiation and convection heat transport mechanisms. Note, however,
that convective and certain aspects of the radiative effects are not accounted for in
all of the results presented here. Deviations from the model equations presented
in this section are clearly described where relevant (in Section 3.3).
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The temperature distribution 7 is governed by

PunCpmV - VT =V -k, VT =0  in the melt
V. kNVT =0 in the crystal
V-k.VT =0 in the crucible, (3.3)

where v describes the melt velocity field, k, p, C, are the thermal conductiv-
ity, density, and heat capacity respectively, V is the gradient operator and the
subscripts m, s, ¢ denote properties of melt, crystal, and crucible, respectively.

Melt convection, which was not accounted for in (Liu et al., 1999), is included
in the current formulation through the term on the left-hand side of Equation (3.3)
(applied in the melt). This equation is coupled with the Navier—Stokes equation
with the Boussinesq approximation,

PV -VYV=V T+ pnBrg(T — Tinp) (3.4)

as well as the continuity equation in the melt,
V.v=0. (3.5)
In Equation (3.4) the gravity vector is denoted by g, Ty, is the material’s melting
point temperature, Sy is the melt thermal expansion coefficient, and the stress

tensor T, which is composed of the viscous stress together with the deviation of
the pressure from the hydrostatic value P (i.e. dynamic pressure), is given by

T=—Pl—1=—PIl+ u(Vv+ Vv'), (3.6)

where I is the unit tensor, and g is the melt viscosity.
Assumptions of no-slip and no-penetration on the melt/crystal and crucible/melt
interfaces are the basis for the boundary condition for velocity at these surfaces,

v=0; (3.7)
note that implicit in this boundary condition is the assumption that melt and
crystalline densities are identical.

External boundaries of the crucible exchange heat with an idealized furnace
thermal profile according to

—kVT nee = W(T — Ty) + 60 (T* — T}), (3.8)

where ng. is the unit normal vector along the crucible’s external boundary point-
ing away from the system, / is the convective heat transfer coefficient, & is
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the crucible wall’s emissivity, and o is the Stefan—Boltzmann coefficient. The
furnace temperature, Ty is given by

Ity =Ty + G}" (39:'

where G is the furnace temperature gradient, y is the spatial coordinate in the
vertical direction, and T, is the cold zone temperature, positioned (in the furnace)
at the same height as the bottom of the crucible.

Continuity of heat flux along the inner crucible boundaries is enforced through
the boundary condition:

(=keVT)e -0 = q; - N, (3.10)

where the subscript ¢ denotes a term evaluated on the crucible side of the bound-
ary, ng denotes a unit vector normal to the crucible’s inner boundaries (i.e.
crucible/melt and crucible/crystal interfaces), and q; is the heat flux along the
inner boundaries of the crucible on the melt (i = m) or crystalline (i = s) sides
of the boundary.

Along the melt/crystal interface two conditions must be satisfied, the first
represents a balance of thermal energy across the interface:

I(_kaT)m s q-\] My = AH\- Vn- (31 ])
and the second gives the temperature distribution along the interface:
T =Ty — f(Vh). (3.12)

Here, ny, is a unit vector normal to the melt/crystal interface (pointing into
the melt), the subscript m denotes a term evaluated on the melt side of the
interface, A H, is the heat of solidification per unit volume of crystalline material,
and f(V,) is the interfacial undercooling whose form is defined and discussed
in Section 3.2.1.1 below. The growth velocity normal to the interface (V},) is
assumed (in this quasi-steady-state formulation) to correspond to

G*
Vo = —(nps - &), 3.13
G ( ) ( )
where G* = —dT;/dt = —dT,,/dt is the rate at which the furnace temperature

is reduced (thereby inducing solidification) and e, is the unit vector pointing in
the vertical direction.

The form of the heat flux q; in Equation (3.10) depends on the dominant heat
transport mechanisms acting in phase i at the interface. In the case where i = m
(i.e. melt), regardless of the presence or absence of convection, this flux is given
by Fourier’s law,’

qm = —knVT. (3.14)

3 This is a result of the no-penetration and no-slip conditions given by Equation (3.7).
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The increase in heat transport through the crystalline phase due to thermal
radiative effects is represented, in this study, either by an enhanced thermal
conductivity, an approach strictly valid only for optically thick media, or by
looking at the opposite limit where the crystal is transparent to infrared radiation.
In the first instance the heat flux q¢ appearing in Equations (3.10) and (3.11) is
given by Fourier’s law,

qs = —k VT, (3.15)

while in the case where the crystal is transparent to infrared radiation the flux is
given by
qs = _ksvT + qr, (316)

where the radiative heat flux at the surfaces of the crystal, within the crystalline
phase (qgr), is obtained as described in Section 3.2.1.2 below.

3.2.1.1 Interfacial Kinetics

Equation (3.12) can be rearranged to give the undercooling at the interface which,
assuming a single-component system with a planar melt/crystal interface, is the
driving force for crystal growth,

AT:Tmp_T=f(Vn) (3.17)

whose functional dependence on V; can be inverted to give a general Kinetic
relation of the form
Vo = BAT, (3.18)

where the kinetic coefficient § may be a function both of AT and of the local
crystallographic orientation.

Due to surface-energy effects, nonplanarity of the melt/crystal interface leads
to modifications in the definition of the driving force for crystal-growth. In the
problem studied here, surface-energy effects are assumed unimportant. However,
as described in (Liu ef al., 1999), including a small amount of artificial surface
energy in the formulation is numerically beneficial. Results presented here were
obtained with this slightly modified formulation that, in the interest of brevity,
is not described here.

The undercooling is typically negligible on nonfacetted regions of the
melt/crystal interface. Therefore, the dependence of g on 6 (the angle denoting
the crystallographic orientation in this two-dimensional model) can be ignored for
all values of # except for those that are close in magnitude to singular orientations
(corresponding to surfaces that tend to facet). The most important parameters in
this case are the 8 value corresponding to the singular orientation, the parameters
determining the dependence of B on AT, and the range of 6 values over which
B significantly varies.
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In this study, similar in spirit to ideas used by other authors (Yokayama and
Kuroda, 1990), the kinetic coefficient (8) is modeled as a piecewise linear function
of the surface slope relative to the singular orientation according to (see Figure 3.1),

Hoi= B?
cr PO P ani0— 6ol 16 — 6ol < A
B AP Tianiagy 00l Pkl <ad (3.19)
Bo |6 — 6| = Aby,

where B is the temperature-independent kinetic coefficient off the facet, 6y is
the crystallographic angle corresponding to the singular orientation along which
a facet will develop, and A6, is the maximum deviation from 6; beyond which
the interface behaves as a nonfacetted surface. The coefficient g*, given by

B* = (Bo — ABo) ATy ", (3.20)

is the temperature-dependent kinetic coefficient on parts of the facet where the
crystallographic orientation exactly equals the singular direction (6 = 6p). In
Equation (3.20) n is the exponent of this power-law kinetic equation, ATj is the
undercooling on regions of the facet where 8 = 6, and fy — Afy is the kinetic
coefficient corresponding to these regions in the special case where ATy =1 (in
units corresponding to those used for V,,/f8).

B4

Bo 1

B* 1

—=| Ay | -—

Figure 3.1 The kinetic coefficient () as a function of crystallographic orientation (¢)
and undercooling. Here ATy and ATy, (where ATy < ATy,) are two different values of
the maximum undercooling that correspond to melt/crystal interface orientations coincid-
ing with the singular orientation (i.e. & = 6y). The lower curve corresponds to 8(@) for
ATy = ATy and the upper curve corresponds to B(#) for ATy = ATy: both curves coin-
cide for |6 — 6| = Afy. The * value appearing in this figure corresponds to ATy = ATy.
The curves are schematically plotted as piecewise linear since it is assumed, in this figure,
that A6y < 1. (Reprinted from Liu et al., J. Cryst. growth, 205 (1999) 333353, copyright
(1999) with permission from Elsevier Science.)
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Values of important parameters of the model, namely £*, n, and A8y, were
chosen as follows. The value of the kinetic coefficient §* and the exponent n
were derived to be consistent with the experimental observations in (Petrosyan
and Bagdasarov, 1976), i.e. ATy = 1 K and n = 2. Estimated values of Af, can
be deduced from (Bauser and Strunk, 1984). Due to numerical considerations
we employ larger values of this parameter though, as described in (Liu er al.,
1999), these differences in A8y values do not affect the results as long as Af is
small enough. Finally, note that if gy is large enough it should yield negligible
undercooling off the facet thereby rendering its exact value unimportant.

3.2.1.2 Radiative Flux Formulation

Formulation of the internal radiative heat flux appearing in Equation (3.16) is
given by

2
Qg - Ny = —& [5267}? “f i'(Q) cos(l,b)dﬁ] ; (3.21)
Q=0
where n;, represents the direction normal to the crystal’s surface pointing away
from the crystal, &, is the emissivity of the surface, n is the crystalline refrac-
tive index, o is the Stefan—Boltzmann constant, i'(€2) is the radiation intensity
directed along the solid angle €2, and ¥ represents the angle between the direction
of i'(£2) and n,,.

The intensity of radiation leaving the surface of the crystal towards its interior
along the solid angle €2, with the assumption of gray and diffuse boundaries, is
given by

| 5 5
Q) =~ (lﬁ-chb“’ e B (—nhn]

) : (3.22)
surface

For detailed discussions of radiative heat flux formulations in the context of
crystal-growth from the melt see (Dupret ef al., 1990; Brandon and Derby, 1992a;
Brandon and Derby, 1992b). In the case of the present work, please see (Virozub
and Brandon, 1998) for a study of a similar system, albeit without kinetic effects.

Ep

3.2.2 NUMERICAL TECHNIQUE

A full account of the techniques employed here can be found in (Brandon er al.,
1996; Brandon, 1997; Virozub and Brandon, 1998; Liu et al., 1999) and refer-
ences within. In particular, see (Liu et al., 1999) for details pertaining to appli-
cation of Equation (3.12) including the introduction of artificial surface energy
into the formulation.

Our algorithm is based on a standard Galerkin finite element method (GFEM),
using biquadratic basis functions* for all variables except the pressure, which is

* A recent study (Virozub and Brandon, 2002) discusses the application of incomplete Hermite or
complete Lagrangian cubic elements versus complete Lagrangian quadratic elements (which were
used here).
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represented by 2-D linear basis functions. An elliptic mesh generation technique
was employed; the method is based mostly on the work described in (Christo-
doulou and Scriven, 1992), though in cases where the crystal was assumed
transparent to infrared radiation the mesh-generation technique was modified
to correspond to work presented in (Tsiveriotis and Brown, 1992).

The nonlinear Galerkin weighted residual equations associated with the tem-
perature, velocity, pressure and nodal position unknowns were solved using the
Newton—Raphson technique (Dahlquist and Bjorck, 1974). The mesh used in
the calculations presented here included 988—-1368 two-dimensional, nine-node,
Lagrangian quadrilateral elements. Between 2 and 8 Newton—Raphson iterations
were required for a fully convergent solution with 2—-50 CPU minutes needed
per iteration on a 32- processor Cray J932 supercomputer.’ The convergence
criterion was set in the L-2 norm as [|8]|> < 107°, where & represents the update
vector for the Newton—Raphson iteration.

3.3 RESULTS AND DISCUSSION

A number of issues are investigated in this study. First we review the effect
of two important operating parameters, the crystal-growth rate and the furnace
gradient, on facetting in a system in which melt convection is unimportant and
internal radiative effects can be approximated by an enhanced thermal conduc-
tivity in the crystalline phase. The second set of results focuses on the effects
of melt flow on facetting phenomena, while the third part of this section is con-
cerned with modeling the growth of transparent crystals prone to facet formation
along the melt/crystal interface. Finally, an attempt is made to reproduce and
understand the positioning of facets as observed in the experiments of Petrosyan
and Bagdasarov (1976).

Physical properties and operating parameters vary according to the subject
studied. In general, the system, which is loosely based on the experiments
described in (Petrosyan and Bagdasarov, 1976), was modeled using the same
properties and parameters applied in our previous report (Liu ef al., 1999). All
deviations from the parameters given in (Liu et al., 1999) or application of addi-
tional data (e.g. necessary for modeling melt convection), are accounted for
in the text.

3.3.1 EFFECT OF OPERATING PARAMETERS ON FACETTING

Two important operating parameters existing in melt growth systems are the
furnace temperature gradient and the crystal axial growth rate (V, = G*/G).5

3 The exact CPU time requirement and number of elements used depend on the transport mechanisms
considered in the calculation.

% As indicated in Section 3.2.1, we assume that the growth rate in the vertical direction (V,) is equal
to that induced by the furnace operator (see Equation (3.13)).
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Understanding how these parameters can be used to control facet size and position
is most important in the event that adverse phenomena (e.g. the appearance of
strain in garnets) is associated with facetting in the system under consideration.

At slow enough growth rates, the kinetic relation (Equation (3.18)) yields
a negligible value for undercooling (AT = f(V,) &= 0) which, when neglect-
ing surface-energy effects, leads to an interface conforming to the shape of the
melting-point isotherm. This is generally the case for regions of the interface
that support a large enough value of B. However, in the vicinity of singu-
lar orientations, f may be small enough so that the undercooling AT = V,,/8
(Equation (3.18)) is not negligible even for the relatively small growth rates typi-
cally employed in systems of interest. In this case, the melt/crystal interface may
exhibit visible facets corresponding to singular orientations.

In Figure 3.2 we present results showing the sensitivity of interface shapes
and their corresponding undercooling profiles to the axial growth rate for two
different singular orientations (6y = 07 and |6y| = 7/4). In both cases partially
facetted surfaces are predicted with facets corresponding to orientations defined
as singular. In addition, an increase in facet size with increasing growth rate
is obtained in these calculations. Finally, the maximum undercooling is consis-
tent with Equations (3.18)—(3.20) (with n = 2); for a given singular orientation
the maximum undercooling obtained is proportional to the square root of the
growth rate.

Interface shapes and undercooling profiles are next shown (Figure 3.3) for
different values of the furnace temperature gradient G, for the same two singular
orientations considered in Figure 3.2. Here, as expected, the maximum undercool-
ing does not vary with G (for a given orientation). However, it is evident that
facet sizes (which are probably easier to estimate by looking at the undercooling
profiles), grow with decreasing furnace temperature gradient.

Following Chernov (1973) we combine the Brice—Voronkov theory given by
Equations (3.1) and (3.2) with the kinetic relation Equations (3.18)—(3.20) (with
f = 6y and n = 2) yielding:

b = [Va/(Bo — AB)I"*/8R/g (3.23)

This equation predicts a linear relation between the facet size b and V) (for
a given singular orientation V, o< V,,) as well as a linear relation between b and
g3 Itis conceivably possible to use crystal-growth models that ignore facetting
(e.g. our model with § — o0) to obtain predictions of g and R that, together
with Equation (3.23), can be employed in the estimation of the facet size b.
Facet sizes were obtained from the results shown in Figures 3.2 and 3.3 by
relating facet edges to points along the melt/crystal interface at which 6 =
By + ABy and 0 = 6y — A6y. See Figure 3.4 for a comparison of these values
of b with those calculated via the Brice—Voronkov theory Equation (3.23). It is

7 Corresponding to a singular orientation coinciding with the direction of growth.
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Figure 3.2 The effect of growth rate on interface shapes and interfacial undercooling for
G = 50K/cm. Interface shapes for (a) #y = 0 (singular orientation aligned with growth
direction); (b) |y| = /4 (singular orientation at an angle m/4 radians away from the
growth direction). Undercooling profiles for (c) 6y = 0; (d) |#y] = 7 /4. In the case where
B = 0 (a,c) dashed curves correspond to V; = 0.4 cm/h, continuous curves correspond
to Vo = 0.2cm/h, and dashed-dotted curves correspond to V, = 0.1 cm/h. In the case
where |6y| = /4 (b,d) dashed curves correspond to V, = 0.4cm/h, continuous curves
correspond to V, = 0.3 cm/h, and dashed-dotted curves correspond to V, = 0.2 cm/h. For
the sake of clear presentation, interface shapes are plotted at a vertical distance from
each other that is proportional to their growth rates (assuming 2.9h have elapsed since
growth was initiated). (Reprinted from Liu et al., J. Cryst. growth, 205 (1999) 333-353,
copyright (1999) with permission from Elsevier Science.)

evident that the Brice—Voronkov theory gives predictions of & that are linear
with V2%, indicating that R and g are almost unaffected by changes in V,. A
linear relation is also found between facet sizes, estimated via Equation (3.23),
and G~"°. Consistent with this interesting observation we found that a linear
relation exists between g and G. In addition, these last results also indicate that
R is not significantly affected by changes in G. Finally, facet sizes obtained with
(Equation (3.23)) are close to but different from those calculated by our model.
Most significant are differences obtained for low values of G.
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Figure 3.3 The effect of furnace temperature gradient on interface shapes and interfa-
cial undercooling. Interface shapes for (a) 6, = 0; (b) |6y| = 7 /4. Undercooling profiles
for (c) 6| = 0: (d) |6p] = /4. In the case where # =0 (a.c) V, = 0.2cm/h, dashed
curves correspond to G = 20 K/cm, continuous curves correspond to G = 34 K/em, and
dashed-dotted curves correspond to G = 90K/cm. In the case where |6y| = 7 /4 (b.d)
Vi = 0.3 cm/h, dashed curves correspond to G = 34 K/cm, continuous curves correspond
to G = 50 K/cm, and dashed-dotted curves correspond to G = 70 K/cm. (Reprinted from
Liu et al., J. Cryst. growth, 205 (1999) 333-353, copyright (1999) with permission from
Elsevier Science.)

3.3.2 INTERACTION BETWEEN MELT FLOW
AND FACET FORMATION

It is reasonable to assume that heat transport in the small-scale system studied
in (Liu et al., 1999), as well as in Section 3.3.1 of this chapter, is only marginally
affected by melt convection. However, as shown for a similar (though cylindrical)
system in (Derby et al., 1994) it is expected that increasing the size of the crystal
will lead to increased natural-convective flows that, beyond a certain system
size, will significantly affect heat transport and therefore facet formation. This
enhancement in flow is due to the fact that the dimensionless driving force for
flow is proportional to a characteristic length of the system (e.g. crystal width)
raised to the third power (see, e.g. Landau and Lifshitz, 1959).

In this section we present calculations that account for melt flow. Proper-
ties employed here, not used in (Liu efal, 1999), are the melt viscosity
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Figure 3.4 Facet size as a function of (a) growth rate and (b) furnace temperature gradi-
ent. Open symbols depict values predicted based on the Brice—Voronkov approach using
calculations with f — oo together with Equation (3.23). Filled symbols represent results
from our calculations (shown in Figures 3.2 and 3.3) accounting for coupling between
kinetics and thermal field calculations (i.e. using finite values for B). Squares and cir-
cles represent results for £y = 0 and |#y| = 7 /4, respectively. (Reprinted from Liu er al.,
J. Cryst. growth, 205 (1999) 333-353, copyright (1999) with permission from Elsevier
Science.)

(0 = 0.0426 Pas) and thermal expansion coefficient (87 = 1.8 x 107 K~ !) both
of which are based on measurements of Fratello and Brandle (1993).

Melt/crystal interface shapes as well as interfacial undercooling profiles are
plotted in Figure 3.5 for a variety of crystal widths both with and without account-
ing for melt flow. Increasing the crystal width (B*) leads to a strengthening of
convection characterized by fluid rising along the hot crucible walls and descend-
ing along the centerline towards the melt/crystal interface. This flow pattern (as
can be seen in Figure. 3.5) promotes the appearance of facet sizes larger than
those calculated without taking melt convection into account.

In an attempt to better understand the results shown in Figure 3.5 we plot, in
Figure 3.6 data corresponding to calculations using our model without accounting
for kinetic effects (i.e. § — o0). This data includes values of the thermal gradient
in the melt (g,) normal to the melting-point isotherm and the curvature (R) of
the melting-point isotherm, both calculated at the position on the melting-point
isotherm whose orientation corresponds to €. Results shown in Figure 3.6 were
calculated both with and without accounting for melt convection, as a function
of the width of the crystal B*.

Considering the simple Brice—Voronkov approach Equations (3.1) and (3.23),
it is apparent that the facet size is sensitive to the ratio R/g. When convection is
not considered, increasing the system size leads to a decrease in g, and an increase
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Figure 3.5 The effect of melt convection (and crystal width B*) on interface shapes and
interfacial undercooling for 6y = 0, G = 50 K/cm and V,, = 0.2 cm/h. Interface shapes for
(a) B* = 1cm, (b) B* = 2cm, (¢) B* = 4cm. Undercooling profiles for (d) B* = 1 cm,
(e) B* =2cm, (f) B* = 4cm. Dashed curves were obtained while accounting for melt
convection and continuous curves were calculated while neglecting convection (i.e.

Br=0).

in R, which promotes8 an increase in facet size. In the (more realistic) event that
melt convection is considered, increasing the system size leads to an increase
both in g, and in R. In this case even though R/g, can be shown to increase
with increasing system size, it is not obvious at first glance if the rapid increase
in R (compared to the case where convection is ignored) is significant enough
to cause widening of facets (for a given system size) due to convective effects.
The convection-induced increase in g, compared to the case where convection is
ignored, may conceivably offset the increase in R. However, looking at Figure 3.5
and at Figure 3.7 it is evident that changes in R dominate and that, for a given
system size, convective effects lead to an increase in facet size. Moreover, it
is interesting to note (see Figure 3.7) that for B* = 4, convective effects are
strong enough to cause an increase in the discrepancy between the predictions
based on Equation (3.23) and calculations obtained using our approach. These
discrepancies are, as in the cases shown in Figure 3.4, most serious for low
values of G.

8 Note that although we consider g, rather than g, conservation of energy across the interface in
this type of system (in which latent heat effects are most probably unimportant) renders g, o< g,
and therefore g < g,,.
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Figure 3.6 (a) The thermal gradient in the melt normal to the melting point isotherm (g,
defined in the text) and (b) the curvature of the melting point isotherm (R), as a function
of crystal width (B*). Squares correspond to values calculated while accounting for melt
convection and circles represent values calculated while neglecting melt convection (i.e.
pr = 0). All data points were evaluated at a position on the melting-point isotherm for
which 6 = 6y = 0, in the case where G = 50 K/cm, V, = 0.2 cm/h and kinetic effects are
unimportant (f — 00).
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Figure 3.7 Facet size as a function of furnace temperature gradient calculated (a) with
convection in the melt and (b) without convection in the melt (B = 0). Here G = 50 K/cm,
Ve = 0.2cm/h, 6y =0, B* =4cm. Open symbols depict values predicted based on the
simplified approach using calculations with § — oo together with Equation (3.23). Filled
symbols represent results from our calculations accounting for coupling between kinetics
and thermal field calculations (i.e. a finite 8 value).
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Our analysis is limited to the particular vertical gradient solidification sys-
tem described here. It is interesting to consider many different variations of the
parameters used in the calculations shown in Figure 3.5. Unfortunately, a com-
prehensive study of these is beyond the scope of our work. We do, however,
consider one permutation of the system parameters. Results shown in Figure 3.8
exhibit melt/crystal interface shapes and undercooling profiles calculated without
taking convection into account, taking convection into account and taking con-
vection into account with the gravity vector pointing in the opposite direction.
This last situation describes a top-seeded vertical growth system in which the
crystal is placed above the melt into which it is growing (i.e. the gravity vec-
tor is directed from the cold zone of the furnace towards the hot zone, in the
y direction).

Melt flow, in the case of top seeding, is considerably more vigorous than in
the previous calculations. This is evident when observing the significant shift
in the melt/crystal interface position due to flow in the case of inverted gravity
compared to the usual situation. Of relevance is the direction of flow near the
melt/crystal interface, which, due to inversion of gravity, is similar to the direction
of natural-convective-dominated flows often observed in Czochralski systems (see
Miiller and Ostrogorsky, 1994, and references within). Here, melt flows towards
the interface near its periphery, towards the centerline along the interface, and
away from the interface near its center. This inverted flow pattern tends, in the
absence of facetting, to sharpen the interface near its center thereby increasing
its curvature in this region; a similar effect was observed in natural-convective
dominated flow calculations during the growth of oxides via the Czochralski
technique (Xiao and Derby, 1993). When facetting is considered (see Figure 3.8),
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Figure 3.8 (a) Interface shapes and (b) undercooling profiles for different convective
driving forces. Continuous curves correspond to calculations without a convective driv-
ing force (fr = 0), dashed curves correspond to calculations with melt convection in
the thermally stabilized, base-case configuration (bottom seeding), and dashed-dotted
curves correspond to calculations with melt convection in a top-seeded configuration.
Here G = 50K/cm, V, = 0.2cm/h, and 6y = 0.
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the facet size is reduced in comparison to the calculation that does not account for
melt convection. The decrease in facet size is most probably due to the reduction
in R near the center of the system.

3.3.3 TRANSPARENT CRYSTALLINE PHASE

In (Liu et al., 1999) and in most of the results shown here, radiative transport
within the crystalline phase was modeled using an enhanced thermal conductivity.
This approach, which in some sense approximates internal radiation in optically
thick media, has difficulty predicting the deep interfaces associated with opti-
cally thin or transparent crystals (Brandon and Derby, 1992a). In this section
the crystal is approximated as a medium completely transparent to infrared radi-
ation. Here, system parameters remain the same as before except for: (a) the
crucible height, which was set to L = 20cm, thus allowing for full exploration
of severe deflections in interface shapes; (b) the hot and cold zone tempera-
tures, which were modified to allow for the same base-case gradient as before
(G = 50K/ecm); (c) the growth rate, which was chosen to be 0.55cm/h due to
numerical limitations briefly mentioned below. Physical parameters remain the
same except for the thermal conductivity in the crystalline phase, which without
artificial radiative enhancement is given by k; = 0.08 W/cm K. Emissivities of
the crucible/crystal boundaries, the melt/crystal interface and the crystal’s refrac-
tive index were chosen according to the properties used in our previous study of
a similar system (Virozub and Brandon, 1998).

In (Virozub and Brandon, 1998) we showed that slab-shaped geometries, in
comparison with cylindrical systems, may exhibit severely deflected melt/crystal
interface shapes due to effects associated with radiative cooling through the trans-
parent crystal. Radiative transport is, in some sense, enhanced by relatively large
viewing angles between the interface and the cold end of the crucible in this
slab-shaped system. The large deflection in the interface leads to difficulties in
achieving closure of energy balances; this problem was solved by optimizing
mesh-generation parameters. In attempting to model facetting phenomena in this
system, numerical difficulties associated with the combination of radiative trans-
port, resultant deep interfaces, and facet formation lead to the requirement of
relatively intensive computational resources. For this reason we have limited the
study to a case involving a relatively large value of the crystallographic ori-
entation |6p| = 1.2 (smaller values of |fy| require additional mesh refinement).
However, obtaining significant facetting using |6p| = 1.2 requires a relatively
large value for Vg.g This is a result of the relation V;, = V,(np - €,) = V, cos(|6]),
which for |0| = |6y| = |1.2| yields a value of V,, significantly smaller than V,.

A sample interface shape is shown in Figure 3.9. Notice the severe deflec-
tion of the interface (due to the crystal’s transparency), which is shaped in a

? Here we use V, = 0.55 cm/h.
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Figure 3.9 Partially facetted interface of a transparent crystal grown at V, = 0.55cm/h
with G = 50K/cm and 6y = 1.2. Facet boundaries are marked by small dashed lines
perpendicular to the facet.

manner where curvature is significant near the center. Facets, whose boundaries
are marked by small dashed lines, appear where expected.

3.3.4 POSITIONING OF FACETS ALONG THE INTERFACE

Growth of (111) axis garnet crystals using the Czochralski method often yields
a crystal with a strained inner core bounded by three {211} facets (see, e.g.
Zydzik, 1975); {110} facets are also known to appear in this case at larger radial
positions (see, e.g. Cockayne and Roslington, 1973).

Application of the vertical bridgman technique to the growth of YAG in several
different crystallographic directions is shown to be characterized by a variety of
facet distribution patterns depending on the growth orientation (Petrosyan er al.,
1978). Using this technique to grow Nd:YAG along the (221) direction yields
{211} and {110} facets positioned near the periphery of the melt/crystal inter-
face (Petrosyan and Bagdasarov, 1976).

In Figure 3.10 we present results attempting to reproduce the growth con-
ditions reported in (Petrosyan and Bagdasarov, 1976) with the aim of better
understanding causes of facet positioning along the interface. Parameters were
chosen to closely follow those used by Petrosyan and coworkers. These are the
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Figure 3.10 Partially facetted interface of a crystal grown under conditions (detailed in
the text) closely following those used by Petrosyan and Bagdasarov (1976).

same as base-case values used in (Liu ef al., 1999) and in the present study except
for the crucible inner half-width, the crucible inner length, and crucible wall thick-
ness, which were estimated to be B* =0.7cm, L* = 15¢cm, and d = 0.03cm,
respectively (Petrosyan, 1998). In addition, in these calculations, G = 100 K cm
and V, = 0.26 cm/h (Petrosyan and Bagdasarov, 1976). Here the crystal is grown
along the [221] direction and the two singular surfaces considered, whose ori-
entations are coplanar with this growth orientation, are (112) (|| = 0.615) and
(110) (|6g] = 0.340).10 Finally, note that in this small-scale system, convection
was not taken into account and radiative transport within the crystalline medium
was modeled using an enhanced thermal conductivity.

Facet positions shown in Figure 3.10 are semiqualitatively consistent with
the experimental results of (Petrosyan and Bagdasarov, 1976). The (112) facet
shown on the left is close to the crucible wall (consistent with Petrosyan and
Bagdasarov, 1976), though the (110) facet shown on the right is not so obviously
positioned along the periphery of the crystal surface.

3.4 CONCLUSIONS

Facetting during the growth of single crystals from the melt can cause unwanted
phenomena.!! In addition, using standard computational algorithms for the analysis

10 Note that, in this asymmetric case, each singular orientation appears only on one side of the growth
axis; Figure 3.10 is consistent with 6, = 0.615, —0.340.
1 See (Cockayne and Roslington, 1973) for a situation where facets are beneficial.
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of melt growth may lead to inaccuracies in the prediction of thermal, solute and
flow fields, all of which may be significantly affected by the presence of large facets
along the melt/crystal interface.

Results shown here demonstrate current capabilities of a new approach designed

to couple predictions of facet formation with transport phenomena during direc-
tional melt growth. Important information gleaned from our calculations can be
itemized as follows:

Predictions of facet size and undercooling profiles are qualitatively consistent
with the expected sensitivity to operating parameters. Facets increase in size
with increasing crystal-growth rate and decreasing furnace temperature gradi-
ent. When melt convection is unimportant and internal radiation is modeled
using an enhanced crystalline thermal conductivity, semiquantitative agree-
ment is found between facet sizes predicted here and those calculated using
the Brice—Voronkov theory. As explained in (Liu et al., 1999), discrepancies
can partially be explained by the small level of undercooling appearing on the
off-facet region in some of our calculations. However, in a number of cases
(particularly for small G values), discrepancies are probably due to nonuni-
formity in R'? (in the case of |6y| = m/4) as well as deviations of the thermal
field near the facet from that assumed in (Voronkov, 1972).

Including melt convection in the analysis is shown to be important for the
largest crucible considered here (B* = 4 cm). The increase in flow intensity
with system size, the direction of the resultant flow (towards the interface at
its center), and the overall ‘flattening’ of the melt/crystal interface shape due
to flow, are all similar to observations made for a cylindrical geometry (Derby
et al., 1994). Following the ideas of Brice (1970) and Voronkov (1972), the
increase in R due to convection should promote larger facet sizes, while
the increase in the thermal gradient at the interface (also due to convection)
should favor smaller facet sizes. Our calculations show that the increase in
R as a result of convection dominates and leads to an increase in facet size.
Interestingly, facet sizes calculated in this case significantly deviate (for small
G values) from values predicted using the Brice—Voronkov approach. This is
probably due to an increase in the deviation between thermal fields assumed
in Voronkov (1972) and those calculated here.

An increase in facet size due to melt convection was observed for the standard
bottom-seeded configuration and specific singular orientation |6y| = 0 studied
here. Looking at Figure 3.5 it is evident that for large enough |fy| values
(appearing near the crucible walls) R may not change or may even decrease
due to convection. A certain decrease in R near the crystal periphery due
to melt convection can be observed when looking at previous results for
cylindrical crystals (see, e.g. Figure 3.9 in Brandon ef al., 1996). A decrease
in R due to convection could conceivably lead to reduction in facet sizes

12 R is assumed uniform in the analysis of Brice (1970) and Voronkov (1972).
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near the crucible wall. Finally, considering top-seeded crystal-growth with
|6p] = 0, demonstrates that the associated inverted flow pattern (i.e. flow away
from the interface at its center) acts to increase curvature (decrease R) near
the system center, thereby causing a reduction in facet size compared to the
situation where flow is not considered. Note that this significant result, which
has possible implications for natural-convective-flow-dominated CZ systems,
was obtained for a relatively small scale system (B* = 2.cm) in which bottom
seeding does not lead to significant flow.

¢ Taking internal radiation effects into account for the case of optically thin
(or transparent) crystalline phases is a nontrivial task. The combination of
extremely deep interfaces due to radiation in slabs with numerical difficulties
associated with modeling kinetics (see Liu et al., 1999), render calculations
quite challenging. We demonstrate a certain capability for calculating partially
facetted interfaces in this case. Ongoing work includes implementing new
numerical meshing strategies aimed at giving us the capability to accurately
and thoroughly study effects associated with transparent crystalline phases of
the type studied here.

¢ Using parameters close to those used by Petrosyan and Bagdasarov (1976)
we attempt to reproduce their experimental result concerning positioning of
facets (near the crystal periphery). Two singular surfaces coplanar with the
growth direction were chosen in this study of a slab-shaped crystal. One
of the resultant facets appears near the crucible wall while the other is not
as close to the wall as shown in (Petrosyan and Bagdasarov, 1976). This
is not very surprising since facet positioning is very sensitive to the distri-
bution of the crystallographic orientation angle along the interface. Effects
of melt convection discussed above, variations in optical properties in semi-
transparent crystals (Brandon and Derby, 1992a), and the effect of differ-
ences in geometry (slab versus cylinder, Virozub and Brandon, 1998) may
lead to changes in the distribution of € causing facets (of a particular sur-
face orientation) to be close to or far from the crucible walls. An accurate
quantitative prediction of facet positioning along the interface requires, in
the case of (Petrosyan and Bagdasarov, 1976), the analysis of a cylindrical
system'® with a good knowledge of the degree of transparency of crystals
grown.
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NOTE ADDED IN PROOF

Since the completion of this manuscript an important contribution to this field
has appeared in the literature. In (Lan and Tu, 2001) a slightly different approach
is used to extend the ideas discussed here to three-dimensional geometries.
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4 Theoretical and Experimental
Solutions of the Striation Problem

HANS J. SCHEEL
SCHEEL CONSULTING, Sonnenhof 13, CH-8808 Pfaeffikon, Switzerland

ABSTRACT

Striations are growth-induced inhomogeneities that hamper the applications of
solid-solution crystals and of doped crystals in numerous technologies. Thus
the optimized performance of solid solutions often can not be exploited. It is
commonly assumed that striations are caused by convective instabilities so that
reduced convection by microgravity or by damping magnetic fields was and is
widely attempted to reduce inhomogeneities.

In this chapter it will be shown that temperature fluctuations at the growth
interface cause striations, and that hydrodynamic fluctuations in a quasi-
isothermal growth system do not cause striations. The theoretically derived con-
ditions were experimentally established and allowed the growth of striation-free
crystals of KTa;_,Nb,O3; ‘KTN’ solid solutions for the first time.

Hydrodynamic variations from the accelerated crucible rotation technique
(ACRT) did not cause striations as long as the temperature was controlled within
0.03°C at 1200 °C growth temperature. Alternative approaches to solve the seg-
regation and striation problems are discussed as well.

4.1 INTRODUCTION

Solid solutions or mixed crystals are special crystals or alloys in which one or
more lattice sites of the structure are occupied by two or more types of atoms,
ions or molecules. By varying the concentration of the constituents, the physical
or chemical properties of solid solutions can be optimized for specific applica-
tions, so that solid solutions play an increasing role in research and technology.
One example are III-V semiconductors where the bandgap and thus emission
and absorption wavelengths can be adjusted, along with the lattice constant to
match the available substrates for epitaxial growth, for optical communication
systems. Another example are III-V compounds for photovoltaic devices where
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the composition can be adjusted to optimize the solar-cell efficiency and to maxi-
mize radiation resistance (Loo et al. 1980). In certain cases, properties and effects
may be obtained in solid solutions that are not observed in the constituents: The
phase transition temperature and the related anomaly of a high dielectric constant
may be shifted to the application temperature for electro-optic, nonlinear-optic
and acousto-optic applications (Chen ef al. 1966, Scheel and Giinter 1985). The
hardening effect of solid solutions is often used to improve the mechanical prop-
erties (Nabarro 1975).

The statistical distribution of species in a given lattice site normally is at
random, but can deviate in the direction of ordering (with the extreme case
of a superlattice) or in the direction of clustering (with the extreme case of
immiscibility or phase separation) as it was shown by Laves 1944. This site
distribution has an impact on the physical properties and can be controlled to some
extent in metallic alloys, with their high diffusivities, by preparation or annealing
conditions. However, in oxide systems with low diffusivities, the control of the
distribution of species on lattice sites during crystal growth experiments has not
been reported and will not be considered here.

In this chapter the bulk fluctuations of concentration will be treated with
respect to the application-dependent homogeneity requirements, the types of
inhomogeneities and their origin, and how inhomogeneities can be reduced or
completely suppressed. There is a strong tendency for fluctuations of the growth
conditions causing concentration fluctuations along the growth direction known
as striations or growth bands. The suppression of striations is an old problem in
crystal-growth technology, so that several authors had described striations as an
‘intrinsic’, ‘inherent’ or ‘unavoidable’ phenomenon in crystal growth, see Rytz
and Scheel 1982, Scheel and Giinter 1985.

Based on the segregation analyses for melt growth by Burton et al. (1953) and
for growth from diluted solutions by Van Erk 1982, the role of hydrodynamics
will be discussed, and the experimental conditions for growth of striation-free
crystals derived. This theoretical result will be confirmed by the growth of
quasi striation-free crystals of solid solutions. Finally, alternative approaches to
reduce or eliminate striations are discussed, also novel approaches that require
to be tested.

4.2 ORIGIN AND DEFINITIONS OF STRIATIONS

Nearly all crystals have inhomogeneities and growth bands called striations. Early
observations of striations in semiconductor crystals have been reported by Goss
et al. (1956) and by Bardsley et al. (1962) and for CaF, by Wilcox and Fullmer
(1965). Hurle (1966) has shown for semiconductor crystals and Cockayne and
Gates (1967) for Czochralski-grown oxide and fluoride crystals, that striations are
caused by temperature fluctuations that may be correlated with thermal unsymme-
try or with convective oscillations when a critical Rayleigh number is surpassed.
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Many compounds like GaAs and LiNbO; are not line compounds, but have
an existence range, that is they have a certain degree of solid solubility with one
or both of the constituents. This causes a difference of the congruent melting
composition from the stoichiometric composition. Therefore the grown crystals
show variations of composition, often in the form of striations, depending on
the exact growth conditions (melt composition and growth temperature and their
fluctuations). This topic is discussed by Miyazawa in this volume for oxides and
by Wenzl et al. (1993) for GaAs and compound semiconductors.

Also, melt-grown elements like silicon and line compounds like Al;O; show
striations due to impurities, in the case of silicon—oxygen striations from partial
dissolution of the SiO, crucible. Very pronounced striations are often found in
doped crystals (semiconductors, lasers) and in crystals of solid solutions.

The homogeneity requirements depend on the material and on the applica-
tion. Examples of the maximum composition (X) variations AX/X are given in
Table 4.1.

Corresponding to these tolerance limits, analytical methods are to be applied
or developed in order to assist in the achievement of ‘striation-free’ crystals. In
addition to the well-established methods to visualize striations, Donecker et al.
(1996) developed a colorful optical diffraction method to visualize striations and
demonstrated it with oxide, doped InP and Si;_,Ge, crystals.

It is recommended to use the term ‘striation-free’ in those cases where stri-
ations can not be detected or where they are not harmful for the specific appli-
cation. An absolute striation-free crystal may neither be achieved nor proven,
although in facetted growth or in liquid-phase epitaxy in the Frank—Van Der
Merwe growth mode quasi striation-free crystals and layers could be expected
when step-bunching is prevented.

Various definitions for striations had been suggested. In the following ‘func-
tional terms’ are proposed that relate to the origin of the specific striations (instead
of type-I, type-II, etc.). Striations are defined as growth-induced inhomogeneities
in the crystal that are aligned along the facetted or non-facetted growth surface,
or in the case of facetted growth with step-bunching are related to the traces
of macrosteps.

Table 4.1 Homogeneity requirements of material classes

Crystals, substrates, epilayers AX/X
Semiconductors and solid solutions 10~* to 1073
GaAs/GaP, (Ga,In)As, (Ga,In)Sb,
(Cd, Hg)Te
Dielectrics 1073 to 1077

Piezo-electrics, pyroelectrics, electro-optic,

Nonlinear-optic and laser crystals
Magnetic and magneto-optic crystals and layers 10-% to 1073
Metals and alloys 1072 t0 1073
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These, often periodic, inhomogeneities are caused in the first case by growth
rates which fluctuate with time due to temperature fluctuations and are schemati-
cally shown in Figure 4.1(a). Therefore they could be named ‘thermal striations’.
In Czochralski crystal pulling these striations are frequently linked to crystal
rotation rate, since the crystal feels any unsymmetry in the heater-insulation con-
figuration (Camp 1954): these specific thermal striations are called ‘rotational
striations’ or in short ‘rotationals’. It was shown by Witt ef al. (1973) by using
time markers and etching of crystal cross sections, that remelting may occur
followed by fast growth, so that they defined microscopic (instantaneous) and
macroscopic (average) growth rates and thus could explain complex striation pat-
terns. The fluctuating temperatures at the growth interface, leading to growth-rate
fluctuations in Czochralski growth, are related to convective instabilities (Hurle
1967), to interactions of several different kinds of flows, which will be discussed
further below.

The second class of striations is caused by lateral growth-rate differences as
shown in Figure 4.1(b) and are named ‘macrostep-induced striations” or ‘kinetic
striations’. Facetted growth may be observed in growth from melts in small tem-
perature gradients, and it is practically always observed in growth from solutions
and from high-temperature solutions. At high densities of growth steps, i.e. at
high supersaturation respectively growth rates, the bunching of steps occurs and
leads to macrosteps with a large integer of the height of the monostep. For a qual-
itative explanation of this phenomenon Frank (1958) and Cabrera and Vermilyea
(1958) applied the kinematic wave theory that was developed by Lighthill and

(a) temporal growth-rate variations

Cross
V £ AV Section

~_ Striations or

growth bands

(b) lateral growth-rate differences
due to macrosteps or partial faceting

Vi Va Macrostep
f\ﬂﬂjﬂd‘\{'ﬂéf
Cross
Section

|

Macrostep-induced
or kinetic striations

Figure 4.1 Definition of striations (a) caused by temporal growth-rate and tempera-
ture fluctuations as ‘thermal striations’, (b) caused by macrosteps and lateral growth-rate
differences as ‘macrostep-induced striations” or as ‘kinetic striations’.
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Whitham (1955) for the general traffic-flow problem. As shown in Figure 4.1(b)
growth surfaces with macrosteps respectively with a terrace-and-riser structure
with different local growth mechanisms and growth rates: The terrace grows due
to lateral propagation of single or double steps with the facet growth rate v,
whereas the macrostep has the velocity v,. These growth-rate differences cause
corresponding differences in impurity or dopant incorporation and thus lead to the
striations which mark the traces of the macrosteps. These ‘macrostep-induced’ or
‘kinetic striations’ are shown in Figure 4.2 with LPE-grown multilayers, where
the correspondence of the kinetic striations (visible in the angle-lapped and etched
p-GaAs layers) with the marked macrosteps is clearly recognized (Scheel 1980).
In that work the transition of the misoriented macrostep-surface to the facet with
a continuous step propagation by the Frank—Van Der Merwe growth mode is
described, a transition that of course leads to layers with excellent homogeneity,
i.e. without striations. Chernov and Scheel (1995) analyzed the conditions for
achieving such atomically flat surfaces and extremely homogeneous layers (and
crystals), see also the epitaxy review of Scheel in this volume.

Macrosteps can be regarded as a first step towards growth instability and
are formed not only at high supersaturation, but also in the presence of certain
impurities, and on misoriented surfaces (Chernov 1992). When the thermody-
namic driving force is further increased, then the impurity built up in front of

STEPPED LAYERS a=0575£0.012°
y=1.908 £0.003°

10 pm

0

Macrosteps SUBSTRATE Striations induced Partial
by macrosteps faceting
"Kinetic striations"

0 1 mm 2

Figure 4.2 Macrostep-induced striations visible in the etched p-GaAs layers of an
1 1-layer p-/n-GaAs structure grown by liquid phase epitaxy (Scheel 1980). On the GaAs
substrate of 0.58° misorientation first a thick layer is grown, which on the right side shows
the transition to the {111} facet, whereas the macrostepped surfaces on the left side cause
the striations. Angle-lapped (¥ = 1.9%) and etched, composite differential interference
(Nomarski) micrograph.
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the growing crystal may reach a critical level and is suddenly incorporated, then
crystal growth continues until again the impurity is incorporated, and so on.
This oscillation of growth rate and impurity incorporation leading to striations
was analyzed theoretically and experimentally by Landau (1958). This kind of
inhomogeneity could be named ‘instability-induced striations’,

4.3 HOMOGENEOUS CRYSTALS WITH ke — 1

The segregation problem is defined by the distribution coefficient & which gives
the concentration ratio of a constituent in the grown crystal to that in the growth
melt or solution as will be discussed later. Normally & is not unity so that either
more constituent is incorporated (k > 1) or less constituent than in the growth
fluid is built into the crystal (k < 1). In these cases k = 1 could be achieved
in quasi-diffusionless growth, at very high solidification rates. These cannot be
applied in bulk crystal growth, but might be acceptable in certain cases of low-
dimensional growth, for instance in one-dimensional whiskers or thin rods, or in
two-dimensional structures like thin plates or in lateral growth of thin layers.

Mateika (1984) has shown that in the complex garnet structures with tetrahe-
dral, octahedral and dodecahedral sites and by crystal-chemical considerations,
cations could be introduced and combined, so that £ = 1 was achieved. In order
to obtain a garnet substrate crystal with a specific lattice constant, the ionic radii
and valency of the cations had to be taken into account. For example, the garnet
Gd;Sc,Gas_, 0, with a = 12.543 A could be grown from melt with x = 1.6,
when k(Sc) = 1.

A constant effective distribution coefficient of unity could also be achieved
in crystal growth from high-temperature solutions. By the use of solutions an
additional degree of freedom is obtained, since the distribution coefficient also
depends on the properties of the solvent and on solvent—solute interactions. Sys-
tematic experiments with the growth of oxide solid solutions have shown that
different solvents and solvent mixtures may cause ke > 1 and ke < 1 for a
given solid solution. By proper mixing of the solvent it is then possible to obtain
k = 1 and thus eliminate the segregation problem. Two examples are given with
the perovskite solid solutions Gd,_, Y, AlO; and Gd,_,La, AlO; that are grown
from solvent mixtures with the major components PbO and PbF, and the minor
components B,O; and excess Al,O3 (Scheel and Swendsen 2001).

In Figure 4.3 the measured effective distribution coefficients of the La and
Y dopants in GdAlO; are shown as a function of the PbO—PbF, solvent com-
position. For the pure PbO flux, k. for La is nearly four, whereas for equal
concentrations of oxide and fluoride kcf is less than 0.5. At a composition of
about 37mol% PbF,, ke = 1 is obtained. In the case of Y-doped GdAIO;, a
nearly pure PbO solvent is required to obtain k. = 1.

An example of garnet solid solutions grown from PbO—PbF; solvent mixtures
is shown in Figure 4.4 using the data of Krishnan (1972). Here the distribution
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Figure 4.3 The dependence of the effective distribution coefficient on solvent com-
position in growth of La-doped and Y-doped gadolinium aluminate, after Scheel and
Swendsen 2001.
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Figure 4.4 The dependence of the effective distribution coefficient on the PbO—PbF,
solvent ratio in flux growth of Cr-doped yttrium iron garnet, after Scheel and Swendsen
2001.

coefficient for Cr in yttrium-iron garnet increases with increasing PbF, concentra-
tion, so that by extrapolation a solvent mixture with about 32 mol% PbO should
give kerr = 1. Another example of Ga,_,Fe,O; solid solutions grown from PbO-
B,0; and Bi;03-B;0; solvent mixtures shows that k. = | can be approached
with the Bi;O;3-rich flux (data of Schieber 1966).
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A systematic investigation would help to understand these approaches to
achieve k. = 1 and to establish rules for the general applicability.

44 SEGREGATION PHENOMENA AND THERMAL STRIATIONS

The concentration of the constituents of a solid solution generally differs from
that in the liquid from which the mixed crystal is grown, a phenomenon known
as segregation. In equilibrium or at very low growth rates the ratio of the concen-
tration of component A in the solid to that in the liquid is defined as equilibrium
segregation (or distribution) coefficient

k(A)o = C(A)s/C(A)L (4.1)

ko may be derived from the equilibrium phase diagram by the ratio of solidus
and liquidus concentrations of A at a given temperature.

In a crystallizing system with a limited melt volume, segregation at the grow-
ing interface leads to a continuous change of the fluid: C(A). decreases for
keir > 1, and C(A)L increases for k. < 1, so that the concentration C(A)g in the
solid continuously changes. This causes an inherent concentration gradient in the
crystal of which the concentration at any location of the growth front is given by

C(A) = kerCo(1 — g)len (4.2)

where g is the fraction of crystallized material and Cj the initial concentration as
derived by Pfann (1952). Here it is assumed that k.5 does not vary with concen-
tration or temperature changes. Obviously the inherent concentration gradient can
be made zero by keeping the fluid concentration constant. This can be done by
growth at constant temperature in combination with transporting feed material
from a higher temperature, a growth technique called gradient-transport tech-
nique (Elwell and Scheel 1975). However, this approach generally involves large
temperature gradients (for acceptable growth rates) and thus leads to temperature
fluctuations, so that striations cannot be prevented.

In Figure 4.5 the phase diagram of the system KTaO;-KNbO; of Reisman
et al. (1955) is presented where the gradient-transport technique, using the tem-
perature difference 75 to 74, is shown. Numerous groups listed by Rytz and
Scheel (1982) using this approach could not grow the required striation-free crys-
tals of KTN (KTa;_,Nb,O3) solid solutions. For electro-optic and other optical
applications the variation of x must be smaller than 0.00003, and this requires
temperature fluctuations smaller than 0.01°C as is indicated in Figure 4.5. Also
shown is the slow-cooling technique, where a quasiisothermal solution is cooled
from T to T>. This allows to grow striation-free crystals, and the inherent con-
centration gradient can be kept within tolerated limits by using a large melt. For
the KTN system Rytz and Scheel (1982) have calculated the mass of melt M
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Figure 4.5 The phase diagram KTaO;—KNbO; of Reisman et al. (1955) with indicated
growth techniques and resulting inhomogeneities, after Rytz and Scheel 1982.

that is required to grow a crystal of specified volume V with a tolerated inherent
concentration difference x; — x». These data and also the temperature cooling
range can be read from the nomogram shown in Figure 4.6. For example, a KTN
crystal of 1ecm® with Ax < 0.02, requires a melt of 1000g that is cooled by
12°C. The results of growth experiments will be discussed further below.

In normal crystal growth we have neither the case of very fast growth and
ke = 1 nor are we near equilibrium with very low growth rates and keg =
ko, as crystals should be grown at the fastest possible rate that still gives high
structural perfection. Figure 4.7 shows the situations at the crystal/liquid interface
for the three cases of equilibrium (which theoretically could also be achieved
by ‘complete’ mixing), for the steady-state normal crystal growth, and for fast
diffusionless solidification. Also shown are the concentrations in the solid and in
the liquid with the diffusion boundary layers. In the steady-state crystal growth
the effective distribution coefficient kg lies between the equilibrium distribution
coefficient ky and 1 and is dependent on the diffusion boundary layer § and the
growth rate v as shown in Figure 4.7.

For the case of pulling a rotating crystal from the melt by the Czochralski tech-
nique, the flow analysis of Cochran (1934) towards an infinite rotating disc was
applied by Burton, Prim and Slichter (BPS, 1953a) in order to derive the effective
distribution coefficient. Thereby it was considered that the solute concentration
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Figure 4.6 Nomogram to read the experimental parameters for growth of KTN solid
solution crystals of a specified maximum inhomogeneity x; —x; and volume V.
M = mass of the melt, 7} — 75 is the cooling interval (Rytz and Scheel 1982).

profile is virtually uniform in the radial direction, i.e. the diffusion boundary layer
d can be regarded as having constant thickness across the idealized flat growth
interface. Up to a not too large growth rate, § depends essentially on the crystal
rotation rate @ (except for the rim, which is neglected), the kinematic viscosity
v, and a bulk diffusion coefficient D (which includes solute diffusion and solvent
counter-diffusion) by

8 = 1.6D'v! /00! 2, (4.3)

BPS derived for the steady-state case, in which equilibrium prevails at the
interface virtually independently of growth rate, the equilibrium distribution
coefficient

ket = ko/lko + (1 — ko) exp —(v8/D)] (4.4)

with v the growth rate. In the following, this approximation can be utilized, since
the growth-rate dependence of ky will be negligible due to the fact that in our
attempt to grow striation-free crystals the effective variations of the growth rate
are small.

In the accompanying experimental paper Burton ef al. (1953b) measured the
distribution coefficients of several elements in solid/liquid germanium and were
able to correlate them with atomic size, respectively, the tetrahedral covalent
radii: the larger the element, the smaller the distribution coefficient. They also
measured striations by means of incorporated radioactive tracers and photographic
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Figure 4.7 The concentration relations at the growth interface and the effective distri-
bution coefficients for three growth situations: near equilibrium k. approaches ko, in very
fast solidification ke approaches unity, and in typical crystal growth ke is between ko
and 1. The diffusion boundary layer thickness § depends on the growth rate v and on the
flow rate of melt or solution.
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film and pointed out the importance of adequate stirring for the growth of homo-
geneous crystals.

For growth of mixed crystals from dilute solutions, van Erk (1982) has con-
sidered the complex solute—solvent interactions and has derived the effective
distribution coefficient for diffusion-limited growth as

In ket = Inko — (kegr — 1) (v8/ D). (4.5)
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The plotted solutions of Equations (4.4) and (4.5) shown in Figures 4.8 and
4.9, respectively, look similar, but the sensitivity to fluctuations of the growth
parameters is different (Scheel and Swendsen 2001).

Growth from solutions is normally limited by volume diffusion, and the rela-
tively fast interface kinetics can be neglected. Based on the diffusion-boundary
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Figure 4.8 The effective distribution coefficient as a function
(v8/D) = A from the Burton-Prim-Slichter Equation (4.4) for four values of ky (Scheel

and Swendsen 2001).
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Figure 4.9 The effective distribution coefficient as a function of the exponent A from
the Van Erk theory and Equation (4.5) for four values of ky (Scheel and Swendsen 2001).
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layer concept, Nernst (1904) has derived the growth rate as
V= Dy —ne)/pd (4.6)

with n. and ny the equilibrium and effective bulk concentrations of the solute
in the solution, and p, is the solute density. The time constant for the effects of
temperature fluctuations (and thus on growth rate v) is on the order of seconds,
while that for hydrodynamic fluctuations on § and v is on the order of minutes. In
steady-state growth, within a given range of time and temperature, the diffusion
coefficient D and the equilibrium distribution coefficient k in Equations (4.4) and
(4.5) can be taken as constants. Therefore the changes in the effective distribution
coefficient k. are essentially determined by the product (vé) of the exponent.
As a first approximation this product is constant due to the inverse relation
between v and § in the growth-rate Equation (4.6). This means that hydrodynamic
changes, which lead to changes of 4, are compensated by growth-rate changes.
On the other hand, growth-rate changes caused by temperature fluctuations are
not compensated and thus lead to changes of k.g and to thermal striations.

It follows from this discussion that for growth of striation-free crystals the
temperature fluctuations should be suppressed to less than about 0.01°C, and
therefore also the temperature gradients should be minimized to less than about
1°C per cm. On the other hand the crystal has to be cooled to remove the latent
heat at practical growth rates, and to control nucleation.

The application of forced convection is recommended for efficient growth.
Homogenizing the melts and solutions facilitates the achievement of above tem-
perature conditions, and it reduces the diffusion problems leading to growth
instability as discussed in Chapter 6 of Elwell and Scheel (1975). Stirring may
be achieved by a continuous flow along the growth interface, by Ekman or
Cochran flow towards the rotating growth surface, by periodic flow changes, as
in reciprocating stirring in growth from aqueous solutions or by accelerated cru-
cible rotation technique (ACRT) in growth from high-temperature solutions or in
growth by the Bridgman—Stockbarger technique, etc.

For many years the favored approach to minimize striations was to reduce
convection, to apply microgravity or in the case of semiconductors to apply
convection-damping magnetic fields. But the above discussion has shown that,
except for special cases requiring large temperature gradients, forced convection
has many advantages, not least to achieve economic growth rates approaching
the maximum stable growth rates for inclusion-free crystals.

From the above discussion we can also derive the experimental conditions to
induce regular striations and superlattice structures, for instance by applying a
large temperature gradient in combination with periodic hydrodynamic changes
(by ACRT) and applying a constant mean supersaturation, respectively, a constant
mean growth rate.

The suppression of striations represents an old problem in crystal-growth tech-
nology, and several authors have described striations as an ‘inherent’, ‘intrinsic’
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or ‘unavoidable’ phenomenon in crystal growth, for example Byer (1974), Riduber
(1978), and Reiche er al. (1980).

In the following, the theoretical considerations discussed above will be applied
to an example of growing striation-free crystals of KTN solid solutions which
could long not be achieved despite the numerous attempts listed by Rytz and
Scheel (1982).

4.5 GROWTH OF STRIATION-FREE KTN CRYSTALS

The solid-solution system KTa;_ Nb,O; (KTN) is of interest due to its very
large electro-optic coefficient which can be optimized for specific application
temperatures by the choice of x (Scheel and Giinter 1985). The composition
with x = 0.35 is used for room-temperature applications, because the ferroelec-
tric transition temperature is then 10°C and the very large dielectric constant
and electro-optic coefficient are observed just above the transition. However, for
optical applications the inhomogeneity in refractive index should be less than
1079, requiring that the crystals and layers be striation-free to this level.

As discussed above, this homogeneity can not be achieved by a gradient-
transport technique, but only by slow-cooling of nearly isothermal solutions. The
latter was applied by Rytz and Scheel (1982) and Scheel and Sommerauer (1983)
who, furthermore, combined an ultra-precise temperature control with optimized
temperature distribution in the furnace and applied stirring by the accelerated
crucible rotation technique (ACRT) (Scheel 1972) and thus could obtain striation-
free KTN crystals for the first time. A typical crucible arrangement with bottom
cooling to provide a nucleation site is shown in Figure 4.10 along with the applied
ACRT cycle. In ACRT the crucible is periodically accelerated and decelerated
so that by inertia the liquid is moving relative to the crucible wall and forms a
spiral when seen from top. This spiral shear flow (or spiral shearing distortion)
was analyzed and simulated by Schulz-DuBois (1972). He also analyzed the
Ekman layer flow in which, under optimized conditions, the liquid is always
pumped through a thin Ekman layer at the bottom of the crucible when this is
accelerated and decelerated. In Chapter 7 of the book of Elwell and Scheel (1975)
the derivation of optimized ACRT stirring based on the kinematic viscosity of
the liquid and on the crucible dimension is treated.

Temperature control with a precision of 0.03°C at around 1300°C could
be achieved by using a thermopile of Pt-6%Rh versus Pt-30%Rh thermocou-
ples (Scheel and West 1973). In Figure 4.11(a) the electromotive forces, i.e. the
high-temperature sensitivities of conventional thermocouples and of the 6-fold
thermopile are compared whereby the room-temperature sensitivity of the ther-
mopile (Figure 4.11(b)) is practically zero, so that cold-junction compensation is
not required. The temperature distribution in the chamber furnace was optimized
by arranging heating elements and ceramic insulation according to the reading
of numerous thermocouples in the system, and the control thermopile was posi-
tioned at the optimum site between heating elements and crucible. KTN crystals
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Figure 4.10 Side view of a 300-cm® platinum crucible, with welded lid and slightly
cooled spot at crucible bottom for nucleation control, used in the ACRT experiments for
growth of KTN crystals (Rytz and Scheel 1982). A typical ACRT period is also shown.

with x = 0.01 and x = 0.25 and up to 33 x 33 x 15mm’ in size were grown,
see Table 4.2 for details of the results.

In the best crystals no striations were visible in a polarizing microscope,
although very faint striations could be revealed by using extremely sensitive
methods (Scheel and Giinter 1985).
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Figure 4.11 The electromotive forces of various common thermocouples (a) for high
temperatures, (b) for the temperature range 0 to 50°C. Note that the thermopile of
6 x PtRh6% versus PtRh30% has a very high sensitivity at high temperatures and prac-
tically no sensitivity around room temperature (Scheel and West 1973, from Elwell and
Scheel 1975).

4.6 ALTERNATIVE APPROACHES TO REDUCE STRIATIONS

Based on the early studies of striations discussed in Section 4.2, the striations
were generally connected with convective oscillations: a clear distinction between
the effects of hydrodynamics and of temperature as discussed by Scheel and
Swendsen (2001) and in Section 4.4 was not consequently attempted before.
This explains the numerous approaches to reduce convection in order to solve
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Table 4.2 Results of ‘striation-free’ KTa,_,Nb, Oy crystals

with x ~ 0.01 and 7. ~ 0K (Rytz and Scheel 1982)

(cooling rate 0.15 °C per hour; ACRT)

Crystal size up to 3.5 x 3.0 x 1.8 cm? with ‘perfect’ regions up to 0.8 x 0.4 x 0.4cm?

x = 0.0070 £ 0.00002 and Ax < 0.0003/cm (detection limit of ARL electron
microprobe and of acoustic resonance measurements)

Very faint striations by polarizing microscope, not detectable by electron microprobe

with x ~ 0.25 and T, ~ 300K (Scheel and Sommerauer 1983)

(cooling rate 0.13 °C per hour; ACRT; growth rate ~500 A/s)

Crystal size up to 3.6 x 3.3 x 1.5cm? with ‘perfect’ regions up to 0.5 x 0.5 x 0.25 cm?

AT =0.1°C ~ Ax = 0.0003/cm at x = 0.25

No striations detectable in polarizing microscope and by interferometry (no strain
birefringence)

Best literature values for x ~ 0.25-0.3: always with striations
Ax = 0.006/cm Fay 1967
Ax = 0.002/cm Levy and Gashler 1968

the striation problem, whereas it was discussed above that forced convection
and even oscillating convection of quasi-isothermal solutions can solve the stri-
ation problem.

In the following, first the attempts to reduce convection will be briefly dis-
cussed on the base of the Rayleigh number Ra. At a critical value of Ra one
expects the onset of convection in a fluid between a warm bottom plate and a
cool top plate (although in reality convection will always occur whenever there
is a temperature difference in a real growth system):

al3AT
a_ SETTIRE

o (4.7)

where « is the thermal expansion coefficient, L the fluid height, AT the tem-
perature difference, k thermal conductivity, v the kinematic viscosity, and g the
gravitation constant. The first approaches have been to reduce L by means of shal-
low melts or by baffles below the growth interface in Czochralski crystal pulling.
Also double crucibles may have a certain effect on striations (Kozhemyakin
2000), but their greatest advantage is the increased axial crystal yield with the
same composition, as it was shown by Benson ef al. 1981 for silicon and later
applied to GaAs and LiNbO; growth.

Edge-defined film-fed growth EFG allows k. ~ | to be approached as was
shown theoretically by Kalejs (1978) and experimentally by Fukuda and Hirano
(1976) and Matsumura and Fukuda (1976) for platelet growth of doped LiNbO;
and LiTaO;. Shaped growth by pulling downwards has been studied by Miyazawa
(1982) who grew relatively homogeneous Te-doped GaSb platelets by ‘shaped
melt lowering’. A capillary-controlled Czochralski process for shaped crystals
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of Sr.Ba;_;Nb>Og, which has similarity with Stepanov and EFG, was applied
by Ivleva et al. (1987, 1995) and has led to nearly striation-free crystals due to
the thin melt layer between shaping multicapillary die and the crystal. Nakajima
(1991) and Kusonoki et al. (1991) tried to grow InGaAs solid-solution crystals by
ramp-cooling and by GaAs supply at constant temperature similar to W. Bonner,
but it seems that large homogeneous crystals for technological use as substrates
has not yet been achieved. Ostrogorsky and Miiller (1994) proposed a submerged-
heater method for vertical Bridgman growth, where the combined effect of thin
melt layer and stabilizing temperature gradient should minimize striations, but
the complexity has hampered technological application.

Large-scale application has found the modified Czochralski process for pulling
huge halide scintillator crystals (up to 700 mm diameter and 550 kg weight) from
small melt volumes with liquid feeding by Gektin and Zaslavsky, see in this
volume. In this case, there is a combined effect of small liquid volume and
forced convection due to counterrotation of crystal and crucible.

But from the time of Skylab and with the available funding for space exper-
iments, the interest shifted in the direction of microgravity, of reduction of g
in Equation (4.5). In practical fabrication of semiconductor crystals it was rec-
ognized that microgravity would not be applicable for various reasons, so that
here the parameter v of Equation (4.7) was considered: by application of mag-
netic fields the viscosity was increased, and convection was damped. Magnetic
fields were first introduced in 1980 by SONY to silicon production, followed
by Fukuda and Terashima, who in 1983 applied magnetic field to GaAs growth,
which in industry is still applied in LEC production of specific GaAs products.

Alternative approaches to apply forced convection have been discussed in the
Elwell-Scheel book, for instance ‘sloshing’ of the crucible by moving the cen-
ter of the container in a horizontal circular path described first by Gunn (1972)
as ‘sloshing’ and later as a special vibration technique by Liu er al. (1987).
Kirgintsev and Avvakumov (1965) compared various stirring techniques includ-
ing vibrators and found the latter not very effective. Hayakawa and Kumagawa
(1985) and more recently Kozhemyakin (1995) and Zharikov et al. revived the
interest in vibration stirring, although it has not yet found application in real
crystal production.

An optimized technology for growth from solutions using a large rotating seed
crystal (or a substrate for liquid phase epitaxy) is shown in Figure 4.12. In bulk
growth the grown crystal can be cut off and, after etching to remove the surface
damage from slicing, the seed crystal can be used again for the next growth
cycle, a little like the large-diameter seed crystals recently developed in silicon
Czochralski technology. The optimum crystallographic orientation of the seed is
important firstly in view of the growth mechanism to remain at a flat growth
surface and to prevent macrostep formation, and secondly with respect to the
application of the crystal. In this configuration, a sufficiently high seed rotation
rate provides Ekman layer flow and thus a quasiconstant diffusion boundary layer
along the crystal surface.
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Figure 4.12 An ideal growth system for growth of striation-free large-diameter crystals
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Figure 4.13 More than six types of flow, differing in direction and/or velocity, below
the edge of a Czochralski-grown crystal for the case of crystal rotation +ew, and crucible
counterrotation —ea, above the critical Rossby number (Scheel and Sielawa 1985).
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For growth from melts by Czochralski crystal pulling there are six or more
different kinds of flows below the rim of the crystal as shown in Figure 4.13:;
flows with different directions and/or different velocities. Double crucibles dis-
cussed above will help somewhat to simplify the flow pattern but have practical
disadvantages in the growth process. A technologically simpler approach con-
sists of a solid ring coaxial with the crystal rotation axis and rotating with same
direction and velocity as the crystal. This ring can be introduced into the melt
after complete melting and it can be easily removed at the end of the growth
process. In simulation experiments it was shown that at optimized setting of the
rotation rate of crystal and ring, and counterrotation of the crucible, the melt
fraction inside the ring is nearly stationary and separated from the well-mixed
bulk melt, see Figure 4.14. This co-rotating ring Czochralski CRCZ approach
of Scheel (1995) has the positive double-crucible effects without the disadvan-
tages of a double crucible: an increased yield of axially homogeneous crystal

Co-rotating Ring Czochralski
CRCZ, schematic

Upper Taylor-
— Proudman Cell

d
'

g —— Stewartson Layers

. Lower Taylor-
N TN B AN 1}-\ Proudman Cell

e o

At a specific ratio of e
and e, the liquid within
the ring is quasi
stationary (e — 0), at
high e, this liquid
fraction rotates as a
rigid body.

Ekman (or Cochran)
Flow
M Marangoni Flow
-T  Taylor Vortices
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"1 Convection

e
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I'T > Stewartson Layer
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Figure 4.14 Schematic presentation of the Co-rotating ring Czochralski CRCZ concept
where the complex flow region of Figure 4.13 is transferred deeper into the melt and
where the liquid fraction within the ring can be separated from bulk melt flow under
optimized conditions (Scheel 1995).
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and reduced striations. Numerical simulations of CRCZ have started (Kakimoto
2002; Zhong Zeng 2001), but the growth technology has yet to be developed.

4.7 DISCUSSION

Several experimental and theoretical solutions were presented to overcome the
as intrinsic regarded striation problem:

1. ko, D, v, § = constant: very difficult; chance with rotating
seed (Figure 4.12) & with CRCZ
(Figure 4.14)
2. ko, D, v = constant; § may vary Rytz & Scheel 1982; Scheel and
Sommerauer 1983; Scheel and
Swendsen 2001
keir = 1 for growth from melt: Mateika 1984
keir = 1 for growth from solution: Scheel and Swendsen 2001
5. Avoid solid solutions by growth of simple stoichiometric compounds
with well-defined site distribution from ultra-pure chemicals

o

Further conditions are

(a) Continuous flat or smooth growth surface

(b) Isothermal growth surface with AT/T < 107°

(c) Homogeneous melt or solution with An/n < 107°
(d) Constant growth rate with Av/v < 107>,

These indicated tolerances are typical values and depend on the individual sys-
tem and on the tolerated inhomogeneity of the crystal. Therefore it is advisable
to analyze a new growth system and the phase relations theoretically so that the
required technological parameters can be established. With respect to optimized
hydrodynamics, simulation experiments with a liquid of similar kinematic vis-
cosity are very useful in the early phase and may be complemented by numerical
simulation for process optimization. However, the latter require reliable material
(liquid) parameters, which often are not available. In certain cases dimensionless
numbers may be helpful to get a feel for the convection regime.

In conclusion, one can say that the striation problem is solvable (on earth) but
requires a certain theoretical and technological effort. Hydrodynamic fluctuations
are not harmful as long as the fluid is sufficiently isothermal, as long as the
transport of fluid of different temperature to the growth interface is suppressed.
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5 High-Resolution X-Ray Diffraction
Techniques for Structural
Characterization of Silicon
and other Advanced Materials
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5.1 INTRODUCTION

The increasing density of devices on individual integrated circuits requires an
unprecedented level of homogeneity in chemical composition and structural per-
fection of silicon and other semiconductor crystals (Claeys and Deferm 1996,
Bullis and Huff 1993). A strict control of composition and trace impurities as
well as on structural quality with particular emphasis on defects like dislocations,
point defects and their clusters is needed. Therefore, the demand on material char-
acterization technology is increasing as advances in other sectors of technology
are reaching newer levels of sophistication (Laudise 1972, Lal 1991a).

Structural characterization of materials involves phase identification as well as
determination of real structure. We shall be concerned with determination of real
structure, which requires information about all types of defects and their con-
centrations in a given material (Lal 1998). The information regarding crystalline
perfection may be required from the surface or from the bulk of the crystal.
In the case of thin-film single-crystal substrate systems, the interface region is
also important.

A wide variety of experimental techniques are available for observation and char-
acterization of defects in bulk single crystals and thin films. These include chemical
etching by suitable solvents (Sangwal 1987), decoration, birefringence (for specific
materials) (Mathews et al. 1973), electron microscopy/diffraction (Heydenreich
1982, Spence 1984) and high-resolution X-ray diffraction techniques (Lang 1958,
1970, Kato 1975, Tanner 1976, Lal 1982, 1991a, 1991b 1998). The recently devel-
oped scanning tunneling microscopy (Binnig et a/. 1982, Hansma and Tersoff 1987)
and atomic force microscopy (Binnig ef al. 1986, Alexander er al. 1989) are used
to reveal atomic arrangement on solid surfaces. In this chapter, we shall consider
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fundamentals of high-resolution X-ray diffraction techniques and their illustrative
applications.

5.2 HIGH-RESOLUTION X-RAY DIFFRACTION TECHNIQUES
5.2.1 THEORETICAL BACKGROUND

The kinematical theory (Cullity 1967, James 1950, Guinier 1952, and Barrett
and Massalski 1968) and the dynamical theory of X-ray diffraction (Laue 1960,
Zachariasen 1945, Batterman and Cole 1964, Kato 1992, Pinsker 1978, Schneider
and Bouchard 1992) are used to understand diffraction of X-rays from single
crystals. Since, the semiconductor crystals are nearly perfect it is necessary to
use the dynamical theory of X-ray diffraction. The kinematical theory can be
used only when one is dealing with rather imperfect crystals or their dimensions
are small. When a parallel beam of monochromatic X-rays travels through a
crystal, electrons of the atoms in its path become scattering centres due to their
interaction with the electric vector of the X-ray beam. An atom located in the
interior of the crystal will receive not only the incoming radiation whose intensity
has decreased due to scattering and absorption by layers above it but also it will
receive scattered waves from all the other atoms that are irradiated. This implies
that interaction between the scattered and the incoming waves as well as among
the scattered waves is to be considered for determining the total wave field
and the intensity of the diffracted beam and the shape of the diffraction curves
or rocking curves. The diffraction curve is essentially a plot of the diffracted
intensity as a function of the glancing angle 6 around the exact Bragg angle
6g. In the following, we give the most essential steps needed for calculation of
diffracted intensity in the case of Bragg geometry (reflection) as well as the Laue
geometry (transmission).

In the dynamical theory one solves Maxwell’s equations for propagation of
X-rays inside the crystal that is oriented near a diffraction maximum, so that:

Here K is the wave vector of the incident beam and Ky is that of the scattered
beam from the crystal lattice having periodicity H (H = 1/d, or reciprocal of the
lattice spacing of the diffracting planes). The X-rays propagating in the crystal
will satisfy Maxwell’s equations (e.g. Batterman and Cole 1964):

V x E = —9B/dt = —uodH/dt (5.2)
V x H=0D/dt = £0d(xE)/dt (5.3)

Here E, D, B and H are the four vector fields: the electric vector, the displacement
vector, the magnetic vector and the magnetic induction vector, respectively. The
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conductivity ¢ of the crystal is taken as zero at X-ray frequencies. Also, the
crystal is considered as nonmagnetic and it behaves like empty space so that
i = po, The structure of the crystal is introduced by the dielectric constant «,
which is related to the electron density p through

k() =1—r.(?/m)p(r) (5.4)

Here, r, is the classical radius of electron (= €?/4megmc® = 2.818 x 1073 cm)
and A is the wavelength of the X-rays. The electron density p(r) at any point r
inside the crystal can be expressed as a Fourier sum over the reciprocal lattice.
Hence, we can express Equation (5.4) as:

k(r)=1—-TZXyFyexp(—27iH - 1) (5.5)

where Fj is the structure factor and I' = r.A? /7 V. The dielectric constant «(r)
is very close to unity, differing from it by a few parts per million or so. A sum
of plane waves is assumed as the solution of Maxwell’s equations, and can be
expressed in the form:

A =exprivl)ZyAyexp(—2niKy - r) (5.6)

Here, A stands for E, D, B or H. When only one reciprocal lattice point is near
the Ewald sphere, one obtains the following fundamental set of equations for the
wave field inside the crystal after some mathematical analysis:

[k*(1 — T'Fo) — (Ko.Ko)|Eg — k*PT F7Ey =0 (5.7a)
—k?PTFyEq+ [k*(1 —TFy) — Ky Ky)lEx =0 (5.7b)

Here, the parameter P represents both states of polarization and equals 1 for o
polarization and is cos 26 for the m state. k is the vacuum value of the wave
vector. From these basic equations one can, after some analysis, obtain the wave
vectors as well as expressions for the wave amplitudes. The relationship between
different wave vectors is elegantly represented by using the dispersion-surface
concept. It is not possible to cover all aspects here. We shall consider the most
essential part, which helps in calculating diffraction curves.

5.2.1.1 Laue Case

For symmetrical Laue geometry we finally get the following expressions for
intensities of the diffracted (/y,°) and the forward diffracted beams (/y,,°)

M:l[] :F—n’ ]zexp[—ﬂuml F L ]
Ly 4 |14 (g)3|1/2 i) 11+ ()12

Ino® 1 1 [ Hoto { |Ple H
== S exp | — 1 > (5.8)
I 41+ P | T Omn
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Here, w refers to a particular polarization state of either the « or the g branch
of the dispersion surface, Iy is the intensity of the exploring beam and #, is
the thickness of the crystal. The upper negative sign is for the « branch of the
dispersion surface, whereas for g branch positive sign has to be used. Also, it has
been assumed that the crystal is centrosymmetric. The orientation of the crystal
is defined with respect to the exact diffraction condition by A#. It is related to a
parameter n’ by the expression:

n' = (ABsin20)/|P|T|Fy'| (5.9)

Theoretical diffraction curves can be obtained from Equations (5.8) and (5.9).
The absolute value of integrated intensity can be calculated from the area under
the diffraction curve. The half-width can be obtained from Equation (5.8) as the
angular spread corresponding to An’ = 2, i.e.

[ABlyw = 2| P|T|Fy'|/ sin 26 (5.10)

5.2.1.2 Bragg Case

In the case of Bragg diffraction the diffracted beam emerges from the same
surface on which it is incident. It shows interesting features like total reflection
for nonabsorbing crystals. For a centrosymmetric crystal, the reflection coefficient
defined as |Ey°/Ey'|? is given by the following expression:

|EHE|2 2 1/2,2
B = blin£ 6 =D (5.11)
0
For symmetrical Bragg geometry b = —1.

All real crystals have finite absorption coefficients for X-rays and therefore
the structure factor, the wave vectors, the dielectric and 1 are complex quantities.
For symmetrical Bragg geometry n(= (' 4+ in")) is defined by:

n = (—A@sin 20 + ' Fy)/|PIT Fy'
n" = —(Fy"/Fy")(n' — 1/|Ple) (5.12)

Figure 5.1 shows a diffraction curve of a silicon crystal calculated for 111
reflection and MoK, radiation for symmetrical Bragg geometry. This curve
shows very high reflectivity at the peak and its half-width is only ~3 arcsec.

5.2.2 HIGH-RESOLUTION X-RAY DIFFRACTION EXPERIMENTS:
A FIVE-CRYSTAL X-RAY DIFFRACTOMETER

To obtain diffraction curves of real crystals, one would ideally require an abso-
lutely parallel and monochromatic X-ray beam, which obviously one cannot
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Figure 5.1 A theoretical diffraction curve of a perfect silicon crystal for (111) diffracting
planes calculated on the basis of the plane-wave dynamical theory for symmetrical Bragg
geometry and MoKg, radiation. (Reprinted from Krishan Lal, PINSA 64A(5) (1998)
609-635, copyright (1998) with permission from PINSA.)

achieve. One has to work with a beam that is nearly parallel and monochro-
matic. The divergence and the wavelength spread are to be reduced sufficiently
so that the broadening produced by these two sources is a small fraction of the
theoretical half-width of the diffraction curve of interest. This problem is quite
challenging and several approaches are used.

Conventionally, the divergence of X-ray beams can be reduced by using long
collimators fitted with fine slits, which is not practical to reduce divergence to the
arcsec level. Nearly perfect single crystals are used as monochromators and col-
limators due to their small angular range of diffraction. By successive diffraction
from nearly perfect crystals, it is possible to obtain nearly parallel and monochro-
matic X-ray beams. The use of channel-cut monolithic monochromators of the
Bonse—Hart type (Bonse and Hart 1965) has made it possible to use a single unit
for two or even more reflections. It is profitable to combine X-ray sources having
low dimensions with long collimators and one or more monochromator crystals
to achieve high-quality X-ray beams. Several types of multicrystal X-ray diffrac-
tometers have been developed. Some of these are now commercially available.
The author and his coworkers have developed different types of multicrystal X-
ray diffractometers (Lal and Singh 1977, Lal and Bhagavannarayana 1989, Lal
et al 1990a, Lal er al 1996a and Lal 1993). A five-crystal X-ray diffractometer
with state-of-the-art level resolution is briefly described in the following (Lal
1993, 1998).

Figure 5.2 shows a schematic line diagram of the five-crystal X-ray diffrac-
tometer designed, developed and fabricated in the author’s laboratory. It can be
used with a fine-focus sealed X-ray tube or a rotating-anode X-ray generator.
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Figure 5.2 A schematic line diagram of the five-crystal X-ray diffractometer designed,
developed and fabricated in the author’s laboratory. (Reprinted from Krishan Lal, PINSA
64A(5) (1998) 609-635, copyright (1998) with permission from PINSA.)

A long collimator is combined with a set of two plane silicon monochroma-
tor crystals of Bonse—Hart type (Bonse and Hart 1965). The beam diffracted
from the monochromator crystals consists of Ko (for 0.1 x 0.1 mm? source) or
well-resolved Ko as well as Ko, components of the Ko doublet (with a focal
spot of 0.4 x 0.4mm?). The Ke; beam is isolated with the help of a fine slit
and is further diffracted from a third monochromator-collimator crystal as shown
in Figure 5.2. The third crystal is oriented for diffraction from (800) planes in
(+. —, +) geometry. The small intrinsic angular width of its diffraction curve
leads to a substantial reduction in divergence as well as the wavelength spread
of the beam (about 1/50th of the intrinsic spread of the Ko beam). The speci-
men generally occupies the fourth crystal position and can be oriented in Bragg
or Laue geometries. The X-ray beam diffracted from the fourth crystal stage is
further diffracted from the fifth crystal, which acts as an analyzer. The analyzer
crystal is very effective in determining spatial variations in lattice parameters
of the specimen located at the fourth crystal position. It also enables accurate
determination of changes in lattice parameters produced by external influences
such as high electric fields (Lal and Thoma 1983 and Lal and Goswami 1987). It
has been found that in the case of specimens with epitaxial films, there is a finite
mismatch between crystallographic orientations of the film and the substrate in
addition to the lattice mismatch between the two (Lal er al. 1996b and Goswami
et al. 1999). With the use of the analyzer crystal, the two mismatches can be
conveniently isolated and measured with low level of uncertainty.

The diffractometer is generally oriented in (+, —, +, —, +) geometry. There is
considerable flexibility in fixing the geometry to meet a given requirement. The
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Figure 5.3 A typical high-resolution X-ray diffraction curve of a nearly perfect sili-
con single crystal recorded with (111) planes on the five-crystal X-ray diffractometer
in symmetrical Bragg geometry. MoKa, radiation and (+, —, +, —, 4) configuration
were employed. (Reprinted from Krishan Lal, PINSA 64A(5) (1998) 609-635, copyright
(1998) with permission from PINSA.)

specimen crystal can occupy any of the positions, from first to fifth. Figure 5.3
shows a typical diffraction curve of a silicon single crystal located at the fifth
crystal position in (+, —, 4+, —, +) configuration of the diffractometer (Lal 1993).
This is an as-recorded curve without any corrections being applied. The intensity
at the peak is nearly equal to that of the exploring beam and its half-width is
only 3.7 arcsec as compared to 3.3 arcsec of the theoretically calculated curve
under ideal experimental conditions (Figure 5.1). Even when one uses relatively
higher-order reflections, the dispersion broadening does not significantly affect
the shape of experimental diffraction curves. For example, the experimentally
recorded diffraction curve of (400) planes is only 1.7 arcsec in half-width (Lal
1998). The theoretical value of half-width for this set of planes is ~1.4 arcsec.
Due to these features, the diffractometer allows one to make high-resolution
X-ray diffraction experiments with low experimental uncertainty.

The diffractometer can be used for making high-resolution X-ray diffraction
experiments of a wide variety, including (i) diffractometry; (ii) topography;
(iii) determination of absolute value of integrated X-ray intensity; (iv) diffuse
X-ray scattering measurements; (v) measurement of curvature of wafers and
determination of biaxial stress in thin-film-single-crystal substrate systems;
(vi) accurate determination of lattice parameters of crystals; (vii) accurate
determination of lattice and orientational mismatches between epitaxial films and
their substrates; (viii) accurate determination of orientation of crystal surfaces as
well as straight edges on wafers; and (ix) determination of absorption coefficient
of single crystals for X-rays.
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5.3 EVALUATION OF CRYSTALLINE PERFECTION
AND CHARACTERIZATION OF CRYSTAL DEFECTS

Evaluation of crystalline perfection is concerned with identification and char-
acterization of all types of crystal defects and determination of their densities.
Since the presence of grain boundaries means that the material is not a single
crystal, we will not discuss characterization of grain boundaries in this paper.
Low-angle boundaries produce tilts of >1 arcmin between adjoining subgrains.
Recent experimental investigations have shown that some crystals contain very
low-angle boundaries with tilt angles of less than 1 arcmin (Murthy ef al. 1999,
Kumar e al. 1999). Figure 5.4(a) shows a typical diffraction curve of a very
low-angle boundary in a bismuth germanate crystal (Murthy ez al. 1999). In this
case, we observe two well-resolved peaks, labelled as a and b, representing two
regions of the crystal that are tilted with respect to each other by an angle of
only 33 arcsec. Traverse topographs shown in Figure 5.4(b) were recorded by
orienting the crystal on each of the peaks. It is seen that in the topograph on the
left, recorded with peak a, the entire illuminated region is diffracting except for a
small portion near the top. The other topograph recorded with peak b is essentially
the small missing part in the topograph recorded on peak a. The subgrains on

~7.6 arcsec

Diffracted X-ray Intensity, ke/sec
fad
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Glancing Angle #, arcsec
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Figure 5.4 (a) A high-resolution X-ray diffraction curve of a bismuth germanate crystal
showing a very low-angle boundary. A double-crystal X-ray diffractometer was used in
(+. —) geometry with MoKe, radiation, (b) A set of two traverse topographs recorded
by orienting the bismuth germanate specimen of (a) on the two peaks. (Reprinted from
Murthy et al., J. Cryst. Growth 197/4 (1999) 865-873, copyright (1999) with permission
from Elsevier Science.)
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Figure 5.5 A high-resolution X-ray diffraction traverse topograph of a nearly perfect
semi-insulating gallium arsenide crystal recorded in symmetrical Laue geometry and (+,
—, +) setting of the diffractometer. Images of only three dislocations are seen. (Reprinted
from Krishan Lal ef al., J. Appl. Phys. 69(12) (1991) 8092-8095, copyright (1991) with
permission from American Institute of Physics.)

the two sides of the very low-angle boundary are directly imaged in this manner.
The intensity in these topographs is not uniformally distributed. The changes in
contrast are due to deformations present in the subgrains.

We shall now consider an example of direct observation and characterization
of dislocations. Figure 5.5 shows a traverse topograph of a nearly perfect gallium



102 Crystal Growth Technology

arsenide crystal (Lal er al. 1990a). It is seen that the intensity of diffraction is
nearly uniform in most parts of the topograph, except near the right-hand top
showing a small misoriented region. Images of only three dislocations are promi-
nently seen in an area of about 122 mm?. The image of each dislocation is quite
large (linear dimension of almost 2 mm). This means that the disturbance pro-
duced in regions located about a million atoms away from the dislocation core
can be directly photographed. For detailed characterization regarding the nature
of defect, traverse topographs are recorded with different diffraction vectors. The
strain at the core of dislocations is not isotropic. Therefore, contrast changes
with diffraction vector and the defects can be identified from observed varia-
tions in contrast (Lang 1958, 1970, Tanner 1976, Lal 1982, 1985). It is possible
to determine the magnitude of Burgers vector from the intensity distribution in
section topographs (Authier 1977). It may be mentioned that device-quality sil-
icon crystals are expected to be free from dislocations, and in their topographs
one observes nearly uniform intensity.

The absolute values of integrated X-ray intensities p are also a good measure
of gross crystalline perfection. In high-resolution X-ray diffraction experiments,
it is possible to make measurements of p with a low level of uncertainty. For
ideally perfect crystals with moderate values of absorption coefficient u, p is
given by (James 1950):

8 N2 F| e* 1+ |cos26|
P=3; m  2sin2d

(5.13)

Here N = number of unit cells per unit volume, A = wavelength of the explor-
ing X-ray beam, F = structure factor of the reflection under consideration, # =
glancing angle and e, m and c¢ are well-known symbols. Integrated intensity
expressions for ideally imperfect or mosaic crystals are well known (James 1950).
A real crystal is expected to have its integrated intensity in the range lying
between that for a perfect and an imperfect crystal. The experimentally mea-
sured values of p for nearly perfect silicon crystal lie close to that obtained from
Equation (5.13) (Lal er al. 1990b, Ramanan et al. 1995).

Single crystals free from boundaries and dislocations can not be considered as
ideally perfect. These may contain varying concentrations of point-defect aggre-
gates and isolated point defects far in excess of those expected on the basis of
thermodynamics. Point defects in excess of equilibrium concentrations, caused
for instance by thermal treatment are generally clustered and form aggregates.
Many of these aggregates are small dislocations loops on slip planes like {111}
in silicon crystals.

The strain field produced by the clusters and isolated point defects is very small
as compared to that produced by other defects. These can not produce sufficient
contrast in X-ray diffraction topographs to be directly observable. However, these
induce measurable changes in scattered intensity in the wings of the diffraction
curves or produce appreciable scattering from the regions of reciprocal space
surrounding a reciprocal lattice point. The intensity of such scattered X-rays is
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diffusely distributed without any specular reflection. Therefore, it is known as
diffuse X-ray scattering (DXS). Several theoretical formulations are available to
compute intensity of scattering due to point defects and their clusters (Krivoglaz
1969, Trinkaus 1972, Dederichs 1973, Larson and Schmatz 1980, Lal 1989). The
DXS intensity in reciprocal space in different directions with respect to the recip-
rocal lattice point under consideration gives important information about point
defects and their clusters. It can be determined whether point defects are clustered
and if so, one can obtain their size and shape by using model calculations. One
particularly useful model that can be used for isolated point defects as well as
point defect aggregates is that given by Dederichs (Dederichs 1973). According
to this model the DXS intensity is given by:

Ag [R*K*7 [sin(K*Ra)
—d4 —
v. | k= K*Rq

S(R* +K*) = Cql|Fyr/?

—47 R} [sin(K*Ra) — K*Rei cos(K*Re) ‘h (5.14)
Ve (K*Ra)?

Here, Cg is the cluster density, Fj, 1 is the structure factor corrected for polar-
ization and temperature, V, is the volume of the unit cell, R = cluster radius,
Ag = R%/R*, K* is a vector that joins the elemental volume of reciprocal space
under investigation to the nearest reciprocal lattice point, and R* is the reciprocal
lattice vector. It may be mentioned that phonons or elastic thermal waves also
produce diffuse X-ray scattering. A series of systematic experiments performed
in the author’s laboratory established clearly that at or near room temperature,
the contribution of defects to the observed DXS intensity is predominant (Lal
et al. 1979, Lal 1989).

Inrecent times, the volume of reciprocal space being explored has been enhanced,
particularly by employing high-brilliance synchrotron sources of X-rays. This tech-
nique is referred to as reciprocal lattice mapping. As an illustration, we shall consider
here results of a recent study on characterization of point defects and their clus-
ters in silicon crystals grown by Czchoralski (Cz) method and the floatzone (FZ)
method. High-purity crystals characterized by high electrical resistivity of about
10k$2 (Ramanan et al. 1995) were used as specimens. Figure 5.6 shows a set of
DXS intensity versus K* plots for the FZ and Cz crystals. It is seen that both curves
have nearly the same slope of —2 at low values of K*. At higher values, the slope
increases to —4 in both the cases. It is known that isolated point defects give a slope
of —2 in DXS intensity versus K* plots (Huang scattering). The nature of point
defects, whether vacancies or interstitials, is obtained from the observed anisotropy
in the distribution of DXS intensity. The anisotropy for any value of K *is defined as:
anisotropy = DXS/y-sp) — DXS/(y-sp). A positive value of anisotropy indicates
the presence of interstitial defects that extend the surrounding lattice. Vacancies, on
the other hand, produce negative anisotropy in the DXS distribution. In the present
set of experiments, it was found that the FZ crystals show negative anisotropy, and
for the Cz crystals the anisotropy was positive. The presence of a region of slope
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Figure 5.6 A set of log DXS intensity versus Log K* plots for highly pure silicon
crystals grown by the float zone and the Czochralski techniques. (Reprinted from Murthy
et al., J. Cryst. Growth 197/4 (1999) 865—-873, copyright (1999) with permission from
Elsevier Science.)

Table 5.1 Values of point defect cluster radius R, cluster volume Ay and number of
defects per cluster Ny

Cluster radius Cluster volume Number of defects Nature of
Specimen jLm Agem? per cluster Ng defects
Cz 0.8 2.02x 10710 1.26 x 10° Interstitial
FZ 0.6 1.32 x 10716 8.3 x 10° Vacancy

—4 at higher values of K* in Figure 5.6 (Stokes—Wilson) indicates the presence of
clustered point defects. To analyze the experimental data, we have used Dederich’s
model (Equation. (5.14)). The defect parameters obtained as a result of this analysis
are given in Table 5.1. It is seen that sub-micrometer clusters are present in these
crystals. The distribution of the DXS intensity is such that the clusters appear to be
dislocation loops lying on (111) planes.

In a recent investigation, oxygen has been deliberately introduced in FZ
crystals in a controlled manner. It has been observed that when the oxygen con-
centration approaches values generally observed in Cz crystals interstitial defects
provide a dominant contribution to DXS even in FZ (Lal et al. 1999).

5.4 ACCURATE DETERMINATION
OF CRYSTALLOGRAPHIC ORIENTATION

For all main applications of semiconductor crystals, it is necessary to restrict the
orientation of their visible surfaces with respect to the nearest crystallographic
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planes to a small fraction of a degree of arc. Also, most wafers have one or
two flats or straight edges ground on them. Their orientation is also well spec-
ified. The main techniques to determine crystallographic orientations of crystal
surfaces and straight edges are (a) optical examination of wafer surfaces after
chemical etching (ASTM 1981a); (b) X-ray Laue method (Christiansen et al.
1975 and ASTM 1981b); (c) conventional X-ray diffractometry technique (Cul-
lity 1956, ASTM 1981a, Kholodnyi er al. 1984); and (d) high-resolution X-ray
diffraction techniques (Lal and Goswami 1988, Lal er al. 1990c). In this chapter,
we shall briefly describe the recently developed high-resolution X-ray diffraction
techniques that give unprecedented accuracy and convenience of measurement.
We have utilized very narrow diffraction curves, obtained with nearly perfect
crystals on multicrystal X-ray diffractometers, for measurement of crystallo-
graphic orientation (Lal et al. 1990c). Let us consider a wafer whose surface
normal N; makes an angle @ with the normal to the nearest crystallographic set
of planes N, as shown in Figure 5.7. If the crystal is rotated azimuthally around
the surface normal Ny, the normal to the lattice planes N, will rotate on a conical
surface as shown in Figure 5.7. If this crystal is oriented for diffraction on a mul-
ticrystal X-ray diffractometer, its peak position will depend upon its azimuthal
orientation. The glancing angle 6 has to be readjusted by say A6 to bring it
back on the peak as the azimuthal orientation is changed. If these rotations for
different azimuthal positions are plotted as a function of azimuthal orientation of
the specimen one would get a sinusoidal curve, from which one can get the value
of a that defines the orientation of the specimen. In practice, this is realized by
a device (Lal et al. 1990c) that provides azimuthal rotations to the specimen. In
general, the axis of rotation of the device and the normal to its flat surface on
which the specimen crystal is mounted are not exactly collinear. There is a finite

Figure 5.7 A schematic diagram showing movement of normal to the diffracting planes
N, on a conical surface as the crystal is rotated azimuthally around surface normal Nj.
(Reprinted from Krishan Lal et al., Meas. Sci. Technol. (1990) 793—-800, copyright (1990)
with permission of Institute of Physics.)
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Figure 5.8 A right-angle cross-section of the cones of rotations of ON; and ON, of
Figure 5.7. (Reprinted from Krishan Lal et al., Meas. Sci. Technol. (1990) 793-800,
copyright (1990) with permission of Institute of Physics.)

angle between these and it can vary from device to device. Therefore, the device
should be examined in detail and this angle should be measured experimentally.
In general, one is dealing with two cones, one due to specimen (Figure 5.7) and
the other due to the device. The cross sections of the two cones would be as
shown in Figure 5.8. For the sake of clarity only the inner circle representing the
device is shown. The normal to the specimen surface intersects it at N, whereas
N, is the extremity of the normal to the crystallographic plane. Experimentally,
one would measure the projection of N, on the horizontal plane along RH'. The
value of RN;, will depend upon the relative orientations of the device normal
and that of the wafer in the vertical plane. The measured value of RN;J will be a
function of angles P and Q and those corresponding to A and B. The lengths A
and B correspond to the angles between the normal to the device surface and its
rotation axis and that between the crystal surface normal and the lattice planes,
respectively.
It can be shown from Figure 5.8 that:

RN,? = Ly = A2+ B> +2ABcos K (5.15)

where K = P - Q0
If angle P is changed to P + A Py, where A P, is a known angular increment,
we get:
A% 4+ B2 4+ 2ABcos(K + AP)) = L, (5.16)
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Figure 5.9 A plot of the angle of reorientation of the specimen at the diffraction peak
as a function of the azimuthal orientation of a 100-mm diameter (100) silicon wafer. O
represents experimental points; experimental points chosen for calculation of A, B, P and
Q:and A are the theoretically computed points. (Reprinted from Krishan Lal et al., Meas.
Sei. Technol. (1990) 793—-800, copyright (1990) with permission of Institute of Physics.)

By giving different angular increments APy, A P,, etc., one can get a set of
equations whose solution yields values of A, B, P and Q (Lal ef al. 1990c) and
therefore, the orientation is determined.

Figure 5.9 shows a typical plot of the angle of reorientations of a 100 mm diam-
eter silicon single-crystal specimen to bring it at diffraction peak as a function
of azimuthal orientations. In this case, the angle between the (100) planes and
the surface was determined as 20.26 arcmin. For the device the value of B was
found to be 3.36 arcmin. The value of P was zero. Once the values of A, B, P
and Q were known values of RN, were calculated at different azimuthal orien-
tations of the wafer with respect to the device. These are shown as triangles on
the curve (Figure 5.9). The fit between the experimental curve and the calculated
points is good. The experiments performed on different wafers and on different
diffractometers confirmed that the overall uncertainty is less than +6 arcsec.

For determination of orientation of flats or straight edges on semiconductor
wafers, one can use X-ray Laue techniques (Cullity 1956, ASTM 1987), diffrac-
tometric methods (Bond 1976, ASTM 1987) and a recently developed technique
based on X-ray diffraction topography (Lal and Goswami 1988). The last tech-
nique is very convenient and is a significant improvement over all the other known
methods. The specimen crystal is oriented for diffraction on an X-ray diffraction
topography set up. Figure 5.10 shows a schematic diagram of the basic principle.
A traverse topograph is recorded covering the straight edge at one extreme and a
small adjoining region. After the exposure, the specimen, together with the film,
is translated by a short distance of about 1 mm or so and a stationary topograph
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Figure 5.10 A schematic diagram illustrating essential features of the x-ray diffraction
topographic method for determining orientations of the straight edges on semiconduc-
tor wafers. (Reprinted from Krishan Lal and Niranjana N. Goswami, J. Rev. Sci. Instrum.
59(8) (1998) 1409-1411, copyright (1998) with permission of American Institute of
Physics.)

is recorded. The traverse topograph has the image of the straight edge at one
extreme. The stationary topograph is the projection of the lattice planes that are
nominally parallel to the straight edge. One can conveniently measure the angle
between the stationary topograph and the image of the straight edge that deter-
mines the orientation. The uncertainty is £3 arcmin. It may be mentioned that it
is not necessary to use ground, lapped and polished wafers. Raw cut wafers can
be used and corrective measures can be taken if necessary.

5.5 MEASUREMENT OF CURVATURE OR BENDING
OF SINGLE-CRYSTAL WAFERS

Semiconductor single-crystal wafers used for fabrication of microelectronic
devices have to conform to strict specifications in terms of warpage or bending.
The bending is restricted to about 30 um for large size wafers. The site flatness
is restricted to ~0.2pum only for a site area of 26 mm x 26 mm (Huff and
Goodall 1996). The bending measurements are also required for determining the
biaxial stress in thin-film single-crystal substrates systems. Curvature of wafers
can be measured optically as well as by using high-resolution X-ray diffraction
methods (Segmuller et al. 1989, Lal et al. 1990a). Figure 5.11 shows a schematic
diagram of the bending of a typical semiconductor wafer (with a thin film). If the
wafer is not flat, the central region (B) will not touch the flat surface and would
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Figure 5.11 A schematic diagram showing measurement of curvature of a wafer by
optical techniques.

be above it by a distance ¢. The radius of curvature R is related to g through:
R=(P*+4¢%/2q or R=P*2q (5.17)

As a typical example, a wafer having diameter of 200 mm and with ¢ = 30 um,
the value of R will be 166.6 m. A decrease of 3 jum in ¢ would mean an increase
in R by ~20m. Similarly, for a site flatness of 0.17 jum over a site size of 26 x
26 mm? the value of R is ~1km.

In the high-resolution X-ray diffraction technique one utilizes the sharpness
of diffraction curves for accurate measurement of bending or radius of curvature.
In a bent crystal, the normal to lattice planes that are perpendicular to the crystal
surface shows orientational change as one moves from one end of the crystal to
the other, as shown in Figure 5.12. Let us suppose that the crystal is oriented
for diffraction from one edge, say the right-hand edge on a multicrystal X-ray
diffractometer. The specimen is moved across the X-ray beam in a stepwise man-
ner and at each position the orientation of the diffraction vector g is determined
from the rotation needed to bring the specimen back on the diffraction peak. If
orientation of g is plotted as a function of linear position of the specimen across
the X-ray beam, one would get a linear plot whose slope gives the value of the
radius of curvature. If the crystal is absolutely flat, the slope would be zero and
the curve would be a horizontal straight line. For crystals bent in a convex shape,
the plot will be a straight line with positive slope whereas for concave-shaped
crystals, the slope would be negative. The slope of the line gives the value of
the radius of curvature. In this case, even when there is a 2arcsec deviation
in the orientation of diffraction vector g at the two extremes of the wafer, one
can conveniently determine the radius of curvature. This essentially means that a
radius of curvature of 20 km for a wafer of diameter of 200 mm can be measured.
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Figure 5.12 A schematic diagram showing measurement of curvature of a wafer by the
high-resolution X-ray diffraction method.

Also, the resolution of measurement is high (less than 1 m for R = 200 m). For
a site flatness of 0.17 um over a site size of 26 mm x 26 mm the difference in
orientation of g at two extremes will be ~5 arcsec, which can be measured con-
veniently and with a low level of uncertainty. This technique is also being used
for determination of biaxial stress in a variety of thin-film single-crystal substrate
systems (Segmuller et al. 1989, Lal et al. 1990a, Goswami et al. 1994, Lal et al.
1996a).

5.6 CHARACTERIZATION OF PROCESS-INDUCED DEFECTS IN
SEMICONDUCTORS: IMPLANTATION-INDUCED DAMAGE

Semiconductor crystals undergo various processing steps such as deposition of
thin films of different types of materials under different temperature and pres-
sure conditions, chemical and heat treatments, and introduction of impurities by
diffusion or implantation. These processing steps produce changes in the real
structure of the crystal. High-resolution X-ray diffraction techniques can be used
for characterization of processing-induced defects. Here we shall consider as an
example BF,* implantation in silicon single crystals (Lal et al. 1991c, 1996c¢).
BF," implantation is widely used to produce shallow submicrometer p*-n junc-
tions in silicon single crystals. BF>™ ion energies were 90 and 135 keV, with the
fluence being kept constant at 1 x 10" em™2. It was observed that implantation
produced a very small broadening of the diffraction curves accompanied by a
small but measurable decrease in the peak intensity. However, changes in DXS
intensity distribution were significant.

Figure 5.13 shows a set of DXS intensity versus K™* plots for an unimplanted
wafer and for specimens implanted with BF, " ions of energy 90 keV and 135 keV.
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Figure 5.13 A set of DXS intensity versus K* plots for unimplanted silicon wafer
(curve A) and wafers implanted with BF,™ ions of energies 90 keV (curve B) and 135 keV
(curve C). (Reprinted from Krishan Lal er al., J. Appl. Phys. 69(12) (1991) 8092-8095,
copyright (1991) with permission from American Institute of Physics.)

It is seen that the DXS intensity for the unimplanted crystal varies as K*~2 at
practically all values of K* except in the highest-value range showing presence of
isolated point defects (Huang scattering). Diffuse scattering from clustered point
defects exhibits features that are distinct from the scattering by isolated point
defects. At large values of K* the scattered intensity varies as K*~* or even faster
than K*~*. It is similar to the approximation given by Stokes and Wilson (1944)
for scattering by dislocations. It is customary to refer to it as Stokes—Wilson
scattering (see, e.g. Dederichs (1973)). We see from Figure 5.13 that at large
values of K* a Stokes—Wilson region is indicated. Anisotropy for this as well
as the other plots (curves B and C) was positive, typical of Czochralski grown
crystals (Figure 5.6). Due to implantation the overall DXS intensity increases
indicating disordering of the crystal lattice. The Stokes—Wilson region (slope of
—4) is quite prominent in implanted crystals showing clustering of point defects.
The phenomenological model of Equation (5.14) has been employed to analyze
the experimental data and the following values of R and A, were obtained:

BF,* energy 90keV Ry =147 x10"%cm Ay =292 x 107'%cm’?
BF,*energy 135keV Ry =129 x 107*em Ay =2.27 x 107" cm’
The values of N (number of defects per cluster) have been determined as

1.46 x 107 (90keV) and 1.37 x 107 (1.35keV). This investigation has shown
that all the implanted impurity has not been distributed atomically and a



112 Crystal Growth Technology

part of it has been segregated. Agglomeration of point defects had also been
observed in BF,"-implanted silicon crystals by cross-sectional transmission
electron microscopy (Queirolo e al. 1987). There is a good correlation between
the two investigations.

We have also employed high-resolution X-ray diffractometry and absolute X-
ray integrated intensity measurements to investigate top layers of BF, " -implanted
silicon crystals. It is generally considered that at energies of ~90keV and fluence
level of 2 x 107" cm~2 the top layer becomes amorphous (Wu and Chen 1985,
Virdi et al. 1992). Precise diffractometry and absolute X-ray integrated intensity
measurements have shown that the top layer is not amorphous (Lal er al. 1996c).
It is disordered but crystalline in nature.

5.7 CONCLUSIONS

In this chapter we have described the basic principles of high-resolution X-
ray diffraction and the essential features of a five-crystal X-ray diffractometer
developed in the author’s laboratory. A number of illustrative examples have
been covered: characterization of defects in device-quality crystals; determination
of crystallographic orientation; measurement of bending of blank wafers; and
characterization of implantation-induced defects in silicon crystals. The range of
techniques available is such that these can be suitably combined to meet any
challenge concerned with characterization of crystal defects. Of course, there are
limitations of spatial resolution in the case of X-rays. Nevertheless, the advantages
of nondestructive characterization of large volumes and quantitative information
with high sensitivity are remarkable.

5.7.1 ACKNOWLEDGEMENT

The author has benefited by collaborating with a large number of colleagues in
his laboratory and other laboratories in India and abroad. Close collaboration
with Drs Niranjana Goswami, G. Bhagavannarayana, (late) V. Kumar, S. K.
Halder, R. V. A. Murthy, R. R. Ramanan, and A. Chaubey is acknowledged with
pleasure. It has been a privilege and pleasure to have long in-depth discussions
with Dr. A. R. Verma. Partial support received under an Indo-US project an Indo-
Russian ILTP project and an Indo-German project is gratefully acknowledged.

REFERENCES

Alexander S., Hellemans L., Marti O., Schneir J., Ellings V., Longmire M. and Gurley G.
(1989) J. Appl. Phys. 65, 164.

American Society for Testing and Materials (1981a) Annual Book of ASTM Standards
Part 43 F26-27, 185.



High-Resolution X-Ray Diffraction of Silicon 113

American Society for Testing and Materials (1981b) Annual Book of ASTM Standards
Part 11 E82-63, 104.

American Society for Testing and Materials (1987) Annual Book of ASTM Standards
F847-87, 744,

Authier A. (1977) Topics in Applied Physics edited by Queisser H. J. Springer-Verlag,
New York, p. 145.

Barrett C. S. and Massalski T. B. (1968) The Structure of Metals, McGraw-Hill, New
York, Asian Edition: Eurasia, New Delhi.

Batterman B. W. and Cole H. (1964) Rev. Mod. Phys. 36, 681.

Binnig G., Rohrer H., Gerber C. and Weibel E. (1982) Phys. Rev. Lett. 49, 57.

Binnig G., Quate C. F. and Gerber C. (1986) Phys. Rev. Lett. 12, 930.

Bond W. L. (1976) Crystal Technology, Wiley, New York, p. 304.

Bonse U. and Hart M. (1965) Appl. Phys. Lett. 7, 238.

Bullis W. M. and Huff H. R. (1993) ULSI Science and Technology edited by G. K. Geller,
E. Middleworth and K. Hoh, The Electrochemical Soc, Pennington, USA, p. 103.

Claeys C. and Deferm, L. (1996) Solid State Phenom. 47-48, 1.

Christiansen G., Gerward L. and Alstrup 1. (1975) Acta. Cryst. A31, 142.

Cullity B. D. (1956) Elements of X-ray Diffraction, Addison-Wesley, Mass.

Dederichs P. H. (1973) J. Phys. F. 3, 471.

Goswami S. N. N., Lal Krishan, Vogt A. and Hartnagel H. L. (1999), to be published.

Goswami S. N. N., Lal Krishan, Wurfl J. and Hartnagel H. L. (1994) Physics of Semicon-
ductor Devices, edited by Lal Krishan, Narosa Publishers, New Delhi, 337.

Guinier A. (1952) X-ray Crystallographic Technology, Hilger and Watts, London.

Hansma P. K. and Tersoff J. (1987) J. Appl. Phys. 61, R1.

Heydenreich J. (1982) Synthesis, Crystal Growth and Characterization edited by
Lal Krishan, North-Holland, Amsterdam, p. 215.

Huff H. R. and Goodall R. K. (1996) Solid State Phenom. 47-48, 65.

James R. W. (1950) The Optical Principles of the Diffraction of X-rays, G. Bell & Sons,
London.

Kato N. (1975) Crystal Growth and Characterization edited by Ueda R. and Mullin J. B.,
North Holland, Amsterdam p. 279.

Kato N. (1992) J. Acta. Cryst. A48, 834.

Kholodnyi L. P., Terent’ev G. 1. and Krol’ I. M. (1984) Meas. Technol. 27, 266.

Krivoglaz M. A. (1969) Theory of X-ray and Thermal Neutron Scattering by Real Crystals,
Plenum Press New York.

Kumar V., Lal Krishan, Seetharaman and Gupta S. C. (1999) to be published.

Lal Krishan and Singh B. P. (1977) Selid State Commun. 22, 71.

Lal Krishan, Singh B. P. and Verma A. R. (1979) Acta. Crystallogr. A35, 286.

Lal Krishan (1982) Synthesis, Crystal Growth and Characterization edited by Lal Krishan,
North-Holland, Amsterdam p. 215.

Lal Krishan and Thoma P. (1983) Phys. Stat. Sol. (a) 80, 491.

Lal Krishan (1985) Advanced Techniques for Microstructural Characterization edited by
Krishnan R., Anantharaman T. R., Pande C. S. and Arora O. P., Trans Tech Pub., Aed-
ermannsdorf, Switzerland, p. 143.

Lal Krishan and Goswami S. N. N. (1987) J. Mater. Sci. Eng. 85, 147.

Lal Krishan and Goswami S. N. N. (1988) Rev. Sci. Instrum. 59, 1400.

Lal Krishan and Bhagavannarayana G. (1989) J. Appl. Cryst. 22, 209.

Lal Krishan (1989) Prog. Cryst. Growth Charact. 18, 227.



114 Crystal Growth Technology

Lal Krishan, Goswami S. N. N., Wurfl J. and Hartnagel H. L. (1990a) J. Appl. Phys. 67,
4105

Lal Krishan, Goswami S. N. N. and Verma A. R. (1990b) Pramana. J. Phys. 34, 506.

Lal Krishan, Bhagavannarayana G., Kumar Vijay and Halder S. K. (1990c) Meas. Sci.
Technol. 1, 793.

Lal Krishan (1991a) Advances in Crystallography and Crystal Growth edited by
Lal Krishan, Indian National Science Academy, New Delhi p. 125.

Lal Krishan (1991b) Crystalline Materials: Growth and Characterization, edited by
Rodriguez-Clemente R. and Paorici C., Trans Tech Pub, Zurich, p. 205.

Lal Krishan, Bhagavannarayana G and Virdi G. S. (1991c) J. Appl. Phys. 69, 8092.

Lal Krishan (1993) Bull. Mater. Sci. 16, 617

Lal Krishan, Mitra Reshmi, Srinivas G. and Vankar V. D. (1996a) J. Appl. Crystallogr.
29, 2.

Lal Krishan, Goswami S. N. N. and Kuznetsov G. F. (1996b) Semiconductor Devices
edited by Lal Krishan, Narosa Publishers, New Delhi, p. 113.

Lal Krishan, Bhagavannarayana G. and Virdi G. S. (1996¢) Solid State Phenom. 47-48,
377.

Lal Krishan (1998), Proc. Indian National Sci. Acad. 64, 609.

Lal Krishan, Ramanan R. R., Bhagavannarayana G. (2000) J. Appl. Crystallogr. 33, 20.

Lang A. R. (1958) J. Appl. Phys. 29, 597 and (1970) Modern Diffraction and Imaging
Techniques in Materials Science edited by Amelinckx S., Gevers R., Remant G. and
Landyut L., North-Holland, Amsterdam 407.

Larson B. L. and Schmatz W. (1980) Phys. Stat. Sol. (b) 99, 267.

Laudise R. A. (1972) Analytical Chemistry: Key to Progress in National Problems, edited
by Meinke W. and Taylor J. K. NBS Special Publ 351, NBS, Washington p. 19.

Laue M. Von (1960) Roentgenstrahlininterferennzen, Acad Verlagsgescllschaft, Frankfurt.

Mathews J. W., Klokholm E., Sadagopan V., Plasket T. S. and Mendel E. (1973) Acta.
Met. 21, 203.

Murthy R. V A., Ravi Kumar M., Choubey A. and Lal Krishan., Kharchanko L.,
Shleguel , V. and Guerasimov, (1999) J. Cryst. Growth 197, 865 .

Pinsker Z. G. (1978) Dynamical Scattering of X-rays in Crystals, Springer-Verlag, Berlin.

Queirolo G., Capraara P., Meda L., Guareschi C., Andrele M., Ottaviani G. and
Armigliato A. (1987) J. Electrochem. Soc. Solid State Sci. Technol. 134, 2905.

Ramanan R. R., Bhagavannarayana G. and Lal Krishan (1995) J. Cryst. Growth 156, 377.

Sangwal K. S. (1987) Etching of Crystals: Theory, Experiment and Application (Series
editors Amelinckx S. and Nihocal H.), North Holland, Amsterdam.

Schneider Jochen R. and Bouchard Roland, (1992) Acta. Crystallogr A48, 804.

Segmuller A., Noyan I. C. and Speriosu V. S. (1989) Prog. Cryst. Growth Charact. 18,
21.

Spence J. (1984) Experimental High Resolution Electron Microscopy Clarendon Press,
Oxford.

Stokes A. R. and Wilson A. J C. (1944) Proc. Phys. Soc. 56, 174.

Trinkaus H. (1972) Phys. Stat. Sol. (b) 51, 307.

Tanner B. K. (1976) X-ray Diffraction Topography, Pergamon Press, Oxford.

Virdi G. S., Rauthan C. M S., Pathak B. C., Khokle W. S., Gupta S. K. and Lal Krishan
(1992) Solid State Electron. 35, 535.

Wu I. W. and Chen (1985) J. Appl. Phys. 58, 3032,

Zachariasen W. H. (1945) Theory of X-ray Diffraction in Crystals, Wiley, New York.



6 Computational Simulations of the
Growth of Crystals from Liquids

ANDREW YECKEL and JEFFREY J. DERBY
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Research Center, and Minnesota Supercomputing Institute, University of
Minnesota, Minneapolis, MN 55455-0132, USA

6.1 INTRODUCTION

In this chapter we review the current status and role of computer modeling
of hydrodynamics and associated transport processes in bulk crystal growth.
Hydrodynamics plays a key role in virtually all bulk crystal-growth systems,
having a critical effect on both heat and mass transport. Indeed, hydrodynam-
ics often is inextricably coupled to heat and mass transport, due to thermal and
solutal buoyancy effects. Hydrodynamics strongly affects mixing in many sys-
tems, thereby affecting growth rates, interface shape, chemical composition of
the crystal, and defect formation. Many physico-chemical phenomena, occurring
on length scales ranging from atomistic to system scale, are involved in crystal
growth. Nevertheless, it is fair to say that the future of crystal-growth modeling
depends heavily on progress in hydrodynamics modeling. There already exists
a large and rich body of literature on this topic, but much work remains to
be done.

The scope of this chapter is limited to continuum representations of heat,
mass, and momentum transport in melt and solution growth systems. Atomistic-
scale phenomena are not considered, nor is the connection between macroscale
phenomena and crystal properties. Nucleation phenomena, and other microscale
phenomena, such as morphological instabilities and dendrite formation, also are
excluded. All of these are active areas of research in crystal-growth modeling,
however, space restrictions do not permit their inclusion. Nor is this chapter
meant to serve as a ‘how to’ manual for hydrodynamic simulation, a subject that
would require a lengthy book.

The next section reviews the current capabilities and limitations of math-
ematical methods used to model hydrodynamics in crystal-growth systems. A
brief discussion is given on the subject of commercial software, both general-
purpose software for hydrodynamic simulation and software specialized to the
needs of crystal-growth researchers. In Section 6.4 we present examples from
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our research that illustrate some of the capabilities and limitations of current
methods. The first example is a one-dimensional model of multicomponent dif-
fusion during diffusion-limited growth of cadmium zinc telluride (CZT), a ternary
I1-VI alloy. The model predicts the existence of a retrograde diffusion layer, in
which zinc diffuses against its concentration gradient. The results illustrate the
need for more research on fundamental model formulation. The second example
is an axisymmetric model of the accelerated crucible rotation technique (ACRT),
applied to vertical Bridgman growth of CZT. ACRT introduces a hydrodynamic
time scale that is much shorter than other transport-related time scales inher-
ent in vertical Bridgman growth, making this a two-dimensional problem that
strains even today’s largest computers. The last example is a three-dimensional
bulk flow model of Czochralski (Cz) growth of bismuth silicon oxide, with
crystal rotation. The simulations reveal that two distinct three-dimensional insta-
bilities can occur simultaneously in this system. One instability leads to the
formation of baroclinic waves deep within the melt, and the other causes the
appearance of rotational spokes at the surface, a consequence of a Rayleigh
thermal instability. The results demonstrate that the choice between using a two-
dimensional or three-dimensional model can be a difficult one, with enormous
consequences.

6.2 TRANSPORT MODELING IN BULK CRYSTAL GROWTH
6.2.1 GOVERNING EQUATIONS

Any attempt to analyze continuum transport phenomena in crystal growth begins
with formulating a set of governing equations, which in general is based on
well-known principles of conservation of mass, momentum, and energy. Here we
provide a brief review of these equations. A general discussion of the equations
as applied to crystal-growth systems can be found in Derby er al. (1998). A
more detailed though somewhat dated discussion of crystal growth modeling
is the excellent review article by Brown (1988). For a good general textbook
on the subject of continuum transport and conservation principles, applied to
physico-chemical systems, we refer the interested reader to Bird et al. (1960).

It is important to note that the equations presented here have been derived
subject to a number of approximations, not all of which are discussed in the
text. Furthermore, in certain special cases not all of these approximations will
apply, in which case the equations may take on a somewhat different form.
Nevertheless, the equations presented here are applicable to most bulk crystal-
growth systems.

Conservation of mass, momentum, and energy, subject to the continuum
approximation, are in general described by a set of partial differential equations.
Conservation of momentum and continuity are given by the Navier—Stokes
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equations for an incompressible, Newtonian fluid:

]
Po (8—: +V-Vv) = —Vp+uV>v+ p.gll — B(T - T,)

+ Bilc — )] + F(v, x, t) (6.1)
V-v=0 (6.2)

where v is the velocity vector, p is pressure, T is temperature, ¢ is molar con-
centration, ¢ is time, p is viscosity, g is the gravitational vector, and p, is the
density at a reference temperature T, and reference concentration ¢,. Density is
treated as a constant, except in the gravitational body force term, where the effects
of temperature and concentration variations are incorporated, using thermal and
species expansivity coefficients B and fq; this is the Boussinesq approximation.
The term F(v, x, #) accounts for any additional body forces that may act on the
fluid volume, e.g. the inductive force due to motion of a conducting liquid in a
magnetic field or apparent forces that arise in a noninertial reference frame, such
as the Coriolis force.
Conservation of energy is given by

aT
Bl (E +v- VT) =k VT (6.3)

where C, is the heat capacity and « is the thermal conductivity of the
material. Whereas Equations (6.1) and (6.2) apply only to liquid or gas phases,
Equation (6.3) applies to solid phases as well, within which v =V, the
translation velocity relative to the reference frame.

Conservation of mass is given by

dc 4

5 +v-Ve=DV (6.4)
where ¢ is the mass density and D is the diffusion coefficient of the species. As
with Equation (6.3), Equation (6.4) applies in all phases, though species transport
is often neglected in solid phases in which the diffusivity is very small. For

problems in solution growth it is usually convenient to substitute supersaturation,
c—c

o= , for concentration, since supersaturation is the driving force for

Ce
crystalligation (cs is the saturation concentration). It is important to note that
Equation (6.4) implies either that the species is dilute, or that the density of
the liquid is nearly constant. In crystal growth from nondilute solutions it is
possible for the density to vary considerably over the duration of growth, but the
density change with time is typically so slow relative to mass transfer processes
that Equation (6.4) remains accurate. Equation (6.4) may also be written for
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several species, provided each species is sufficiently dilute that diffusion occurs
as a pseudo-binary process (the case of nondilute diffusion in a multicomponent
system is discussed in the next section).

Except for the Boussinesq approximation, it has been assumed that all physical
properties in Equations (6.1)—(6.4) are constant. It is straightforward to include
the effect of temperature and concentration dependent properties, however, pro-
vided data are available.

6.2.2 BOUNDARY CONDITIONS

In order to apply Equations (6.1)—(6.4) to real systems, information must be
provided about the velocity, temperature, and concentration at all boundaries.
Because of the wide variety and complexity of crystal-growth systems, it is not
possible to provide a comprehensive list of boundary conditions applicable to
these systems, but we briefly mention here some of the most common ones.
Most often, velocity boundary conditions consist of no-slip at solid surfaces:

v=U; (6.5)

where Uy is the velocity of the solid surface (which often is zero). At liquid/gas
interfaces it is usually assumed that the gas exerts no force on the liquid, in
which case a no-stress condition is imposed:

n-(—pl+u(Vv+ (Vv)7) =0 (6.6)

where n is the unit vector normal to the interface, and I is the identity ten-
sor. However, Equation (6.6) may be inadequate to describe a system in which
temperature or concentration varies along the interface. Such variations result in
gradients of surface tension which, in turn, produce a net surface traction and
drive fluid motion known as Marangoni flows.

Typically, energy boundary conditions include the specification that the tem-
perature field is continuous, and heat fluxes balance, across all material interfaces.
An exception occurs at interfaces at which a phase change occurs, where the
energy balance must account for the latent heat of fusion:

(= VT + & VT[5) - ng = pSAHI'g_T - ) (6.7)
where dx/dt is the velocity of the solid/liquid interface, A Hy is the latent heat of
fusion, ng is a unit vector normal to the solid/liquid interface, oriented towards
the liquid, and the subscripts 1 and s refer to the liquid and solid sides of the
interface.

Perhaps the most difficult area to generalize regarding boundary conditions is
the specification of thermal conditions connecting the domain of interest to the
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environment. For melt-growth models, these conditions are meant to represent
the influence of the furnace, which can strongly affect the temperature field in the
liquid and crystal. One approach is to account for furnace heating using simple
approximations for convective and radiative transport in terms of a specified
furnace temperature profile 7y:

—kmy - VT = (T = T)) + 0e(T* — T (6.8)

where h is a heat transfer coefficient, € is the emissivity, and o is the Ste-
fan—Boltzmann constant. There are several potential pitfalls to this approach,
however. The heat transfer coefficient must account for all convective effects
external to the domain, which may require reducing a gas flow through a fur-
nace to a single empirical parameter. Likewise, Equation (6.8) implies that the
radiation view factor equals unity everywhere, an unrealistic approximation in
many high-temperature growth systems (Siegel and Howell, 1993; Kuppurao
and Derby, 1993). Furthermore, transport of energy via internal radiation may be
important in high-temperature crystal-growth systems that possess some trans-
parency to infrared radiation (O’Hara ef al., 1968; Brandon and Derby 1992),
further complicating the situation. Lastly, information is needed regarding T,
which may require costly experiments or exhaustive furnace heat transfer model-
ing effort. Nevertheless, the simple form of Equation (6.8) has proved adequate
to elucidate key transport phenomena in many systems.

Concentration boundary conditions require that mass fluxes balance across all
material interfaces, but unlike temperature, concentration need not be continuous
across interfaces. Instead, equilibrium partitioning occurs, according to

cs = ke (6.9)

where £ is the partition coefficient. The solute balance at the interface is given by
ox
(=DiVcl + DsVels) -mg = —(k — 1)£'1§ -y (6.10)

These conditions, coupled with diffusion and convection near the interface, have
a profound effect on solute segregation in crystal-growth systems.

To complete the specification of governing equations requires a constraint
that determines the location of the liquid/crystal interface. Here we distinguish
between melt and solution growth systems. In melt-growth systems, the position
of the interface is located at the melting-point isotherm:

T(r,z.t) =Ty (6.11)

This condition neglects the effect of curvature on the free energy of the inter-
face, which is negligible except when interface curvature occurs over sufficiently
small scales, such as occurs during dendritic growth. This condition implies that
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the kinetics of crystallization are infinitely fast. In solution-growth systems, the
location of the interface is controlled by kinetic factors and can be determined
only from the initial condition and knowledge of the local interface velocity dur-
ing growth. In the simplest case, growth from a single solute, the local interface
velocity is related to the flux of solute to the interface:

3
,058—}: =D Veli="Rlei, T (6.12)

where pq is the crystal density and R(c, T') represents surface growth kinetics.

Before we close this section, we note that theoreticians often rescale governing
equations prior to analysis, yielding a set of nondimensional equations. In the
course of rescaling, various dimensionless groups are introduced that incorpo-
rate the effects of geometric and physical parameters. There are several benefits
to this rescaling. First, the introduction of dimensionless groups aids the theo-
retician to assess the magnitude, and therefore importance, of various driving
forces that cause flow and transport to occur. Secondly, rescaling often elim-
inates or minimizes numerical problems that arise when using finite-precision
computers to solve the governing equations. Thirdly, introduction of a proper
set of dimensionless groups reduces the number of parameters to the minimum
that characterize a problem, thereby simplifying parametric analysis of system
behavior.

Some common dimensionless groups used in analysis of crystal growth include
the Grashof and Prandtl numbers, defined by

2 3
B DL (6.13)
pE
pr= PG (6.14)
K

where L is the characteristic system length and AT is a characteristic temper-
ature difference. The Grashof number represents the ratio of buoyancy force
to viscous force and is characteristic of the intensity of buoyancy-driven con-
vection. The Prandtl number, a physical property of the material, is the ratio
of momentum diffusivity to thermal diffusivity. A low value of Pr, typical of
liquid metals and most semiconductor melts, indicates that the thermal field is
weakly affected by small changes in the velocity field. A high value of Pr, typ-
ical of many oxide melts, indicates the converse, namely that small changes in
the velocity field strongly affect the temperature field. As a consequence, low
Pr materials behave very differently from high-Pr materials in crystal-growth
systems.

For a more detailed discussion of scaling analysis and dimensionless groups,
in the context of crystal-growth modeling, the interested reader is referred to
Derby et al. (1998) and Brown (1988).
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6.3 COMPUTATIONAL ISSUES
6.3.1 NUMERICAL METHODS

The equations presented in Section 6.2 rarely can be solved using traditional
methods of mathematical analysis, except under extremely restrictive simplifica-
tions. Numerical methods have become indispensable, therefore, to the analysis
of crystal-growth systems. Here we comment briefly on these methods, including
a discussion of commercial software for hydrodynamic analysis.

There exist several well-developed methods widely used to solve equations of
continuum transport phenomena. These include finite-difference, finite-element,
finite-volume, and spectral methods. Each has its enthusiasts who will hotly
debate the superiority of their method of choice, but, in reality, the methods
share several common features. Each method reduces the governing equations to
a set of differential-algebraic equations (DAEs), which can be integrated in time
using one of several standard methods. The result is a set of nonlinear algebraic
equations, which must be solved iteratively at each time step. In all cases, the
preponderance of computational effort is expended in obtaining a solution to this
set of algebraic equations. In our work we have used both the Galerkin finite-
element method and the Galerkin/least-squares method to discretize the governing
equations (Hughes, 1987). Generally we use a second-order trapezoid rule to time
integrate the DAEs (Gresho er al. 1980), and Newton’s method is our method of
choice to solve the set of nonlinear algebraic equations at each time step.

Within each Newton iteration it is necessary to solve a linearized set of alge-
braic equations, by far the most costly computational step. There are two general
approaches to this step. The first approach is to use a direct method, i.e. some
form of Gaussian elimination. The alternative is to use an indirect, or iterative
method, of which there are many choices, the most popular being some sort
of subspace projection method, e.g. the generalized minimal residual method of
Saad and Schultz (GMRES) (1986). Direct methods are far more robust and are
the method of choice for one- and two-dimensional problems, but are usually too
costly for three-dimensional problems, even using the most powerful computers
available today. Typically, the numerical analyst is forced to employ less robust
iterative methods when tackling three-dimensional problems.

Many computing platforms are available to the numerical analyst, generally
belonging to one of three broad classes: fast scalar computers, vector supercom-
puters, and parallel supercomputers. Vector supercomputers, once the workhorse
of hydrodynamic simulation, have in recent years mostly been replaced by fast
scalar machines. Indeed, desktop computers that exceed the computing power of a
Cray C90 supercomputer, a state-of-the-art multimillion dollar machine 10 years
ago, can be purchased today for about $1000. Such machines are adequate for
nearly all two-dimensional hydrodynamic analyses in crystal growth (an excep-
tion will be presented in Section 6.4). Fully three-dimensional hydrodynamic
calculations continue to be extremely costly and difficult to perform, however.
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For many hydrodynamic problems, such calculations remain beyond the reach
of fast scalar computers or vector supercomputers. In fact, many existing three-
dimensional calculations that have been done using these types of computers
have employed very coarse meshes. Accurate hydrodynamic simulation in crystal-
growth systems often requires fine spatial discretizations in order to resolve thin
boundary layers typical of these systems.

Recent advances in massively parallel supercomputers have dramatically
affected the prospect of studying three-dimensional macroscopic transport effects
in many systems. In Section 6.4, an example is presented that illustrates
the application of massively parallel computing to analyze a complicated,
three-dimensional flow in a crystal-growth system. We emphasize that such
calculations are by no means routine, however. Parallel computers require
special programming methods to exploit the architecture of these machines, and
no commercial hydrodynamics codes known to us are yet available that take
advantage of massive parallelism.

6.3.2 SOFTWARE: COMMERCIAL VERSUS RESEARCH, GENERAL
VERSUS SPECIALTY

For the industrialist interested in modeling bulk crystal growth, but lacking in
modeling experience, the question of how best to proceed is critical. Unfortu-
nately there are no easy answers to this question. The choices are many. Some
of the possibilities include: using a general-purpose commercial code; using a
general-purpose commercial code that has been customized (either by the ven-
dor or the user); using a specialized commercial code that has been tailored to
the needs of the crystal-growth industry; contracting the work to a specialist; or
developing software in-house.

There are numerous general-purpose codes on the market today that model
fluid dynamics and transport phenomena, several of which have found use in the
crystal-growth community. Each code has its strengths and weaknesses, and, as a
result, each code is usually marketed more actively in some industries than others.
We make no attempt to analyze these strengths and weaknesses nor to make any
specific recommendations. Indeed, our experience in using such codes is limited;
we have rather chosen to develop our own research codes, which are specialized
to our needs. We do offer one opinion, however: we believe it is impossible for
the commercial code developer to anticipate all possible physical problems, all
possible boundary conditions, and so on. Since production crystal-growth sys-
tems usually are quite complex, and their behavior is affected by many physical
phenomena, creating a general-purpose code that can accurately model such sys-
tems presents a special challenge to code developers. Indeed, for some problems
there is no suitable choice among the general-purpose commercial codes.

An alternative is to use specialized software. General-purpose code vendors
usually sell additional services, including custom code modification for special-
ized problems, and contract simulation on the request of the customer. There
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also have appeared in recent years several vendors of software products that are
tailored to meet typical needs of the crystal-growth modeler. But even these spe-
cialized products are not suitable in every situation that might arise in crystal
growth. So, like the general-purpose code developers, these vendors also usually
offer customized products and contract simulation.

The last alternative we mention is developing and using software in-house.
This could range from hiring a single specialist at smaller companies, to sup-
porting a modeling department at larger companies. In-house code development
in most cases is the most time- and capital-intensive approach, so it appears to
be relatively rare at companies specializing in crystal growth. At this point it is
worth mentioning that licensing or purchasing one or more commercial codes
might require devoting one or more staff members to master the codes, which,
due to the considerable art sometimes required of successful modeling, is by no
means foolproof or trivial. Also, in all cases, whether using a commercial code,
or software developed in-house, at least some knowledge of transport phenomena
is required to both define the problem to be modeled and to interpret the output
from the software.

Our principal advice is to re-emphasize that there is no single clear-cut
approach that will be optimal in all situations. Furthermore, the industrialist who
solicits opinions from commercial vendors and other experts in modeling is likely
to hear several different opinions. In our view, the best approach is to first strive
to carefully define the particular problems that are to be modeled, then to solicit
opinions both from vendors that provide products and services and from other
users of those products and services.

64 EXAMPLES OF ONE-, TWO-,
AND THREE-DIMENSIONAL MODELS

6.4.1 CAN WE STILL LEARN FROM A 1D MODEL?

Prior to the widespread availability of digital computers, crystal-growth models
were simple out of necessity, which usually meant they were restricted to describe
one-dimensional behavior. Such models can be quite powerful when appropriately
applied. An early example is the well-known Scheil equation (Scheil 1942),
derived from a model of segregation during freezing from a completely mixed
melt. Another example is the diffusion-only limit, studied by Tiller and coworkers
(1953; 1955). A more general result was obtained by Burton et al. (BPS) (1953),
based on the notion of a completely mixed bulk melt, separated from the crystal
by a thin stagnant film in which transport occurs by diffusion only. The BPS
model has been successfully fitted to experimental data obtained from many
crystal-growth systems. Unfortunately, the model has little predictive capability,
largely because the stagnant-film assumption is not a realistic representation of
convection in the melt. Other variations on these one-dimensional models include
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effects of rotating the crystal and imposing an axial magnetic field; references
and discussion can be found in Brown (1988).

Using modern computers, various researchers have compared these and other
one-dimensional models to more rigorous two- and three-dimensional models,
highlighting various shortcomings of simpler models. Since researchers no longer
are confined to such simple models, it is relevant to ask whether anything new
can be learned from them. We present an example here that suggests that one-
dimensional models are still relevant to understanding crystal-growth systems,
namely ternary segregation during diffusion-controlled growth of the II-VI alloy
cadmium zinc telluride (Cd,_,Zn,Te, hereafter referred to as CZT).

CZT is employed in room-temperature gamma-ray and X-ray detectors,
typically using material with 10% nominal zinc concentration (x = 0.1).
Compositional inhomogeneity resulting from zinc and cadmium segregation
(James et al., 1995) is an important issue in CZT-based detectors. An unresolved
issue in modeling CZT growth, however, is whether pseudobinary diffusion
(i.e. Equation (6.4)) is adequate to describe multicomponent mass transport and
segregation phenomena in this system.

The pseudobinary diffusion model is based on the assumption that the flux of
each species in a multicomponent system is simply proportional to the gradient
of that species alone; this model is known as Fick’s first law of diffusion (Bird
et al., 1960). In true multicomponent diffusion, however, the flux of each species
is represented by a more complicated, implicit relationship between gradients
and fluxes of all species, known as the Stefan—Maxwell equations (Hirschfelder
et al., 1954; Lightfoot ef al., 1962). To better understand multicomponent mass
transfer and segregation during diffusion-controlled growth of CZT, Ponde et al.
have developed a one-dimensional model based on the Stefan—Maxwell equations
(Ponde, 1999; Derby er al., 2000).

Figure 6.1 shows initial results obtained using this multicomponent diffusion
model. Concentrations of zinc and cadmium are shown as a function of dis-
tance from the solid/liquid interface, under steady-state growth conditions. Zinc
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Figure 6.1 Compositional profiles in the melt ahead of the melt-crystal interface are
shown for diffusion-controlled solidification of CdgoZng  Te.
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is preferentially incorporated into the growing crystal, causing its depletion at the
interface. Conversely, cadmium is rejected at the interface, causing it to accumu-
late there. At steady-state conditions, zinc must diffuse towards the interface to
balance its depletion there, whereas cadmium must diffuse away from the inter-
face, to counter its accumulation. The figure shows that cadmium concentration
falls monotonically with distance from the interface. Hence cadmium diffuses
along its gradient everywhere, the same as predicted by the pseudobinary diffu-
sion model. Zinc concentration, on the other hand, first decreases, then increases,
with distance from the interface. Thus the multicomponent diffusion model pre-
dicts that zinc diffuses against its concentration gradient near the interface, a
consequence of diffusion coupling between components. Ponde et al. described
this feature as a retrograde diffusion layer during solidification. Such behavior
may have significant consequences in setting compositional variations that occur
during growth of II-VI ternary compounds.

6.4.2 IS 2D MODELING ROUTINE AND ACCURATE?

Two-dimensional modeling of crystal-growth systems is now widely regarded as
routine and accurate, provided that realistic thermophysical properties are avail-
able. We generally agree with this conclusion, with a few caveats. One of these
caveats is that multicomponent diffusion effects may have a significant effect
on segregation in ternary systems, as discussed in Section 6.4.1. Incorporating
the Stefan—Maxwell equations in any model of crystal growth adds considerable
complexity to segregation calculations, however, and poses numerical difficulties
not encountered when using pseudobinary transport equations. Another caveat
is that two-dimensional systems, in which there are multiple, widely disparate,
time scales, may require an onerous amount of computing time. One such sys-
tem, the subject of this section, is vertical Bridgman growth of CZT, using
the accelerated crucible rotation technique (ACRT). A final caveat is that two-
dimensional models cannot account for three-dimensional behavior, the topic of
the next section.

The purpose of ACRT is to promote mixing within the melt. Here, we assess
the effectiveness of ACRT for that purpose and discuss the challenges associated
with modeling this system. A schematic of a high-pressure vertical Bridgman sys-
tem is shown in Figure 6.2 along with a sample finite element mesh. Previously
we have reported simulations for this system using steady rotation; a detailed
description of the model can be found in Yeckel ef al. (1999). An in-depth anal-
ysis of the system using ACRT appeared elsewhere (Yeckel and Derby, 2000).
Except for the use of accelerated rotation, values of all physical properties and
operating parameters are the same as used in Yeckel ef al. (1999). The effect of
accelerated rotation is accounted for through the no-slip boundary condition at
the ampoule walls and solid/liquid interface, given by

V= Q(I)rey (6[5)
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Figure 6.2 (a) Schematic of high-pressure vertical Bridgman system; (b) finite-element
discretization; (c) rotation cycle used in this study.

where €2 is the crucible rotation rate, and e; is a unit vector in the
azimuthal direction. The periodic rotation cycle, 2 versus time, is shown in
Figure 6.2.

Computing a complete segregation curve for this system presents a major
computational challenge. The difficulty is brought on by the short time scale
introduced when ACRT is used. Whereas a complete growth run typically lasts
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100—150h, the optimum rotation cycle is set by the Ekman time scale (Schulz-

Dubois, 1972),
sy 172
R..
= == 6.16
g (Qv) (6.16)

equal to 72 s for the conditions studied here. The optimum rotation cycle is a few
Ekman time units in length (Yeckel and Derby, 2000). Over the duration of the
growth run, therefore, more than one thousand ACRT cycles are needed, each
requiring hundreds of time steps for accurate time integration. Hence to compute
a single segregation curve requires on the order of one million time steps, a task
that would take several months using a modern engineering workstation or a tra-
ditional vector supercomputer. Such long computation times make it impractical
to simulate a complete growth run for this system. Using a parallel supercomputer
for this task holds more promise and is the subject of our ongoing work.

It is possible to learn much about this system without simulating a complete
growth run, however. To do so, we proceed as follows. We begin by simulating
approximately one-half of a growth run, without rotation. The simulation is then
restarted subject to the application of ACRT, and continued for two more hours
of growth (approximately 25 ACRT cycles). Figure 6.3 shows the evolution of
zinc distribution that follows upon application of ACRT; the number of full
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Figure 6.3 Mole fraction zinc versus ACRT cycle.
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ACRT cycles undergone is shown below each visualization. At the start of ACRT
(i.e. after zero cycles in Figure 6.3), the melt exhibits two distinct zones: a well-
mixed bulk zone above, and a depletion layer below, separated by a diffusion
layer characterized by a steep concentration gradient. These features, typical of
CZT growth without rotation, are explained in Kuppurao et al. (1995).

After one ACRT cycle, a plume of zinc-poor liquid has been drawn from the
depletion layer into the bulk, along the crucible wall. Likewise, some zinc-rich
bulk fluid has been swept into the depletion layer. After two ACRT cycles, the
interchange between the two regions continues. Mixing within the depletion zone
has markedly increased; the region is much more uniform in concentration, par-
ticularly along the solid/liquid interface. Also, concentration variations begin to
appear along the sidewall; these are the result of a Taylor—Goértler flow instabil-
ity, as discussed in Yeckel and Derby (2000). After four ACRT cycles, there is
substantial intermixing of the bulk and depletion regions, and, after ten ACRT
cycles, substantial intermixing has occurred. The liquid concentration of zinc is
nearly uniform throughout the melt after 25 ACRT cycles. The two-hour time
span of ACRT growth is too short to meaningfully comment on the details of
zinc segregation in the newly grown solid, but the results clearly illustrate the
efficacy of ACRT at homogenizing the melt.

Whereas Figure 6.3 illustrates the pattern of mixing in the melt, Figure 6.4
shows a quantitative measure of mixing, the RMS mole fraction variation in the
melt, defined by:

1 2
A‘:'rms - = f (c — E)' dv (6. 17)
cV Vv

where ¢ is the mean zinc mole fraction and V is the melt volume. Figure 6.4
shows that Ac,,s decreases steadily with ACRT cycle number for approximately
24 cycles, indicating an increasing degree of compositional homogeneity. After
24 cycles Acyyg begins to slowly increase again. Note that Ac.,s cannot reach
zero, a state of complete mixing, because zinc segregation ensures the existence
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Figure 6.4 RMS mole fraction variation Equation (6.17) versus ACRT cycle.
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Figure 6.5 Average interface velocity (i.e. instantaneous growth rate) versus time.

of a nonvanishing concentration boundary layer at the solid/liquid interface, even
though the bulk may be well mixed. The effect of this boundary layer on Acqys
increases as the melt volume diminishes, causing the slight increase in Acyys
after 24 cycles.

Figure 6.5 shows the average interface velocity (i.e. the instantaneous growth
rate) as a function of time during the 25th ACRT cycle. Notably, the growth rate
falls below zero during some parts of the cycle, which indicates that a portion
of the crystal is melted during this phase, to be recrystallized later in the cycle.
The rate of meltback is substantial, nearly reaching | mm/h at point D in the
cycle. The large variation in growth rate, and the occurrence of meltback, raise
the possibility that solute striations will occur. Kim et al. (1972) have linked
striations with velocity and temperature field oscillations in Bridgman growth
caused by an unstable, time-dependent flow. ACRT-induced striations were not
observed in the Bridgman experiments of Capper ef al. (1984; 1986); however,
the striation spacing expected from the conditions of their experiments is an order
of magnitude smaller than observed in Kim ef al. (1972), making striations both
more difficult to observe experimentally and faster to disappear by solid-state
diffusion. On the other hand, the striation spacing expected under the conditions
of our simulation, on the order of 2 — 4 x 10~ cm, is comparable to that observed
in Kim et al. (1972), which indicates that stable striations in the grown solid may
occur in the system modeled here. Due to the extreme computational challenges
of accurately resolving these fine-scale striations, we do not further address these
features here, but defer their analysis to ensuing work.

6.4.3 WHEN ARE 3D MODELS NECESSARY?

At first glance, many crystal-growth systems appear amenable to one- and two-
dimensional modeling, and considerable knowledge has been gained over the
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years using such models. The assumption of axisymmetry for cylindrical geome-
tries has been particularly useful and would seem to apply to vertical Bridgman,
Float-Zone, Czochralski, and other melt-growth systems that produce unfaceted
crystals. Furthermore, considerable effort is expended to ensure that these systems
display two-dimensional, axisymmetric behavior. This can often be accomplished
through careful design or through operation, for example by rotating the heater
or crystal, to ensure that the crystal experiences an azimuthally uniform furnace
environment, in a time-averaged sense.

Solution-growth systems are another story, since the faceted crystals grown in
these systems usually are not well described as two-dimensional objects. Further-
more, solution-growth systems sometimes rely on a crystal support structure that
cannot realistically be treated as two-dimensional, e.g. the platform used in rapid
growth of KDP crystals (Zaitseva et al., 1995), or the angled support rods used
in KTP growth (Bordui and Motakef, 1989). Indeed, our simulations of these
systems reveal flows that are strongly three-dimensional in character (Zhou and
Derby, 1997; Yeckel et al., 1998; Vartak er al., 2000).

Though it may seem obvious whether a given system is predominantly two-
dimensional or three-dimensional in character, several examples from our recent
work demonstrate that many crystal-growth systems with axisymmetric, or nearly
axisymmetric, geometries can produce strongly three-dimensional flow struc-
tures. For example, Xiao et al. (1996) demonstrated that flow in a slightly tilted
vertical Bridgman system — with its axis tilted as little as one degree from verti-
cal — exhibits a remarkable departure from axisymmetry. Even more confounding
is that perfectly axisymmetric geometries sometimes exhibit three-dimensional
flow instabilities; an example is the appearance of baroclinic waves in sys-
tems that have both rotation and buoyancy as driving forces (Xiao ef al., 1995;
Xiao and Derby, 1995). Thus the choice between using a two-dimensional or
three-dimensional model, of great importance given the drastic difference in com-
putational cost, remains a difficult one. Two-dimensional geometries certainly do
not guarantee two-dimensional behavior.

In this section, we present transient, three-dimensional simulations of an
axisymmetric Czochralski growth system that simultaneously exhibits two differ-
ent types of three-dimensional instabilities. The manifestation of these instabilities
takes the form of annular wave patterns that appear both on the surface and
within oxide melts during Cz growth. Both types of instabilities arise because of
the nonlinear interaction of intense rotational and buoyant flows, to which the
temperature field is strongly coupled in high Prandtl number oxide melts. But
the instabilities are caused by fundamentally different mechanisms, meaning that
each instability occurs independently of the other.

Figure 6.6 shows a schematic of the bulk flow model used to compute time-
dependent flows during Cz growth. The bulk flow model is based on assumptions
of fixed and flat crystal/melt interface and melt free surface; an extensive descrip-
tion of this model can be found elsewhere. Idealized temperature boundary
conditions consist of constant temperature 7y, at the wall and bottom of the
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Figure 6.6 Schematic of Czochralski bulk flow model.
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crucible, an insulated melt free surface, and a crystal/melt interface at the melt-
ing point T,,,. Physical properties used are those of bismuth silicon oxide (BSO),
which has a Prandtl number of Pr = 26. Operating conditions correspond to
Gr = 1.3 x 10°, equivalent to a system with a crucible radius of 4.3cm, a cru-
cible depth of 2.58 cm, a crystal radius of 1.72, and a temperature difference
across the melt of 23 K. Four crystal rotation rates were used: 13.5, 15.2, 23.0,
and 30.4 rpm. Here we briefly summarize the results of the simulations; more
detailed analyses are found in Rojo and Derby (1999) and Derby er al. (1999).

Figure 6.7 shows the temperature distribution on the melt surface at various
rotation rates. The surface distribution exhibits a low-temperature annulus cen-
tered around the crystal. This inner region is separated by a sharp transition from
a high-temperature outer region, which is nearly isothermal and very near the wall
temperature. The size of the hot outer region decreases as rotation rate increases,
until, at the highest rotation rate considered, the outer region is confined to a thin
annular region next to the outer wall. What is most interesting, however, are the
azimuthal temperature variations that appear near the crystal in the cooler region.
These azimuthal variations, which we call rotational spokes, are convected by the
azimuthal flow driven by the counter-clockwise rotation of the crystal. The radial
extent of the spokes, between 12 and 16 in number, increases as the rotation rate
is increased.

The rotational spokes in Figure 6.7 bear a strong resemblance to those observed
in the experiments of Whiffin et al. (1976), who studied the effect of a rotating
platinum disk in contact with molten BSO, under the same conditions mod-
eled here. At issue is the mechanism by which rotational spokes occur; these
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Figure 6.7 Temperature distribution on the melt surface at various rotation rates:
(a) 13.5rpm; (b) 15.2rpm; (c) 23.0rpm; (d) 30.4 rpm. Temperature is scaled by melting
temperature of BSO.

have alternately been attributed to the baroclinic instability that arises in rotat-
ing stratified fluids (Whiffin et al., 1976; Brandle, 1982), the Couette instability
characteristic of centrifugal flows (Brice and Whiffin, 1977) or the Rayleigh insta-
bility caused by a destabilizing temperature gradient near the melt surface (Jones,
1983; Jones, 1985). The Rayleigh-instability mechanism was used by Jones to
explain the appearance of radial spokes, observed in several oxide melts under
conditions of no crystal rotation; results of our simulations indicate that a similar
mechanism applies to rotational spokes, too.

The key to the Rayleigh instability is the presence of warmer, lighter fluid
underlying cooler, denser fluid, which triggers the formation of roll cells. In
the case of no crystal rotation studied by Jones, the cause of the destabilizing
temperature gradient was assumed to be radiant cooling at the melt surface. A
destabilizing temperature gradient also occurs in our simulations, as a conse-
quence of centrifugal pumping of colder fluid, thrown outward along the melt
surface by the rotating crystal. By performing a linear stability analysis appli-
cable to high Prandtl number fluids, Jones (1985) calculated a critical value
of the Rayleigh number, Ra, = 255, above which the onset of roll cells would
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occur, where

_ pPgBC,ATL?

Ra = GrPr = (6.18)
LK

In Jones® stability analysis, values of L and AT correspond to the depth and
temperature difference across the thermal boundary layer at the melt surface.
Figure 6.8 shows the vertical temperature profile beneath a location centered on
one of the spokes in Figure 6.7(d). Using this temperature profile to measure
values of L and AT yields a computed Rayleigh number of Ra = 278, which
compares favorably to the critical value predicted by Jones.

The simulations also reveal that azimuthal wave patterns occur deep within
the melt, as shown in Figure 6.9 for the results obtained at 30.4 rpm. These
patterns exhibit six- or seven-fold symmetry and occur far below the thermal
boundary layer responsible for roll-cell formation near the melt surface. Similar
patterns, with two- and four-fold symmetry, were also computed by Xiao and
Derby (1995), for a different oxide melt. We attribute these wave patterns to
the baroclinic instability (Greenspan, 1968), caused by the interaction of Coriolis
and buoyancy forces. We recast our results in terms of dimensionless Rossby
and Taylor numbers, to locate our result on the baroclinic stability diagram of
Hide and Mason (1975) for a high Prandtl number fluid (Pr = 63), as shown in
Figure 6.10. The parameters of our case fall near the regular annular wave regime
and are consistent with the six- or seven-fold wave structure that is expected.
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Figure 6.8 Axial temperature profile below the melt free surface at the point indicated
in Figure 6.7b. Temperature is scaled by melting temperature of BSO.
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Figure 6.9 Temperature distribution on various horizontal planes within the melt; num-
bers refer to depth below the melt surface. Temperature is scaled by melting temperature
of BSO.
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Figure 6.10 Stability diagram of Hide and Mason (1975) for flows in a rotating, differ-
entially heated annulus filled with a high Prandtl number liquid. Asterisk shows parameter
location corresponding to BSO calculations presented in Figure 6.9.
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6.5 SUMMARY AND OUTLOOK

The examples presented in this chapter were chosen to demonstrate the power
of simulation at elucidating answers to important questions in the study of crys-
tal growth and to illustrate the current limitations of hydrodynamics modeling.
The first example, the one-dimensional model of multicomponent diffusion in a
ternary alloy, raises the question of how well we really understand basic model
formulation in some crystal-growth systems. The second example, ACRT applied
to vertical Bridgman growth, shows that not all two-dimensional problems are
entirely routine, even with today’s powerful computers. The third example high-
lights the risk of relying on a two-dimensional model, even when the geometry
and boundary conditions would seem to indicate two-dimensional system behav-
ior. Despite these caveats, however, hydrodynamic simulation has made enor-
mous advances in the past decade, making two-dimensional analysis available at
a low cost to a large number of researchers and making realistic three-dimensional
analysis feasible at all.

The potential benefits of computer modeling in the analysis and design of
bulk crystal-growth systems have been the subject of much discussion in the
past decade. The realization of computer modeling as a comprehensive design
tool still appears some way off, however. Rather, modeling at present often best
serves to complement experimental studies, to provide a basic understanding of
phenomena important to crystal-growth processing, and to identify qualitative,
and in some cases quantitative, trends in system behavior, with respect to para-
metric variation. Such information, although failing to provide a complete picture
of system behavior, often suggests beneficial modifications to both operation and
design, and on occasion suggests entirely new designs. Nevertheless, modeling
alone often is of limited use in the absence of good experimental data, human
experience, and intuition, especially at the design stage. Furthermore, there yet
remain some phenomena, and some physical systems, which are beyond our
ability to model, except in the most rudimentary fashion.

The maturation of computational modeling of crystal-growth systems will rely
on the increased availability of accurate thermophysical properties, the develop-
ment of more capable supercomputer hardware and software, the advancement
of experimental diagnostics in crystal-growth systems, and increased communi-
cation between crystal-growth experimentalists and theoreticians. Great advances
in understanding and practice are to be expected in the coming years.
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7 Heat and Mass Transfer under
Magnetic Fields
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ABSTRACT

The heat and mass transfer in the melts during Czochralski crystal growth of
semiconductors significantly affect the quality of the single crystals. This chapter
reviews the present understanding of heat and mass transfer under several kinds
of magnetic fields from the results of flow visualization, and gives details of
numerical calculation needed for quantitative modeling of melt convection under
the magnetic fields. The characteristics of flow instabilities of melt convection
under magnetic fields are also reviewed.

7.1 INTRODUCTION

The Czochralski (CZ) crystal-growth technique is widely accepted for fabricating
high-quality substrates for silicon (Si) VLSIs, gallium arsenide (GaAs) monolithic
and integrated devices, and indium phosphide (InP) optoelectronic devices.

The breakdown voltage of an oxide layer grown on Si substrates is well known
to depend on the conditions under which the Si crystals were grown [1], such as
the crystal pulling speed and/or the temperature distribution in the crystals. The
origin of the degradation is the formation of voids in the substrate [2], which
are formed during single-crystal growth. To avoid the excessive void formation
is one of the key points to control characteristics of electronic silicon devices.
This can be achieved by controlling the temperature distribution in the growing
crystals. Simultaneously, the solid/liquid interface shape should also be controlled
to obtain an appropriate temperature distribution near the solid/liquid interface
in silicon.

For GaAs, the temperature distribution near the solid/liquid interface modifies
the distribution of dislocations, which affects the threshold voltage of source—
drain current in metal-semiconductor (MES) transistors [3]. Controlling heat and
mass transfer in the melt during crystal growth can reduce this inhomogeneity.

Crystal Growth Technology, Edited by H. I. Scheel and T. Fukuda
© 2003 John Wiley & Sons, Ltd. ISBN: 0-471-49059-8
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Although the melt convection should, therefore, be controlled, the actual flow in
semiconductor melt has been difficult to monitor because these melts are opaque.

The distribution of impurities and point defects in crystals, which affects the
degradation of the breakdown voltage for silicon crystals, is thought to depend
on the amplitude of temperature fluctuation at a solid/liquid interface [4]. This
is mainly caused by the instability of a flow containing laminar and/or turbu-
lent components. Furthermore, temperature fluctuations in the melt cause local
alternations between crystallization and remelting. This alternation produces a
relatively high microdefect density in the crystals.

The origin of flow instability should therefore be clarified, so that this instabil-
ity can be controlled and high-quality crystals obtained. Consequently, suppress-
ing flow instabilities during crystal growth is important for fabricating crystals
with homogeneous impurity distribution. Despite intensive research [5-8], there
are still open questions such as flow structure and impurity transfer under mag-
netic fields [6, 7].

Application of stationary magnetic fields such as vertical, cusp-shaped and
transverse magnetic fields is opening up a new field to controlling heat and mass
transfer in electrically conducting melts such as silicon or GaAs. Witt et al. [5]
first applied magnetic fields in crystal growth of semiconductors from the melt.
Subsequently, Hoshi er al. [8] reported homogeneous oxygen distribution in sil-
icon crystals by using transverse magnetic fields.

Three types of static-magnetic field such as vertical-magnetic-fields (VMF),
cusp-shaped magnetic fields (CMF), and transverse magnetic fields (TMF) have
been proposed. Suzuki er al. [9] applied TMF to silicon crystal growth, how-
ever, the thermal symmetry became asymmetric. Therefore, periodic rotational
striations were observed [10].

To overcome the rotational striations, Hirata and Hoshikawa [11, 12] proposed
VMF in which axially symmetric magnetic fields were applied perpendicularly
to the growth interface. They reported that temperature fluctuations in molten
silicon were reduced at a VMF larger than 0.1 T. Moreover, no striations were
observed for a magnetic field of more than 0.05T. However, oxygen concentra-
tion distributed inhomogeneously in the radial direction of the grown crystals.
Hereafter, Hirata and Hoshikawa [12] developed a new type of magnetic field,
which is named cusp-shaped magnetic field (CMF). They obtained crystals with
homogeneously distributed oxygen and without rotational striations.

This chapter aims to introduce how silicon melt and oxygen are transferred
by convection under the three types of magnetic fields.

7.2 MAGNETIC FIELDS APPLIED TO CZOCHRALSKI GROWTH

Figure 7.1 schematically shows a cross section of a VMF apparatus [13] that
allows direct observation of molten silicon flow in the magnetic fields by X-
ray radiography. This apparatus consists of four major parts: a set of magnets,
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Figure 7.1 Schematic diagram of the magnetic field applied CZ crystal-growth furnace
with X-ray radiography system.

an X-ray radiography system, a magnetic shield, and a crystal-growth furnace.
Moreover, the system has two cylindrical-solenoid-coils to apply magnetic fields
of VMF. Furthermore, CMF can be obtained by changing current direction of
one of the two coils.

The X-ray radiography system consists of two sets of X-ray sources and cam-
eras. X-ray sources and cameras are very sensitive to magnetic fields; therefore,
shielding is required to observe melt flow under magnetic fields.

7.3 NUMERICAL MODELING

The control—volume method was used for discretizing the governing equations
such as continuity, Navier—Stokes, energy, and impurity transfer equations in
the present calculation [13]. The alternating directional implicit (ADI) method
was used as a matrix solver to carry out a time-dependent calculation with three-
dimensional geometry.

The governing equations of continuity, Navier—Stokes, energy, and impurity
transfers are expressed in Equations (7.1)—(7.3).

9

a—f+v-(pu)=0 .1
9
E+u-(p\7d>]=V-(I“VCD)+S¢(CD=;¢,T, c) (7.2)

§S=-Vp+F(=pg)+ f (7.3)
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where p, T, and I are density, temperature, and diffusivity for the variables such
as velocity, temperature, and impurity concentration. p, f, and g are the pressure,
external forces such as Lorentz and viscous forces, and gravitational acceleration,
respectively. u, T, and ¢ are velocity, temperature, and impurity concentration,
respectively. § is a source term of each variable of velocity, temperature, and
impurity concentration.

When the effect of magnetic fields was taken into account, the Lorentz force
(f) expressed by Equation (7.4) was included in Equation (7.3) as an exter-
nal force,

f=JxB (7.4)
J =0(-V¥ +u xB) (7.5)

where J, ¥, o, and B are the electric current, electric scalar potential, electric
conductivity, and magnetic field, respectively.

When the effects of cusp-shaped magnetic fields (CMF) were calculated,
the following equation based on Biot and Savart’s law was used by taking
into account the electric current, which was distributed in the solenoids with

a finite volume,

| Idl

dH = ( X r) dv (7.6)
47 11 r3

where H, po, and I are the magnetic field strength, permeability, and current in
solenoids, respectively. Here r and V are the distance between some specific point
and a part of solenoids, and volume. Equation (7.6) was numerically integrated
to obtain the magnetic field at specific points.

When oxygen transfer in the silicon melt was taken into account in the cal-
culation, the following assumptions of equilibrium concentration at an interface
between the melt and a crucible, and flux at the boundary melt-gas were imposed
as expressed by Equations (7.7) [14] and Equation (7.8) [15],

0 = 3.99 x 102 exp(—2.9 x 10*/T) atoms/cm’ (7.7
q = h(O(melt)) — O(gas)) (7.8)

where h and O are the mass transfer coefficient at the interface between the
melt and ambient gas, and the oxygen concentration in the melt, respectively.
h and O(gas) are fixed as 2 and 0 atoms/cm?, respectively [14]. Equation (7.7)
was obtained from thermodynamical calculation under the equilibrium condi-
tions [15]. Thermophysical properties used in the calculation are listed
in Table 7.1.

A three-dimensional numerical simulation with a grid size of 50 x 50 x 50
in the r, @, and z directions was carried out. The geometry of the present cal-
culation was based on the experimental one with 3-inch diameter crucible and
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Table 7.1 Thermophysical properties for numerical simulation

Density (kg/m?) 2520
Heat capacity (J/m* K) 2.39 x 10°
Dynamic viscosity (kg/ms) 7 % 10*
Thermal expansion coefficient (K~') 1.4 x 1074
Melting temperature (K) 1685
Thermal conductivity (W/m K) 45
Emissivity 0.3
Electrical conductivity (S/m) 1.29 x 108
Crucible radius (m) 3.75 x 1073
Melt height (m) 3.40 x 1073

|- Si crystal I

Mo Quartz

Crucible
AT
iy \ Simelt

(a)

Figure 7.2 Particle paths of one specific tracer in silicon melt (a) with VMF and
(b) without magnetic fields.

1.5-inch diameter crystal as shown in Figure 7.2 [16]. The temperature bound-
ary conditions of the melt, which strongly affect the flow mode, were set to be
axisymmetric to identify the origin of the nonaxisymmetric temperature, velocity,
and oxygen concentration profiles in the melt.

7.4 VERTICAL MAGNETIC FIELD (VMF)

Figures 7.2(a) and (b) show particle paths observed from one direction in molten
silicon under VMF with 0.035 T (a) and without magnetic field (b), respectively.
The particle path in the figure shows an axisymmetric pattern originated by
a buoyancy force induced by the temperature gradient in the melt. Since the
flow pattern is axisymmetric, the particle path gave a torus-like pattern due to
crucible rotation.

The velocity of molten silicon flow was obtained from tracking a specific
tracer. The projected image of the tracer was observed from one direction in the
experiment, therefore, the projected velocity of one specific tracer was obtained
in the experiment. Hereafter, the projected velocity (V) of one specific tracer
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Figure 7.3 Measured and calculated velocity of one specific tracer as a function of
magnetic number under VMF.

particle was defined as, V = ,/(Ax/A1)2 + (Ay/At)2, where Ax and Ay are
the horizontal and vertical displacements of the tracer image on a display, and
At is the time interval between each frame of VTR film. Figure 7.3 shows
the normalized velocity as a function of magnetic field strength [17]. Moreover,
calculated results are also shown in the figure.

The velocity without VMF of 16.5 mm/s decreased to 5.6 mm/s when 0.035T
of VMF was applied to the melt. This clarifies that the flow velocity of molten
silicon in the meridional plane was suppressed by VMF, which can be expressed
by numerical simulation except in the case of nonmagnetic fields. The pattern of
particle paths was axisymmetric even under VMF, which was kept during obser-
vation in the VMF range from 0 to 0.035T. We estimated a general relationship
between the flow velocity and VMF strength in order to speculate on the flow
velocity in the range of magnetic field larger than 0.035T, since it is difficult to
observe a moving tracer under large magnetic field.

We proposed a nondimensional number based on Hartman number Ha and
Reynold’s number Re from analytical and numerical calculations as magnetic
number M (M = O'th/pvn = Ha?/Re) which was able to predict the numerical
results [17], where o is the electrical conductivity, By is the applied filed, 4 is
the melt height, p is the density and vy is the velocity of molten silicon without
the magnetic field. Details of the derivation of this equation are shown in an
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original paper reported elsewhere [17]. A solid-line (V/Vy = /1 + (M/2)? —
M /2) represents a result obtained from calculation of magnetic number (M).

The above results show that the flow velocity decreased monotonically in the
range above M2 = |. Moreover, the result indicates that flow velocity in the
VMF with 0.1 T in the present configuration is about 0.1 times the flow velocity
without the VMF.

The temperature boundary condition on the crucible wall determines the melt
flow and the oxygen distribution in the melt under VMF. The temperature at the
bottom of a crucible was set to two different values: 1412°C (melting point),
which is identical to type A in Figure 7.4(a), and 1430°C, which is identical
to type B in Figure 7.4(b), respectively. This study was carried out to clarify
how Benard convection occurs under the two different temperature boundary
conditions of types A and B [15].

An axisymmetric flow pattern resulted from the numerical simulation with the
type-A heating system within the magnetic field from 0 to 0.3 T. However, a
nonaxisymmetric flow pattern was observed in the simulation with the type-B
heating system as shown in Figure 7.5(a) and (b), which indicate profiles of the
velocity and temperature distribution at the top of the melt under a magnetic field
of 0.1 T. With a magnetic field larger than 0.1 T, the flow velocity is reduced so
that the temperature profile becomes almost axisymmetric. This means that the
temperature distribution is mainly determined by heat conduction in view of the
small velocity.

ARRRRRRNY

melt heater

—

(b)

Figure 7.4 Schematic diagrams of two kinds of heating system. (a) type A, (b) type B.
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Figure 7.5 (a) Calculated velocity vectors, (b) temperature distribution and (c) velocity
vectors in a z—r plane.

To understand the nonaxisymmetric structure, the velocity profile in the z—6
plane is shown in Figure 7.5(c) at a position of 1cm radius. A cell structure
similar to Benard cells can be recognized in the z—6 plane [15]. This kind of
cell structure can be observed only in the type-B heating system, while it was not
observed in the type-A system. This suggests that the origin of the cell structure
was Benard instability.

When vertical magnetic fields were applied to the melt, the radial flow was
suppressed due to the Lorentz force [15]. Consequently, the temperature gradient
in the radial and vertical directions in the melt increases; so that the system
becomes hydrodynamically unstable. Since the formation of the Benard cells
relaxes the unstable temperature distribution, the system becomes more stable.

Calculated oxygen concentrations as a function of applied magnetic fields
in the center of the crystal grown under a condition of type B are indicated
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Figure 7.6 Calculated oxygen concentration as a function of magnetic fields for (a) type
B and (b) type A.

in Figure 7.6(a) by the solid line. The broken line indicates the experimen-
tal results.

The absolute values of numerical results are slightly different from those of the
experimental results. This discrepancy may be attributed to unreliable parameters
such as the segregation coefficient, the evaporation rate at the free surface, and
the dissolution rate at the melt/crucible interface used in the present numerical
simulation. An anomaly in the oxygen concentration for both the experimental
and numerical results was observed at 0.1 T in a case of type B, while the anomaly
was not observed for the type-A heating system shown in Figure 7.6(b). The
anomaly can be attributed to the formation of Benard cells, since the strength of
the magnetic field in which the anomaly was observed was identical to that in
the formation of Benard cells.

High oxygen concentration in crystals could be observed at the condition of
the anomaly, since melt with high oxygen concentration transferred from the
bottom to the crystal/liquid interface.

7.5 CUSP-SHAPED MAGNETIC FIELDS (CMF)

Two coils with a constant power (1120 A, 200V) can produce three different
types of CMF as follows. (1) The center of CMF was positioned 20 mm above
the melt free surface, which was termed uppermost, (2) the distance was set
to 10mm, which was termed upper, (3) the center of CMF was positioned at
the melt free surface (symmetric), (4) the center of CMF was positioned 10 mm
below the surface (lower), (5) the distance was set to 20 mm below the surface,
which was termed lowermost. Some of the configurations; uppermost, symmetric
and lowermost are shown in Figure 7.7.
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Figure 7.7 The configuration of CMF: (a) the center of CMF positioned 20 mm above
the melt free surface (uppermost), (b) the center of CMF positioned at the melt free
surface (symmetric) and (c) the center of CMF positioned 20 mm below the melt free
surface (lowermost).

Figure 7.8 shows calculated profiles of velocity vectors in the r—z plane for
cases of lowermost (a), symmetric (b) and uppermost (c) [18]. The strength of
the vertical magnetic fields at the center of the crucible bottom was 0.06 T for
a symmetric case (a). The velocity profile characteristics for the surface are as
follows: the velocity vectors near the free surface are almost parallel to the mag-
netic field with a cusp-shaped magnetic field since a flow parallel to a magnetic
field does not induce a Lorentz force.

Figure 7.9 [19] shows calculated results of oxygen radial distributions at the
top of the melt for cases of lowermost (a), lower (b), symmetric (c), upper (d) and
uppermost (e). The crucible rotation rate was set to —3 rpm. The full and broken
lines represent experimental and calculated results, respectively. The calculated
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Figure 7.8 Velocity vectors under magnetic fields of the three types. (a), (b), and
(c) correspond to cases symmetric and upper, and without magnetic fields, respectively.
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Figure 7.9 Oxygen concentration distribution at the interface along radial direction for
cases of (a) lowermost, (b) lower, (c) symmetric, (d) upper and (e) uppermost.

results show that a homogeneous distribution with low oxygen concentration in
the crystals can be achieved for upper, uppermost, and lowermost cases, while
an inhomogeneous distribution and relatively high oxygen concentration was
obtained in cases of lowermost and without the magnetic fields.
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CRYSTAL CRYSTAL

Figure 7.10 Temperature profiles in (a) planes horizontal, (b) planes parallel and
(c) perpendicular to the magnetic fields.

7.6 TRANSVERSE MAGNETIC FIELDS (TMF)

Figures 7.10(a)—(c) [20] show temperature profiles of a horizontal plane, and
of planes parallel and perpendicular to the magnetic fields in the melt under
transverse magnetic fields, respectively. Figures 7.11(a)—(c), respectively, show
velocity profiles in the melt in the same planes. Although crystal and crucible
rotation rates were set to zero in this case, nonaxisymmetric temperature dis-
tribution can be recognized due to unidirectional magnetic fields, which induce
nonaxisymmetric flow.

Therefore, the electric potential distribution in the melt becomes nonaxisym-
metric as shown in Figure 7.12. These asymmetric temperature and velocity
profiles might modify the oxygen concentration in the melt; therefore small oxy-
gen concentration in the melt and crystal might be achieved. Further study should
be carried out to clarify the mechanism of oxygen transfer in the melt.

7.7 SUMMARY

Molten silicon flow under magnetic fields of VMF, CMF, and TMF applied
CZ crystal growth was discussed. Data obtained using an X-ray radiography
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Figure 7.11 Velocity profiles in the melt in planes (a) horizontal, (b) parallel and
(c) perpendicular to the magnetic fields.

technique were compared with the results of numerical simulation. In the VMF
case, the flow velocity of axisymmetric flow decreased monotonically with
increase of magnetic field strength in the range from 0 to 0.035T. The analysis
of flow-velocity reduction under VMF using a magnetic number M describes the
reduction of flow velocity by the VMF.

For the case of CMF, molten silicon flow was discussed for three types of
configuration between the center of CMF and the melt surface. The flow behav-
ior in the CMF depended on the relative position between magnetic field and
the melt.

Three-dimensional flow resulted in the case of TMF, since the distribution of
the Lorentz force was nonaxisymmetric.
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Figure 7.12 Electric potential distribution in the melt in the planes (a) at the top of the
melt, (b) parallel and (c) perpendicular to the magnetic fields.
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8 Modeling of Technologically
Important Hydrodynamics
and Heat/Mass Transfer Processes
during Crystal Growth

V. 1. POLEZHAEV

Institute for Problems in Mechanics, Russian Academy of Sciences 117526
Moscow, Prospect Vernadskogo 101

8.1 INTRODUCTION

Development of the mathematical and physical modeling of crystal growth in
recent years gives a precise and adequate description of the fluid flow for the
given type of crystal growth models. Czochralski growth as a main industrial
method (see overview and references in Hurle, 1993) receives the most effort
hour after early studies of flow visualization (Carruthers, 1977) and direct numer-
ical simulation of the fluid flow on the basis of Navier—Stokes equations using
idealized Czochralski method for axisymmetrical case (Kobayashi and Arizumi
1980, Langlois, 1977, see references Langlois, 1985).

Over 30years a number of overviews were published by Carruthers, 1977,
Pimputkar and Ostrach, 1981, Polezhaev, 1981, Scheel and Sielawa, 1985, Muller,
1988, Brown, 1988, Polezhaev, 1994, Dupret and Van Den Bogaert, 1994, Muller
and Ostrogorsky, 1994 and many others. However, due to the nonlinear and mul-
tiparametrical nature of the problem of fluid flow in crucibles is not solved as
yet. Development of direct numerical modeling on the basis of unsteady three-
dimensional Navier—Stokes equations opens up new possibilities for analysis
of most technologically important features of fluid flow and transport. How-
ever, a new problem of analysis of the complex fluid flows appears as well as
development of special methodology — how to use most efficiently this ‘store of
knowledge’ for improvement of technology and quality of crystals.

During the last decade analysis of axisymmetrical models was continued
by Bottaro and Zebib 1988, Fontaine, er al. 1989, Sacudean, et al. 1989, Buckle
and Schafer 1993, Kobayashi 1995, Mukherjee er al., 1996, Polezhaev et al.,
1997 and many other studies. A new attack on this problem was attempted

Crystal Growth Technology, Edited by H. I. Scheel and T. Fukuda
© 2003 John Wiley & Sons, Ltd. ISBN: 0-471-49059-8
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in the last decade using direct 3D modeling (Bottaro and Zebib, 1989, Leis-
ter and Perec, 1992, Seidi et al., 1994, Xiao and Derby, 1995). In more recent
years a number of runs were done for parameters close to the instability (Yi
et al., 1995b, Nikitin and Polezhaev, 1999). Recently, direct simulation using 3D
unsteady Navier—Stokes equations for the chaotic regime was done by Wagner
and Friedrich, 1997. Nikitin and Polezhaev, 1999a, b presented results of transient
and chaotic regimes for a benchmark configuration (Wheeler, 1991). Qualitative
analysis using available knowledge of different types of instabilities (Carruthers,
1977, Polezhaev, 1984, Ristorcelli and Lumely, 1992) shows a comprehensive
picture of the possible mechanisms of instabilities in Czochralski method. How-
ever, quantitative results of the values of critical governing parameters such as
Grashof and Reynolds numbers for Czochralski model are very restricted.

Critical Grashof numbers for the onset of convective instability and tempera-
ture oscillations in an idealized Czochralski model for the 3D case were found
by Polezhaev et al. 1997, Nikitin and Polezhaev, 1999a and b. Knowledge of
the instabilities are not detailed in comparison with classical problems in fluid
mechanics such as spherical Couette flow (Beliaev, 1997) or isothermal fluid flow
in enclosures with lid rotation (Gelfgat et al., 1996), however, progress is rapid
in this direction. Because of the multiparametrical nature, multiscale, unsteady,
spatial structure of the fluid flow as well as nonlinearity, instability in the real
range of parameters and special technology demands control of the crystal quality
and yields methods of the technological hydrodynamics as a separate discipline
for quantitative analysis should be focused on the idealized Czochralski model.

Physical modeling using visualization techniques plays an important role in
this concept. In the last decade a number of studies were carried out (Jones, 1984,
Berdnikov er al., 1990, and recently by Verezub er al., 1995, Kosushkin, 1997,
Krzyminski and Ostrogorsky, 1997). High Pr number transparent liquids are used
in most cases and low Pr number melt in recent work for molten hot solution.
For the lowest Pr number for semiconductor melts (real silicon melts) an X-ray
technique was developed (Kakimoto et al., 1989). For GaAs melt a special sys-
tem was developed with a ceramic imitation crystal (Kosushkin, 1997). Control
of the boundary conditions is one of the problems for quantitative compari-
son simulation and experimental data (Kakimoto ef al., 1989, 1993, Mukherjee
et al., 1996, Polezhaev, 1998). This problem needs special efforts and is not
discussed here.

This chapter, following the strategy and methods of our previous works,
presents a summary of the recent activity of the mathematical modeling by
author and his colleagues (Polezhaev ef al. 1997 and 1998, related to the bench-
mark problem (Wheeler, 1991) and extension of the benchmark problem to
three-dimensional regimes using direct numerical modeling and linear-stability
analysis. The hierarchy of the models is discussed and new results of multi-
parametrical research using parameters of the idealized industrial LEC GaAs
configuration, and specialized computer video techniques are presented.
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8.2 TECHNOLOGICALLY IMPORTANT HYDRODYNAMICS
PROCESSES DURING CRYSTAL GROWTH

One of the well-known characteristics of the grown crystal is macroinhomogene-
ity, induced by impact of gravity-driven convection on the bulk segregation.
It was found first for enclosures (cylinder, sphere, square, Polezhaev, 1974)
and for the 2D Bridgman configuration: horizontal (Polezhaev et al. 1981 (see
references Polezhaev, 1984), for 3D in a horizontal layer by Polezhaev et al.
1998c and axisymmetric vertical (Brown, 1988, Motakef, 1990). Spreading of
the maximum of temperature/concentration macroinhomogeneity, induced by
thermal gravity-driven convection in the cases of forced, buoyancy, and surface-
tension driven convection under gravity/magnetic fields in uniform and conju-
gated cases are realized (see references in Polezhaev, 1992). The value of this
maximum strongly depends on the crystallization rate and is of interest in low
gravity (Alexander, 1990).

For the ground-based environment the problem of the ‘optimal mixing’ (how
to provide transport of the species to the front and avoid striations due to insta-
bility) is of particular interest. The accelerated crystal/crucible rotation technique
(ACRT) was proposed by Scheel, 1972 and efficiently used for high-temperature
solution growth (see references in Scheel and Sielawa, 1985). However, as was
discussed in the cited paper, the problem for semiconductor melts is more com-
plicated. One of the possible domains on the amplitude-frequency diagram was
found for real material and configurations in the cited paper. Note that for mod-
ern crystal growth applications the famous qualitative picture of the complex
fluid flow in a crucible (Scheel and Sielawa, 1985) which includes forced types
of flows like elementary Cochran, Taylor—Proudman-type, thermal convection
including Rayleigh—Bernard and Marangoni flows should be realized in quanti-
tative form, using realistic boundary conditions and taking into account nonlinear
coupling phenomena, spatial effects, etc.

There are a number of new promising methods of control, using dynami-
cal/thermal actions on the melt. Vibration of the seed is one of the possible
control features (Verezub et al., 1995). Acoustic control action (Kozkemiakin
et al. 1992) is one of the so-called ‘low energetic’ possibilities for control of the
transport phenomena during crystal growth. Temporal oscillations of the power
heater (Zakharov et al., 1998) is also one of them. The key problem of how
to find ‘optimal parameters’ consists in using quantitative analysis of the fluid
flow/transport fields in the general case of industrial regimes with coupling con-
vection and rotation in the Czochralski model. This will be discussed below in
Section 8.6.

Because of the trend to large-scale bulk-crystal production, inhomogeneities
in transition and turbulence regimes as well as in the limiting case of the sta-
tistically average temperature on inhomogeneities in the Czochralski model as
well as convective instabilities induced by the forced flows instabilities and non-
linear interaction of the forced and natural convection are of special interest
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now. Three-dimensional effects and asymmetry of the transport processes were
studied by Polezhaev et al. 1998c. Order structure and spoke patterns in 3D con-
vection were studied both experimentally and theoretically by Yi ef al. 1995b).
Characteristics of fluid flow in transient and turbulent regimes for the Czochral-
ski model are one of the problems. There are only a few papers in this area
(Berdnikov er al., 1990, using physical experiments, Wagner and Friedrich, 1997
using mathematical modeling — with surface-tension driven effects on the melt
surface and Nikitin and Polezhaev, 1999 — with gravity-driven convection). The
above-mentioned problems correspond to the ‘optimal mixing’ as one of the
key problem. For multiparametrical computer optimization adequate and oper-
ative computer tools are needed. Common and specialized models as well as
techniques of multiparametrical analysis transition and turbulent fluid flows and,
specifically, evaluation of 3D effects and comparison with axisymmetrical 2D
one should be developed also for clear understanding of fluid-flow phenomena
in a crucible.

We will focus below on new results concerning elementary critical values of
the onset of the oscillations, induced by thermal gravity-driven convection as
the leading mechanism, coupling with forced convection due to crystal/crucible
rotation, including effects of 3D instability on the basis of the unsteady two- and
three-dimensional models in the industrial technological range of parameters,
which are unknown as yet.

8.3 BENCHMARK PROBLEM

The problem formulation and a range of problem parameters are described in the
axisymmetrical case as suggested by Wheeler, 1991 and will be used below. The
geometry of the problem is a vertical cylindrical crucible radius R, which is filled
by the melt to the height H (Figure 8.1). The crucible can be rotated with constant
angular velocity €2. and it is in a constant gravitational field with acceleration g.
In the center of the upper free surface of the melt is placed the crystal of radius
R,. The crystal can be rotated with constant angular velocity €. It is supposed
that the temperature 7, of the crystal surface is constant, the temperature of
crucible side wall is 7. and the crucible bottom is adiabatic. The melt surface
between crystal and crucible wall is free and plane and its temperature is a linear
function of radius. It is supposed that the melt is a Boussinesque fluid and the
flow is axisymmetrical.

Unsteady Navier—Stokes equations in velocity and pressure variables and the
temperature equation using a cylindrical coordinate system (r,z) and nondimen-
sional variables can be written in the following form:

(1/rya(ru)/or + dw/dz =0 (8.1)
du/dt + udu/dr +wdu/dz — v:/r = —dp/dr + Viu —u/r* (8.2)
dv/dt + udv/dr + wdv/dz + uv/r = Vv — v/r? (8.3)



Modeling of Hydrodynamics and Heat/Mass Transfer 159

RS WS
l g |—-cryslal (seed)

1
|
I
I
H I Re
L ¢ a
|
4 — L melt
01 1
\_lJ W
crucible

Figure 8.1 Scheme of the mathematical model of idealized Czochralski growth.

dw/dt + udw/dr + wdw/dz = —dp/dz + V'w + GrT (8.4)
aT /ot + udT/dr + wdT/9z = (1/Pr)V>T (8.5)

Boundary conditions:

u=w=097T/0z=0, v=rRe. forO<r<1,z=0

u=w=0, v=Re, T=1 forr=1,0<z<u«w

dufdz=0v/dz=w=0, T=@r—-y)/(1—-y) fory <r<l,z=«a

u=w=7T=0, v=rRe forO0<r<y, z=«

u=v=0ow/or=0T/or =0 forr=0, 0<z<u«w
(8.6)

Here ¢-time, u, v, w-radial, azimuthal and axial components of velocity vector,
p-pressure, T-temperature,

V2 = (1/r)(@/dr(rd/or)) + 39%/9°z

Nondimensional variables are introduced in the following way (dash over symbol
denotes dimensional value)

', 2) = Re(r,2)
W' v, w) = W/R)u, v, w)
P = (pv*/R)p — pRegz
t' = (R2/v)t
T'=TL+(T.-T)T

There are the following nondimensional parameters in the equations and in the
boundary conditions:
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Two nondimensional geometrical parameters

a=H/R., y=R/R.

Pr = v/« — the Prandtl number
Re = QSRS;’\) — the crystal Reynolds number
Re. = QCRCE/v — the crucible Reynolds number

Gr= gp(T. — 1“"_.;}!35’/1»2 — the Grashof number.

Here v-kinematical viscosity, f-thermal expansion coefficient, p-melt density,
k-temperature conductivity.

For the benchmark configuration Wheeler, 1991 supposed for all test variants
H/R. = 1.0, R;/R. = 0.4, and Pr = 0.05. The values of other parameters are
given in (Wheeler, 1991, Buckle and Schafer, 1993). Benchmark cases are as fol-
lows: Al, A2, A3 — Re, = 10%,10°, 10* and Cl, C2, C3 - Gr = 107, 10°, 10".
One can see other benchmark cases in Table 8.1.

The typical characteristic (for instance, amplitude of the temperature oscilla-
tions or value of macroinhomogeneity, etc.) of the fluid flow/transport in the melt

Table 8.1 Numerical results for benchmark configuration (axisymmetrical case)

Buckle and
Regime Gr Reg Re. Bessonov  Schafer  S. Nikitin Ermakov N. Nikitin

Al 0 1E2 0 —0.2198 —-0.2345 —-0.2198 —0.2172
A2 0 1LE3 0 —5.0587 —5.3642 —4.9254 —5.0344
A3 0 1E4 0 —43.119 —40.443  —51.805 —43.206 —42.778
Bl 0 1E2 -25E1 -0.0454 -0.0502 —-0.0475 -0.0452
0.1183 0.1180 0.1167 0.1186
B2 0 1E3 -25E2 -15061 —1.6835 —1.5301 -—1.5097
1.1812 1.2414 1.1430 1.1832
B3 0 1.E4 —-25E3 -—-83106 —8.5415 —9.1298 —8.6607 —8.0881
54813 5.2708 47729 5.5192 5.4294
D3 1.LE5 1.E3 0 25.106 24.829 24.871 25.121
Cl 1LES 0 0 28.440 28.437 28.404 28.420
c2 1LE6 0 0 92.930 92.100 92.518 92.690

Characteristics of the formulations and numerical schemes are shown below

Bessonov  Buckle & Schafer S. Nikitin  Ermakov  N. Nikitin

Mesh r, z 80 x 64 64 x 64 80 x 80 80 x 80 64 x 64
Numerical scheme FV FDM FDM CVM FDM/S
Formulation Velocity  Velocity Vorticity ~ Velocity  Vorticity

Pressure  Pressure Stream f.  Pressure  Velocity
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for the Czochralski model may be written as follows:
A = f(Re.,Reg, H/R.. Rs/R.. Gr, Pr, by, by,) (8.7)

Here by, — type of boundary conditions and by, — type of initial values.

Motivation of the benchmark problem (besides being a problem of experi-
mental study and difficulty for computer resolution of the fine boundary layer,
secondary structures, etc.), presented by Wheeler, 1991 and confirmed now, is
that the characterist function A of the fluid flow in the melt is multiparametrical
even for the simplified (idealized) model of Czochralski growth for unicompo-
nent melt flow without Marangoni convection, radiation, etc. Two geometrical
parameters, H/R., RJ/R., two dynamical parameters for forced fluid flow — Re,,
Reg and one — Gr number — for gravity-driven natural convection, and Pr num-
ber as the parameter of physical properties, by — type of boundary conditions,
by, — type of initial values are very important for convection and heat transfer. It
should be taken into account that during crystal growth some of parameters, for
instance, H/R., as well as Gr and by are time-dependent functions. Therefore
the problem of fluid flow in the Czochralski model initiates the development
of analysis of gravity-driven and rotational low Prandtl melt flow — nonlinear
interaction, temperature oscillations, transition to chaos as a fundamental fluid
dynamics problem in such a complicated situation.

It should be noted that in the early statement of the problem (Langlois, 1985)
it was other additional factors such as radiation, Marangoni effect, magnetic
fields, which are important for technological needs, but this makes the prob-
lem more complicated for analysis and control. This is why the so important
thermal control parameter as temperature boundary conditions (by) was not
discussed enough on the early stage of research. Because of the multiparamet-
rical nature of the problem the parameters of crystal growth are different for
most of the published works. A number of other peculiarities exist for real
crystal technologies of the above-mentioned crystals: silicon (Kakimoto er al.,
1993, bottom cooling, Pr = 0.01), GaAs (Zakharov ef al. 1998, bottom heat-
ing, adiabatic melt surface, Pr = 0.07) with counterrotation for semiconductors
and rotation of the crystal for oxides (Xiao and Derby, 1995, adiabatic bottom,
Pr = 8). There are different configurations when using special liquids for model-
ing: Berdnikov er al., 1990 (water, Pr = 7, alcohol, Pr = 15), Mukherjee et al.,
1996 (silicone oil, Pr = 890), Krzyminski and Ostrogorsky, 1997 (NaCl-CaCl,
melt, Pr = 0.5). Kobayashi, 1995 reported results of a multiparametrical anal-
ysis, using H/R, =2.0, R./R; = 2.5, Pr= 1, with the Marangoni effect and
pulling velocity, however, without information related to the calculations, type
of boundary conditions and initial values and different scales for nondimensional
parameters. This situation does not help the analysis of a general picture of
the fluid flow. Therefore the basic configuration for benchmark calculation and
multiparametrical research is useful.

Certainly, the above-mentioned statement does not cover all important prob-
lems. In Polezhaev et al. 1998, and Nikitin and Polezhaev 1999b this benchmark
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problem was extended to the case of 3D Navier—Stokes equations. The gen-
eral 3D case will be taken into account below (Section 8.4.6). Bottom heating
for a GaAs crucible (Zakharov et al., 1998) with an adiabatic melt surface and
counter-rotation is another typical configuration that we propose for systemati-
cally research (Section 8.6).

8.4 HIERARCHY OF THE MODELS AND CODES AND SUMMARY
OF BENCHMARK EXERCISES

Unsteady Navier—Stokes equations for the 3D case is a very delicate model and it
is rational to develop a hierarchy of the models and codes on the basis of this sys-
tem. New tools for modeling that were developed by the author and his colleagues
during recent years in the IPM RAS are briefly described below with comments
and a summary of the benchmarking results (references are made mainly to
original methods and software). The sequence of these tools is as follows:

(1) Elementary two-dimensional nonlinear convective processes in enclosures
for cartesian and cylindrical coordinates

A common PC-based system COMGA (computer laboratory) which includes
a user-friendly interface and video visualization is an efficient tool for research
and elucidation of unsteady convective processes on the basis of Navier—Stokes
equations, specifically for the initial stage (Ermakov et al. 1992, Ermakov et al.
1997). This system includes most of the technologically important hydrodynam-
ics, heat/mass transfer processes during crystal growth as mechanical (forced)
convection (rotation, vibration and coupling) gravity-driven and surface-tension-
driven. For nonuniform media each of these groups also consists of several ele-
mentary processes dependent on the direction of the heat/mass flux. For instance,
the gravitational-type convection in a binary (double-diffusion) system consists of
ten cases for different mutual directions of heat and mass flux and gravity vector.
A similar situation exists for surface-tension-driven convection in a binary system
with different mutual directions of heat and mass flux and free surface vector and
the same for other groups of driven forces. Well-known international benchmark
problems (De Vahl Davis and Jones, 1983, B. Roux, 1990) and different classical
problems such as Rayleigh—Bernard, Marangoni, dynamical control actions with
different angles of inclination, vibration, rotations have been analyzed during
recent years (see classification and extended references Ermakov et al., 1997).
The computer laboratory also includes possibilities for analysis transient and
chaotic fluid flow for all of the above-mentioned elementary processes.

(2) Axisymmetrical idealized Czochralski model.

The statement of this problem corresponds to Equations (8.1)—(8.7). Spe-
cial versions of the above-mentioned system for the axisymmetric idealized
Czochralski model, named ‘Intex’ (Ermakov et al., 1997) and video techniques
for visualization and saving of information, television and video recorder, as
well as software for presentation are developed for this goal. A film for 200s
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of a calculation run was presented by 2000 files that took up 37.7 Mb. Graphic
information with 3400 Mb can be saved on a three-hour videocassette, which
is efficient for multiparametrical computer modeling. Examples of the videofilm
pictures are shown in Figures 8.2—8.4. The central difference approximation was
used for the benchmark problem. Calculations were made on the uniform grids
21 x 21,41 x 41, 81 x 81 for each variant to investigate the convergence of solu-
tions. The results are given in Polezhaev er al. (1998d). Coincidence of results
obtained with the data of the work of Buckle and Schafer, 1993 for variants C1
and C2 (thermal convection only) can be considered as good, but such coinci-
dence is absent for variants A1-A3 (rotation of crystal). The discrepancy, for
example, in the case of the slow flow regime Al (Re; = 100) is large for such
fine grids. The calculations also show that the accuracy of results becomes worse

Isotherms Stream functions
T
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—_—
M 0.0048
'
¥ "N 0.0063

0.0067

N 0.0110

L2

(a)

Figure 8.2 Temporal behavior of the temperature/isolines of stream function for bench-
mark problem ((Gr = 6 x 10°, W, = W, = 0). Values on the right show nondimensional
time: (a) linear temperature profile on the melt surface, (b) adiabatic boundary conditions
on the melt surface.
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Figure 8.2 (continued).

when there is a counteraction of different mechanisms of flow (thermal convec-
tion, rotation of crystal and crucible). For variant C3 (Gr = 107) the oscillation
regime of flow was obtained. A number of calculations were made to find the
critical Grashof number that takes place for Grashof numbers between 2 x 10°
and 3 x 10°.

Besides this common type of system two other methods (control volume
schemes for primitive — velocity-pressure formulation and spectral-difference)
were employed. The first one is based on an implicit variant of the splitting
method on a staggered mesh. Second-order derivatives (central differences for
convective terms) are used. Calculations were made on the uniform meshes up
to 160 x 160. For variant C3 (Gr = 107) in comparison with the same results in
work Polezhaev et al., 1998d. Coincidence nonperiodic oscillations were obtained
instead of periodic ones in the mark of Buckle and Schafer, 1993. For the sec-
ond method, based on the spectral-difference scheme (Nikitin, 1994) there is
the best correlation for the v, related to the C2 problem: asymptotic value
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(a)

(b)

Figure 8.3 Temperature/flow fields (forced convection and temperature fields without
convection, steady-state regime) for the model of Czochralski growth of GaAs (axisym-
metrical case). (a) isotherms left/stream and functions (right) without thermal convection.
Steady-state regime. (Gr = 0 Wy = —6rpm, W, = 16rpm); (b) isotherms without convec-
tion and rotation. Steady-state regime. (Gr = W, = W, = 0).

Ymax = 93.179 (1.2 % difference from the results of the work of (Buckle and
Schafer, 1993) (64 x 64) and 0.7 % for the same result by FDM (81 x 81). How-
ever, for B3 the asymptotic value ¥, = 55.833, which is 5.6 % different from
the work of Buckle and Schafer, 1993 and 14.5 % from the same result of FDM.
Nonperiodic behaviour of the temperature oscillations was also achieved by this
method for the problem C3. Using this method, the critical value onset of oscil-
lations was calculated. The most exact critical Grashof value for the onset of
temperature oscillations for Re; = Re. = 0 using the axisymmetrical approach
was found as Gr, = 2.5 x 10°, which is well correlated with the same result
with the use of FDM.

Table 8.1 presents comparisons of results in the work (Polezhaev er al., 1998a)
for different regimes of the benchmark (H/R. = 1, Ry/R. = 0.4, Pr = 0.05, lin-
ear temperature profile on the surface melt), with the uniform meshes used — from
64 x 64 to 80 x 80. Values of the minimum (regimes Al, A2, A3, BI, B2, B3)
and maximum (regimes B1, B2, B3, D3, CI, C2) of stream functions are shown.
One can see that correlations of the results is adequate for steady-state regimes
using such a uniform mesh. However, it is not so simple to provide accurate
calculation results of the temperature oscillation even for the axisymmetrical
model (Nikitin and Polezhaev, 1999a). Therefore stability analysis is a very
important tool in this case.
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(3) Direct numerical simulation of three-dimensional equations for the
Czochralski model.

Using the spectral-difference method 2D and 3D problems as well as linear
analysis were carried out (Nikitin and Polezhaev, 1999a, Polezhaev et al., 1998b).
The governing system of equations for the spectral-difference method is written
for velocity-vorticity variables in the next vector form:

Vit =V xw—Vr -V x o+ GrTk,
VvV =0
o=V xV
aT /3t +V(VT) = (1/Pr)V*T

Here V(t,r, 8, z) — velocity, w(t,r, 0, z) — vorticity, m = P/p + V?/2, P(t,
r,0,z) — pressure, p — density, k. —unit vector along z-axis. Definitions of
the nondimensional Gr and Pr numbers are the same as above, as well
as boundary and initial values, «, y, Res; and Re.. For direct numerical
simulation, spectral (Fourier) representations in the azimuthal direction and finite-
difference approximations with staggered grids in radial and axial directions
were used (Nikitin, 1994). The time advancement is performed by a semi-
implicit Runge—Kutta scheme. Using direct simulation all the above-mentioned
benchmark problems were carried out (Nikitin and Polezhaev, 1999a).

(4) Three-dimensional linear stability analysis code for Czochralski model.

For stability analysis small three-dimensional perturbations are superimposed
on the steady axisymmetric solution and their behaviour is considered within lin-
earized Navier—Stokes equations. The linear stability analysis code for Czochral-
ski model developed by Nikitin (Nikitin and Polezhaev, 1999b) includes proce-
dures for calculation of the axisymmetrical flow and temperature fields, input of
the 3D disturbances and calculation of the disturbances evolution. It is possible,
using this technique, to analyze types of instabilities (monotonic, oscillatory).
Using stability analysis the critical Grashof (Reynolds) number for onset of
flow/temperature oscillations in the three-dimensional case may be defined fol-
lowing the evaluation of the temperature disturbances 7" in the fixed point and
estimate the function A" (t) were

2n

(A"0)* = (1/27) ) (T"(t, ro, 20, 0)* d6
0

One can find examples of the growth of function A(¢) for different modes in
paper Nikitin and Polezhaev, 1999a (see also Section 8.6.2a). Using the above-
mentioned parameters of the benchmark configuration, the critical Grashof num-
ber for gravity-driven convection (oscillatory for linear temperature distribu-
tion on the surface melt and monotonic for adiabatic melt) were found for
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the 3D case (Nikitin and Polezhaev, 1999a). Validation of the stability analy-
sis was checked, using direct numerical calculations of the 3D Navier—Stokes
equations (Nikitin and Polezhaev, 1999, Polezhaev et al., 1998, see additional
information and examples in Section 8.5 and in Section 8.6.2(a) and (b).

(5) Global thermal approach and thermostresses simulation for axisymmetrical
Czochralski model.

This approach is widely used now (see Dupret and Van Den Bogaert, 1994,
Muller, Ostrogorsky, 1994). The model developed by (Griaznov et al., 1992)
includes the crystallization front, heat transfer in crystal, radiation and the field
of thermostress. However, this approach is not used at this stage of research
to make precise analysis of the fine structure of the fluid flow for analysis of
the hydrodynamical reasons of the crystal quality and is very restricted in mul-
tiparametrical control possibility analysis. Baumgartl ef al. (1993) carried out
global simulation of heat transport including melt convection in a Czochralski
crystal-growth process.

8.5 GRAVITY-DRIVEN CONVECTION INSTABILITY
AND OSCILLATIONS IN BENCHMARK CONFIGURATION

Using the linear stability technique the critical Grashof number for onset of
temperature oscillations in the three-dimensional case was defined following
the evaluation of the temperature disturbances, as described above (Nikitin and
Polezhaev, 1999a). The critical Grashof number for onset of temperature oscilla-
tions the due to convective instability in the benchmark example (linear tem-
perature profile on the melt surface and adiabatic crucible bottom) is found
to be 5.5 x 10° for the 3D case (2.5 x 10° in the axisymmetrical case). For
Gr. > 6 x 10° nonregular oscillations are developed in the 2D case. Thermal iso-
lation of the melt surface eliminates the temperature oscillations in the melt and
the critical Grashof number is higher: Gr. = 1.2 x 10° for the 3D case (Gr. > 107
for the axisymmetrical case).

Within these benchmark parameters special attention is paid to the struc-
ture of the temperature field during temperature oscillations and the possibility
of damping using the temperature regime on the surface melt. Figure 8.2(a)
shows isotherms and isolines of stream functions for Gr = 6 x 10° without crys-
tal/crucible rotation (benchmark case C2). Initial values were zero velocity and
uniform temperature fields inside the melt with instantaneous cooling of the
crystal (disc). There are three stages on this figure. First, development of the
convective flow and temperature front propagation (until + = 0.023, when this
front reaches the bottom and a boundary layer is developed on the heated side
wall of the crucible. Second, penetration of the heated portion of the melt to the
core of the melt (until 7 = 0.048), cooling and dissipating. After that (third stage)
a new portion of the heated fluid is coming from the side wall to the top and so on.
Videofilm shows this mechanism very clearly. Figure 8.2(b) shows the same run
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with only one change — an adiabatic melt surface. For this case stable stratifica-
tion suppresses the above-mentioned mechanism of the periodic penetration and
cooling of the heated layer from the side wall. This is why the critical Grashof
number for onset of oscillations in this case for the axisymmetrical approach is
more than 10,

Verification of these critical values in the 3D case was done by direct numer-
ical calculation of full nonlinear equations. Direct numerical calculation on the
basis of 3D equations (Polezhaev et al., 1998a) showed that there is no difference
between the 2D and 3D results in stream function and isotherms fields for the
cases Gr = 5.5 x 10° (linear temperature profile on the melt) and for Gr = 10°
(adiabatic boundary condition). However, three-dimensional effects (oscillations)
exist for Gr = 10° in the case of a linear profile on the surface melt, as was pre-
dicted by linear stability calculations. It is well correlated between the RMS of the
oscillations, calculated by two different 3D codes — on the basis of finite differ-
ence and spectral-difference methods. In new calculations (Nikitin and Polezhaev,
1999) direct modeling of 3D the regime was done for the benchmark configura-
tion (linear profile of the temperature on the melt surface) for Gr = 6 x 10° and
6 x 107. Nonregular oscillatory regimes with continuous spectra (turbulent) were
shown for both cases.

Therefore, in the benchmark configuration two types of the onset of the oscil-
lations are shown. The first one, by reason of the lost symmetry, with lower
Grashof number. The second one, by reason of boundary layer-type convective
flow instability, with higher Grashof number. Quantitative values are welcome to
compare for other researchers. Both instability mechanisms are strongly depen-
dent on the thermal boundary condition on the melt surface. Therefore it may be
used for thermal control of the temperature oscillations.

8.6 CONVECTIVE INTERACTION AND INSTABILITIES
IN CONFIGURATION OF INDUSTRIAL GaAs CZOCHRALSKI
GROWTH

We will show in this section how hierarchy of the models/codes works for analysis
of the actual industrial process. One of the possible configurations of the indus-
trial regime for LEC semi-insulating GaAs growth is characterized (Kosushkin
1997, Zakharov et al., 1998) by the following values: H =4.0cm, Ry =4.0cm
and R, = 7.0cm, therefore H/R. = R,/R. = 0.578. The dynamical regime is
counter-rotation with Wy = 6 rpm, W, = —16rpm. Using physical properties for
GaAs melt from the above-cited paper and the temperature difference between
crystal and crucible as 30 °C, one can find nondimensional parameters Pr = 0.07,
Gr=7.8 x 107, Re; = 6 x 10°, Re, = —1.6 x 10*. Dimensional rotation speed
and time will be used below for easier analysis. There are some changes in ther-
mal boundary conditions in comparison with the above-mentioned benchmark
configuration: the bottom is not adiabatic — there is a bottom heat supply so that
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the temperature on the bottom is the same as on the side wall: 7. = T,. Adiabatic
melt surface is assumed to be as typical for the LEC configuration (Kakimoto
et al., 1989).

The goal of this section is to analyze the nature of the oscillations in the melt
for semi-insulating GaAs crystal growth with counterrotation and the damping
possibilities. The oscillation mechanism for the case of zero rotation and for the
coupling of nonlinear flows will be done in axisymmetrical and three-dimensional
approaches. Different types of elementary (forced and gravity-driven) convective
instabilities (due to cooling above the disc or bottom heating and side heating
of crucible) as well as coupling will be discussed. For this part of the chapter
related to the parametrical analysis of industrial ground-based regime a monotonic
‘upwind’ FDM scheme and nonuniform mesh (81 x 81 grids) for calculations on
the basis of the ‘Intex’ system (Section 8.4) were used.

8.6.1 AXISYMMETRICAL APPROACH: NONLINEAR COUPLING FLUID
FLOW AND CONTROL POSSIBILITIES

(a) Forced convection and diffusion.

For the analysis below it is important of clearly understand the impact on
temperature field of the forced convection due to rotation. Figure 8.3(a) shows
steady-state temperature and flow fields due to forced convection only, which
corresponds to zero gravity (W, = 6 rpm, W, = —161pm, Gr = 0). Classical Tay-
lor—Praadman flow may be recognized from this picture. The impact of the flow
on the temperature field may be recognized by comparison with isotherms for the
diffusion regime only with zero velocity (Figure 8.3(b)). The weak oscillations
and relatively small impact on temperature field in comparison with gravity-
driven convection below (Figure 8.4(a—e)) should be mentioned. Note, that for
the 3D case this forced flow is definitely unstable due to a supercritical crucible
rotation speed (see Section 8.6.2a).

(b) Thermal gravity-driven convection.

Using parametrical calculation on the basis of the axisymmetrical model
with a change of Grashof number (similar to the benchmark configuration in
Section 8.5), the critical Gr number for onset of the oscillations was found as
Gr = 1.5 x 10®. Therefore the convective regime without any rotation in the
axisymmetrical case should be steady state (note, however, that this critical value
corresponds to the melt level H = 4 c¢cm only). Ground-based convection without
rotation (Gr = 7.8 x 107, Wy = W, = 0) was calculated, using for initial values
of zero velocity field and uniform temperature in the melt, which is heated until
the side wall temperature reaches 7. and the instantaneous cooling disc surface
reaches 7.

Figure 8.4(a) shows the temporal evolution of the thermal convection. One
can recognize two kinds of thermal-convection mechanisms in the crucible:
(a) local thermals due to the instantaneous crystal cooling from above and
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(b) global circulation due to the side heating. However, the local mechanism
in the form of thermals dominates in this case only on the initial stage (for
about 10-15s). Thermals were observed on the suddenly heated bottom in water
by Sparrow et al. 1970 (see also realization of thermals by the computer system
COMGA by Ermakov ef al., 1997). A similar structure of thermals penetrated
from above the cooling water surface was reported by Bune et al., 1985. After
long time the distance global type of convection from the side heating dominates
(Figure 8.4(a)). Note that this situation exists for low Pr number melts. For high
Pr experiments Berdnikov er al., 1990 reported regular oscillations induced by
thermals near the above cooled front, which corresponds to recent calculations
by Polezhaev et al., 1998b). The long-term regime (Figure 8.4(a)) is steady state
(in accordance with estimation of the critical Gr number for axisymmetrical
case). It is similar to the benchmark configuration (Figure 8.2(b)) and helps to
understand the stabilization.

However, it should be taken into account that the leading long-term convective
mechanism is strongly dependent on the melt level. Figure 8.4(b) shows the
calculation of convection for small height of the melt level H = I cm, where
bottom heating (Rayleigh—Bernard mechanism) in the form of convective cells
dominates. For this case the impact of dynamical control actions may be quite
different. These comments show the importance of Pr number and the geometrical
configuration for the flow field in the crucible and restricts the parametrical
analysis here for the level of 4 cm in low Pr number melt.

(c) Coupling of the thermal convection and crystal/crucible rotation.

The initial stage of this industrial regime is similar to the previous one
(Figure 8.4(a)). However the special oscillatory mechanism, which may be rec-
ognized as a W-type isotherm structure is realized for long-term duration as
shown in Figure 8.4(c). An important feature of the flow field in this case in
comparison with the long-term convection structure in Figure 8.4(a) is the strong
disturbances due to interaction with the forced type of convection.

More detailed parametrical analysis was done to show the cause of this type
of instability. Figure 8.4(d) shows the interaction of the thermal convection and
crystal rotation only. One can see that convection is dominant again for a crys-
tal rotation speed of 6rpm (Re, = 6 x 10°), because of the high value of the
governing parameter Gr/Re? > 5. Only weak instability exists in the bottom
region near the axis in this case in accordance with stability analysis (Nikitin,
Polezhaev, 1999a). Therefore this type of interaction is not the reason for the
flow-field structure in Figure 8.4(c). The next run with crucible rotation and zero
velocity of the crystal rotation (Figure 8.4(e)) definitely shows that the reason
for the strong instability in Figure 8.4(c) is coupling of thermal convection and
crucible rotation because of the high crucible rotation speed (it is the small value
of the governing parameter Gr/Re? = 0.3). There are a number of qualitative
reasons for this type of instability, for instance, Kurpers and Lortz, 1956 (see
Ristorcelli and Lumely 1992) reported a similar mechanism by reason of con-
vection and rotation of the container. However, quantitative analysis is very
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important here because of the strong dependency of parameters. We will return
to a discussion of this phenomena on the basis of the 3D model using stability
analysis (Section 8.6.2(a)).

(d) Analysis of control possibility using axisymmetrical model.

There are two primitive possibilities for control of the above mentioned type
of instability: (a) to reduce crucible speed rotation, (b) to reduce the gravity
level. Using analysis on the basis of axisymmetrical model it was shown by
Polezhaev et al. 1997, that for the last case temperature oscillations in GaAs melt
may be avoided for g/g, = 0.01. Temporal behaviour of this case in compari-
son with Figures 8.39(a) and 8.4(c) shows that W-type isotherms are completely
eliminated. A similar effect of the elimination of the temperature oscillations
may be achieved using reduction of crucible rotation speed, to 1.5 rpm. How-
ever, the impact of thermal convection on the temperature field in this case
is quite different. Another more complicated possibility (time-dependent tem-
perature on the side wall due to variation of the heater capacity) is discussed
by Zakharov et al., 1998. These control possibilities, termed ‘low energetic pos-
sibilities alternative to microgravity’, were studied in the framework of the project
NASA-RSA (Polezhaev et al., 1998b). However, the analysis on the basis of the
axisymmetrical model shows a possibility to avoid only some (but probably the
strongest) of mechanisms of oscillations and must be checked on the basis of
3D models.

8.6.2 THREE-DIMENSIONAL ANALYSIS

(a) Stability analysis of the elementary fluid flows.

Results of the linear stability analysis using the technique of Nikitin and
Polezhaev, 1999a for this configuration (Figures 8.5-8.7) show structures of
three-dimensional disturbances in two different (r, z and azimuthal, z = const)
cross sections and temporal behavior of 3D disturbances for elementary processes:
thermal convection without any rotation Figure 8.5, crystal (disc) rotation without
convection (Figure 8.6) and the same for only crucible rotation (Figure 8.7). The
critical Grashof number for convection in the configuration discussed here was
found to be 2.5 x 10° which is not far from Gr, = 1.2 x 10° for the benchmark
configuration in the above-mentioned Section 8.5.2 and significantly smaller than
1.5 x 10® for the axisymmetrical case. Therefore it must be the oscillatory regime
in the 3D case instead of steady state in Figure 8.4(a). There is a global structure
of temperature disturbances in the r—z plane (Figure 8.5(a)) and a periodically
azimuthal temperature structure (Figure 8.5(b)) with half the period in the 3D
benchmark configuration (Nikitin and Polezhaev, 1999a).

The critical rotation speed of the crystal under 3D disturbances was found
to be (W), = 7.7rpm. It corresponds to a critical Re, = 7.7 x 10°, which is
smaller than for the Cochran flow because of disturbances in the enclosure, as
shown in the r—z plane in Figure 8.6a. Azimuthal disturbances are nonsym-
metrical in this case (Figure 8.6(b)). Anyway, the critical W, value is higher
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Figure 8.5 Three-dimensional instability for Czochralski LEC growth of GaAs con-
figuration for thermal convection without rotation Gr.. = 2.5 x 10%; (a) structure of the
isotherms disturbances in r—z plane; (b) structure of the isotherms disturbances in the
azimuthal plane; (c) temporal behavior of the different temperature modes.
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Figure 8.6 Three-dimensional instability for Czochralski LEC growth of GaAs configu-
ration for disc rotation only (W), = 7.7 rpm: (a) structure of the isotherm disturbances in
the r—z plane; (b) structure of the isotherm disturbances in azimuthal plane; (¢) temporal
behavior of temperature modes.
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Figure 8.7 Three-dimensional instability for Czochralski LEC growth of GaAs config-
uration for crucible rotation only (W, = —1.2rpm; (a) structure of the isotherm distur-
bances the in r—z plane; (b) structure of the isotherm disturbances in azimuthal plane;
(c) temporal behavior of temperature modes.
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than the industrial value 6.0rpm. Therefore, it confirms, as was noted above
(Section 8.6.1) that crystal rotation is not the reason for instability even in the
3D case. However, critical crucible rotation speed (W.)., which was found to be
about 1.2rpm (Re. = 1.2 x 10%), is more than 10 times lower than the industrial
one 16 rpm. Azimuthal disturbances are symmetrical in this case (Figure 8.7(b)).
Therefore temperature oscillations in this case will be present even in zero grav-
ity. A monotonic instability in both cases of the elementary forced convection
may be noted (Figures 8.6(c) and 8.7(c)). Therefore analysis of stability of the
elementary mechanisms helps to recognize the possible impact of the elementary
processes on the final structure of flow/temperature fields.

(b) Direct numerical simulation of the coupling regimes on the basis of
unsteady 3D model.

Simulation of the three-dimensional industrial case (Gr = 7.8 x 107, Re, =
6 x 10°, Re. = —1.6 x 10*), which was done using the spectral-finite difference
technique (Nikitin and Polezhaev, 1999b and Polezhaev ef al., (1998b)) shows
chaotic temporal behaviour of the flow/temperature fields. The results of the
calculations are mainly qualitative, because a relatively coarse uniform mesh was
used. There is not enough space for discussion of the computation technique and
results, but in the cited paper the method of analysis chaotic (turbulent) regime

;'5"

(a) (b)

Figure 8.8 Direct simulation of thermal convection and counter-rotation in GaAs
‘Czochralski method. Fragment of instanteneous isotherms of unsteady 3D modeling.
Up: r—z plane, down: azimuthal plane, z = 0.95: (a) ground-based industrial regime
(Gr=7.8 x 107, Wy = 6 rpm, W, = —161pm); (b) industrial regime under reduced
gravity (Gr = 7.8 x 10°, W, = 6rpm, W, = —16rpm): laminar flow.
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for the benchmark configuration was discussed in detail. Three-dimensional runs
here show a typical turbulent temperature field for the industrial regime in the
azimuthal plane (Figure 8.8(a)), but in the r—z plane (Figure 8.8(b)) qualitatively
similar to the axisymmetrical ones (Figure 8.4(c)). A special run was carried out
with low gravity Gr. = 7.8 x 10° (g/g, = 0.01). A fragment of the instantaneous
isotherms structure is shown in Figure 8.8(b) (Polezhaev et al., 1998b). In this
case isotherms in the r—z plane (Figure 8.8(b)) are similar to axisymmetrical ones
for zero gravity (Figure 8.3(a)). Therefore conclusions related to the possibility
to eliminate oscillations using thermal and dynamical control as alternatives to
microgravity in industrial regimes of GaAs LEC, which was found using the
axisymmetrical model, are confirmed qualitatively in the 3D case. The difference
is that regular temperature oscillations exist in the 3D case for the industrial
regime even in the low-gravity environment.

8.7 CONCLUSIONS

Instabilities induced by nonlinear interaction of the thermal convection and
crystal/crucible rotation for the idealized Czochralski model for the industrial
LEC GaAs crystal-growth regime, which characterize nondimensional parameters
H/R.=0.578, R,/R.=0.578, Gr=7.7 x 10®, Pr=0.07, Re; = 6.6 x 10°,
Re, = —1.6 x 10* (this corresponds to a GaAs melt H = R, =4cm, R, = 7cm,
W, = 6rpm, W, = —16rpm) are analyzed using an axisymmetrical approach, 3D
stability and direct numerical simulation.

As a result of modeling of gravity-driven convection in a crucible in the
Czochralski method that three different possible mechanisms of gravity-driven
convection in the crucible are shown: side heating, above cooling near the crystal
front and bottom heating. The critical Grashof number for onset of temperature
oscillations due to convective instability in this configuration is found to be
1.5 x 10% in the axisymmetrical case and 2.5 x 10° for the 3D case.

The critical Reynolds number for disc rotation is found in the 3D case (Reg). =
7.7 x 10% and for crucible rotation (Re.). = 1.2 x 107 (this corresponds to the
critical rotation speed of the crystal of 7.7 rpm and 1.2 rpm for crucible rotation).
High stability of the elementary flows, induced by thermal convection, crys-
tal/crucible rotation is found in the axisymmetrical case. Coupling of convection
and crucible rotation is the main reason for instability, which is realized even in
the 2D case. The results of the modeling encourage research into the possibility
of symmetrization of the temperature and flow fields during Czochralski growth
as an important control action.

Possibilities to reduce temperature oscillations in GaAs melt (thermal, dynam-
ical, geometrical, etc., control actions including possibilities to reduce gravity)
may be analyzed in quantitative form using an actual technological environment.
However- it seems that industrial control actions are far from optimal. One of the
possible reasons high crucible rotation speed (more than ten times higher than
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critical). It should be concluded also that for a given industrial ground-based
technological process the microgravity level g/g, = 10~° may be enough for
damping the largest oscillations in LEC GaAs melt in the crucible for the growth
of semi-insulating GaAs.

Tools for modeling using hierarchy of the models/codes for analysis of tech-
nologically important fluid dynamics, heat/mass transfer processes are devel-
oped and results using benchmark configurations for axisymmetrical and three-
dimensional cases are summarized. For the benchmark configuration Gr, = 2.5 x
10 in the axisymmetrical case and 5.5 x 10° for the 3D case and G, = 3.5 x 10°
for Re; = 10°, Re. = 0 are presented for this benchmark as well as steady-state
results for the axisymmetrical case. A strong impact of the boundary tempera-
ture conditions on the melt’s surface (adiabatic: Gr. > 107 in the axisymmetrical
and Gr, = 1.2 x 10° for the 3D case) is shown. It is also shown that the two-
dimensional axisymmetrical model is efficient for prediction of a number of
technologically important fluid flows and heat/mass transfer in the »—z plane and
may be a powerful tool for parametrical research together with 3D stability and
direct simulation.
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9 Influence of Boron Addition
on Oxygen Behavior in Silicon Melts
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Silicon Melt Advanced Project, Shonan Institute of Technology Fujisawa,
Kanagawa 251, Japan

ABSTRACT

The oxygen concentration in silicon crystals is markedly changed by adding
impurities. The solubility of oxygen atoms in boron-doped silicon melt increases
with increasing boron concentration. The dissolution rate of fused quartz also
increases with increasing boron concentration. It has been found that the frac-
tion of cristobalite area grown on a fused quartz rod surface changes the fused
quartz dissolution rate. The evaporation rate of silicon monoxide has a tendency
to increase with increasing boron concentration. The importance of understand-
ing silicon melt will be discussed. The strategy to grow well-controlled silicon
crystals and recent results are described.

9.1 INTRODUCTION

Large-diameter silicon crystals are of extreme importance for electronics. The
diameter of silicon has increased with time and many silicon suppliers now
have the capability to grow 12-inch diameter crystals. The formation of grown-
in defects, detrimental to large-scale integrated circuits, changes with increase
in crystal diameter. The origin of these defects is not fully understood because
of the lack of data and of the understanding of the growing interface. In our
opinion, the origin of defects is partly or mainly related to the melt conditions.
Our strategy for research is shown in Figure 9.1. First, the dependence of melt
properties on temperature and impurity concentration should be studied. The
density of silicon melts is bound to vary significantly by impurity addition [1]
resulting in changes in melt convection [2, 3], but the reason for the density
change is not well understood. Secondly, we will study the evaporation of SiO
and incorporation of ambient gases. Thirdly, the physics of silicon crystals at
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Figure 9.1 Strategy for the research of Si crystal growth.

high temperatures is important. Finally, the most important research area is the
growing interface.

The melt properties should be studied more precisely, especially the variation
with impurity species of fundamental physical properties such as density, surface
tension and viscosity. The structure of the melt, its dependence on chemical
bonding, and the dependence of the crystal/melt interface and induced defects
on the melt structure are of essential interest. The oxygen concentration in Si
crystals has been reported to change strongly with high boron doping [4, 5]. We
report here the variation in oxygen solubility, fused quartz dissolution rate, and
SiO evaporation from the melt surface with boron addition to silicon melts.

9.2 OXYGEN BEHAVIOR IN BORON-DOPED SILICON MELTS

Oxygen dissolves into silicon melts from the fused quartz crucible wall up to
the solubility limit. The oxygen solubility changes with impurity addition and
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prediction of oxygen incorporation into the growing crystal requires data on oxy-
gen dissolution rate, solubility and SiO evaporation rate from the free surface of
the melt. Highly boron-doped silicon of large diameter has attracted much atten-
tion for p-type epitaxial wafers due to its iron-gettering ability. In this section,
oxygen solubility, fused quartz dissolution rate and evaporation from the melt
surface are reported as a function of boron concentration in the melt.

9.2.1 OXYGEN SOLUBILITY IN SILICON MELT
9.2.1.1 Experimental

Our experimental method is basically the same as Huang [6]. A silicon rod
13mm in diameter and 33 mm in length was fixed in a 13-mm inner-diameter
quartz ampoule with a flat bottom. The upper space in the ampoule was sealed
with a quartz rod with a slightly smaller diameter and it was welded completely
to the inside wall of the ampoule after evacuation to about 107> Torr. The quartz
ampoule with a pure silicon rod or silicon rod with boron powder inside was
covered with a graphite holder and heated to various temperatures in the range
of 1430-1470°C for 120 min in an Ar atmosphere. The furnace used in this
experiment was a horizontal three-zone type. The sample was quickly drawn
from the furnace for quenching, after equilibration has presumably been attained
in 120 min. The size of the specimen was 3 x 3 x 2.5mm?. The samples were
mirror polished. The oxygen and boron concentrations were measured using a
secondary in mass spectrometer (SIMS) (CAMECA, IMS-3f/4) instrument. The
relative error of the SIMS measurements was less than 5 %.

9.2.1.2 Results and discussion

Oxygen concentration increases with increasing boron concentration as shown
in Figure 9.2. When the boron concentration is 5 x 10*° atoms/cm?®, the oxygen
concentration is 4 x 10'® atoms/cm®. This oxygen concentration is about twice
the value for undoped silicon. The results of undoped silicon in our laboratory
showed good agreement with the reported value by Carlberg [7]. The dependence
of the oxygen concentration on the silicon-melt temperature in boron-doped sil-
icon melts is given in Figure 9.3. According to our experimental data, oxygen
concentration increases with increasing boron concentration independent of the
silicon melt temperature. The cause of this phenomenon is discussed below.

To discuss the relation between boron atoms and oxygen atoms in a silicon
melt, first we assume the generation of boron oxide species. If X atoms of boron
react with one oxygen atom, the following chemical reaction occurs:

XB+0 «—— BxO (9.1)
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The equilibrium constant K is given by the following expression:

_ [BxO]
[BI¥[0]

(9.2)

where [O], [B] and [BxO] are the total oxygen concentration, the boron concen-
tration, and BxO concentration in the boron-doped silicon melt, respectively.
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It is assumed that there are two kinds of oxygen in a boron-doped silicon melt:
one is uncombined or isolated oxygen atoms, the other is combined with boron
atoms in the form of ByO. Then the following calculation can be carried out:

[0] = [Ols; + [BxO] = [Ols; + K[B]¥[O] 9.3)
A[0]/[0] = K[B]* (9.4)

A[O] = [0O] — [Ol]s; is the increased oxygen concentration due to boron addition
in the silicon melt. Equation (9.4) can be rewritten as follows:

In{A[O]/[O]} = In K + X In{[B]} 9.5)

The values of X and K are calculated by using our results. X and K values
are obtained from the following process. The relationship between the increase
of oxygen concentration and boron concentration in silicon melt is plotted in
Figure 9.4. The gradient corresponds to X. In Figure 9.4, In[B] being equal to
O, the value of In(A[O]/[O]) gives K. Table 9.1 shows X and K. According to

Y=052X-075

In(A[O}/[O])

In([B]%)

Figure 9.4 Relationship between the increase of oxygen concentration and boron con-
centration in a silicon melt: Silicon melt temperature = 1470 °C.

Table 9.1 Calculated X and the equilibrium constant K

Si melt temperature (°C) X Equilibrium constant: K
1430 0.16 0.51
1450 0.089 0.54

1470 0.52 0.47
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Table 9.1, the ratio of boron to oxygen varies with temperature. The dependence
of K on the silicon melt temperature in boron-doped silicon melt is given in
Figure 9.5. The value of K is smaller than unity and the dependence on the
silicon-melt temperature has no definite tendency. The activation energy of the
boron-oxygen reaction AE is given by the following expression:

InK =——+N .6
n RT—}— (9.6)

where R is the gas constant and N is a constant unrelated to the silicon-melt
temperature. According to Equation (9.6) and Figure 9.4, AE is almost zero. So
there is no activation energy in this reaction. This means the stable chemical
species of BxyO is not generated by boron addition in the silicon melt, even
though boron seems to attract oxygen. The analysis indicates that about 52 % of
all oxygen in a silicon melt relate to added boron. These results indicate that the
influence of boron doping involves a shift in oxygen solubility above the values
for an undoped melt.

Next, the diameter of boron and silicon ions should be considered as a measure
to discuss the solubility variation. At room temperature the silicon ion diameter
is 0.39 A and the boron ion diameter is 0.2 A. If boron ions substitute the silicon
ion sites in the melt, the distance between boron ions and silicon ions as nearest
neighbours should shrink. This tendency may attract oxygen ions. Oxygen ions
relax the shrinkage of the melt structure. The structural variation of silicon melt
with and without boron and oxygen atoms is now under investigation. We next
consider equilibrium of silicon melt with silicon oxides. Carlberg [8] calculated
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Figure 9.6 Relationship between oxygen concentration and temperature (This work:
closed circles, closed squares and open squares).

oxygen solubilities in silicon melt in equilibrium with SiO, and SiO from ther-
modynamics. Our results are plotted in Figure 9.6 with the calculated equilibrium
values given by solid lines. Our oxygen solubilities in boron-doped silicon melt
are denoted by closed circles and a square, and those of undoped melt denoted
by open circles and open squares, which all lie between the equilibrium values
with SiO; and SiO.

For a boron-doped silicon melt the oxygen concentrations approach the equi-
librium values with SiO,. When the boron concentration is higher than about
1 x 10" atoms/cm?, oxygen concentrations increase above the values of equi-
librium with SiO,. In other words, the oxygen solubility shifts above the val-
ues for the undoped case. Also, in the case where the boron concentration is
1 x 10* atoms/cm® the oxygen concentration values approach the equilibrium
values that SiO; with increasing silicon melt temperature. When boron is doped
in a silicon melt, then with increasing silicon melt temperature the oxygen con-
centration approaches a value that is consistent with an equilibrium with SiO,.

A thin brown film was observed with increasing silicon melt temperature,
but is not observed at 1430°C. This brown-coloured layer was reported as an
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Si0,_;s layer by Carlberg [7]. The fraction of thin brown film area around the
interface of the quenched silicon sample and the quartz varies depending on the
boron concentration and temperature. The interface change strongly affects the
oxygen solubility, because the equilibrium with the interface determines the oxy-
gen concentration in the silicon melt. We believe the interface variation between
Si melts and fused quartz is the most important phenomenon affecting oxygen
solubilities. The holding-time dependence and the variation of chemical reaction
rate by adding boron are now under investigation.

9.2.2 FUSED QUARTZ DISSOLUTION RATE IN SILICON MELTS
9.2.2.1 Introduction

Fused quartz is the material most commonly used as crucible material to hold
the melt in silicon crystal-growth by the Czochralski method. During crystal-
growth, the fused quartz crucible gradually dissolves in molten silicon, so that
the grown crystal contains a high concentration of oxygen, on the order of 107
to 10'® atoms/cm?, which causes crystalline defects during the following heat
treatments. As device dimensions shrink, the effective control of oxygen in silicon
becomes increasingly important. Therefore it is desirable to control the dissolution
of fused quartz in the molten silicon. But there is no data on the dependence of
the fused-quartz dissolution rate on the boron concentration in silicon melts. It
has been found that the dissolution rate in a silicon melt markedly varies in the
presence of boron in silicon melt and due to its impact on oxygen concentration.

9.2.2.2 Experimental

Fused quartz rods 10 mm in diameter and 100 mm in length were prepared for
this experiment. Silicon melts were contained in either a fused-quartz crucible
(quartz crucible, hereafter) or a carbon crucible coated with SiC by chemical
vapour deposition (SiC-coated crucible, hereafter). The size of the crucible was
50mm in diameter and 84 mm in depth. The depth of the silicon melt in the
crucible was about 50 mm. The starting material was polycrystalline silicon. The
boron was put onto the crucible bottom, then polycrystalline silicon was put
into the crucible. The rod was immersed to 20 mm in depth in the melts for 5h
and then withdrawn. The weight losses of the fused-quartz rods by dissolution
were measured.

9.2.2.3 Results

By using SiC-coated crucibles there is initially no oxygen in the silicon melts.
The fused-quartz dissolution rate increases with increasing boron concentration
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Figure 9.7 Dependence of the fused quartz-dissolution rate on the boron concentration
in a boron-doped silicon melt by using a SiC-coated crucible.

as shown in Figure 9.7, and with increasing silicon melt temperature as shown
in Figure 9.8. Also, the dependence of the dissolution rate on the boron concen-
tration is small at 1550 °C. On the other hand, at the silicon melt temperature of
1430 °C the dissolution rate is strongly affected by boron as shown in Figure 9.8.
Rods immersed in undoped silicon melts show an opaque surface that is brown at
a 1430 °C melt temperature and white at 1550 °C. Rods immersed in boron-doped
silicon melt (>5.65 x 10** atoms/cm?) at 1430°C show white opaque parts on
the surface. By observing the fused-quartz rod cross sections, there are no opaque
parts at the rod centre, opaque parts are observed only on the rod surface. Rods
immersed in boron-doped silicon melts (>5.65 x 10?° atoms/cm?) at 1550 °C are
markedly transparent. For the fused quartz samples immersed in undoped sili-
con melts at 1430°C and 1550 °C and those immersed in boron-doped melts at
1430 °C the opaque surface fraction is crystallized and by X-ray diffraction shows
the cristobalite pattern, whereas the transparent rods show the broad diffraction
of amorphous silica.

9.2.2.4 Discussion

Our results show that the oxygen and boron concentrations in silicon melts
affect the fused-quartz dissolution rate. The activation energy of the fused-quartz
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Figure 9.8 Dependence of the fused-quartz dissolution rate on the Si melt temperature
in a boron-doped silicon melt by using a SiC-coated crucible.

dissolution is influenced by boron and by oxygen in silicon melts and is given
by the following expression:

Dissolution rate = Agexp(—AE/RT) (9.7)

where R is the gas constant and A is a pre-exponential factor. AE and Ay are cal-
culated according to Figures 9.7 and 9.8 and are shown in Table 9.2. A, expresses
the frequencies and modes of molecular collisions. Ay values are influenced by
the boron concentration in silicon melts. The A, decreases with increasing boron

Table 9.2 Calculated activation energy: AE and pre-exponential factor: Ag

Boron conc.

(atoms/cm?) Crucible AE (kcal/mol) Ao
0 SiC-coated carbon 151 172

6 x 102 SiC-coated carbon 128 11.6

2 x 10! SiC-coated carbon 121 5.54

3 x 107! SiC-coated carbon 119 473
0 fused quartz 122 2.82

6 x 10% fused quartz 145 46.4

3 x 10% fused quartz 157 180
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concentration in the case of a SiC-coated crucible, and increases with increas-
ing boron concentration when quartz crucibles are used. These phenomena are
related to variations of the silicon melt structure. The structure of boron-doped
silicon melt is now under investigation by using energy-dispersive X-ray diffrac-
tometry. If SiO, dissociates into silicon and oxygen, the combination energy
is 145-153 kcal/mol [9]. This value is practically the same as our calculated
AE. This result indicates that fused-quartz dissolution occurs with breaking of
Si—O bonds.

Next we consider the chemical reactions on the fused-quartz rod surface. The
following chemical reactions occur:

Si0; —— Si+ 2 O (dissolution of amorphous Si0,) (9.8)
Si+2 0_5 — Si0y(_s) (cristobalite growth) (9.9)
SiOy(_5y —— Si+ 2 O,_; (dissolution of cristobalite) (9.10)

And by using SiC-coated crucibles the following reaction occurs:
SiC + Si —— 28i + [Cls;, tiquid (9.11)

There is some carbon contamination in silicon melts when SiC-coated cru-
cibles were used. Table 9.2 shows that the activation energy of the fused-quartz
dissolution rates is not markedly affected by crucible materials. The carbon sol-
ubility in silicon melt is less than 0.1at.% [10]. In this experiment, the boron
concentration in silicon melts is ten times the carbon concentration. Whereas
carbon slightly affects the fused-quartz dissolution rate, reaction (9.11) seems
not to be dominant. Because oxygen evaporates as SiO from the silicon melt
surface, the lack of oxygen is indicated as O;_; in reactions (9.9) and (9.10).
The fused-quartz dissolution rate AV is expressed by

AV = |V — Vi + Vil (9.12)

where Vi, V;; and Vj; are for Equations (9.8), (9.9) and (9.10), respectively.
If oxygen transfer from the fused-quartz rod surface to silicon melt increases,
reaction (9.8) is enhanced. So reaction (9.9) is retarded and SiO;(;_;5 does not
grow on the fused-quartz rod surface because this experiment is an open system.
Because of SiO,(j_s) scarceness, reaction rate (9.10) is low. On the other hand, if
reaction (9.9) is enhanced, SiOy(;_g, is apt to grow on a fused-quartz rod surface.
The oxygen diffusion layer is related to reactions (9.8), (9.9) and (9.10). When
the oxygen diffusion layer is formed, reactions (9.9)/(9.10) start and eventually
all reactions (9.8), (9.9) and (9.10) reach steady state. The oxygen diffusion layer
formation is affected by the oxygen diffusion rate in silicon melt. In the near
future, we will publish the effect of boron concentration on oxygen diffusion.
In the present work we assumed that oxygen diffusion in silicon melts was not
affected by boron addition.
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In the case of SiC-coated crucibles, there is initially no oxygen in silicon
melts. Oxygen solubility in boron-doped silicon melts is about twice the value
for undoped silicon melts [11]. Therefore the oxygen concentration on the fused-
quartz rod surface in boron-doped silicon melt is about twice the value for
undoped silicon melt. Because of SiO evaporation from the melt surface, oxygen
concentrations are almost the same in undoped and boron-doped silicon melts.
And these values are very low. So it is possible that the oxygen concentration
gradient in the oxygen diffusion layer on the fused-quartz rod surface in boron-
doped silicon melts is larger than the value for undoped silicon melt due to the
higher oxygen solubility. Therefore when boron is doped in silicon melts, reac-
tion rate (9.8) is enhanced. And because of oxygen scarceness in the bulk silicon
melt, reaction (9.9) may be suppressed. So SiO,(_s) is not apt to grow on the
fused-quartz rod.

In the case of quartz crucibles there is much oxygen in silicon melts because
of crucible dissolution. Oxygen concentration on the fused-quartz rod surface
in boron-doped silicon melt is about twice as high as the value for undoped
silicon melt in the case of SiC-coated crucibles. Just after withdrawing the fused-
quartz rod from silicon melt we quenched the silicon melt in the quartz crucible
and measured the oxygen concentration in this bulk silicon by SIMS. When
the boron concentration is 5.65 x 10°” atom/cm?, the oxygen concentration is
3.5 x 10" atoms/cm?. In the case of undoped melt the oxygen concentration
is 8 x 10'7 atoms/cm?. So in the crucible used in our experiment, the oxygen
concentration gradient in the oxygen diffusion layer on the fused-quartz rod
surface in boron-doped silicon melts is smaller than the value of undoped silicon
melts. In this case the dissolution rate of the quartz rod is decreased by doping
boron in silicon melts.

9.2.3 EVAPORATION FROM FREE SURFACE OF BORON-DOPED
SILICON MELTS IN FUSED-QUARTZ CRUCIBLE

9.2.3.1 Introduction

The influence of the addition of boron on the weight variation due to evaporation
and the chemical species evaporated from boron-doped silicon melt were inves-
tigated. It was found that boron assisted the evaporation from the silicon melt
and the dominant evaporated substance was found to be silicon monoxide.

9.2.3.2 Experimental

The influence of the addition of boron on the evaporation loss of the silicon melt
was investigated by the analysis of its deposits. A thermogravimetric method,
which is basically the same as that reported by Huang ef al. [12—-14], was used
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to measure the weight changes of the silicon melt due to evaporation. Quartz
crucibles 20 mm in diameter and 60 mm deep, containing 20.00 g Si (purity 11N)
and 0.15 g boron (purity 5N) which corresponded to 10%' atoms/cm?, were hung
on an electric balance with 0.1 mg sensitivity (METTLER AT200). The samples
were heated to 1450°C or 1550 °C and maintained within 3 °C of the set-point
value for 12 h. A schematic of the experimental apparatus for collecting deposits
is shown in Figure 9.9.

The power of the heater was controlled so that there were no temperature
variations during the deposit sampling. The quartz crucible was supported by
a high-purity carbon susceptor at the centre in the chamber. The crucible was
covered by a special funnel-shaped deposit collector made of quartz (Figure 9.9).
The evaporated species from the boron-doped silicon melt were deposited on the
inner wall of the deposit collector. The temperature of the deposit regions was
also measured by a B-type thermocouple set on the deposit collector side. The
entire system was enclosed in a water-cooled stainless-steel chamber into which
argon gas with purity 6N flowed at a rate of 2.01/min to protect the hot zone

Ar gas =l Thermocouple for
deposit region
Deposit region
330° .
e Deposit
B collector
] i
Deposit
1 I Quartz
L crucible
._-’"'/.'
Silicon
30 melt
| B+ Heater
= =1 y
- Thermocouple for
melt temperature
[ T Thermocouple for
’_I__EI Fl__'_il temperature control
—K—»>

Ar gas

Figure 9.9 Schematic of experimental apparatus for collection of deposits evaporated
from the boron-doped Si melt.
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against oxidation. The quartz crucible had an internal diameter of 50 mm, a height
of 84 mm and a thickness of 4 mm. The crucible contained 200.00 g of Si (purity
11N) and 0.15 g of boron (purity 5N) which corresponded to 10%° atoms/cm? in
the silicon melt. The chamber was heated to 1550 °C at a heating rate of 750 °C/h
to realize complete melting. The reference temperature of the silicon melt was
measured using a B-type thermocouple fixed under the crucible. Then, the heater
power was adjusted so that the reference temperature of the silicon melt was
1550 °C and was maintained within 3 °C for a period of 13h.

The deposits on the inner wall of the collector were analysed using an electron-
probe microanalyser (EPMA: JXA-862IMX) to identify the evaporated species.
The EPMA was used with an acceleration voltage of 15kV, a current of 50 mA
and a beam diameter of 20 pum.

9.2.3.3 Results and Discussion

The weight variations due to the evaporation of the boron-doped silicon melt with
different boron concentrations (undoped, 10?! atoms/cm? boron-doping) and at
different temperatures (1450 °C, 1550 °C) under atmospheric pressure (770 Torr)
in the chamber are shown in Figure 9.10. The vertical axis denotes the weight
variations, while the horizontal axis denotes the holding time for the measure-
ments. The weight variations were regulated by dividing the weight change AW
by the initial weight W. The data denoted by dashed lines show the results of
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Figure 9.10 Weight variations of the boron-doped silicon melt caused by evaporation.
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undoped silicon melt, while solid lines show those of 10! atoms/cm?® boron-
doped silicon melt with respect to each temperature condition.

It is obvious that the weight variation of the boron-doped silicon melt is
larger than that of the undoped one at 1450 °C. The increase of evaporation loss
due to boron addition, however, is comparatively small at 1450 °C. The weight
variations of both the boron-doped silicon melt and of the undoped one almost
doubled with elevating the temperature by 100°C from 1450°C to 1550°C. In
particular, the influence of boron addition on the weight variation of the silicon
melt is enhanced at 1550 °C compared to the result at 1450 °C. Boron assisted the
evaporation of the silicon melt remarkably when the temperature of the silicon
melt was high. Here it is interesting to note which chemical species is evaporating
from the boron-doped silicon melt under such active evaporation conditions.

Silicon and oxygen atoms were clearly detected, while no boron was measured
by EPMA. The evaporation species from the boron-doped silicon melt is thought
to be silicon monoxide from these analyses. It can be concluded that boron in
silicon melt enhances the evaporation of silicon monoxide. Details are given
in [15].

9.3 CONCLUSION
The main results of this study are:

1. Oxygen concentration increases with increasing boron concentration in sili-
con melts,

2. Fused-quartz dissolution rate increases with increasing boron concentration.

3. Evaporation of silicon monoxide is enhanced with boron addition into sili-
con melts.

As mentioned above, the oxygen incorporation is associated with impurity
doping. The impurity atoms will slightly change the structure of the oxygen-
containing silicon melt. Our recent study of oxygen distribution on a wafer cut
from a highly boron-doped crystal suggests that the oxygen transport is strongly
affected by the presence of boron. The study of fundamental physical constants
such as diffusion coefficients is now of interest. These parameters are believed
to be very important to control the uniformity of large-diameter silicon crystals
grown by the Cz method.
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10 Octahedral Void Defects
in Czochralski Silicon

MANABU ITSUMI

NTT Lifestyle and Environmental Technology Laboratories 3-1, Morinosato
Wakamiya, Atsugi-Shi, Kanagawa, 243-0198 Japan

10.1 BACKGROUND

During the past 20 years there have been several breakthroughs in the research on
grown-in defects in Czochralski silicon (CZ-Si) for commercial use (Figure 10.1).
The presence of oxide defects originating in CZ-Si (Figure 10.2) was reported
from 1979 to 1982 (Nakajima et al. 1979, Itsumi et al. 1980, Itsumi and Kiyosumi
1982), and it was soon proposed that they could be eliminated by sacrificial oxi-
dation (Itsumi and Kiyosumi 1982), nitrogen annealing (Kiyosumi et al. 1983),
and hydrogen annealing (Matsushita er al. 1986). In those days, the origin of
the defects was not clear. From 1990 onwards, when crystal-originated particles
(COPs) were reported (Ryuta ef al. 1990, Ryuta ef al. 1992), the problem was
studied in-depth (Yamagishi e al. 1992, Sadamitsu et al. 1993, Park et al. 1994,
Itsumi 1994). Despite systematic examination of crystal-growth conditions and
wafer-annealing conditions, the origin of the defects remained unclear until in
1995 octahedral void defects were found just under oxide defects (Itsumi et al.
1995, Miyazaki et al. 1995) (Figure 10.3) and in 1996 were also found in bulk
CZ-Si (Ueki er al. 1996, Kato ef al. 1996, Nishimura et al. 1996, Ueki et al.
1997) (Figure 10.4). Various observation methods for COP detection using par-
ticle counters (Ryuta er al. 1990, Ryuta er al. 1992), copper decoration (Itsumi
and Kiyosumi 1982, Itsumi 1994, Itsumi et al. 1995), laser-scattering tomogra-
phy (LST) (Ueki et al. 1996, Kato et al. 1996, Nishimura et al. 1996), sample
thinning with a focused ion beam (FIB), observation with transmission elec-
tron microscopy (TEM), and other related techniques were refined and applied
to many samples. It was then recognized that the octahedral void defects are
a cause of oxide defects, of flow-pattern defects (FPDs), and of COPs (Yanase
et al. 1996, Mera et al. 1996, Itsumi 1996, Tamatsuka er al. 1997, Inoue 1997a
and b, Rozgonyi er al. 1997, Vanhellemont et al. 1997, Graf er al. 1998). These
defects were then looked for in the megabit-level dynamic random access mem-
ories (RAMSs) (Gonzalez et al. 1996, Furumura 1996, Yamamoto and Koyama
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Figure 10.1 Representative research of grown-in defects in CZ-Si.

1996, Muranaka et al. 1997, Makabe ef al. 1998). The octahedral void defects
have since become of significant scientific interest.

10.2 OBSERVATION METHODS

The locations (2-dimensional coordinates) of COPs on a Si wafer treated with
SC1 (NH40OH:H,0,:H,0 = 1:1:5, 75-85°C) were detected as localized light
scatterers by using a particle counter (or a surface-scanning inspection system).
Atomic-force microscopy (AFM) was used to observe the shape of the COPs
(Ryuta er al. 1990, Ryuta et al. 1992). Single pits or dual pits were observed.
Viewed from the top, the etch pits on a (001) Si surface were square or rectangular
and those on a (111) Si surface were triangular or hexagonal.
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Figure 10.2 The dependence of oxide defect density on oxide electric field.

FPDs formed by vertical immersion of Si wafers in unstirred Secco etch
solution can be easily observed using low-power optical microscopy (Yamagishi
et al. 1992). We can observe a small etch-pit at the apex of a V-shaped etch
feature, which is due to the vertical flow of etchant initiated by gas bubbles
nucleating at the etch pit.

The locations of the oxide defects (weak spots) in thermal oxide grown on Si
wafers were determined by using electrical copper decoration. The samples were
then thinned to several hundred nanometers by using a FIB so that they could be
observed by cross-sectional TEM (Itsumi ef al. 1995). Copper decoration does
not obliterate the shape of the oxide defects because it requires only a small
electronic current if the decoration condition is optimized. The Si wafer with
oxide film on its front side was immersed in methanol and the rear side of the
wafer was brought downward into direct contact with a gold-coated cathode. A
copper mesh anode was immersed in the liquid above the wafer and the required
test voltage was applied. The voltage at the oxide surface was measured with a
surface-voltage probe, and the oxide electric field strength was calculated as the
applied voltage divided by the oxide thickness. Localized copper decorations at
defect sites in the oxide were observed with a low-power optical microscope.

The locations (3-dimensional coordinates) of the grown-in defects in bulk
Si were determined by laser-scattering tomography (LST) (Moriya et al. 1989,
Ogawa et al. 1997) and then the thickness of the samples was reduced to several
hundred nanometers by using FIB so that they could be observed by cross-
sectional TEM (Ueki et al. 1996, Kato et al. 1996, Nishimura er al. 1996, Ueki
et al. 1997). The sample-preparation procedure (Figure 10.5) is as follows: The
wafers were cleaved to form specimens with the size of several millimeters
by several centimeters. The locations (3-dimensional coordinates) of the grown-
in defects were determined by LST. Then, four dots were made on one side
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~—— Si surface

100 nm
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V-shaped void

Diamond-shaped void

Si

Figure 10.3 Octahedral-structured defects found on the surface of (001)-oriented
CZ-Si: (a) cross-sectional view; (b) schematic illustration of (a); (c) plan view.
(Part(a) — Reprinted from M. Itsumi er al., J. Appl. Phys. 78/10 (1995) 59845988,
copyright (1995) with permission from the American Institute of Physics.)

surface area surrounding the defect by using FIB (first marking). The arrangement
of the four dots was then reconfirmed using LST, and a new set of four dots
closer to the defect was made on the same surface (second marking). After that,
the specimens were cut out using a diamond saw. Finally, the FIB thinning
and TEM observations were repeated a few times so that the defects might be
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Figure 10.4 A dual-type octahedral void defect found in bulk CZ-Si. Cross-sectional
view. (001)-oriented Si.

included in the specimens. The specimens were thinned by FIB to about 300 nm
for TEM observation. The samples were also analyzed using energy-dispersive
X-ray spectroscopy (EDS or EDX). Analysis by Auger electron spectroscopy
(AES) with a more precise detection limit was also done using Ar sputtering.

It is not easy to make the specimen thin enough for TEM observation and at
the same time be certain that it contains the defect. This is because the defect
cannot be monitored in situ during the FIB specimen-thinning process. A stereo
method was therefore developed to determine the precise location of the defects
in specimens. First, FIB is used to form two dot markers on one side of the
specimen and two dash markers on another side. Then the specimen is tilted by
—15° 0°, 4+15°, and the defect and the two kinds of markers are observed by
TEM at each of the tilt angles. The location of the defect can be calculated from
the observed distances between the defect and the markers. This method enables
us to obtain TEM specimens less than 200 nm thick.

10.3 CHARACTERIZATION

As shown in Figure 10.6, octahedral void defects are basically determined by
eight (111) subplanes. But defects observed were often either an incomplete
octahedral structure that is partially truncated by a (001) subplane (Figure 10.7),
or two incomplete octahedral defects convoluting each other (dual-type void
defects). This author observed twenty defects by TEM and found all of them to be
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Figure 10.5 Sample-preparation procedure. (a) the first coordinate measurement with
infrared tomography; (b) the first marking with a FIB; (c) the second coordinate measure-
ment; (d) the second marking: (e) sample thinning with a FIB. (Reprinted from M. Itsumi
et al., Jpn. J. Appl. Phys. 37(1) (1998) 12281235, copyright (1998) with permission from
the Institute of Pure and Applied Physics.)
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Figure 10.6 Schematic illustration of the octahedral structure.
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Figure 10.7 An incomplete dual-type octahedral void defect found in bulk CZ-Si.

dual-type void defects. The defects were about 0.1 um across, the defect density
per unit volume was 10°=10°cm™3, and the defect density per unit area was
1-10cm™2. The void defects were randomly distributed throughout the Si wafer.
The defects are basically void defects, and the inner walls of the void defects
are covered with oxide 2—4 nm thick. A top view of a defect — for example,
Figure 10.3(c) — indicates that the shape of the defect is square-like and the sides
are oriented along the [110] axes. A superimposed dual-type square structure is
observed in many cases. These features are common to the crystal obtained
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from most prominent Si vendors because most of the vendors use similar growth
conditions (for example, the growth rate for Si wafers 6—8 inches in diameter is
about 1 mm/min).

The spatial relation of the two voids of the dual-type defect was examined
and two types of configuration were found. In one type the two voids overlap
each other (Figure 10.8) and in the other type the two voids are close to each
other (Figure 10.9) (Ueki et al. 1998a). In the overlapping type, a hole is formed

50 nm
[T,

(a) (b)

Figure 10.8 TEM micrographs of two overlapping voids: (a) cross-sectional view;
(b) enlargement of the connection region.

Partition
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Ll Lol
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Figure 10.9 TEM micrographs of two adjacent voids: (a) cross-sectional view;
(b) enlargement of the connection region. (Reprinted from M. Itsumi and T. Takeda,
Jpn. J. Appl. Phys. 37(1) (1998) 1667-1670, copyright (1998) with permission from
the Institute of Pure and Applied Physics.)
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in the connection part. It is also observed that the thickness (2—3 nm) of oxide
on the side walls of one void is similar to that of oxide on the side walls of
the other void. In the adjacent type, a partition layer of oxide 2-3 nm thick is
located between the two voids. In this type, too, the side walls of both voids are
covered with oxide 2-3 nm thick. How the two voids are generated is not clear
and several models have been proposed (Kato et al. 1996, Tanahashi ef al. 1997,
Voronkov 1999).

Several researchers (Gonzalez et al. 1996, Furumura 1996, Yamamoto and
Koyama 1996, Muranaka et al. 1997, Makabe et al. 1998) have found 0.1-pum
dual-type or single-type square defects over the locally oxidized silicon (LOCOS)
area in the memory cells of MOS RAMs. They reported that these defects cause
excessive leakage current between neighboring cells and they asserted that this
leakage current is more serious than that due to gate-oxide defects because the
area of the LOCOS is much larger than that of the gate oxide. In any case,
0.1-pum defects will seriously affect the production yield and reliability of the
next-generation Si LSIs with design rules of about 0.1 jum.

10.4 GENERATION MECHANISM

The formation of the octahedral void defects is closely related to the agglom-
eration of vacancies during the growth process. Two kinds of point defects
in Si crystal are vacancies and self-interstitials, and their relative prevalence
is determined by the growth conditions. It is widely believed that voids are
vacancy-related defects, or that the agglomeration of (supersaturated) vacancies
results in the formation of voids. It is also believed that the dislocation clus-
ters are self-interstitial-related defects or the agglomeration of (supersaturated)
self-interstitials results in the formation of dislocation clusters. The oxidation-
induced stacking fault (OSF) ring is an important parameter: void defects as the
vacancy-related defect are observed inside the OSF ring and dislocations as self-
interstitials-related defects are observed outside the OSF ring. The radius of the
OSF ring depends on the growth rate versus and the temperature gradient G at
the solid/liquid interface of the growing crystal. When the growth rate decreases
or the temperature gradient becomes larger (i.e., when v/ G decreases), the radius
of the OSF ring becomes small and finally the OSF ring shrinks closer to the cen-
ter of Si crystal. When v/G further decreases sufficiently, the OSF ring reaches
the center of the crystal and disappears there. In this case, a self-interstitial-rich
region is formed throughout the wafer. When the growth rate increases or the
temperature gradient becomes smaller (i.e., when v/G increases), on the other
hand, the radius of the OSF ring becomes large and the OSF ring approaches the
outer surface of the crystal. When v/G is sufficiently high, the OSF ring reaches
the outer surface and disappears there. In this case, a vacancy-rich region is
formed and void defects are observed throughout the wafer. Several researchers
(deKock and Wijgert 1980, Voronkov 1982, Roksnoer 1984, Habu et al. 1994,
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Brown et al. 1994, Dornberger and Ammon 1996, Nakamura et al. 1998, Abe
1999) have shown that there is a critical value of v/G (about 0.15mm?/°C min
in the growth-rate region from 0.3 to 5 mm/min) that separates the vacancy-rich
region from the self-interstitial-rich region.

The formation process is shown schematically in Figure 10.10. First, vacan-
cies and oxygen atoms are incorporated from the liquid phase into the solid Si
crystal. As the crystal grows and cools, vacancy supersaturation is followed by
vacancy agglomeration at some nucleation sites and voids begin to form when
the temperature is about 1100 °C. From about 1100 °C to about 1070 °C, the size
of the voids increases owing to vacancy agglomeration. Oxygen agglomeration
is followed by the growth of oxide on the inner walls of the voids. As a result,
0.1-pm octahedral void defects are generated. The concentration and the diffu-
sion coefficient of vacancies in the growing Si crystal are important factors in
generating void defects.

Pulling

Oxygen agglomeration
. >
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Figure 10.10 Schematic illustration of the formation of octahedral void defects during
Si crystal growth.
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The density and the size of the octahedral void defects strongly depend on the
growth rate (i.e., cooling rate). When the cooling rate increases from 0.3 °C/min to
30 °C/min, their density increases and their size decreases (Saishoji et al. 1998).

10.5 ELIMINATION

Decreasing the Si growth rate was effective in decreasing the density of the
octahedral void defects (Tachimori et al. 1990) but it increased their volume.
Measures suggested to eliminate the void defects situated at the surface of
Si wafers include sacrificial oxidation (Itsumi and Kiyosumi 1982), nitrogen
annealing (Kiyosumi et al. 1983), hydrogen annealing (Matsushita et al. 1986),
and epitaxial-layer growth. Measures suggested to eliminate void-related oxide
defects after oxide growth include HCl-added oxidation (Itsumi and Kiyosumi
1982, Itsumi 1994, Itsumi et al. 1996), ion implantation through oxides (Itsumi
1994), and wafer rotation with deionized water (Itsumi 1994).

To examine the shrinkage process of the dual-type void defects, Ueki et al.
prepared CZ-Si samples about 3 pum thick and annealed them in vacuum at about
1100°C (Ueki er al. 1998b). They used ultrahigh-voltage electron microscopy
(3MeV) to observe these thick specimens and found that two voids did not
shrink at the same time but that the smaller one shrunk first while the larger one
remained unchanged until the smaller one had vanished (Figure 10.11). Then it
too began to shrink. This selective extinction of the smaller void solely is very
surprising. In addition, a detailed observation revealed that the smaller void begins
to shrink from the adjacent region between the two voids. These phenomena
suggest a selective emission of vacancies from the adjacent region of the smaller
void into the Si bulk (or a selective injection of interstitial Si from the Si bulk
into the adjacent region of the smaller void). This experimental finding might
possibly imply the presence of the nucleus of the void defect. Before annealing,
the thickness of the inner wall was about 2nm for both the larger void and the
smaller void. This thin wall was oxide., As the smaller void shrank, the thickness
of its wall was zero while the thickness of the wall of the larger void was the same
as the as-grown thickness (about 2 nm). These results suggest that the void shrinks
after the side-wall oxide film disappears. The force driving void shrinkage may
be related to minimizing the surface energy of the void walls during annealing.
It is assumed that minimizing the surface energy first takes place selectively in
the smaller void and, after the extinction of the smaller void, minimizing the
surface energy takes place in the larger one. The mechanism of the preferential
extinction of the adjacent region between two voids is not clear at present.

It was reported that the introduction of impurities (such as oxygen, nitrogen,
or boron) into the CZ-Si significantly influences the generation of void defects
(Graf et al. 1998, Ohashi et al. 1999, Kato et al. 1999). The size and density
of the void defects tend to increase with increasing oxygen concentration. The
generation of void defects was strongly suppressed by a boron concentration
above a critical level (about 5 x 10'® atoms/cm?). A small amount of nitrogen
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Figure 10.11 TEM micrographs of a void defect shrinking during annealing. (a) before
annealing; (b) after annealing at 1080°C for 30 min; (c) after annealing at 1090°C for
30 min; (d) after annealing at 1110°C for 30 min. (Reprinted from T. Ueki et al., Jpn. J.
Appl. Phys. 37(2) (1998) L771-L773, copyright (1998) with permission from the Institute
of Pure and Applied Physics.)

(about 1 x 10" atoms/cm?) results in the generation of smaller void defects and in
the easier elimination of void defects during additional annealing. This nitrogen-
doping method does not increase production cost and might deserve further study.

10.6 OXIDE DEFECT GENERATION

When octahedral void defects are situated on the Si surface (Figure 10.12), ther-
mal oxidation is followed by the generation of oxide defects. The oxide defect
density measured by using electrical copper decoration agrees well with that
measured by using metal-oxide-silicon capacitor dielectric breakdown tests. The
sensitivity of oxide defect detection depends strongly on the oxide thickness
(Figure 10.13): oxide defects are more easily detected when the oxide thickness
is from 20 to 100 nm. This strange oxide-thickness dependence, which was also
reported by other researchers (Yamabe et al. 1983), can be explained in terms
of the curvature radius of the corners of the octahedral voids and the size of the
void defects themselves (Itsumi er al. 1998a).
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Figure 10.12 A Schematic illustration of an octahedral void defect and a Si surface.
(a) when the void defect is in the bulk CZ-Si; (b) when the upper part of the void defect
is truncated by the Si surface and a diamond-shaped structure appears; (c) when the bot-
tom part of the void defect is truncated by the Si surface and a V-shaped structure appears;
(d) cross section showing edges (C1 and C4) and corners (C2, C3, and C5); (e) bird’s-eye
view of diamond-shaped structure; (f) bird’s-eye view of V-shaped structure. C1 corre-
sponds to Al or A2. C2 corresponds to A3 or A4. Al is a corner and an edge. B1 is also

a corner and an edge.
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Figure 10.13 The dependence of oxide defect density on oxide thickness. Oxide electric
field was 5 x 10° V/em. This curve represents, in a sense, the detection sensitivity curve of
oxide defect generation related to void defects. (Reprinted from M. Itsumi er al., J. Appl.
Phys. 84(3) (1998) 1241-1245, copyright (1998) with permission from the American
Institute of Physics.)

The curvature radius of the corners of the octahedral voids in bulk Si was
about Snm (Figure 10.14(a)). When the octahedral voids were situated at the Si
surface, the curvature radius of the corners of the octahedral voids was 10—15nm
(Figure 10.14(b)). When oxide with a thickness of less than 10 nm was grown,
the effect of the corner curvature of the voids was really small. When oxide with
a thickness of more than 10nm was grown, the effect of the corner curvature
of the voids became strong, inducing oxide thinning (defective spot) at the cor-
ners (Marcus and Sheng 1982, Hsueh and Evans 1983, Sunami ef al. 1985). On
the other hand, when the oxide thickness exceeded the size of the void defects
(100-150 nm) (Figure 10.15), voids were filled with the oxide, eliminating the
thin-oxide region (defective spot) (Figure 10.16).

In addition to the oxide thinning with the corner effect, contamination, which
may be in the voids, may be related to the oxide-defect generation. HCl-added
oxidation was effective in decreasing oxide defects related to octahedral void
defects. This effect of HCl-added oxidation can be explained in terms of con-
tamination gettering (or passivation) with HCI (Itsumi et al. 1996).

When a thick oxide was thermally grown on Si substrate, an oxide-surface
pit was observed on the void defect (Itsumi er al. 1998, Itsumi er al. 1999b)
(Figure 10.17). The diameter of the pit was 1 um or less and this pit might affect
the geometrical shape and electrical reliability of the aluminum interconnects
on it. The number of pits (and also octahedral defects and COPs) detected by
the particle counter increased with increasing oxide thickness. This shows that a
thicker oxide leads to the enlargement of COPs, resulting in the number of COPs
being larger than the detection limit of the particle counter. This experimental
result resembles the famous findings that the number of COPs increases with



Octahedral Void Defects in Czochralski Silicon 219

Octahedral void
in bulk CZ-Si

Frequency (A.U.)
L]
T

7
AIJAAA:A

0
0 10 20 30 40
Radius of curvature of corner of octahedral void (nm)
(a)

Octahedral void
in CZ-Si surface

Frequency (A.U.)

Radius of curvature of corner of octahedral void (nm)
(b)

Figure 10.14 Histograms of the curvature radii of the corners of the octahedral void
defects (a) in bulk CZ-Si: (b) on the surface of CZ-Si.

increasing SC1 cleaning cycles. In addition, the introduction of an epitaxial layer
was effective for eliminating the oxide-surface pits with octahedral defects, which
also resembles the result of SCI cleaning.

10.7 CONCLUDING REMARKS

This review of the structural and chemical characteristics of octahedral void
defects in CZ-Si outlined the mechanism of their generation, the way they
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Figure 10.15 Histograms of the size of the octahedral void defects on the surface of
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Figure 10.16 A Schematic illustration showing the dependence of oxide defect density
on oxide thickness. The dotted lines represent the original Si surface before thermal
oxidation. (a) when oxide thickness is less than 10nm; (b) when oxide thickness is about
50nm; (c) when oxide thickness is greater than 200 nm.

shrink, and how they can be eliminated. It also described a semiquantitative
model explaining the noteworthy dependence of oxide defect density on oxide
thickness. Many questions, however, remain. The most important concerns the
dual voids. What is the mechanism of their formation? Do the two voids grow
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Figure 10.17 An oxide-surface pit and an underlying Si-surface dent: (a) SIM image;
(b) schematic illustration [Itsumi 1999] (Reprinted from M. Itsumi et al., J. Appl. Phys.
86(3) (1999) 13221325, copyright (1999) with permission from the American Institute
of Physics.)

simultaneously (from the same nucleus) or sequentially? If sequentially, what
triggers the generation of the second void? Another important problem is the
effect of impurities (oxygen, nitrogen, and carbon) on the generation of void
defects, but we do not yet have enough information about this problem. It is
necessary to examine the effect of these impurities more systematically and in
more detail. This should lead to the development of a practical and economical
way to grow Si with few void defects, partly because the introduction of small
amounts of impurities during CZ-Si growth will not increase production cost
much. And this scientific and practical study will lead to the production of the
higher-quality and lower-priced large-diameter Si wafers needed for the rapidly
expanding multimedia technologies.
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ABSTRACT

The control of intrinsic point defects in the growth of silicon crystals and the
processing of silicon wafers is an increasingly important aspect of the manufac-
ture of silicon materials for the microelectronic industry. This chapter summarizes
many aspects of the problem of the incorporation of excess intrinsic point defects
and reactions that produce harmful agglomerated defects and the enhanced pre-
cipitation of oxygen under certain conditions. Recent advances have led to the
production of microdefect-free large-diameter silicon crystals. Point-defect engi-
neering in thin silicon wafers has also led to an important advance in the control of
oxygen precipitation for IC applications. Proper control of vacancy-concentration
profiles installed during rapid thermal processing of silicon wafers effectively pro-
grams silicon wafers to produce robust oxygen-precipitate distributions ideal for
internal gettering applications. The intrinsic point defect processes that underlie
defect engineering in both crystal growth and wafer processing are the same and
results from experiments in both can be joined to give useful information toward
a coherent, unified picture of the intrinsic point-defect parameters and reactions.

11.1 INTRODUCTION

Increasing levels of integration and linewidth shrinking in integrated circuit
design along with reduced thermal budgets IC processing are placing increas-
ing demands on the silicon substrates used in their manufacture. If the polished
Czochralski-grown silicon wafer — as opposed to epitaxial substrates — is to sur-
vive as a suitable electronic material for new generations of advanced IC devices,
then it appears that new, cost-effective, approaches to the engineering of defects
in CZ-grown silicon must be implemented. The problem is two-fold: (1) two
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classes of defects intrinsic to melt-grown silicon, vacancy- and interstitial-type
agglomerated defects and (2), the control of the precipitation of oxygen. Intrinsic
point-defect-related agglomerates or microdefects are formed during the crystal
growth process. The precipitation of oxygen occurs during processing of sili-
con wafers into ICs, but with a strong connection and coupling to details of
crystal-growth processes and wafer heat treatments preceding device processing.
These defect types are not new to silicon technology but the demands on their
control have increased dramatically in recent years. Furthermore, as the silicon
industry matures, there is a need to simplify material-selection processes. Uncer-
tainty of performance must be eliminated and with it the need to highly tailor
silicon products to specific applications. The complications that arise out of the
complex interactions of defects from initial solidification of the silicon crystal
ingot through device processing add undesirable costs and rigidity to the use of
silicon as an electronic material. Native point defects play the key role in these
problems. Control and engineering of these during both crystal-growth and wafer
processing can produce solutions that offer significant simplifications in the use
of CZ silicon polished wafers in advanced IC applications.

11.1.1 VACANCY-TYPE DEFECTS

The first challenge lies with a defect unique to silicon grown from the melt, an
agglomeration of excess vacancies into a rather low-density (typically approxi-
mately 10°cm™ for the case of CZ silicon) void-type microdefect (Ueki et al.
1997). If present, this type of defect can result in the failure of gate oxides
and they are of increasing importance in device geometries on the order of the
void sizes (on the order of 100—150 nm), isolation failures and other topological
faults (Park et al. 1999). Depending on the mode of detection, void-type defects
are also referred to as D-defects, COPs, flow pattern defects, light-scattering
tomography defects and GOI-defects.

11.1.2  SILICON SELF-INTERSTITIAL-TYPE DEFECTS

There exists another and, if anything, even more harmful defect type unique
to silicon grown from a melt: agglomerates of excess silicon self-interstitials
into large dislocation loops. These defects are sometimes referred as A-defects
or large etch pit defects. Their density is generally far lower than that of the
void microdefects but their size is usually orders of magnitude larger — hence
their importance.

11.1.3 THE PRECIPITATION OF OXYGEN

The control of the behaviour of oxygen in silicon is undeniably one of the most
important challenges in semiconductor materials engineering. In the 20 or so
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years since the discovery of the internal gettering effect in silicon wafers, many
scientists and engineers have struggled with the problem of precisely and reliably
controlling the precipitation of oxygen in silicon that occurs during the processing
of wafers into integrated circuits (ICs). This has been met with only partial
success in the sense that the ‘defect engineering’ of conventional silicon wafers
is still, by and large an empirical exercise. It consists largely of careful, empirical
tailoring of wafer type (oxygen concentration, crystal-growth method, and details
of any additional pre-heat treatments, for example) to match the specific process
details of the application to which they are submitted in order to achieve a
good and reliable internal gettering (IG) performance. Reliable and efficient IG
requires the robust formation of oxygen-precipitate-free surface regions (denuded
zones) and a bulk defective layer consisting of a minimum density (at least about
108 cm =3 (Falster et al. 1991)) oxygen precipitates during the processing of the
silicon wafer. Uncontrolled precipitation of oxygen in the near surface region of
the wafer represents a risk to device yield.

11.2  THE CONTROL OF THE AGGLOMERATION OF INTRINSIC
POINT DEFECTS DURING CRYSTAL GROWTH

11.2.1 THE v/G RULE FOR THE TYPE OF GROWN-IN MICRODEFECTS

Early studies of grown-in microdefects in float-zoned silicon (de Kock 1973)
showed that swirl-microdefects (A- and B-defects) disappear if the growth rate v
exceeds some threshold value. Crystals grown at larger v were found to contain
a different kind of grown-in microdefect, D-defects (Veselovskaya et al. 1977,
Roksnoer and van den Boom 1981). The threshold (or critical) growth rate for
the change-over from A/B defects to D-defects was found to be proportional to
the near-interface axial temperature gradient G (Voronkov 1982, Voronkov et al.
1984). In other words, the type of grown-in microdefects is controlled simply
by the ratio v/G. Swirl (interstitial type) defects are formed if v/G is below
some universal critical ratio & and D-defects are formed otherwise. This simple
‘v/G rule’ holds both for float-zoned and Czochralski-grown crystals (Voronkov
and Falster 1998), in spite of a great difference in the oxygen content. The
physical meaning of this rule is very simple (Voronkov 1982): the type of intrinsic
point defects incorporated into a growing crystal is controlled by the parameter
v/ G, according to the defect transport equations for diffusion, convection and
annihilation of point defects in the vicinity of the interface.

Growing a crystal at v/G > & results in incorporation of vacancies, while the
interstitial concentration is undersaturated and decays fast due to recombination
with vacancies. The vacancies agglomerate into voids (D-defects) on further cool-
ing — if the vacancy concentration is not too low (Voronkov and Falster 1998).
The identification of D-defects with voids was recently demonstrated (Ueki et al.
1997, Nishimura er al. 1998). At low vacancy concentration (for instance, at v/G
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only slightly larger than the critical ratio &) the dominant agglomeration path
is production of oxide particles instead of voids (Voronkov and Falster 1998).
Accordingly the main vacancy region of a crystal (that containing voids) is
surrounded with a narrow band of oxide particles (P-band). The presence of
P-band is manifested by the formation of ring-distributed stacking faults during
high-temperature oxidation of wafers. Beside this OSF ring (P-band) there is a
well-pronounced band of still lower vacancy concentration (the L-band) where
vacancy agglomeration is suppressed, and appreciable vacancy concentration is
frozen-in to enhance oxygen precipitation (Falster et al. 1998b).

Growing a crystal at v/G < & results in incorporation of self-interstitials,
while the vacancy concentration is undersaturated and decays rapidly. The self-
interstitials agglomerate into A/B-swirl-defects. The A-defects were found to
be extrinsic dislocation loops (Foell and Kolbesen 1975) while B-defects seem
to be small globular clusters of interstitials (Petroff and de Kock 1975) (most
likely, including carbon interstitials). Particularly, at low interstitial concentration
only B-defects are formed. At still lower concentrations, no defects are formed.
Accordingly, the main interstitial region of a crystal (that containing A-defects) is
surrounded with a band of B-defects. This marginal B-band of interstitial region
is analogous to the P-band of vacancy region.

Some crystals, due to axial and/or radial variation in v/G, consist of well-
separated vacancy and interstitial regions. The boundary between these regions
is approximately marked by the position of the OSF ring, and still better marked
by the position of the L-band. An example of this defect-banding phenomenon
is shown in Figure 11.1.

11.2.2 ALTERNATIVE VIEWS TO THE v/G RULE

There is an opinion (Abe 1999) that the type of microdefects, either A/B-defects
or D-defects (that is, the type of incorporated point defects, either interstitial

. v
boundary

(a)

Figure 11.1 (a) An axial cross section of an etched cu-decorated CZ crystal section at
the transition from vacancy-type defect growth conditions (the upper ‘U-shaped’ section)
and interstitial-type defect conditions (the lower ‘M-shaped’ structure); (b) A schematic
diagram of the structure.
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or vacancy) is controlled simply by the value of the near-interface temperature
gradient G: vacancies at lower G, interstitials at higher G. This notion is based
on the fact that increasing the growth rate v is accompanied by some decrease
in G. It was then thought (Abe 1999) that the actual reason for the change-over
from interstitial to vacancy is not an increase in v (in v/G) but a decrease in
G. This notion is certainly not true since the change-over in early float-zoned
crystals occurs at very high values of G(v), about 300 K/cm (de Kock 1973).
A similar change-over in modern Czochralski crystals occurs at much smaller
gradient, about 30 K/em (Falster ef al. 1998b). In both cases the change-over
occurs at about the same v/G ratio (around 0.15 mm?/min K).

It should also be remarked that the measured (decreasing) dependence of
G on v was considered (Abe 1999) as contradicting the heat balance equation
at the interface (Qv = xG — x'G’ where Q is the heat of fusion per a unit
volume of crystal and x is the heat conductivity of crystal; ¥’ and G’ refer
to the melt). Actually there is no contradiction at all. The temperature field
in the crystal, including the value of G, is completely decoupled from the
above heat balance — if the interface shape is specified. This is so because
the interface temperature is fixed: it is the melting temperature of 1412°C.
This boundary condition, together with the heat loss boundary condition at
the crystal surface, defines the temperature field of the crystal. Increasing v
means that

(a) The convection heat flux from the interface into the crystal is increased,
and all the crystal bulk becomes a little hotter; accordingly G is somewhat
decreased. The computed function G(v) for float-zoned crystals (Voronkov
et al. 1984) decreases on v only slightly, by less than 30 % within the rele-
vant range of v. The measured gradient showed no resolvable dependence
on v (Voronkov et al. 1984).

(b) The melt temperature gradient G’ should be remarkably diminished, by
a proper increment of the heater power, to keep the heat balance at the
interface. The required decrease in G’ = (xG — Quv)/x’ is caused both by
an increase in v and a decrease in G(v).

It is therefore clear that the decreasing dependence of G on v is a ‘normal’
(though not very significant) effect that casts no doubt on the v/G rule for the
interstitial to vacancy change-over.

11.2.3 VOID REACTION CONTROL

One approach to an engineering improvement of the microdefect problem is to
grow crystals in the vacancy mode but to engineer the reactions that produce
voids. It is found that the resultant density of voids is proportional to the fac-

tor q""EC\TI’{2 (Voronkov and Falster 1998), where ¢ is the cooling rate at the
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temperature at which the reaction occurs and C, the local concentration of vacan-
cies. The v/G model (Voronkov 1982), although only a one-dimensional model,
usually gives C, accurately at distances greater than about a centimeter or so
from the crystal surface. For a more complete and detailed picture, numerical
simulation must be performed. The void reaction occurs over a very narrow
temperature range (about 5K) at a temperature that depends on C, (Voronkov
and Falster 1998). The range of typical reaction temperatures lies between about
1000 and 1100°C (Falster er al. 1998b, Puzanov and Eidenzon 1992, Saishoji
et al. 1998). The problem of reducing void defect density is thus a coupled engi-
neering problem. A growing silicon ingot is a rigid object. One must engineer
simultaneously the coupled problems of the incorporation of vacancies near the
growth interface (v and G at about the melt temperature) and the cooling rate
at the reaction temperature (v and G at a temperature that depends on C,).
This can be done, but for largely practical reasons, only about a factor of 10
reduction in void density is possible. For some applications, this is not enough
improvement to insure device yields that are not limited by the starting substrate
defectivity.

11.2.4 PERFECT SILICON

A more robust solution to the microdefect problem and one that circumvents
the question and resultant complications of whether or not the material is suffi-
ciently improved to meet the needs of an arbitrary IC process is not to control
the microdefect reaction, but to suppress it. As described above, there exist two
marginal bands straddling the transition from vacancy- to interstitial-type sil-
icon in which the reactions that produce microdefects do not occur. In these
regions, the concentrations of either vacancies or self-interstitials are too low to
drive the reactions during the cooling of the crystal. They differ in character due
to the differing effects of unreacted vacancies or interstitials on the subsequent
nucleation of oxygen clusters at lower temperatures. Excess vacancies enhance
the clustering, while excess interstitials suppress it. In terms of process control,
the width in v/G space around the critical value that produces sufficiently low
concentrations of both vacancies or interstitials is on the order of 10 %. Growth
processes that can control v/G to within 10% around the critical value both
axially and radially are capable of producing microdefect-free silicon. This is not
an easy task. Methods exist that result in the partial relaxation of this require-
ment such that the production of such ‘perfect silicon’ is practically possible
along nearly the entire crystal length. In general, three types of perfect silicon
are possible: (1) entirely vacancy-type, exhibiting a generally enhanced oxygen
precipitation, (2) entirely interstitial-type perfect material in which oxygen pre-
cipitation is suppressed and (3) a mixed type. Figure 11.2 illustrates the difference
between sections of vacancy defective, interstitial defective and interstitial-perfect
silicon when decorated by copper.
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Vacancy-defect
crystal type: voids,
COPs, GOI
failures

Interstitial-defective
crystal type: large
dislocation loops

Figure 11.2 Images of silicon crystal cross sections after copper decoration and etching.

11.3 THE CONTROL OF OXYGEN PRECIPITATION THROUGH
THE ENGINEERING OF VACANCY CONCENTRATION IN SILICON
WAFERS: MAGIC DENUDED ZONE™ WAFERS

In the discussion above, it was noted that there exists a region of vacancy con-
centration accessible through crystal-growth in which no microdefects are formed
but in which the clustering of oxygen is significantly enhanced. It is also possi-
ble to achieve such levels of vacancy concentration in thin wafers through the
proper control of their heating and cooling. By doing so, it is possible to strongly
affect the subsequent precipitation behaviour of the wafer. In fact, it is possible,
through the judicious control of point-defect generation, injection, diffusion and
recombination to install vacancy-concentration profiles into silicon wafers that
result in the ideal precipitation performance for internal gettering (IG) purposes.

While high concentration of vacancies enhance oxygen clustering, it is found
that there is a lower bound on vacancy concentration for which clustering is
‘normal’. This is quite a sharp transition and lies around about 5 x 10'' cm™3.
Installing a vacancy concentration profile that rises from the wafer surface into
the bulk of the wafer crossing the critical concentration at some desired depth
from the surface results in a wafer with a surface region of ‘normal’ silicon and
a bulk of vacancy-enhanced precipitation. This is the basis underlying the ‘magic
denuded zone™" (or MDZ™) wafer (Falster ef al. 1998a).

11.3.1 ‘TABULA RASA’ SILICON AND THE SUPPRESSION OF
OXYGEN PRECIPITATION IN
LOW-VACANCY-CONCENTRATION MATERIAL

In modern low-vacancy silicon, oxygen precipitation is suppressed if grown-
in pre-existing clusters are dissolved by simple high-temperature heat treat-
ments. Such material is known as ‘Tabula Rasa’ silicon (Falster et al. 1997).
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The dissolution of grown-in clusters is an integral part of the thermal treatments
necessary to install the required vacancy concentration profile. From the “Tabula
Rasa’ state, re-nucleation of stable oxygen clusters at low temperatures (approx-
imately 450—700 °C) is inhibited in almost all practical cases by the requirement
of relatively long incubation times, even though the oxygen concentration remains
high. Thus ‘normal’ precipitating material actually means the suppression of pre-
cipitation in most practical situations. In the high vacancy concentration regions,
the incubation times are reduced over a wide temperature range to very small
values (Falster et al. 1998a). It is this very large difference in incubation times
between high and low vacancy concentrations that is primarily responsible for
the creation of the denuded zone effect.

Through control of process temperature, ambient and cooling rate a wide
variety of precipitate profiles can be installed in thin silicon wafers. An
example of the precipitate profiles achieved from two different installed vacancy-
concentration profiles along with the resulting oxygen precipitate profiles is
shown in Figure 11.3. Vacancy-concentration profiles were measured by a

'{‘;]E+l4!d

s

=

2

E

z

i=

8

oy

:

IE 12 1 1 1 1 1 1
S 0T 2000 400 600
Depth (ptm)
(a)

— 0
— 100 um
— 200 um

Figure 11.3 Vacancy concentration profiles (a) from Pt diffusion results on two samples
heat treated at 1250 °C for 30s in a nitrogen (squares) and argon (circles) ambient. Follow-
ing this the wafers were given a precipitation test treatment (4 h, 800°C + 16 h, 1000 °C);
(b) argon treatment; (c) nitrogen treatment. The bulk precipitate densities in both cases
are approximately 5 x 10'cm—3,
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Pt-diffusion technique (Jacob er al. 1997). In low vacancy concentration surface
regions, the Pt technique is not very accurate due to competition with the kick-out
mechanism for platinum incorporation.

11.3.2 MATERIAL ‘SWITCHING" AND TRANSFER FUNCTIONS

The transition in vacancy concentration between ‘normal’ and ‘enhanced’ pre-
cipitation is very sharp indeed. Figure 11.4 is a plot of current estimates of the
density of oxygen precipitates produced by a simple ‘test” heat treatment (4 h at
800°C followed by 16h at 1000°C) as a function of vacancy concentration at
the outset of the treatment. The width of the bar represents some uncertainty in
the determination of vacancy concentration. Such a sharp transition represents
a kind of material-switching action and the curve a kind of material-transfer
function that is nearly binary in nature. This switching action can be used to
effectively ‘program’ silicon wafers to produce sharply defined zones of precip-
itation behaviour.

11.3.3 COMPARISON OF CONVENTIONAL AND VACANCY-
ENGINEERED CONTROL OF OXYGEN PRECIPITATION

Conventionally, denuded zones are prepared through the out-diffusion of oxygen
by long, high-temperature heat treatments prior to the ‘normal’ (low vacancy con-
centration) very slow nucleation of oxygen precipitates. It relies on the very strong
(typically 20-th order (Falster et al. 1998a)) oxygen concentration, dependence
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Figure 11.4 Oxygen precipitate density dependence on vacancy concentration.
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of the nucleation processes. This very strong dependence on oxygen concentra-
tion while responsible for a denuded zone effect is, in fact, one of the major
weaknesses of the conventional approach; it necessitates extremely tight controls
on the concentration of oxygen in silicon crystal growth. A further difficulty is
that with modern low thermal budget IC processing the times and temperatures
required to produce sufficient out-diffusion of oxygen simply no longer exists.
Another difficulty is the strong coupling of the ‘normal’ nucleation behaviour of
the details of the crystal-growth process and the thermal cycles of the IC pro-
cess to which it is submitted. The problem of the ‘normal’ nucleation of oxygen
precipitation in silicon has proven to be an extraordinarily difficult one and has
yet to be satisfactorily resolved. No models exist that can predict the outcome of
this highly coupled problem. Thus the problem of precipitation control in ‘nor-
mal’ silicon remains a largely and unsatisfactorily empirical exercise in which
silicon materials are ‘tailored’ to meet the needs of specific applications adding
undesired costs and rigidity to the process.

In vacancy-engineered oxygen-precipitation control these problems are cir-
cumvented. The two-zoned precipitation required for internal gettering action is
achieved by the installation of a vacancy concentration profile that rises from a
low value at the wafer surface and crosses the vacancy-threshold concentration
at some desired point below the surface defining the depth of the denuded zone.
The two processes for the creation of denuded zones are schematically illustrated
and compared in Figure 11.5.
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Figure 11.5 Schematic comparison of conventional and the vacancy-controlled denuded
zone formation of the MDZ™ wafer. The shaded areas represent the locations of the
precipitated regions.
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11.3.4 THE INSTALLATION OF VACANCY CONCENTRATION
PROFILES IN THIN SILICON WAFERS

The installation of appropriate vacancy-concentration profiles in a thin silicon
wafers is a three-step process, all of which occur in a single rapid thermal
processing (RTP) step (Falster ef al. 1998a). (1) When silicon is raised to high
temperatures, vacancies and interstitials are spontaneously produced in equal
amounts through Frenkel pair generation, a very fast reaction. At distances far
removed from crystal surfaces we thus have Cj = Cy = {Cieq(T)Cyeq(T)}'/%,
where T is the process temperature. Were the sample to be cooled at this point
the vacancies and interstitials would merely mutually annihilate each other in
the reverse process of their generation. (2) In thin wafers, however, the surfaces
are not far away and this situation changes very rapidly. Assuming equilibrium
boundary conditions (not oxidizing or nitriding) leads to coupled fluxes of inter-
stitials to the surface and vacancies from the surface (Cieq(7) < Cyeq (T') for the
temperature ranges of interest (see below)) and the rapid establishment of equilib-
rium conditions throughout the thickness of the wafer. Experiments suggest that
this occurs very rapidly — in a matter of seconds or even less. This equilibration
is primarily controlled by the diffusivity of the fastest component, the self-
interstitials, since the concentrations are roughly equal. (3) Upon cooling, two
processes are important: direct recombination of vacancies and interstitials, and
surface recombination and the resulting fluxes toward the surfaces. The slower
vacancies are now the dominant species of the coupled diffusion (Cy > Cy) and
hence the equilibration processes toward the equilibrium state at the surface is
not as fast as the interstitial-dominated initial equilibration. It is thus possible to
freeze-in excess vacancies at not unreasonable cooling rates. For samples cooled
rapidly, the residual bulk concentration of vacancies following recombination
with interstitials, Cy, is the initial difference Cv. — Cj. (at the process tempera-
ture, T'). Closer to the surfaces Cy is lower due to diffusion (again now primarily
controlled by the dominating vacancies) toward the decreasing equilibrium values
at the wafer surface. The relatively rapid cooling rates achievable (50—100 °C/s)
in RTP systems insure that sufficiently high concentrations of vacancies can be
frozen in the bulk of the wafer to achieve the desired effect. In general, the level
of bulk precipitation is controlled by the value of Cy (determined by the process
temperature) while the depth of the denuded zone is controlled by the diffusion
of vacancies during cooling. Such information, coupled with numerical simula-
tion of the coupled diffusion process, can be very important points of reference
in analysing the parameters of the native point defects in silicon. For example,
critical vacancy concentrations (= Cv.(T) — Cy. (T')) for precipitation enhance-
ment (approximately 5-8 x 10! ecm™), is achieved at about 1175 °C, while at
about 1250 °C, much higher vacancy concentration is found, to be between about
2-5 x 10" ecm™3. The uncertainty in these numbers reflect our uncertainty in the
platinum-diffusion technique. Further experiments with various cooling rates and
subsequent relaxation rates of an installed profile during a second RTP process
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at a different temperature give insight into the diffusivity of vacancies at various
temperatures. Such information gained from MDZ experiments is coupled with
information gleaned from crystal growth experiments to compile a unified picture
of the point-defect parameters. This is discussed below.

11.3.5 ADVANTAGES OF THE USE OF VACANCIES TO CONTROL
OXYGEN PRECIPITATION IN WAFERS

The use of MDZ wafers is a very powerful tool for the resolution of the prob-
lem of oxygen precipitation control in silicon wafers. The installation of an
appropriate vacancy-concentration profile effectively programs a silicon wafer
to behave in a well-defined and ideal way. Essentially all the difficulties asso-
ciated with the robust engineering of IG structures are removed at a stroke.
At sufficiently high vacancy concentration levels the control of the nucleation
reactions is decoupled from the oxygen concentration over the entire practi-
cal CZ range (4-10 x 107 cm™3) thus eliminating the need for tight oxygen
control in CZ crystal growth. The ‘Tabula Rasa’ character of the heat treat-
ments that produce the MDZ wafer erase all details of oxygen clustering during
crystal-growth, Finally, the extraordinarily rapid incubation of clusters at low
temperatures insures that the installed vacancy ‘template’ is ‘fixed’ essentially
as wafers are loaded into their first high-temperature heat treatment. The vacan-
cies are consumed in this process and only the clusters in their well-defined
distribution are left behind to grow. No further nucleation takes place, except
in extraordinary circumstances. In short, an MDZ"™ wafer is a generic high-
performance IG wafer decoupled from the need to tailor a specific material to a
specific process. Our goal of simplicity is thus achieved.

11.3.6  THE MECHANISM OF THE VACANCY EFFECT ON OXYGEN
PRECIPITATION

At low T, oxygen clusters are nucleated to high density even without vacan-
cies but there is a long incubation (several hours at 650 °C) before a subsequent
high-temperature anneal results in an appreciable precipitate density, 10° cm™2 or
higher. This incubation, most likely, is not related to a lag in the time-dependent
nucleation rate but rather to the problem of subsequent survival of nucleated
oxygen clusters. The clusters formed without volume accommodation (without
assistance of vacancies) would inevitably dissolve at higher 7 since the strain
energy per oxygen atom becomes larger than the oxygen chemical potential.
The only way to survive is to relieve the strain energy by emitting enough self-
interstitials, to acquire some space in the lattice. The emission rate is expected
to be strongly size dependent. It becomes appreciable only if the cluster size is
above some critical limit. To achieve this size, some incubation time is required.
However, with vacancies present, the clusters will relieve the strain simply by
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absorbing vacancies. The vacancy species at low T exist predominantly as O,V
complexes (bound vacancies — see below). The O,V species may be of high
enough mobility, even at low T, to be absorbed by the clusters at the nucle-
ation stage. Even if this is not the case, vacancies will be absorbed during the
subsequent ramp-up of the temperature since the effective vacancy diffusivity
(averaged over O,V and V species) is a rapidly increasing function of 7. Either
way, at the beginning of the precipitation stage (for example at 1000°C) each
cluster will contain m vacancies (m = C,/N where N is the cluster density).
The critical vacancy number m* — for clusters in equilibrium with the equilib-
rium solution of point defects — is estimated to be about 100 at 1000°C (it is
slightly dependent on the oxygen concentration). This important estimate comes
from the oxide/silicon interfacial energy fitted to account for the microdefect
formation (Voronkov, to be published). If the actual value of m exceeds m* then
the cluster-controlled point-defect concentrations correspond to interstitial super-
saturation (and vacancy undersaturation). Under such conditions, all the clusters
can grow simultaneously since self-interstitials are removed to the sample surface
thus providing more space for the clusters. This means that m will increase, and
the number of oxygen atoms in each cluster (n) will follow the increase in m.
However, if the starting value of m is below m™* (a much more likely situation),
the point-defect solution in equilibrium with clusters corresponds to interstitial
undersaturation; then the interstitials diffuse from the sample surface into the
bulk decreasing m — and thus inducing the cluster dissolution. Along with this
(presumably slow) process there will be fast coalescence with respect to the size
m: the clusters of smaller m will lose vacancies, while the clusters of larger m
will gain those vacancies. In this way the total cluster density N will decrease,
while the average size m will increase, until it becomes larger than m*. After that,
all the remaining clusters can grow simultaneously. This consideration results in
a simple rule for the final precipitate density N,. It is on the order of C,/m*
(about 10'"°cm™3 for C, = 10'?cm™3). It is remarkable that though the initial
(nucleated) cluster density N may strongly depend on the oxygen content, the
final precipitate density N, is almost independent of the oxygen content: it is
controlled by the vacancy concentration C,. When the vacancy concentration is
low, the starting size m = C, /N will be accordingly small. The clusters of small
m would simultaneously lose the vacancies to the vacancy solution, and will be
completely dissolved.

Another mechanism of vacancy-enhanced precipitation is direct agglomeration
of the vacancy species (0,V) during the nucleation stage. The production of this
new cluster population — by agglomeration not of oxygen but of O,V — goes in
parallel with the nucleation of oxygen-only clusters considered above. Attach-
ment of the O,V species to a cluster may proceed either by direct migration of
these species or by the dissociation with subsequent fast migration of a released
free vacancy to a cluster followed by attachment of oxygen atoms. For both
ways the nucleation rate is not very sensitive to the oxygen content but con-
trolled primarily by the species concentration, C,. If the vacancy size of clusters,
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m = Cy/N, is below m*, the precipitation anneal will result in a coalescence
process (described above), and the cluster density N will be reduced to the final
value on the order of C,/m*. At low C, the nucleation rate of O,V-clusters would
be negligible.

The two mechanisms of vacancy-enhanced oxygen precipitation share some
common features: (a) the basic effect of vacancies is to supply the oxygen
clusters with space necessary for the cluster survival during the precipitation
anneal; (b) the vacancy concentration must be over some limit to enhance the
precipitation; (c) the produced precipitate density is controlled by the vacancy
concentration rather than by oxygen content. It is likely that the first mechanism
is important at low T (at 650°C or below). The second mechanism certainly
operates at higher T (like 800°C) — when the effective vacancy mobility is
enough for vacancy-assisted nucleation of oxygen clusters. The first mechanism
is not operative at all at such T since the nucleation rate of oxygen-only clusters
becomes negligible.

11.4 CONCLUSIONS DRAWN REGARDING THE INTRINSIC
POINT-DEFECT PARAMETERS TAKEN FROM THE COMBINATION
OF CRYSTAL GROWTH AND MDZ EXPERIMENTS

Both the problems of microdefect formation in crystal-growth and the principles
behind the MDZ wafer involve the properties of point defects at high tempera-
tures. At high temperatures in lightly doped material, the analysis of the problem
should be free of the complications of defect complexes. This section discusses
conclusions drawn from the analyses of both problems taken together to present
a coherent view of the properties of free, neutral point defects in silicon and the
nature of complexing at lower temperatures.

11.4.1 RECOMBINATION RATE

The v/G rule for grown-in microdefect type (the type of incorporated native
defect) implies that the balance between defect recombination and pair gener-
ation is achieved very rapidly. The characteristic equilibration time 7, must be
much shorter than the time spent within the near-interface region where major
defect annihilation occurs (for float-zoned crystals this dwell time may be as
short as 20s). This conclusion is in line with the extremely short equilibration
time observed in MDZ experiments in wafers at 1250°C (on the order of 1s).
This result means that both equilibration processes (pair generation/recombination
and diffusion) occur within this short time. The characteristic time 1, is there-
fore on the order of Is (or less) at 1250°C. Since t, is a rapidly decreasing
function of T, It will be still much lower (several milliseconds or less) at the
melting point.
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11.4.2  SELF-INTERSTITIAL DIFFUSIVITY

The short equilibration at 1250°C also means that the characteristic diffusion
time, (d/m)?/D; — where d is the wafer thickness (0.07 cm) — is on the order of
1's. Accordingly, the interstitial diffusivity, D;, is on the order of 5 x 10~* cm?/s.
The estimate for Dj at the melting point (resulting from quenched-in microdefect
patterns) is the same number (Voronkov 1982). This coincidence implies that
(a) the interstitial diffusivity is very high, (b) the temperature dependence of D;
is not significant (at least over 1250 °C). The interstitial migration energy E.; is
thus rather low. We adopt E,;; = 0.2eV following the data of Watkins 1999.

11.43 VACANCY DIFFUSIVITY

This value was deduced (Voronkov and Falster 1999) from the observed density
and size of voids: Dy is about 2 x 107> cm?/s at the void formation temperature
(around 1100 °C); a slightly higher number follows from the cavitation model of
void production (Voronkov, to be published). Since the vacancy is mobile even at
the room temperature (Voronkov and Falster 1999), the vacancy migration energy
E v can be then deduced to be about 0.35eV (Voronkov and Falster 1998). This is
close to the number obtained by Watkins, 0.45eV. On the other hand, the vacancy
diffusivity is the parameter that largely controls the width of a denuded zone in
the MDZ process: that zone is basically formed due to vacancy out-diffusion
during fast cooling of wafers after the RTP anneal. Accordingly, a good estimate
for D, (assuming the above low migration energy) can be deduced from the
observed quenched-in vacancy profiles under a variety of cooling-rate conditions.
The deduced diffusivity at the reference temperature of 1100°C is about 2 x
1075 cm?/s, in excellent accord with the microdefect-based number for D,.

11.4.4 THE DIFFERENCE OF EQUILIBRIUM VACANCY AND
INTERSTITIAL CONCENTRATIONS

Both the world of grown-in microdefects and the world of MDZ are based on the
inequality Cye > Cj.. This inequality (at the melting point) insures the change-
over from interstitial incorporation (at v/G below the critical ratio) to vacancy
incorporation (at higher v/ G). Incorporation of vacancies in the MDZ process is
based on a similar inequality at the process temperature: the quenched-in vacancy
concentration in the wafer bulk is equal to C,. — Cj. at the process temperature.
This difference — for the two temperatures, 1250 and 1175°C — was measured
by the Pt technique with some uncertainty. The melting-point difference can
be deduced from the amount of vacancies stored in voids (Saishoji ef al. 1998)
calculated from the LST data on the void density on size, in dependence of v/G.
This difference lies within rather narrow limits, (2—3) x 10" cm™>. The ranges
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Figure 11.6 The range of the solubility difference for vacancy and self-interstitial. The
melting point (7;,) range is based on the measured amount of vacancies in voids. The
range for the two other temperatures (1250 and 1175°C) comes from RTA-treated wafer
measurement data.

for Cye — Cj. are thus available for the three temperatures; these are shown in
Fig. 11.6.

11.4.5 FORMATION ENERGIES

The plot of Figure 11.6 imposes strong constraints on the values of formation
energies, E, for vacancy and E; for self-interstitial. The melting-point value for
the equilibrium interstitial concentration, Cjy, is fixed by the estimated diffu-
sivity D; and the value of the D;C;. product (2.3 x 10'' cm?/s at the melting
point) known from self-diffusion and zinc-diffusion data (Bracht 1999). Making
allowance for some uncertainty in both D; and D;Cj., a reasonable range for Cj,
is (5-15) x 10" cm™3. If one specifies the formation energies, then the temper-
ature dependence of C,. — Cj. can be plotted for various C,,, and Cj, within
the fixed ranges for C;,, and C,,, — Cin. If none of these curves falls within the
ranges of Figure 11.6, the chosen energies E, and E; are rejected. Otherwise
they are considered as consistent with the data of Figure 11.6. This procedure
shows that acceptable energies are very close one to the other. The acceptable
range for the average energy £ = (E; + E,)/2 and for (very small and negative)
energy difference E; — E, is shown in Figure 11.7. Both formation energies are
over 4.3 eV. To be consistent with self-diffusion data, E; must be lower than the
activation energy for the D;C;. product, 4.9eV (Bracht 1999). Since the inter-
stitial migration energy is thought to be 0.2eV (or perhaps somewhat larger),
the actual estimate for the interstitial formation energy is E; < 4.7eV. The final
range for E; is then from 4.3 to 4.7eV. The vacancy formation energy E, is
within the same range. An important implication of these estimates is that the
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Figure 11.7 The values of average formation energy and the energy difference consistent
with the data shown in Fig. 11.6. These values are in the area inside the curve.

activation energy for the vacancy contribution into the self-diffusivity, £, + E\y,,
lies within the range 4.7-5eV. It is thus comparable to that for the interstitial
contribution, E; + E;;, = 4.9eV. The interstitial contribution to self-diffusivity
prevails at high 7 (Bracht 1999). It will then prevail over the whole temperature
range, with no cross-over to vacancy-dominated self-diffusivity at lower 7. A
presumed cross-over point is indeed refuted by recent data (Bracht 1999).

11.4.6 CRITICAL v/G RATIO

This is expressed (Voronkov 1982) through the average formation energy E, the
D;C;y, product and the concentration difference C,,, — Ciy, — the same parameters
that are relevant in the above analysis of the formation energies. On substi-
tuting the numerical values of these parameters one gets for (v/G). a rather
narrow range consistent with the value found experimentally (Dornberger et al.
1996, Falster e al. 1998b) (about 2 x 1073 em?/s or 0.12 mm?/min K). This result
shows the self-consistency of the present approach to the estimation of the point-
defect parameters.

11.4.7 VACANCY BINDING BY OXYGEN

The reaction of vacancies with oxygen, to form a O,V complex (a bound
vacancy) must be invoked (Falster ef al. 1998b) to account for nonzero residual
concentration of vacancies in as-grown crystals. The residual vacancies are
manifested in subsequent oxygen precipitation, which is strongly banded spatially,
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due to a banded distribution of residual vacancies (Falster er al. 1998b, Voronkov
and Falster, to be published). The binding (complexing) reaction is strongly
dependent on temperature: there is some characteristic binding temperature, 7y,
separating the higher-temperature region (where the free vacancies dominate)
from the lower-temperature region (where the vacancies exist predominantly as
O,V, with only a small fraction of free vacancies). The binding temperature
was estimated to be somewhat above 1000°C (1020 °C or perhaps slightly
higher). The basic implication of the binding reaction is that the effective vacancy
mobility is rapidly reduced below T, and the vacancy loss to microdefects is thus
strongly suppressed, giving an opportunity for some vacancies to survive — as
0,V complexes. The suppression of vacancy mobility below 7, is also of great
importance in the processes that produce the MDZ wafer. If the quenched-in
depth profile of vacancies is simulated without the binding reaction, the computed
vacancy concentration is far lower than the measured value (for some cooling
rates). Even if the computed concentration at the wafer centre is not low (at higher
cooling rates) the profile shape is strongly different from that observed. When
the vacancy binding is taken into account, the computed profiles are in accord
with the experiment. The vacancy binding is also clearly manifested if the MDZ
wafers are subjected to the second RTP process at a temperature 7> lower than
that of the first RTP anneal (at 7} = 1250°C). At 7> = 1100 °C (well above the
binding temperature) the initially installed vacancy profile disappears within 20s.
At T> = 1000 °C a similar relaxation occurs but within a much longer time scale
(at 60s it is not yet fully relaxed) indicating a considerably reduced effective
vacancy diffusivity. At 7> = 900°C the vacancy profile does not change at all
within 15 min, indicating a strongly reduced effective vacancy mobility; therefore
the temperature of 900 °C is already well below Tj,.

11.5 UNIFIED SCHEMATIC PICTURES OF VACANCY CONTROL
FOR CRYSTAL GROWTH AND WAFER PROCESSING

The above discussion, which takes into account observations from both crystal-
growth and wafer-processing experiments, can in part be summarized in a useful
schematic graphical form illustrating the problem of vacancy-defect engineering.
A similar set of schematics exists for the self-interstitial mode of growth
and will be presented elsewhere. The vacancy schematics are illustrated in
Figures 11.8—11.14.

Figure 11.8 illustrates the basic vacancy reaction template. Here is plotted the
various important zones of vacancy reaction (void formation, O,V binding and
enhanced oxygen precipitation) in terms of temperature and vacancy concentra-
tion. As a main point of reference, the solubility of vacancies is also shown.
Such a chart can be viewed as a kind of map through which the concentration of
vacancies in a growing crystal or heat-treated wafer must be steered during the
cooling of the crystal or wafer in order to achieve a desired result.
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Figure 11.8 The basic vacancy reaction ‘template’.

Figure 11.9 then uses this map to illustrate the first part of the crystal-growth
problem: that of the incorporation of vacancies into a growing crystal. Starting at
the equilibrium concentration at the melt temperature, the vacancy concentration
is reduced as the crystal cools through a transient phase in which vacancy and self-
interstitial fluxes compete with each other via mutual annihilation. Eventually this
stops when the concentration of one or the other point-defect species becomes
exhausted. At this point an essentially constant concentration of the surviving
species is obtained. It is the residual vacancy (or self-interstitial) concentration,
set at high temperature by the v/G rule, which is then launched into the possible
reactions at lower temperatures. The reference value of the ratio of the actual
to critical v/G value is given on the right-hand scale for several examples. The
value for each example corresponds to the value at the vacancy-concentration
saturation value. At the normalized V/V; value of 0.8 the illustrated incorporated
vacancy concentration drops below the equilibrium concentration. The crystal is
at this point ‘interstitial type’.

Figure 11.10 illustrates the most usual case in commercial CZ crystal-growth,
that of void reaction. At a temperature of typically around 1100 °C the vacancies
incorporated in the growing crystal become sufficiently supersaturated to drive
the void reaction. Very shortly after this starts, a sufficiently large number of
vacancies are consumed, thus shutting the reaction off. The resulting density of
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Figure 11.9 An illustration of the incorporation of vacancies into a growing crystal at
various values of v/G relative to the critical value.

voids depends on the concentration of vacancies entering the reaction barrier and
the cooling rate while the reaction proceeds. Upon further lowering of the crystal
temperature no more voids are produced but vacancies continue to be consumed
by the existing voids until the vacancies are fully bound in the relatively immo-
bile O,V complex. The residual concentration of vacancies (now in the form of
0,V complexes) is, however, usually below the critical concentration level for
precipitation enhancement. If, however, the crystal is cooled rapidly through the
growth phase, such as can happen when fast pull rates are used to produce crystal
end cones, the residual vacancy concentration can be larger than the transition
level to enhanced oxygen precipitation and regions of ‘anomalously’ high levels
of precipitation can be observed. This is often the case in the tail-end regions
of CZ crystals. Figure 11.11 illustrates this effect within the framework of the
vacancy diagrams.

At lower values of v/G and in particular at values of v/G approaching the
critical value, the concentration of incorporated vacancies is reduced. It is at these
levels of vacancy concentration that strong defect banding effects are observed.
Figure 11.12 illustrates the conditions for ‘p-band’ or OSF-ring formation. The
consumption rate of vacancies is larger than the void case due to the typically 2
orders of magnitude higher density of the p-band particles (the vacancy ‘sinks’)
than voids.
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Figure 11.10  An illustration of the production of voids in a growing crystal in the most
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Figure 11.11  An illustration of the effect of more rapid cooling through the void growth
regime resulting in ‘anomalously’ high values of oxygen precipitation.
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Figure 11.12  An illustration of the conditions under which the ‘P-band’ or OSF-ring is
formed during crystal growth.

Figure 11.13 shows the case for ‘L-band’ formation. In this case the vacancy
concentration goes underneath the void reaction and enters directly into the O,V
binding as illustrated in Figure 11.13. No voids can form as the process in now
kinetically limited. The usual case is for the vacancies to enter the ‘enhanced
precipitation’ condition at lower temperature giving rise to the precipitation peaks
observed in the L-band region. Material grown under these conditions is ‘vacancy
perfect’-type material.

Finally, the same vacancy schematic used above for crystal-growth can be
used to explain the incorporation of vacancies during the heat treatment of thin
silicon wafers leading to the MDZ™ wafer. Figure 11.14 illustrates this. Here
our starting point is not at the melt temperature of silicon but usually sub-
stantially lower. As a result, the maximum vacancy concentrations achievable
are substantially lower than that of crystal-growth from the melt (unless point
defects are additionally injected from the wafer surfaces). Initially, in the bulk
of the wafer, the concentration of vacancies is somewhat less than equilibrium
as a result of the fact that the only possible source of vacancies is Frenkel
pair generation and mass action. Shortly after this, however, due to the close
proximity of the wafer surfaces, the equilibrium vacancy concentration is rapidly
reached throughout the bulk of the wafer primarily through interstitial in-diffusion
coupled to IV recombination/generation. At the wafer surfaces, equilibrium con-
ditions are always maintained. As the sample cools, the vacancy concentration
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Figure 11.14 An illustration of the use of the vacancy template to illustrate the creation
of dual-zoned precipitation effects in thin silicon wafers (the MDZ™ wafer) by means

of high-temperature rapid thermal processing.
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drops, following equilibrium at the surfaces, while the decrease in the bulk, far
(relatively speaking) from the surfaces is limited to recombination with exist-
ing self-interstitials. These are rapidly exhausted, leaving behind a ‘residual’
vacancy concentration (which is equal to Cye(T) — Cj. (T) where T is the pro-
cess temperature). If the cooling of the wafer is sufficiently rapid such that the
expanding vacancy-diffusion profile does not penetrate into the wafer centre prior
to reaching the O,V binding temperatures, then this concentration is maintained.
If this residual concentration is sufficiently large to be greater than the critical
vacancy concentration for precipitation enhancement, then the desired two-zoned
precipitation effect is created.
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12 The Formation of Defects

and Growth Interface Shapes
in CZ Silicon®

TAKAO ABE
Shin-Etsu Handotai, Isobe R&D Center, Isobe 2-13-1, Annaka, Gunma
379-0196 Japan

ABSTRACT

The thermal distributions near the growth interface of 150 mm Czochralski (CZ)
crystals were measured by three thermocouples installed at the centre, middle
(half-radius) and edge (10 mm from surface) of the crystals. The results show that
larger growth rates produced smaller thermal gradients (G) similar as reported
for FZ crystals. The results seem not to contradict the balance equation because
temperature distributions continue through the growth interface to the bulk of
crystal. The growth rate (v) in Voronkov’s theory does not effect directly the
point-defect formation. Finally, it is proposed that the shape of the growth inter-
face is also determined by the distribution of G across the interface. That is,
small G and large G in the centre induce concave and convex interfaces to the
melt, respectively.

12.1 INTRODUCTION

Investigations on native point defects in silicon crystals may be classified into
three categories, depending on the temperature ranges at which they are formed.

* Note of the editor: The interesting measurements reported here are not yet fully understood and
require further studies and interpretation. Generally one would assume that the thermal gradient in
the crystal at the growth interface increases with increasing growth rate in order to remove the
latent heat. Alternatively, in specific growth arrangements, the latent heat may be compensated by a
decreasing thermal gradient in the liquid (near the interface) with increasing growth rate as postulated
by Voronkov and in this work by T. Abe. In these latter cases the temperature gradient in the solid
is either constant or even slightly decreasing with increasing growth rate. The effective temperature
distribution at the growth interface and the thermal history of the crystal determine the interface
shape, defect formation, and defect distribution HJS.

Crystal Growth Technology, Edited by H. J. Scheel and T. Fukuda
© 2003 John Wiley & Sons, Ltd. ISBN: 0-471-49059-8
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The electron paramagnetic resonance (EPR) is carried out at cryogenic tempera-
ture in order to study the lattice vacancies and the silicon interstitials produced
by electron irradiation. This investigation was extensively performed by Watkins
et al. [1] in the 1960s. The second category of investigations is devoted to two
phenomena: (i) the enhanced and retarded impurity diffusion induced by oxi-
dation and nitridation, and (ii) the kick-out and dissociative diffusion of metals
such as Au, Pt and Zn in the temperature range 44 to 1388 °C [2].

The third category concerns the secondary point defects produced during the
crystal-growth process, from the melting point down to 1000 °C. These secondary
defects form as a result of nonequilibrium phenomena, that is, the crystal-growth
and subsequent cooling, which are characterized by the presence of thermal
gradients. Up to now measuring procedures or parameters obtained with the
investigations of the first and second type could not be applied in order to fully
understand and then prevent the grown-in defect formation near the melting point.

When float-zone (FZ) silicon crystals were first grown without dislocations,
the layer structure of defects perpendicular to the growth axis [3] and the so-called
‘shallow pits’ distributed in a swirl-like pattern [4] could be clearly observed.
De Kock [5] first proposed that the shallow pits were agglomerates of vacancies.
However, Foell and Kolbesen [6] later found by direct TEM observations that
shallow pits are produced by excess interstitials that give rise to interstitial-type
dislocation loops. Currently, such defects are commonly named A defects. Fol-
lowing this evidence, many researchers proposed their own models [7—-13] as
shown in Table 12.1. Foell et al. [7] and Petroff and de Kock et al. [8] assumed
interstitial silicon to be in equilibrium and in nonequilibrium, respectively. Van
Vechten [9] and Chikawa and Shirai [10] suggested that the vacancies are pre-
dominant at equilibrium. However, even when vacancies are assumed to be
predominant, Chikawa’s droplet model does not exclude the occurrence of A
defects. The equilibrium model in which vacancy and interstitial concentrations
are equal at the growth interface is accepted by many researchers. Sirtl [11]
suggested that pair annihilation and creation is kept with the local equilibrium.
Hu [12] and de Kock et al. [13] proposed that the A defects are generated due
to the energy differences of recombination and agglomeration energies between
interstitials and vacancies. Roksnoer ef al. [14] reported another type of defects
named D defects, consisting of excess vacancies created by growing FZ crys-
tals with extremely large growth rate. Based on this observation, Voronkov [15]
developed a theory according to which the species of intrinsic point defects
created during growth depends upon the ratio or growth rate (v) and thermal
gradient (G) near the growth interface. He defined a critical value of this ratio
(Cerit), and suggested that when v/ G < C.y, interstitials are dominant, whilst if
v/G > Cgj, vacancies are dominant. Tan and Goesele [16] tried to modify this
theory introducing a new concept of ‘local equilibrium’, but this was not yet
proven experimentally.

In 1990, Ryuta et al. [17] found the crystal-originated particles (COP) which
are the result of the D defects in Czochralski (CZ) crystals, by using a particle
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counter based on light scattering techniques. Later, Itsumi ef al. [18] reported
that COPs are twinned structures of octahedral voids covered with thin oxide on
inside (111) planes. After those two findings, many numerical simulations were
started with the aim of explaining the generation of the A and D defects; see,
for example, Wijaranakula [19], Habu er al. [20], and Brown et al. [21], who
postulate almost equal concentrations of interstitials and vacancies at the growth
interface. They calculated the flux of point defects using the gradient of chem-
ical potentials. However, the parameters used for the computation were varied
in a wide range: Habu er al. [20] postulated that both species of point defects at
the growth interface are controlled by G and v but characterized by uphill diffu-
sion [22] of vacancies. The conclusion resulted opposite to that of Voronkov who
stated that if v is large enough, vacancies are predominant and uphill diffusion
is negligible. However, the experimental results [29, 30] obtained by detaching
the crystal from the melt, showed that the solid near the growth interface is
filled with vacancies. On the other hand, it is experimentally known that the
dominant species outside and inside of R-OSF (ring-likely distributed oxidation-
induced stacking fault) are interstitial silicon and vacancy, respectively. Ammon
et al. [23] an Hourai et al. [24] determined the value of v/G on the R-OSF to be
0.13 mm?*/min K [25] and 0.22 mm?/min °C [24], respectively. The former used
the commercially available finite element codes FEMAG [25] for the global heat
transfer analysis, and the latter calculated the temperature distribution in the crys-
tals by ABAQUS [24]. However, the present author and his coworkers measured
the temperature distributions near the growth interface of growing FZ crystal sur-
faces by a two-colour thermometer [26]. The results clearly showed that larger v
values induce smaller G values. Recently, we measured the temperature distribu-
tions [31] near the growth interface of growing CZ crystals using thermocouples
buried in 150mm crystals. From these results we have proposed that the gen-
eration of point defects only depends on G near the growth interface, but not
explicitly on v, which just contributes to change G and to agglomeration of these
defects during cooling.

In this chapter, we first discuss three points based on the G values actually
measured on growing CZ crystals: first is the traditional balance equation used
for the computer simulation, second is the meaning of Voronkov’s theory, and
third is the formation of growth-interface shape.

12.2 EXPERIMENTS

As schematically shown in Figure 12.1, two previously grown dislocation-free
crystals of lengths of 250mm and 350 mm with 150 mm diameter, having a
conical shoulder but not a conical tail, were prepared for measuring tempera-
ture distributions during crystal-growth. Thermocouples were installed at the flat
tail end. To avoid the radiation effects and to measure the temperatures in the
crystal interior, three thermocouples at the centre, middle (half-radius) and edge
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Figure 12.1 Schematic of test crystals installed with three thermocouples at the
end surface.

(10 mm from edge) positions were inserted into the crystals, The diameter of the
thermocouples is 1 mm and the outer diameter of their quartz cover is 5mm. The
test crystals were supported by multiple tungsten wires as if real crystals were
growing. The weight of melted silicon was adjusted depending on the test crystal
length to simulate an initial silicon melt weight of 40kg. The test crystal was
first melted to 10 mm from the tail end of the crystal by dipping a few mm into
the melt at a time and waiting for melting to occur, achieving an average melt-
ing speed of 0.7 mm/min. Finally, the crystal-growth was started with a growth
rate of 1.2mm/min but no rotation. When the length of the newly grown crys-
tal reached 210 mm from the re-melted position, the temperature measurement
was halted and the re-melting with the above average melting speed was done
again to the point 10 mm over the thermocouple positions. In the same manner,
the temperature measurements were done for the other three cases of growth
rates; 1.0 mm/min, 0.6 mm/min and 0.3 mm/min. The temperature distributions
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of other test crystals of 350 mm length were also measured in the same manner.
A standard CZ puller was used, but was equipped with a hot zone that cools
crystals strongly, in order to observe the crystal length effects on G.

12.3 RESULTS

Figure 12.2 shows, for four different growth rates, the temperature distributions
recorded at the centre, middle and edge thermocouple positions in the 250-mm
crystal. However, all these profiles are intentionally adjusted to normalize the
melting temperature to 1412 °C because they showed lower temperatures than
1412°C at the point assumed as the growth interface. The actual position of
the thermocouples may include a few mm errors around the O-mm position in
Figure 12.2. Since it is known from other experiments that the growth inter-
face height with growth rate is postulated as concave to the melt as shown in
Table 12.2, the thermocouple positions passing through the interface are also
adjusted in Figure 12.2 according to Table 12.2. In the experiments on the stop-
ping of growth of FZ crystal [26] and the decreasing growth rate of CZ crys-
tals [27], secondary defects consisting of interstitials were observed in both crys-
tals, and the effective region for defect generation as measured from the growth
interface were several to several tens of millimeters depending on whether it is FZ
or CZ growth. In this chapter, as we defined the effective length as 10 mm from
the growth interface, the axial temperature gradient G is G = (T, — Typ) “Clem.
The G at the centre is the smallest and the G at the edge is the largest in the
case of 1.2 mm/min growth rate as shown in Figure 12.2(a). On the other hand,
in the case of the 0.3 mm/min growth rate the G values in all three positions are
almost equal as shown in Figure 12.2(d). The temperature distributions shown
in Figure 12.2 can be transferred to the isotherms as shown in Figure 12.3, if
we postulate an axial symmetry of temperature distribution. When v is large, the
temperature in the centre is higher than that at the edge. On the other hand, when
v is small, a uniform temperature distribution in the cross section of the crystals
is obtained. Concerning the interface height in Table 12.2, it can be said that our
supposition is reasonable for Figure 12.2 and Figure 12.3 based on the follow-
ing considerations. The smallest G in the centre of the crystal with 1.2 mm/min
growth rate causes the deepest concave interface shape.

The axial temperature distributions for each thermocouple position, as it
depends on the growth rate, are collected in Figure 12.4. A larger growth rate
v produces a smaller G in the centre and middle positions, but at the edge
the differences of G values are small for all growth rates. This means that the
surface temperature distribution may be largely determined by the type of hot
zone within 1.2 mm/min.

Previously reported papers concerning point-defect generation have not men-
tioned the crystal-length effects, although some have discussed the thermal-
history effects caused by the seed end of the crystal having a longer thermal
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Table 12.2 Postulated interface height (concave)

Growth rate Center Middle (r/2) Edge surface

(mm/min) (mm) (mm) (mm)
1.2 6 o] 0
1.0 S 4 0
0.6 3 2 0
0.3 1.5 1 0

history than the tail of the crystal. In FZ crystal growth, both G and the thermal
history do not vary with crystal length, due to rapid cooling effects. However, in
CZ crystal growth, it is anticipated that the crystal length has a direct influence
on G because of the large contribution of heat conduction through the crystal
interior. So we also measured the temperature distributions of the 350-mm crys-
tal in addition to the 250-mm crystal. The order of G values of the 350-mm
crystal on growth rates is the same as that of the 250-mm crystal, although in the
region far from the growth interface an anomaly in the temperature distributions
is observed in the case of the 0.6-mm/min growth rate.

In order to consider the length effect, G values are collected as shown in
Figure 12.5. It is first concluded that smaller v produces larger G in all positions
in both Figure 12.5(a) and (b), independent of crystal length, with an exception in
the case of a 1.2-mm/min growth rate for the 250-mm crystal. On the other hand,
in actual crystal-growth when the melt level is descending, after-heating from the
heater increases. As a result the G value at the edge becomes small. So to keep
the same G, the v must be lowered. In a comparison of Figure 12.5(a) and (b),
it is noted that the cross-sectional distribution of G changes with crystal length.
The G at the edge is larger than that at the centre in Figure 12.5(a), but a flat
distribution of G and a larger G at the centre are seen in Figure 12.5(b). This is
a length effect.

12.4 DISCUSSION
12.4.1 BALANCE EQUATION
The balance equation is widely used as the boundary condition of heat transfer at
a growth interface. If the thermal gradients in the solid and liquid at the interface
are G and G then the continuity of heat flux requires

KG,— K|G,=Lv (12.1)

where K and K, are the thermal conductivities of solid and liquid, L is the latent
heat of solidification per unit volume, and v is the growth rate.
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Thermal gradients on growth rates
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(b) Crystal length is 350 mm

Figure 12.5 Temperature gradient G on center, middle and edge depending on growth
rates. Crystal length (a) 250 mm and (b) 350 mm.

This equation satisfies the following four cases as seen in Figure 12.6. As there
is no reason for G to increase with increasing v, Figure 12.6(a) may be excluded.
Most researchers in their simulations suppose that the larger v produces the
larger G with constant G, as seen in Figure 12.6(b). However, both cases seem
unrealistic although the latent heat term Lv becomes infinite with increasing v. In
addition, Equation (12.1) is only valid in the vicinity of the interface and cannot
be applied far from the interface. Voronkov proposes the case of Figure 12.6(c)
based on the experimental results of Puzanov ef al. in which G, is independent
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Four Cases of Balance Equation: k.G, - kG, = QV

K I =
3 kG, 1 Q
= |
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Figure 12.6 Four cases of the balance equation as discussed in the text.

of v. He speculates that the decreasing G is caused by the interface being lifted
from the melt level. We propose the case of Figure 12.6(d), i.e. both G, and G,
decrease with increasing v. Although this condition might only be valid in the case
of transient phenomena during the re-solidification process in our experiment, we
tend to believe the relationship shown in Figure 12.6(d).

12.4.2 DISCUSSION OF VORONKOV’S RELATION

G, in Voronkov’s relation is assumed as a constant value (independent of v)
which is determined by the design of the hot zone. The relation is applied to the
macroscopic range and thus is not limited to the interface. However, from our
experimental results the thermal gradient G’ in the crystal is slightly inverse of
v. So the critical value C, for formation of R-OSF is written as

Cev =v/G ~a/G'G (12.2)

where a is constant. When we use a hot zone with large G we have to achieve
a small G’ and a large v to compensate for the large G in order to obtain Cey.
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The occurrence of D-defects by Roksnoer may be interpreted by the very
small G value in pedestal pulling of small-diameter (23 mm) crystals in combi-
nation with the very large v (>6 mm/min) and small G": vacancy-rich crystals
are obtained with C.y > a/G'G.

Von Ammon ef al. maintain C;; with the relationship between v and G, and
the formation of R-OSF is explained by the above concept that large v induces
small G'.

In growth experiments using a hot zone with very small G no R-OSF are
formed even when C.; is reached by small v. Thus it seems that G’ is the
important parameter and not v or G.

12.4.3 INTERFACE-SHAPE FORMATION

Macroscopic interface-shape formation has not been fully understood in silicon
crystal-growth. In fact when the hot zone and the crystal diameter are constant,
a small v creates a convex interface to the melt, and large v produces a concave
interface. Our experimental results are shown in Figure 12.7(a) and (b). When
v is small, as thermal conduction is dominant in the center, G’ becomes large,
whereas at large v a reduced G’ is observed. The concave interface is formed

INTERFACE SHAPES AND THERMAL GRADIENTS

Experiments Macro balance equation

Low
Growth
Rate

Interstitials

R-OSF
(a) (c)

High
Growth
Rate

Vacancies
A0F ®) ~ @

Surface temperature distributions are constant.

Figure 12.7 Interface shapes and thermal gradients. (a) and (b) Experimental results,
(c) and (d) traditional interpretation.
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due to a reduced growth rate as explained by Figure 12.6(a). The growth rate
Umax 10 the centre is limited by G} = 0, which is caused by increasing Lv. On
the other hand, near the edge of the crystal heat is effectively removed from the
surface so that large G values allow crystal-growth with large v.

Numerous researchers reported temperature distribution/growth rate depen-
dences as shown in Figure 12.7(c) and (d), which differ from Figure 12.7(a)
and (b). In the case of Figure 12.7(c) there is no reason for a convex inter-
face when G’ is small. It is concluded that the interface shape is determined by
the distribution of G’ across the interface. Small or large G’ in the center of the
crystal lead to concave or convex interfaces, respectively.

12.5 CONCLUSIONS

The thermal distributions near the growth interface of 150-mm CZ silicon crystals
were measured by three thermocouples installed at the centre, middle (half-radius)
and edge of the crystals. The results show that larger v produced smaller G’ in
analogy to a report for FZ crystals. The results do not contradict the heat balance
equation because temperature distributions continue through the growth interface
into the bulk crystal. Finally, it is proposed that the shape of the growth interface
is also determined by the distribution of G’ across the interface. It is evident
that the knowledge of the actual G distributions across the interface is essential
to understand the formation mechanism of grown-in defects and to predict the
shape of the interface.
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13 Silicon Crystal Growth
for Photovoltaics

T. F. CISZEK
National Renewable Energy Laboratory, Golden, CO 804 01-3393, USA

13.1 INTRODUCTION

Unlike silicon crystals used in the electronics industry, crystal perfection, purity,
and uniformity are not necessarily highest on the list of desirable attributes for
crystalline Si incorporated into commercial photovoltaic (PV) modules. Tradeoffs
are routinely made, weighing these attributes against cost, throughput, energy
consumption, and other economic factors. In fact, such tradeoffs for PV use
have spawned far more alternative growth methods for silicon than has the many
decades of semiconductor technology development. Semiconductor applications
use the well-known Czochralski (CZ) technique almost exclusively, with a small
contribution (on the order of 10% to 15 %) from float-zone (FZ) growth.

Of course, some FZ material is used in the PV industry, and the highest
recorded silicon solar cell efficiency (ratio of cell-output electrical power to solar
power incident on the cell), 24 %, has been achieved for devices fabricated on
FZ wafers (Zhao et al., 1995). But the device-processing procedures needed to
achieve the high efficiencies are expensive and time consuming. So, as in the
semiconductor industry, more CZ wafers than FZ wafers are used for PV. What
may be surprising though, is that more multicrystalline silicon than single-crystal
material is currently used in PV modules. Some of this multicrystalline Si is
not wafers from ingots, but rather ribbons or sheets of silicon solidified in a
planar geometry.

Of the 152 peak megawatts (MW ) of PV modules sold throughout the world
in 1998, 132 MW,,, or 87 %, were crystalline Si. Comprising this 87 % was ~39 %
fabricated from single-crystal Si ingots, ~44 % made from multicrystalline-Si
ingots, and ~4 % based on multicrystalline-Si ribbons or sheets (Maycock, 1999).
The other 13% of modules sold are largely amorphous silicon or nonsilicon
thin films, which will not be discussed in this chapter. There is an increasing
PV research effort focused on thin-layer polycrystalline Si deposited on foreign
substrates. These approaches have not yet reached a commercialization stage.

An issue common to all the Si PV growth approaches is the availability of
low-cost polycrystalline Si feedstock. The PV industry has in the past relied

Crystal Growth Technology, Edited by H. I. Scheel and T. Fukuda
© 2003 John Wiley & Sons, Ltd. ISBN: 0-471-49059-8
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on reject silicon from the electronics industry for use as feedstock. But the PV
industry has been growing at an average rate of 20 % over the last five years,
which is faster than the growth rate of the electronics industry, and the point has
been reached where the supply of reject silicon is insufficient.

13.2 BASIC CONCEPTS

The criteria for crystalline silicon used in PV are somewhat different from those
for silicon used in integrated circuits. In this section, the photovoltaic effect is
described as a basis for understanding the importance of minority-carrier life-
time in PV device operation. Crystal-growth parameter effects on lifetime are
discussed. The light absorption of silicon is relatively low because of the indirect
bandgap. This limits how thin a crystalline-Si PV device can be and has some
implications for thin-layer Si crystal-growth approaches.

13.2.1 THE PHOTOVOLTAIC EFFECT

A silicon solar cell (shown schematically in Figure 13.1) converts sunlight energy
into direct-current (DC) electrical energy by the photovoltaic effect. As sunlight
impinges on the top surface, some of the light is reflected off the cell’s grid
structure and some is reflected by the surface of the cell. The grid reflection loss
can range from 3 % for advanced cell designs to as much as 20 % for some screen-
printed cells. Antireflection coatings and texturing of the silicon surface can
be used to minimize the surface reflection losses. Some light (long-wavelength

Current
collector grid

External
circuit

® Electrons
© Holes

Figure 13.1 Operation of a Si solar cell.



Silicon Crystal Growth for Photovoltaics 269

infrared) does not have the threshold energy needed to free electrons from the
Si atoms and passes through the cell without interacting. Some light (short-
wavelength ultraviolet) has more than enough energy to create the electron—hole
pairs. The excess energy transferred to the charge carriers is dissipated as heat.
About 40 % of the incident light energy is effectively used in freeing electrons
from silicon atoms so that they can wander in the crystal lattice. They leave
behind holes, or the absence of electrons, which also wander. The solar cell has
a p/n junction, like a large-area diode. The n-type portion (typically near the
front of the device) has a high density of electrons and few holes, so generated
electrons can travel easily in this region. The opposite is true in the p-type region.
There, holes travel easily. The electric field near this junction of n- and p-type
silicon causes generated electrons to wander toward the grid on the surface, while
the holes wander toward the back contact. If the electrons survive their trip across
the cell thickness without recombining at defects or impurities, they are collected
at the grid and flow through an external circuit as current that can operate an
electronic instrument or appliance. After that, they re-enter the solar cell at the
back contact to recombine with holes, and the process repeats.

13.2.2 MINORITY-CARRIER LIFETIME, t

If some of the generated carriers recombine at defects, impurities, surface damage,
etc., before reaching the contacts, the current output of the solar cell is diminished.
Because it is a quantitative measure of such phenomena, minority-carrier lifetime
(t) characterization (ASTM, 1993) is frequently used to qualify the crystalline-Si
material before it is used in device processing. Quality in a silicon photovoltaic
material is nearly synonymous with t. The parameters used in crystal growth
have a direct bearing on t, because they determine impurity levels and defect
structures that give rise to carrier-recombination sites. Impurity incorporation,
segregation, and evaporation during the crystal-growth process can be altered via
ambient choice, growth rate, number of solidification steps, choice of container,
heat-source characteristics, selection of source material, and other factors that
vary from one process to another.

Heavy doping imposes an upper limit on lifetime according to 7y = 1/CAN?,
where 14 is the Auger-limit lifetime. C, is the Auger coefficient, and N is the
doping concentration. At the lower limit, T < 2 ps is unlikely to be useful in
most PV processes due to balance-of-systems costs. Poor-quality material cannot
generate enough PV energy to justify the costs of the total PV system. Thus,
the T—N space available for photovoltaic applications is the nonhatched region
in Figure 13.2, and the four labeled curves are ‘quality’ contours. In addition
to the two limits, curves representing moderate 7 (typical of Czochralski-grown,
CZ, silicon) and high t (typical of the best commercially available FZ silicon)
are included. Note that there is a vast discrepancy between 75 and the lifetime
of the best available silicon. So there is potential for higher lifetimes and new



270 Crystal Growth Technology

| i
I 1
o ——
AT 12 x 108 N,2
Z 107
e
o
=
= 4| Moderate
210
=
3
L+
= -
B Low
=
Z 105
][}—3 1 i 1
1013 101 107 10"

Dopant concentration, N, (cm™)
Figure 13.2 Material-quality contours of lifetime versus dopant concentration. The
hatched region is not available or suitable for PV use.

device designs to take advantage of it. Transition-metal-impurity effects on t
and solar-cell efficiency as a function of their concentration levels are reasonably
well understood from quantitative and detailed experimental studies (Davis et al.,
1980). Some metals such as titanium have a significant effect on 7 even in
concentrations as low as a few 100 ppta (parts per trillion, atomic). Others, such
as copper, can be tolerated at a few ppma (parts per million, atomic). Fortunately,
most of the detrimental impurities have small effective segregation coefficients,
and their concentrations can be reduced during directional solidification (DS).

When no impurities are present in high enough concentration to affect 7, a
myriad of structural defects can still act as recombination centers. Grain bound-
aries and their associated dislocation arrays usually constrain 7 to <20 ps. The
lifetime of Si decreases with decreasing grain area as reported by Ciszek et al.
(1993) and illustrated in Figure 13.3. Even dispersed dislocations in a single crys-
tal at a density <5 x 10%* cm~? can reduce 7 to 30 jus in material that, when grown
in the same way except dislocation-free, yields T = 450 ps. If grain boundaries,
dispersed dislocations, and transition-metal impurities are present, as may be the
case in ingots cast from low-grade silicon feedstock, it is not unusual to see
T < 10 ps.

Si crystals that are free of transition-metal impurities, dislocations, and grain
boundaries unveil second-order structural effects on lifetime. These are most
easily seen in FZ material because O and C effects somewhat obscure the issue
in CZ crystals. Types A and B swirl microdefects (Si interstitial cluster defects)
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Figure 13.3 The effect of grain size on the minority-carrier lifetime of high-purity multi-
crystalline silicon.

are present in dislocation-free FZ crystals that are grown at a speed v that is too
slow or in a temperature gradient G that is too large. Eliminating these defects
allows 7 > 1 ms. When A and B swirls are eliminated, a third-order effect is
unveiled — t varies inversely with cooling rate, the product of v x G, in swirl-
free crystals. Thus v should be chosen just fast enough to eliminate swirls, if
very high lifetimes are required. The physical nature of this ‘fast-cooling” defect
is not understood at the present time. By appropriate choice of v and G, Ciszek
et al. (1989) obtained T > 20 ms in lightly doped, p-type, high-purity silicon and
were able to grow crystals on a quality contour an order of magnitude better than
the one labeled ‘high’ in Figure 13.2.

13.2.3 LIGHT ABSORPTION

Besides variations in 7, another property of silicon that can impact solar-cell
performance as a consequence of the growth method — in this case, because of
the growth method’s effect on geometry — is the absorption coefficient, ¢, defined
as the inverse distance in cm required for the intensity of incident light to fall
to 1/e of its initial value. The absorption coefficient is a function of wavelength.
Because Si is an indirect-bandgap semiconductor, the absorption edge is not
sharp, and for some of the thin-layer growth methods, useful light passes through
the silicon without being absorbed. The absorbed useable fraction of photons as
a function of Si layer thickness is shown in Figure 13.4 for the typical light
spectrum incident on the Earth (Wang et al., 1996). While 100 % of the light is
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Figure 13.4 Fraction of solar photons absorbed, as a function of silicon thickness for
air mass (AM) 1.5 illumination.

used in 300-pm wafers, this falls off to 90 % in 50-pm thin layers and 70 % in
10-pum thin layers. Thus if thin-layer Si solar cells are to be effective, it will be
necessary to enhance the optical path length by appropriate surface coatings or
texturing to cause multiple passes of the light in the thin structure. An advantage
of thin Si layers is that shorter minority-carrier lifetimes can be tolerated because
the generated carriers do not have as far to travel before reaching the contacts.

13.3 SILICON SOURCE MATERIALS

Silicon is the second most abundant element in the crust of the Earth (27 %), but it
does not occur as a native element because SiO; is more stable. Many processing
steps (Figure 13.5) are conducted to bring Si from its native ore, quartzite, to the
crystalline substrates we use for solar cell fabrication or integrated circuit (IC)
components. The starting silicon for both PV and IC applications is 99 % pure
metallurgical-grade (MG) Si obtained via the carbon reduction of SiO; in an arc
furnace. Although the overall reaction can be considered to be

Si0; +C —— Si+ CO, (13.1)

there are a complex series of reactions that take place in different temperature
regions of the arc furnace, with liquid Si finally forming from SiC. The Si liquid is
periodically tapped from the furnace and typically allowed to solidify in shallow
molds about 1.5 x I m in size. The major impurities are Fe, Al, and C. This
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MG-Si material is inexpensive (~$1/kg), but the residual impurities degrade t
to unacceptably low values and some, like B and Al, electronically dope it too
heavily for PV devices. B is particularly bothersome because it neither segregates
nor evaporates significantly during melt processing.

IC industry chlorosilane purification and deposition steps increase the purity
to more than adequate levels for PV use (99.999999 %), but also increase the
cost to unacceptable levels for PV manufacturers. The current price of polysil-
icon from the chlorosilane IC process is about $50/kg, while PV users have a
target price of about $20. So the Si PV industry has been using reject material
from IC polysilicon and single-crystal production — material that is too impure
for IC use but adequate for PV use. The IC industry now consumes about
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20000 metric tons of Si annually, and the PV industry uses about 3000 metric
tons. But as production techniques improve and as the Si PV industry grows
at a faster rate than the IC industry, the supply of reject material is becom-
ing insufficient. New sources of polysilicon will be needed (Mauk et al., 1997;
Mitchell, 1998). Demand first exceeded supply of reject Si in 1996. The subse-
quent downturn in the IC industry temporarily relieved the PV feedstock shortage,
but projections by one of the large polysilicon manufacturers indicate that the
PV demand for reject Si will exceed the supply (8000 metric tons/yr) by a
factor of 2 to 4 by the year 2010 (Maurits, 1998). This does not represent a
fundamental material shortage problem, because the technology, quartzite, and
coke needed to make feedstock are in abundant supply. The issue is to supply
feedstock with necessary but only sufficient purity (~99.999 %) at an accept-
able cost.

The trichlorosilane (SiHCls) distillation method is used to purify Si for more
than 95 % of polysilicon production (even if converted to other chlorosilanes
or silane for reduction), but is very energy intensive. It produces large amounts
of waste, including much of the starting silicon and a mix of environmentally
damaging chlorinated compounds. In addition, the feedstock produced by reduc-
tion following this distillation method exceeds the purity requirements of the PV
industry, which are estimated to be:

« Electrical dopant impurities, iron, and titanium, each <~0.1 ppma (they will
be reduced further in the crystal-growth process by impurity segregation)

» Oxygen and carbon concentrations below the saturation limits in the Si melt
(i.e., no SiC- or SiO,-precipitate formation)

» Total other nondopant impurities <~1 ppma.

Fresh approaches are needed to originate novel separation technologies that
can extract B, Al, P, transition metal impurities, and other impurities from MG
silicon, to meet the purity requirements listed above — but in a simpler process.
Examples of new approaches that are in the early stages of investigation are:
(i) use of electron-beam and plasma treatments with several DS steps to remove
impurities from MG-Si (Nakamura et al., 1998); (ii) directly purifying granular
MG-Si using repeated porous-silicon etching, subsequent annealing, and surface
impurity removal (Menna et al., 1998); (iii) a method that uses MG-Si and abso-
lute alcohol as the starting materials (Tsuo et al., 1998); (iv) vacuum and gaseous
treatments of MG-Si melts coupled with directional solidification (Khattak ef al.,
1999) guided by thermochemical calculations (Gee et al., 1998); and (v) use of
impurity partitioning when silicon is recrystallized from MG-Si/metal eutectic
systems (Wang and Ciszek, 1997). Approaches like these or other yet-to-be-
determined innovative methods could have a major impact on the continued
success and growth of the Si PV industry — especially if one is discovered that
is intrinsically simpler than current technology, yet yields adequate Si purity.
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13.4 INGOT GROWTH METHODS AND WAFERING

Basically, four methods are used to grow Si ingots for commercial PV use. These
techniques are shown schematically in Figure 13.6. Two methods produce single-
crystal material (FZ and CZ techniques shown in Figures 13.6(a) and 13.6(b),
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Figure 13.6 Schematic drawings of the four principal methods used to produce Si ingots

for PV use: (a) float-zoning; (b) Czochralski growth; (c) directional solidification, and
(d) electromagnetic semicontinuous casting.
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respectively). Two others make large-grain (mm-to-cm grain size) multicrystalline
silicon (directional solidification in square crucibles as shown in Figure 13.6(c),
and electromagnetic semicontinuous casting shown in Figure 13.6(d)).

13.4.1 SINGLE-CRYSTAL GROWTH

The single-crystal growth methods, FZ and CZ, are relatively well known, and
only some aspects pertinent to PV applications will be addressed here. Table 13.1
compares the characteristics of the FZ and CZ methods. There are two principal
technological advantages of the FZ method for PV Si growth. The first is that
large 7 values are obtained due to higher purity and better microdefect control,
resulting in 10 % to 20 % higher solar-cell efficiencies. The second is that faster
growth rates and heat-up/cool-down times, along with absences of a crucible and
consumable hot-zone parts, provide a substantial economic advantage. The main
technological disadvantage of the FZ method is the requirement for a uniform,
crack-free cylindrical feed rod. A cost premium (100 % or more) is associated
with such poly rods. At the present time, FZ Si is used for premium high-
efficiency cell applications and CZ Si is used for higher-volume, lower-cost
applications.

Electrical power requirements for these two methods are on the order of
30kWh/kg for FZ growth and 60kWh/kg for CZ growth in the IC industry.
The more cost-conscious PV industry has been achieving 35-40kWh/kg for
CZ growth, and some recent experiments indicate that levels on the order of
18 kWh/kg may be achieved for 150-mm diameter crystals by using improved
insulation materials and lower argon gas-flow rates (Mihalik ef al., 1999). Not

Table 13.1 Comparison of the CZ and FZ growth methods

Characteristic CZ FZ
Growth speed (mm/min) 1to?2 3to5
Dislocation-free? Yes Yes
Crucible? Yes No
Consumable Material Cost High Low
Heat-up/cool-down times Long Short

Axial resistivity uniformity Poor Good
Oxygen content (atoms/cm?) >1x 108 <1 x 10'®
Carbon content (atoms/cm?) >1x 107 <1 x 10'®
Metallic impurity content Higher Lower
Bulk minority charge carrier lifetime (jLs) 5-100 100-20000
Mechanical strengthening 10" oxygen 10'® nitrogen
Production diameter (mm) 150-200 100-150
Operator skill Less More

Polycrystalline Si feed form Any Crack-free rod
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only were energy requirements reduced, but also argon consumption was reduced
from 3m'/kg of Si to 1 m*/kg of Si. Also, oxygen content in the crystals was
reduced by 20 %, crystal growth rate was increased from 1.28 kg/h to 1.56 kg/h,
and relative solar-cell efficiency increased by 5 %.

In CZ Si PV technology, approximately 30 % of the costs are in the crystal
ingot, 20% in wafering, 20% in cell fabrication, and 30% in module fabri-
cation. High-speed wire saws that can wafer one or more entire ingots in one
operation have greatly improved the throughput of the wafering process. A wire
saw can produce about 500 wafers/h compared to about 25 wafers/h for older
inside-diameter (ID) saw technology. Furthermore, it creates shallower surface
damage (10 um) than the ID saws (30 wm), and allows thinner wafers to be cut,
thus increasing the number of wafers per ingot. Currently about 20 wafers are
obtained from | cm of ingot. Efforts are underway to obtain 35 wafers/cm. Prob-
lems with increased breakage are seen with the thinner wafers — especially in the
sawing process. At 20 wafers/cm and a wafer thickness >300 jum, breakage is on
the order of 15 %. This can rise to on the order of 40 % when the wafer thickness
is decreased to 200 pwm. It is clear that wafer handling will be an important issue
as wafers become thinner.

One clever way of dealing with the low fracture strength of thin (100) wafers
from single-crystal CZ ingots is to deliberately introduce a controlled multicrys-
talline structure into the growing ingot. In particular, the tricrystalline structure
described by Martinelli and Kibizov (1993) provides three grains propagating
along the length of the ingot. Each has a (110) longitudinal direction. Two of
the grain boundaries are first-order {111} twin planes, and the third is a second-
order {221} twin plane. The three angles between boundaries are thus 125.27°,
125.27°, and 109.47°. The twins block any {111} planes from crossing across the
entire ingot, and improve the resistance to cleavage or propagation of defects that
takes place on {111} planes. Wafers from these tricrystals are observed to possess
about 440 MPa fracture strength compared to about 270 MPa for (100) single-
crystal wafers and 290 MPa for multicrystalline wafers (Endros et al., 1997). The
measurements were made on wafers after etching in KOH at 100 °C to 310-pm
thicknesses. Breakage during wire sawing of tricrystal ingots at <200 pwm thick-
ness is half of that for (100} ingots. The tricrystal ingots have been shown to
maintain their structure for reasonably long lengths (150-400 mm at the present
state of technology) with minimal degradation of minority-carrier-recombination
properties (Wawer et al., 1997).

13.4.2 MULTICRYSTALLINE GROWTH

A multicrystalline structure with grains on the order of mm to cm in width
and approximately columnar along the solidification direction is characteristic of
DS or casting in crucibles and also of electromagnetic semicontinuous casting.
Casting of multigrain silicon was reported more than 80 years ago (Allen, 1913).
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In 1960, large multicrystalline-silicon domes and plates 330 mm in diameter by
50 mm thick were formed via ambit casting. Early applications were for infrared
optics and other nonsemiconductor uses. A summary of early silicon casting
approaches was compiled by Runyan (1965). Si casting into graphite molds as
an alternative to CZ growth for PV applications was reported by Fischer and
Pschunder (1976).

DS can be carried out in a separate crucible after (or as) silicon is poured into
it from a melting crucible, as indicated in Figure 13.6(c). This process is usually
referred to as silicon casting. Or the silicon can be melted and directionally
solidified in the same crucible (e.g., the bottom crucible in Figure 13.6(c)). This
technique is referred to as directional solidification. It is simpler than casting,
because no melt pouring is involved, but there are longer reaction times at high
temperature between the melt and the crucible, and longer turnaround times.
Because melting and solidification are decoupled in casting, higher throughputs
are possible. But the process and equipment are more complex.

DS of silicon in the same quartz (fused silica) crucible used to melt it would
seem to be a logical approach for large-grained ingot production, but stick-
ing and thermal expansion mismatch between the solidified Si and the cru-
cible lead to significant cracking problems. This was alleviated to some extent
by deliberately weakening the inner wall of the quartz crucible (Khattak and
Schmid, 1978). High-density graphite crucibles were introduced for DS as a
way of avoiding the cracking (Ciszek, 1979). Most crucible-based commercial
methods of growing multicrystalline-Si ingots for PV consumption use either
the casting method or DS in the melting crucible. The crucibles are either
graphite or quartz (often coated with SizN4 or other compounds to discour-
age sticking and cracking or enable reuse). The actual growth process is DS in
either method.

Multicrystalline ingots as large as 690 mm x 690 mm in cross section and
weighing as much as 240 kg are grown in total cycle times of 56 h. The resultant
throughput is 4.3 kg/h. Thus the larger area, compared to CZ crystals, more than
offsets the somewhat lower linear growth rates leading to higher throughputs for
DS by a factor of ~3. Both induction heating, as shown in Figure 13.6(c), and
resistance heating can be used. The energy consumption for DS is in the range of
8-15kWh/kg. Unlike CZ growth, the solid/liquid interface is submerged in DS,
and precipitates or slag at the melt surface do not disrupt growth. DS is a simpler
process requiring less skill, manpower, and equipment sophistication than CZ,
which can make it a lower cost process. However, there are also drawbacks.
There are numerous crystal defects (grain boundaries and dislocations) due to
the multicrystalline structure. Impurity contents can be higher depending on the
crucibles used, and portions of the bottom, sides, and top surface of the ingot
are discarded. So the lower cost of DS is at the expense of solar-cell efficiency.
DS solar cells are about 85 % as efficient as CZ cells. The best efficiency of
small cells, with sophisticated processing, is 18.6 %. Typical large production
cell efficiencies are 13—14 %, with good consistency.



Silicon Crystal Growth for Photovoltaics 279

Electromagnetic casting (EMC) has some similarities to the casting and DS
methods described above, but also has several unique features that change the
ingot properties and warrant a separate discussion. The method was first applied
to semicontinuous silicon ingot casting by Ciszek (1985, 1986). EMC is based
on induction-heated cold-crucible melt confinement, except that unlike the con-
ventional cold crucible, there is no crucible bottom. A parallel, vertical array of
close-spaced, but not touching, water-cooled, conducting fingers is attached at
one end to a water-cooling manifold. The other end of each finger is closed. An
internal distribution system carries cooling water to the tip and back again. The
shape of the region enclosed by the close-spaced fingers determines the cross
section of the cast ingot, and a wide variety of shapes are possible (circular,
hexagonal, square, rectangular, etc.). Silicon is melted on a vertically move-
able platform (typically graphite) located within the finger array. The melting is
accomplished by induction heating after suitable preheating. The induction coil,
placed outside the finger array (Figure 13.6(d)), induces a current to flow on the
periphery of each finger, around the finger’s vertical axis. Like a high-frequency
transformer, each finger in turn induces a current to flow in the periphery of the
silicon charge, about its vertical axis. The silicon is heated by its resistance to
the current flow. There is a Biot—Savart-law repulsion between the current flow-
ing in the periphery of the silicon melt and the currents flowing in the fingers,
because they are induced to flow in opposite directions at any particular instant
in the RF cycle. Thus, the melt is repulsed from the water-cooled fingers. The
open-bottom arrangement allows the platform to be withdrawn downward, solid-
ifying the molten silicon, while new melt is formed by introducing feed material
from the top. In this way, a semicontinuous casting process can be carried out.

A variety of feed silicon geometries can be used (melts, rods, pellets, scrap,
etc.). Because the interface is submerged, feed perturbances or slag at the melt
surface do not affect the solidification front. Ingot lengths of nearly 3 m have
been demonstrated. The cross section of the ingots has evolved over years of
development and is currently about 350 mm x 350 mm. The cold fingers allow
steep thermal gradients and fast growth speeds (~1.5-2 mm/min), even in ingots
with large cross sections. But they also cause a steeply curved interface that is
concave toward the melt. Thus, grains are neither as columnar nor as large as in
conventional DS. The average grain size is on the order of 1.5 mm in large ingots.
This decreases , but the relatively high purity and freedom from oxygen and car-
bon impurities (O < 6 x 10'%; C < 8 x 10'®) largely offset the grain-size effect,
so that solar-cell efficiencies of about 14—15 % are obtained on 15cm x 15¢m
cells. The throughput of EMC is the highest of any ingot growth technique — up
to approximately 30kg/h. The power consumption can be as low as 12 kWh/kg.

13.5 RIBBON/SHEET GROWTH METHODS

More than a dozen techniques have been introduced over the years for growing
silicon ribbons or sheets. Only the ones currently in use for commercial
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PV substrates will be addressed here. For a description of the others, see
Ciszek (1984). The four methods being developed commercially are dendritic
web growth, shown in Figure 13.7(a), growth from a capillary shaping die
(Figure 13.7(b)), growth with edge supports or ‘strings’ (Figure 13.7(c)), and
growth on a substrate (Figure 13.7(d)). These methods can be placed in two
categories: (i) those pulled perpendicular to a solid/liquid interface with the same
shape as the ribbon cross section (web growth, capillary die growth, and edge-
supported growth), and (ii) those pulled at a large angle to a solid/liquid interface
that is much greater in area than the cross section of the sheet (growth on a
substrate). There is a large difference in the limiting pulling rate v between type
(i) and type (ii). For type (i) growth,

(13.2)
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where L is latent heat of fusion, py, is density at the melting temperature, o is
the Stefan—Boltzmann constant, & is emissivity, K, is the thermal conductiv-
ity at the melting temperature T,,, W is the ribbon width, and ¢ is the ribbon
thickness (Ciszek, 1976). For type (ii) growth,
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where « is the effective coefficient of heat transfer, b is the length of the
solid/liquid interface (in the pulling direction), and AT is the temperature gradi-
ent between melt and substrate (Lange and Schwirtlich, 1990). For the case of a
250-pm thick ribbon, Equation (13.2) predicts a maximum type (i) growth rate of
~8 cm/min. Experimentally, rates closer to 2 cm/min are realized. Equation (13.3)
predicts a 6-m/min growth rate at AT = 160 °C, and experimental pulling speeds
near that value were realized. The indication is that type (ii) growth speeds can
be hundreds of times faster than type (i) vertical pulling approaches, especially
if b and AT are maximized.

Dendritic web growth, the oldest Si ribbon growth method, was introduced by
Dermatis and Faust (1963). The technique arose from the observation that long,
thin, flat dendrites with a (111) face and (211) growth direction could be pulled
from Ge and Si melts. As Figure 13.7(a) indicates, one such dendrite is used as
a seed and a thermally defined ‘button’ is grown laterally from it. Then upward
pulling is commenced with appropriate melt-temperature adjustments such that a
dendrite of the same orientation propagates from each end of the button. A web of
crystalline silicon solidifies between the dendrites. It is a single crystal except for
an odd number (1, 3, 5, etc.) of twin planes in the central region. Web ribbons are
currently grown at about 1.5 to 2 cm/min pulling rates, with a width of ~5cm, a
thickness of 100 jum, and in lengths up to 100 m with continuous melt replenish-
ment (~0.25 g/min). Furnace runs are typically one week in duration, and produce
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Figure 13.7 Schematic drawings of the four Si ribbon or sheet-growth methods currently
under commercial development: (a) dendritic web growth; (b) growth from a capillary
shaping die; (c) growth with edge support strings, and (d) growth on a substrate.

more than 1 m?/day. Material properties do not degrade over 100-m lengths. Dis-
location etch pit densities are about 10*/cm?, and 7 is on the order of 100 s or
less. Growth is conducted from an 8-mm-deep melt contained in a shallow, rect-
angular quartz crucible. Thermal control is very important, not just for initiating
the web, but also to maintain steady growth with proper dendrite propagation
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characteristics at the ribbon edges, low thermal stresses in the ribbon region, and
continuous melt replenishment without disturbing the growing web ribbon. Edge
dendrite thickness stability is an excellent indicator of melt-temperature stability.
Both induction heating with molybdenum hot zones and resistance heating with
graphite heaters and hot zones have been used. The electrical energy used for
growth is about 200-300 kWh/m?. The thin material is particularly well suited
for PV applications that require some bending flexibility, or for bifacial solar-cell
applications. Since the material is nearly single crystalline, relatively high cell
efficiencies can be achieved. The best reported value is 17.3 % for a 4-cm? cell.
Initial production cell efficiencies are expected to be ~13 %. One growth furnace
can produce web for about 50 kWp/y cell production.

Growth of crystals from the tips of capillary shaping dies was introduced for
sapphire growth using molybdenum dies by LaBelle et al. (1971), and was first
applied to silicon ribbons using graphite shaping dies by Ciszek (1972) and later
to silicon tubes (Ciszek, 1975). As shown in Figure 13.7(b), liquid Si rises by
capillarity up a narrow channel in the shaping die and spreads across the die’s top
surface, which defines the base of the meniscus from which the shaped crystal
solidifies. The meniscus base is typically wider than the wall thickness of the
crystal. Commercial development first concentrated on flat ribbons as wide as
100 mm, but edge-stability issues led to a preference for the tubular geometry
(i.e., edges are eliminated). Octagonal tubes with 100-mm-wide flat faces are now
used for production of PV substrates. Pulling rates are comparable to those used
in web growth, but the 800-mm effective width increases the throughput to about
20m?/day. A graphite crucible and graphite shaping dies are used with induc-
tion heating. The electrical energy consumption for this method is approximately
20kWh/m?. After growth, rectangular 100-mm-wide ‘wafers’ are laser-cut from
the tube faces. They provide 275-um thick multicrystalline substrates with lon-
gitudinal grains that routinely make 14 % efficient solar cells. The best efficiency
attained on a 10-cm?” cell is 15.5 %. The capillary-die method is somewhat more
susceptible to impurity effects from solar-grade feedstock than other methods,
because the narrow channel impedes mixing of segregated impurities back into
the melt and thus increases the effective segregation coefficient.

Edge-supported pulling of ‘string ribbons” was introduced by Ciszek and Hurd
(1980). This technique is similar to dendritic web growth with foreign filaments or
strings replacing the edge-stabilizing role of the dendrites (Figure 13.7(c)). This
greatly relaxes the temperature-control requirements and makes the technique
easier to carry out than dendritic web growth. Simpler equipment can be used.
A variety of carbon- and oxide-based materials were investigated for use as the
filaments, with carbon-based filaments generating a higher density of grains at
the edges of the ribbons than oxide-based filaments, but having a better thermal
expansion match to silicon. The filaments are introduced through small holes
in the bottom of either quartz or graphite crucibles. Ribbons as wide as 8 cm
have been grown, with the standard commercial size now being 5.6 cm wide x
300 pm thick. The ribbons are grown at about 1-2cm/min pulling rates, giving
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a throughput of about 1 m?/day, which is comparable to that obtained with web
growth. Furnaces can be kept in continuous operation for weeks at a time by
replenishing the melt. Ribbon sections of a desired length are removed by scribing
while pulling is in progress. Continuous growth of more than 100 m of ribbon
has been achieved, and lengths greater than 300 m have been obtained from a
single furnace run (with successive seed starts). Dislocation densities are ~5 x
10°/cm? and 7 is in the range 5—10ps. The highest cell efficiency obtained
is 16.3 %, although production efficiencies are <13 %. The steady-state grain
structure contains longitudinal grains of about 1cm? area, predominantly with
coherent boundaries, in the central portion of the ribbons, and newly generated
grains at the ribbon edges. The electrical energy used is about 55 kWh/m?.

The first application of type (ii) sheet growth to a semiconductor material
was by Bleil (1969), who pulled ice and germanium sheet crystals horizontally
from the free surface of melts in a brim-full crucible. Many approaches have
been considered for applying type (ii) growth to photovoltaic silicon, including
horizontal growth from the melt surface. The ones currently under commercial
development move a substrate through a hot zone tailored in such a way that a
long region of molten silicon in contact with the upper surface of the substrate
solidifies with a long wedge-shaped crystallization front. The front grades from
0 thickness at the tip to the sheet thickness r (where the sheet leaves the melt),
over a distance b. An example of one such approach is shown in Figure 13.7(d).
As indicated in Equation (13.3), the pulling speed is proportional to &/t and to
AT. It is feasible to make b very large, on the order of tens of centimeters.
Coupled with moderate AT values (160°C), 250-pum thick sheets can then be
grown with pulling speeds V; as high as 6 m/min as mentioned earlier (Lange and
Schwirtlich, 1990). If W is also tens of centimeters, extremely high throughputs
can be achieved — in the vicinity of 1500 m?/day. Heat removal is facilitated by
the fact that the surface in which heat of crystallization is generated is nearly
parallel to, and in close proximity to, the surface from which it is to be removed.
The solid/liquid interface’s growth direction V, is essentially perpendicular to the
pulling direction V. So, as grains nucleate at the substrate surface, their growth
is columnar across the thickness of the sheet. This is in contrast to longitudinal
grains aligned along the pulling direction obtained in the type (i) techniques in
which V, and V; are 180° apart, pointing in opposite directions. The grains tend
to be smaller in type (ii) growth methods, but are on the order of ¢. Production
solar cell-efficiencies as high as 12 % are attainable at the present time, and the
best small-cell efficiency is 16 %. The substrate does not have to remain with
the grown sheet, and may be engineered for clean separation at some point after
solidification.

13.6 THIN-LAYER GROWTH ON SUBSTRATES

Thin-layer Si is considered to be <50-pm thick silicon deposited on a foreign
substrate. Potential advantages of thin-layer approaches include less Si usage,
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lower deposition temperatures relative to melt growth, monolithic module con-
struction possibilities, and a tolerance for lower t (the distance charge carriers
have to travel is shorter). Disadvantages include incomplete light absorption (see
Figure 13.3) and the probable need for light-trapping, a likelihood that grain
sizes will be small, and difficulty in making rear contacts if the substrate is an
insulating material.

The R&D challenge for successful thin-layer Si is to produce a 10-50-pm
silicon layer of sufficient electronic quality with a diffusion length greater than the
layer thickness and a grain size comparable to the thickness. A fast deposition rate
of >1 pm/min on a low-cost substrate such as glass is needed. There is not yet
any significant quantity of thin-layer crystalline Si in commercial production for
PV because only partial successes have been achieved in meeting the challenge.
What has been accomplished is:

» Fast epitaxy (1 pm/min) of high-quality Si layers at intermediate temperatures
(700-900 °C), e.g., by liquid-phase epitaxy (LPE) but on Si substrates

o Low-T (<600 °C) epitaxial growth of high-quality Si layers (e.g., by chemical
vapor deposition (CVD)), but at low growth rates (<0.05 pm/min) and on
Si substrates.

e Low-T poly/microcrystalline 10 % cells, but at slow growth rates

e Low-T micro/amorphous direct-gap 13 % cells, but at slow growth rates

o Fast CVD at intermediate T on foreign substrates, but with submicrometer
grain size

¢ Fast CVD of >1-pm grain-size layers on foreign substrates, but at high T
(~1200°C) and with contamination

» Smooth Si at intermediate 7" by solid-state crystallization, but at slow rates,
from slowly grown a-Si layers, and highly stressed.

A new approach to iodine vapor transport growth (Wang and Ciszek, 1999)
shows considerable promise, and has achieved 5-20-pum-thick Si layers with
5-10pm grain size at 1-10-pwm/min growth rate directly on hi-7" glass at
850-950°C. The layers have 5us effective minority-carrier lifetime, which
implies diffusion length > layer thickness and a low impurity content. A scanning
electron microscopy (SEM) photomicrograph of a layer is shown in Figure 13.8.

20 pm 1000X

Figure 13.8 SEM micrograph showing the grain size of a 20-pm-thick poly-Si layer
grown directly on a glass substrate at 900 °C for 10 min (2 pm/min deposition rate).
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13.7 COMPARISON OF GROWTH METHODS

Table 13.2 summarizes some of the technological characteristics of the meth-
ods used to grow silicon crystals for photovoltaic applications. A variety of
approaches have viability for further development, which is a strong point for Si
PV commercial growth. As mentioned in the introduction, cost-driven tradeoffs
are made in Si PV crystal-growth technology. This is evident in both the ingot
and sheet-growth approaches. For example, the highest throughput ingot method,
electromagnetic casting, yields lower cell efficiencies because of smaller grain
sizes. A similar situation is seen in ribbons and sheets, where substrate melt
shaping has tremendous throughput potential. Again, the grain size and cell effi-
ciency are smaller than for some of the lower-throughput ribbon methods. The
diversity and redundancy in approaches is healthy for the industry and increases
the probability that further reductions in PV module cost will be achieved.

13.8 FUTURE TRENDS

The PV industry is expected to continue to grow at an annual rate of about 20 %.
The well-established technology base and ready availability, proven performance,
and salubrity of silicon, coupled with economies of scale in larger factories, will
likely allow Si to remain the dominant PV material for the foreseeable future.
The demand for off-specification polycrystalline silicon feedstock for PV use is
likely to exceed the available supply by a factor of at least 2 within the next
10 years, and this will probably be an impetus for development of alternative
feedstock material with adequate but not excessive purity levels.

In ingot growth, the trend for single crystals will be away from the smaller
100- and 125-mm diameter sizes with more focus on 200-mm diameters. Despite
the potential advantages of FZ material, it is unlikely that its role in PV will
increase significantly because of higher costs for the crack-free, long cylindrical
feedstock it requires and difficulty in producing the larger FZ diameters. In CZ
growth, we are likely to see an increased effort to make hot zones more energy
efficient, to grow larger diameters, and to achieve continuously melt-replenished
long growth runs. An effort will continue to evaluate tricrystalline growth or
other means of strengthening the ingots so as to improve breakage yields for
thin wafers. There will be a continuing effort to achieve more wafers per length
of ingot, and to take advantage of potentially higher cell efficiencies afforded
by thinner wafers when back surface fields are used in the cell design. Mul-
ticrystalline casting, directional solidification, and electromagnetic casting are
commanding an increasing share of the Si PV market (53 % of all ingot-based
modules sold in 1998 were multicrystalline). This trend is likely to continue
because the processes and equipment are simpler and the throughputs are higher
(especially for electromagnetic casting) by a factor of 2.5 to 20.

In the ribbon- and sheet-growth technologies, a challenge for dendritic web
growth and edge-supported pulling will be to increase areal throughput via wider
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ribbons, multiple ribbons, or other approaches. Even though these methods have
the advantage of minimal silicon consumption and elimination of wafering, it
is unlikely that they can effectively compete with their current throughput of
1-2 m?/day. This is because the effective areal throughputs of ingot growth range
between 30 and 600 m*/day, and other sheet technologies produce 20 m*/day to
>1000 m*/day. While capillary die growth of octagons produces about 20 m*/day,
experimentation is underway to grow large-diameter, thin-walled circular tubes
(as depicted in Figure 13.7(b)) a meter in diameter and much thinner than current
octagonal tubes. This would increase throughput to more than 75 m*/day. So far,
tubes with 0.5-m diameter have been made, effectively doubling the current
octagon areal throughput (Roy et al., 1999). We will probably see continued
progress in horizontally pulled, large-area solid/liquid interface sheets by some
variant of the method shown in Figure 13.7(d), because the throughput potential is
enormous and one growth furnace could easily generate material for 35 MWp/year
or more of solar-cell production.

The future is expected to bring continued exploration of thin-layer Si growth
approaches, in search of ones that have significant economic advantages over the
best ingot and sheet techniques. Successful ones will have fast deposition rates,
large grain sizes, high efficiencies (at least 14 % production efficiency) com-
patibility with low-cost substrates, and amenability to low-cost cell-fabrication
schemes. It is not likely that production of thin-layer Si PV modules will be a
significant fraction of the mainstream PV market for at least 10 years, although
they, like the ingot and sheet approaches, would have substantial advantages
over many other thin-film PV approaches. These include the simple chemistry
and relative abundance of the Si starting material. The Earth’s crust contains
27.7% Si, in contrast to 0.00002% Cd, 0.00001 % In, 0.000009 % Se, and
0.0000002 % Te (commonly used thin-film elements). In addition, crystalline Si
benefits from an extremely well-established technology base, compatibility with
Si0O; surface passivation, relative salubrity with respect to toxicity, and stability
under light exposure.
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