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PREFACE

Interest in crystal growth has increased considerably over the past 30
years. Characterized by the interaction of practical aims and scientific curio-
sity since the beginning, this field of research has been and is still progressing
at arapid pace. It was not until recently that we became aware of the fact that
our field ofresearch isafundamental one, underlying several branches of science
and, consequently, technical progress as well. This statement is especially true
if we consider matters in a wider sense and take into account related problems
as well which, through the study of e.g. phase transitions, of order-disorder
phenomena, etc. cover awide range of crystal structures from amorphous m ate-
rials, glasses and homogeneous and heterogeneous polycrystal layers to pure
and doped single crystals. The studied crystal structures cover a similarly wide
range with structures built of single elements at one end of the range and
macromolecules at the other. The complexity of the problem is still enhanced
by the fact that a crystal sample of prescibed quality usually undergoes further
processing until it is builtin in an apparatus as component part. This processing
may influence unfavourably the properties of the sample. Thus it is not suffi-
cient to take care of the purity of the starting materials and of the quality
of the samples produced from them, the quality control must be extended to
the component parts produced from the samples as well. These questions
raise numerous research problems.

Crystal physics in Hungary can rely on firm traditions in the study of
crystal growth, where a number of results, both theoretical and practical, have
so far been achieved. We are, however, relatively newcomers to the field of
international conferences as compared to neighbourning countries. It was
therefore an honour for us to organize the 2nd Hungarian Conference on Crystal
Growth with international participation, Matrafired, 28th—30th March,
1979. The Conference gave, on the one hand a review of current work in Hun-
gary, and on the other it offered a possibility for informal discussions on recent
results, which are presented in the following papers.

(Prof. Dr. I. Tabjan)
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GROWTH OF SINGLE CRYSTALS AT THE
RESEARCH LABORATORY FOR CRYSTAL PHYSICS

By
R. Voszka

RESEARCH LABORATORY FOR CRYSTAL PHYSICS OF THE HUNGARIAN ACADEMY OF SCIENCES,
BUDAPEST, HUNGARY

A review of the research programme of the laboratory and of some results in the field
of crystal growth from the melt is given.

The activities of our Laboratory, organized in 1976 from the merger of
two university research groups formerly led by Academicians Zoi1tan Gyulai
and Imre Tarjan, cover a traditional field: the growth of optical single crystals
from the melt and investigations of their defect structure.

The growth of alkali halides has been in progress since 1950. First we
used the Kyropoulos method producing crystals for research and optical appli-
cation. In the course of our investigations of colour centres it became clear
that substitutional OH~ ions in the lattice are responsible for a number of
unwanted effects. For this reason we set ourselves the task of producing
OH-free high-purity alkali halides. After a few years’work this problem was
solved for chlorides |1] and bromides [2] and semowhat later also for fluor-
ides [3].

The decisive step in the solution of the problem is an OH elimination
procedure, in the case of chlorides, for instance, bubbling CCl4vapour with Ar
carrier gas through the melt contained by a quartz tube, until the surface,
originally concave becomes convex, indicating that the melt no longer wets
the tube wall. After sealing the quartz tube and normal freezing, the material
can be purified by a vertical zone-melting method at a 60 mm/hour rate and
pulled as a single crystal at a rate of 2 mm/hour. Not all impurities can be get
rid of by zoning. E.g. the distribution coefficient of Ca in NaCl equals 1, thus
zoning has no effect in this case, and chemical purification methods musl be
applied [4]. An interesting solution is the exchange of Ca2+ ions for Ba2+ ions
by adding 10-:! mol/mol BaCl2to the aqueous solution of NaCl with subsequent
precipitation of Ba2+ and Ca2+ ions in the form of carbonates by Na2C03
added in excess. NaCl produced in this way can be purified by zoning.

The vertical zone growth method may be applied also for building in of
cation dopants into the lattice without unwanted OH- ions. OH _ions may
interact with divalent cations even in the lattice forming metal hydroxides.
Upon annealing these may dissociate producing disturbing effects.

Fluorides can also be purified and grown as single crystals by the vertical
zoning method using glassy carbon crucibles and inert atmosphere [3]. The
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6 R. VOSZKA

elimination of OH- ions is more difficult in this case because of the lack of
a direct OH elimination method available in the case of chlorides and bromides.
OH elimination occurs partly by shifting of the pH towards acidity, partly by
reaction with the glassy carbon crucible during the multiple zoning runs.
The growth of OH-free divalent cation doped crystals, however, is still a
problem, for OH gets hound by these cations.

The divalent cation content of our pure alkali halide single crystals can
be characterized by ionic conductivity measurements showing an impurity
content of 2 X 10~7 mol/mol for NaCl, 10-8 for KC1, 2 X 10-8 for RbClI,
10_e for CsCl, 10-7 for KBr, and 10~8for RbBr. OH-free high purity single
crystals differ by a number of properties from nominal pure single crystals
grown by the Kyropoulos method by air. Let us see the case of NaCl as an
example. One of the crystals was grown from Merck p.a. material by the open-
air Kyropoulos method, the other is an OH-free specimen of 2 X KO-7 mol/mol
purity.

Fig. 1 shows the “self”-absorption of both crystals, shifted to shorter
wavelengths in the case of the pure crystal (curve a) and displaying the OH
band and a small Ojf band in the case of the nominal pure one (curve b).

Fig. 1. Absorption curve of NaCl. a) OH-free pure, b) nominal pure

Fig. 2. Absorption curve of NaCl after electrolytical coloration,
a) OH-free pure, b) nominal pure

Acta Physica Academiae Scientiarum Hungaricae 47, 1979
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Fig. 2 shows the absorption of such crystals after electrolytical coloration made
in order to produce F centres. In fact in the OH-free crystal exclusively F
centres are generated, in contrast to the nominal pure crystal, where sodium
oxide and hydride bands due to reactions with OH- ions and also the well
known X band due to F aggregation appear. Using such crystals one never
obtains clear effects, and previous literature data have therefore to be revised.

Fig. 3. The time-dependence of F absorption in NaCl. a) OH-free pure, b) nominal pure

Coloring the crystals by X-irradiation important differences in colora-
bility can be found (Fig. 3). OH-containing crystals show fast coloration (curve
b), in contrast to the slow coloration of pure ones (curve a). Coloration curves
generally may be described as the sum of two exponentially saturating and
one linear terms. In the case of pure crystals the exponential term due to impu-
rities is lacking [5]. Coloration is therefore very stable, to the extent that
F centres remain stable up to 250 °C and may be converted to Xk centres by
bleaching light. This fact can be used for practical purposes by developing
a photochromie memory based on the F —mXk conversion. For storage at
160 °C an energy density of Ij/cm 2is necessary and ionizing radiation can be
used for clearing the information [6]. The F and Xk bands are well separated
as shown by Fig. 4. Reading without destruction and information storage for
infinite time at room temperature is possible.

The remeasurement of the thermodynamic parameters of point defects
in OH-free NaCl resolved a discrepancy existing in literature. One could not
understand why in the series NaCl, KCI, RbCI, ordered according to cation
radius, KCI has the largest enthalpy for Schottky defect formation and cation
mobility. Our new values obtained on OH-free NaCl and exceeding previous
literature data, solved the problem [7].

There is a further interesting difference between OH-free and nominal
pure specimens from the point of view of damage by laser light. OH-free NaCl
has a damage limit that is five times higher for the wavelengths of both the
ruby and C02laser.

Acta Physica Academiae Scientiarum Hungaricae 47, 1979



8 R. VOSZKA

Fig. 4. Absorption curves of I' and X|< centres in OH-free pure NaCl

The cutoff of self-absorption is very abrupt in the case of OH-free high-
purity single crystals. Various impurities reduce its steepness extending its
tail, prohibiting the investigation of exciton bands in most cases. High-purity
NaF single crystals gave a possibility to study exciton bands due to CI” [8]
and Br” [9] ions and to determine the band parameters.

Once more it was the OH-free growth that enabled us to detect in
NaCI(Ni) crystals, containing increasing amounts of Ni, the formation of
NaNiClj double salt in the course of the precipitation stages [10].

In the fifties, our laboratory was dealing with a practically important
group of alkali halides, the scintillators. Nal(Tl) and CslI(TIl) single crystals
were grown using the Stockbarger method, using first closed quartz crucibles
and later open ceramic crucibles. The crystal dimensions were increased up
to 100 mm both in diameter and length. Technology for crystal processing and
casing was developed and transmitted in 1960 for production to the Gamma
Works, Budapest. Meanwhile the Gamma Works introduced a number of modi-
fications of technology resulting in a gradual improvement in the quality and
in an increase of crystal sizes. Gamma scintillators are competitive on the world
market.

Recently our attention was drawn to a new scintillator material, bismuth
germanate (Bi4Ge30 12) having various promising advantages. Due to the high
effective atomic number, detector miniaturizing becomes possible which is

Acta Physica Academiae Scientiarum Hungaricae 47, 1979



GROWTH OF SINGLE CRYSTALS - RESEARCH LABORATORY FOR CRYSTAL PHYSICS 9

especially useful in geological nuclear measurements. As in this case the scin-
tillating transition is not connected to any activator, problems arising from
inhomogeneous activator distribution and afterglow do not turn up. The mate-
rial is mechanically stable and chemically inert, not hygroscopic in contrast
to Nal and has a low thermal expansion coefficient, thus no special handling
is needed. The crystals are grown by the open-air Czochralski method in a
Pt crucible. At present growth experience is being gathered.

Along with development in laser techniques oxides showing acuosto-opti-
cal, electro-optical, piezoelectric, etc. properties gained special importance.
In our laboratory we started in this field by the growth of lead molibdate single
crystals using the Kyropoulos method, but changed over soon to tellurium
dioxide having better acuosto-optical parameters. Tellurium dioxide is a very
sensitive material difficultto grow. We use for it the Czochralski method. The
viscosity of the melt depends heavily on its purity. Instabilities generated in
the melt, vibrations of the pulling equipment, deviations of centrality, all
sensitively affect the growth process. Similar deficiencies easily result in twisted,
winged and eventually in cylindrical crystals. Even in the case of excellent
pulling circumstances there is still a tendency for the generation of inclusion
and a great sensitivity to temperature instabilities. At present we use tempera-
ture programmers precise to 0.1 °C and carefully avoid any interference with
the automatic process. The shaping of the neck, the slowness in increasing the
diameter also appear to be important. We are able to produce crystals with a
diameter of 3 cm, though very nice to the bare eye but very often containing
inhomogeneities and microinclusions. Using our crystals the Research Institute
for Computer Technique and Automation of the Hungarian Academy of Scien-
ces developed a 7 channel modulator for its laser run line printer.

The first piezoelectric crystals produced in our laboratory were quartz
single crystals growm hydrothermally as early as 1950 by the founders of
the laboratory, Zoirtan Gyutai and Imre Tarjan. Unfortunately, plans for

Research Laboratory for Crystal Physics

Fig. 5. The organisational pattern of the Laboratory
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10 R. VOSZKA

the creation of an experimental plant for production on a larger than laboratory
scale could not be realised. At present we work on the production of piezo-
electric crystals again. These are LiNb03, Bil2SiO2 an<i Bil2Ge020 which
can be applied in SAW filters. These materials are grown also by the Czochralski
method, using resistor heated furnaces and Pt crucibles. Especially interesting
is LiNbO3 having in addition to its piezoelectric behaviour also electro-optic,
acousto-optic, piroelectric, nonlinear optic and photorefractive properties.
This crystal has therefore prospective applications is various practical fields.
LiNbO3can be used not only as a dynamometer, ultrasound generator, a SAW
or bulk filter, due to its piezoactive behaviour, but also, due to its other pro-
perties, asamodulator, deflector or switch of laser light, as a parametric ampli-
fier, frequency doubler, holographic memory and infrared detector, etc.

The growth of oxides raise new problems as compared to alkali halides.
Such problems are the purity of the starting materials, the circumstances under
which the oxide components have to react, the stoichiometry of the produced
oxide, and orientation, processing and characterization of the as grown crystals.

For the solution of these problems an appropriate group scheme is being
developed in our laboratory. The planned scheme is shown in Fig. 5. The
Chemistry Group deals with the production, purification and analytics of the
materials and also with stoichiometry problems. The Group for Crystal Growth
is in charge of the growth, and the development of growth methods and equip-
ment. The Orientation and Processing Group is responsible for X-ray orienta-
tion, cutting and polishing of the specimens. Crystals are characterized by the
Characterization Group from the point of view of application. The Lattice
Defects Group analyses the defect structure of crystals, the properties of
artificially generated lattice defects, the general physical characteristics of our
materials, and the relation between dopants and crystal properties for a
thorough understanding of matter.

The Laboratory is not in charge of the actual development of equipment.
This is done by cooperation with other Hungarian institutes. The development
of SAW filters is carried out by the Research Institute for Technical Physics
of the Hungarian Academy of Sciences. A tight collaboration between teams
for crystal growth and for development is extremely important, irrespective
of the fact whether they work at the same institute or not. Any step in the
technology may change the defect structure and the properties of matter,
therefore all physical problems arising during technological processing have
to be solved jointly, to achieve the common goal, i.e. production.
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CRYSTAL GROWTH AT THE RESEARCH
INSTITUTE FOR TECHNICAL PHYSICS

By

E. Lendvay

RESEARCH INSTITUTE FOR TECHNICAL PHYSICS OF THE HUNGARIAN ACADEMY OF SCIENCES
BUDAPEST, HUNGARY*

Crystal growing activities started at the Research Institute for Technical Physics just
after the foundation of the Institute in 1958. In the first period elementary semiconductor
Ge and AuBM compounds, mainly hulk ZnS and CdS crystals were grown. For AuBvl-s closed
and open vapour phase transport systems and SSG methods have been developed and used.
After finishing the research on Destriau effect and related phenomena our interest turned to-
ward the A,v BVI and AH B,vCycrystalsand their preparation by the above mentioned methods.
At the same time numerous hétéroépitaxial systems containing Si, Ge, A'l Bvl-s, ALLl Bv-s, etc.
were prepared and investigated. In the last decade our activity was concentrated on I11—V
epitaxy using VPE and LPE methods. As a result different mono- and multilayer, homo-
and hétéroépitaxial systems have been grown for LED-s and microwave devices. The firs
period was devoted to the growth of Ge and Il -V I compounds, especially bulk ZnS and CdS

1. Introduction

This paper describes methods for growing different semiconductor and
semiinsulator crystals as well as multilayer (homo- or hétéroépitaxial) struc-
tures from liquid or vapour phase used in the Research Institute for Technical
Physics (MFKI).

In a short communication it is impossible to cover the field in every detail
and in all aspects for all methods and crystals or structures grown at the
Institute during the last two decades.

The research and industrial trends indicate the decisive role of single
crystals and epitaxial structures in electronics, especially in semiconductor
technology. Consequently, we will limit ourselves to this field, neglecting numer-
ous interesting works done on “in situ” ELM1 investigations of nucléation and
growth processes in thin films. This communication will describe how the ac-
tivity in semiconductor crystal growth started, how it developed over the last
twenty years growing semiconductor compounds and what we offer at present
in the field of semiconductor materials and device technology.

2. Elementary semiconductors and AILBv compounds

The very first experiments in crystal growing may be associated with the
foundation of our Institute in 1958. At the beginning as a common project
with the Industrial Research Institute for Electronics (HIKI1) we had to

* Address: 1325 Budapest, Ujpest 1, P.O. Box 76, Hungary.
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grow Ge single crystals for semiconductor technology [1—3]. The results were
soon adapted and developed by the Tungsram Works for manufacturing the
first semiconductor active elements in Hungary. Work on Ge was continued on
the amorphous and thin film growth.

Beside the Ge project the Groups of our Semiconductor Department
developed technologies to produce AUBYV crystals for physical investigations
(mainly for electroluminescence). Particular efforts have been made to grow
even larger size crystals and to produce chemically and structurally pure, as
well as differently doped crystals. We had to choose techniques which did not
involve the melting of high hand gap materials. In order to put the techniques
and crystals discussed here into a wider context, it is worth-while to mention
that for AuB -s numerous important problems are unsolved so far, e.g. no
perfect and pure ZnS crystals are available on large scale to-day, and even the
“easy-to-prepare” compounds, such as CdS and selenides and tellurides raise
their own unsolved theoretical and technological problems.

For the production of our AUBM samples chemical transport in closed
and open systems, as well as the SSG (synthesis, solution, growth) method
— originally developed for AIUBv-s, but applied first for AuBVI-s in our
Institute — were used in the production of ZnS, ZnSe, ZnTe, CdS and CdTe
as it is seen in Table I. Using special closed transport systems combining trans-
port and pulling, in the period 1970—75 we succeeded in producing cubic and
hexagonal ZnS single crystals of remarkable size and a low density of stacking
faults and dislocations. At the same time large semiconducting and semiinsu-
lating CdS crystals of high perfection were grown. Using Ge, In and Sn melts
pure and doped AUBWL crystals were grown by the SSG method. This latter
technology was simple and permitted to broaden substantially the range of
growth methods for A B compounds.

The crystals were investigated physically and chemically enabling the
determination of different polytypes and faulted structures, mechanical de-
formations and dislocation generation and movement. Extensive research was
carried out on the photo-, and electroluminescence of these crystals (mainly
of the ZnS crystals). The charge carrier transport, photo-and acoustoelectrical
phenomena and the photo-decomposition were also studied as a function of
the doping material quality and quantity, and more than 60 original papers
were published in international journals and books in the mentioned fields.

3. AIVBVI, A1BIv C/ compounds and hétéroépitaxial systems

In the period 1966—75 the SSG method was also applied to crystallize
different AIVBv1lcompounds. As ashort summary ofthis activity we should like
to mention the growth of GaS, GaSe, GaTe and In chalcogenides. Data on these
works are listed in Table I, since the method for preparation and the apparatus
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Table |

MFKI publications on the growth of AuBM

Author

P. Kovacs, J. Szabo

P. Kovacs, J. Szabé

M. Somogyi, K. Richter

E. Lendvay

I. Bertoti, E. Lendvay,
M. Farkas-Jahkne,
M. Harsy, P. Kovacs

E. Lendvay, P. Kovacs

Lendvay O.

E. Lendvay

I. Bertoti, E. Lendvay,
M. Farkas-Jahnke,
P. Kovacs, M. Harsy

M. HARSY

M. Harsy, G. Gergely,
J. Schanda,
M. Somogyi, P. Sviszt,
G. Szigeti

Harsy M., Richter K.

P. Kovacs, K. Richter,
F. Gal

E. Lendvay, P. Kovacs

Published paper

Erfahrungen dber die Her-
stellung von ZnS Ein-
kristallen

Erfahrungen dber die Her-
stellung von ZnS Ein-
kristallen

Correlation between the me-
thods of preparation and
stoichiometry of ZnS

On the nucléation in diffu-
sion crystal growing

Dendritic growth of 2zZnS

crystals

Growth spirals on ZnS
crystals

On the diffusion method of
crystal growth (in Hun-
garian)

On the diffusion method of
crystal growth

Dendritic growth of 2ZnS

crystals

Growth of ZnS and CdS
crystals from Ga, In, T1
and Sn melts

ZnS crystals grown from Ga
and In melts

Preparation of luminescent

pure ZnS raw-materials
and single crystals (in
Hungarian)

Some thermochemical para-
meters of growth of ZnS
single crystals from vapor
phase

Luminescence and impurity

precipitation in ZnS single
crystals

Acta Physica Academiae

single crystals

Reference

Acta Phys. Hung., 14, 131,
1962

»Zur Physik und Chemie der
Kristallphosphoren« Berlin,
Akad. Verlag, 1962

Acta Phys. Pol., 26, 815, 1964

Acta Phys. Hung., 17, 315,
1964

phys. stat. soi., 12, K1, 1965

phys. stat. soi., 8, K125, 1965

Magyar Fiz. Folyéirat, 13,
231, 1965

Office of Aerospace Res.
U.S. Airforce, Cambridge

Res. Lab. 69—0275

Acta Phys. Hung., 21, 121,
1966

Krist. und Technik, 2, 447,
1967

Proc. Inti. Conf. of II—VI
Compounds ed. D.S. Thomas
Benjamin, Inc. N.Y., 1967

Fiz. Szemle, 17, 214, 1967

Proc. ICOL, Akadémiai
Kiad6, Budapest, 1968

Proc. ICOL, Akadémiai
Kiadé, Budapest, 1968
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Table | (continued)

No. Author Published paper Reference
15 I. Bebtoti, M. Farkas- Preparation, composition Proc. ICOL Akadémiai
Jahnke, M. HARSY, and structures of mixed Kiadd, Budapest, 1968
T.Németh, K. Richter crystals in ZnS—GaP
systems
16 M. HARSY Synthesis and growth of Mat. Res. Bull., 3, K93, 1968
ZnS, ZnSe, ZnTe, GasS,
GaSe and InS crystals in
Ga and In melts
17 HARSY M. Crystallization of semicon- Fiz. Szemle, 19, 148, 1969
ductors from non-stoi-
chiometric melts (in Hun-
garian)
18 E. Lendvay, P. Kovacs Hollow single crystals of ZnS J. Cryst. Growth, 7, 61, 1970
19 M. HARSY, P. Sviszt, Growth and some physical J. Cryst. Growth, 9, 209, 1971
B. Pédor, J. Balazs, properties of non-stoichio-
E. Lendvay metric CdS single crystals
20 P.Kovacs, L. Varga, Growth of large dendritic J. Cryst. Growth, 11,68, 1971
E. Lendvay ZnS crystals from the va-
por phase
21 E. Lendvay Growth of structurally pure J. Cryst. Growth, 10, 77, 1971
cubic and hexagonal ZnS
single crystals
22 Lendvay O. Study of crystal surfaces Magyar Fiz. Folyoéirat, 19, 43,
and dislocations by etch- 1971
ing (in Hungarian)
23 Balazs J. Semiconducting CdS crystals Hiradastechnika, 24,139,1973
and their Electrical pro-
perties (in Hungarian)
24 E. Lendvay Preparation of ZnS single Acta Techn. Hung., 80, 151,
crystals by chemical trans- 1975
port reactions
25 Lendvay O. On the formation of secon- Magyar Fiz. Folydirat, 24, 333,
dary phases in solids (in 1978
Hungarian)
were the same as in the case of I1—VI compounds. In the Ga compounds the

very interesting hexagonal layer structure was investigated. Methods for GaSe
chemical transport were also developed in cooperation with the Laboratoire
de Luminescence Il. Université de Paris VI, which substantially contributed
to the more profound understanding of the growth mechanism of this material
from the vapour phase [4,5]. At that time, according to the original application
of the SSG method, the synthesis, doping and crystallization of GaP were
also investigated at the Institute. Research on the injection luminescence of
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Table 11
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MFKI publications on epitaxial growth of heterojunctions

Author

|. Bertoti, M. Farkas-
Jahnke, E. Lendvay,
T. Németh

. Bertoti

M. Harsy, E. Lendvay

E. Lendvay, J. Balazs,
M. Gal, G. Gergely,
J. Schanda

. Bertéti, L. Varga,
M. Farkas-Jahnke,
T. Németh,

N. A. Goryunova

I. Bertoti, C. Székely,
G. Stubnya, L.Varga,
L. Gdtai

I. Bertoti, T. Németh,
G. Stubnya,
M. Farkas-Jahnke,

T. Gorog

L. Gdtai, J. Pfeifer,
I. Markoé

M. Harsy, N. Vargha,

E. Lendvay, L. Varga
J. Rénai-Pfeifer,

E. Haraszti-Szabé

M. Farkas-Jahnke
J. Roénai-Pfeifer,

L. Varga, B. Szentpali

J. Rénai-Pfeifer,
E. Haraszti-Szabo

2*

Published paper

Hétéroépitaxial growth of
ZnS on GaP

Hétéroépitaxial growth of
Sion ZnSiP2

Hétéroépitaxial overgrowth

of ZnS on GaS
crystals

single

Preparation and properties
of Si/ZnS heterojunctions

Heteroepitaxy involving
ZnSiP2, ZnGeP2 and
CdSnAs2 Compounds

Preparation, structure and
some properties of Si/Ge
and Si/Sij-xGex hetero-
junctions

Investigation of Si epitaxial
growth on single crystal-
line quartz substrate

Some properties of Si/Ge
heterojunctions obtained
by vacuum evaporation

Preparation and structure of
ZnS/GaS heterojunctions

Oriented growth of Si layers
on ZnS single crystal sub-
strates

Si/Ge hétéroépitaxial struc-
tures evaporated in ultra-
high vacuum

The investigation of Ge/Si

layer structures by means
of the ERM

Acta Physica Academiae

Reference

J. Mater. Sei., 4, 699, 1969

J. Mater. Sei., 5, 1073, 1970

J. Mater. Sei., 5, 988, 1970

“Proc. Inti. Conference on the

Physics and Chemistry of

Semicond. Hetcrojunctions”
Akadémiai Kiado,
Budapest, 1971. Vol. 1-,
p. 263

see (4), Vol. 1, p. 107

see (4), Vol. 1, p. 341

see (4), vol. I111., p. 191

see (4), Vol. IL, p. 301

see (4), Vol. I., p. 179

Thin Solids Films, 11, 71,
1972

Thin Solid Films, 11, 59,
1972

Thin Solid Films, 20, 31,
1974
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Am Bv-s, the detailed study of the physical properties of GaP also began and
led to the present wide activity in the 111—V field.

Between 1965 and 1970 our interest turned toward hétéroépitaxial
systems and ternary chalcopyrites. In this connection Si being generally avail-
able offered us a good quality substrate material, so hétéroépitaxial systems
based on silicon as Si/ZnS were under investigation. Original works published
in this field are listed in Table Il. During this period both the hétéroépitaxial
system of ZnS/GaP and the alloyed phase of the two compounds were dis-
covered. Different methods for growing the mentioned systems containing ZnS
and Ge/Si; Ge/GeSi alloy; SOS (silicon on sapphire) and other systems were
developed and studied.

On the other hand, similar investigations have been made on ternary
AnigiV eV cjlajOOpyr™es as ZnSiP2; ZnGeP2and ZnSnAs2, as well as hétéro-
épitaxial systems with Si and the different AUBIVC~-s. Promising early results
with ternary chalcopyrites suggested a wide future application, but owing to
the difficulties in technology these hopes have not been realized so far. The
Groups of our Semiconductor Department search for other materials and appli-
cations.

4. AinBv compounds

In the last two decades Si has become the basic material in semiconductor
technology. However, the next important materials for semiconductor appli-
cation are the AUIBV, mostly the Ga compounds. In the cases of A1UBV
compounds melting and stoichiometry problems occur. Serious considerations
have led to the conclusion that these problems will be solved on industrial
scale using Bridgman and LEC (liquid encapsulated Czochralski) methods,
but the epitaxial processes will attract increasing research interest. That is,
if device development arrived at a certain level, techniques for growing epi-
taxial structures with different topology (lateral and vertical dimensions, etc.)
and other characteristics (concentration, dislocation density, etc.) will be requir-
ed. Really, A1*BVepitaxy rapidly becomes an important and inherent branch
of the research and development of different solid state elements as LED-s
as well as lasers, microwave and other devices. These developments originated
from the new possibilities offered by the extensive research on AnlIBv-s.
Although most of the epitaxial possibilities, even molecular beam epitaxy have
been recognized for a long time, numerous modifications of vapour phase and
liquid phase epitaxy have been described. These improvements of epitaxial
methods had the most far reaching impact on our crystal growth activities.
First, we grew InSb and InSb —NiSb crystals for producing different magneto-
resistors. 10 years ago we built up our first YPE and LPE systems for A11Bv-s,
in which GaP and GaAsP layers were grown onto GaAs substrates. Our deve-
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lopments in both VPE and LPE fields, the knowledge of AInBv epitaxy and
the equipment designed enabled us to solve such problems as the production
of GaP and GaAsP LED-s of different kinds, IR light sources and microwave
Gunn diodes. These investigations and technological developments form a
solid basis for our present work on Am BV technologies.

Nowadays nee are working on several versions of microwave devices such
as high-power Gunn diodes, Schottky mixers and detectors. The family of
different LED-s has been completed using LPE methods; red, green, orange
and IR diodes of different kinds were developed. To satisfy the requirements
imposed on the design of high-energy light sources and microwave devices it
was of particular importance to develop VPE and LPE methods providing
fairly well reproducible and precisely controlled results. It has been established
that oxygen plays an essential role as background impurity in GaAs and affects
crucially the conductivity of undoped epilayers. So, to get pure (10~14—
10~15cm-3) layers, we have to develop methods to purify our materials, es-
pecially for microwave purposes. Similarly, microwave applications require very
definite and thin epilayers, the reproducible production of which is also a very
complicated problem, strongly connected with the stability and the precise
regulation of the growth system. It has always been important to eliminate
random variations in temperature or composition. Thus, temperature control
and program systems, as well as complete gas mixer stands, using mass Moy
controllers, were developed in our Laboratory.

One of the most efficient methods used isthe LPE. Since the early Nelson
experiments a great number of horizontal and vertical systems have been
published. The vertical dip techniques in our Laboratory gave unsatisfactory
results, therefore, horizontal slider methods and rotating systems have been
applied. During LPE groAvth the real processes involve many interacting me-
chanisms, and it is difficult to decide without experimental data which is signi-
ficant in a given case. To eliminate undesired effects, we have examined the
role of the constructions and boat materials in surface morphology and in
doping of the grown layers, the role of under- and supersaturation, the cooling
rate and the different possibilities of contacting the melts with the wafers.
As most of the devices require predetermined levels of dopants, extensive
work was devoted to the investigation of doping processes and the determina-
tion of impurity distribution (lateral and normal, the so-called profile measu-
rements).

To exclude oxygen-containing atmospheres, gas-tight valves and joints
were developed for LPE systems, which contain flowing H 2or can be evacuated.
Both the rotational and slider systems are the usual graphite multiple bin
systems, because this method has advantages when multilayer structures are
required. Temperature was measured by MFKI (Research Institute for Techni-
cal Physics) digital thermometers of 0.1 °C accuracy, the regulation and prog-
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Table 111

MFKI publications on crystal and epitaxial layer growth of Al,Bv-s

Author

M. HARSY

Papp E.*
Zsindely,* S.
Legat* T.

Bertoti |., Somogyi K.

E. Papp,* B. PODOR,
S.Zsindely,*T. Legat*

Podor B., Zsindely S.,*
Papp E.

Gorog T., Kocsis Zs.

Gorog T.

L. Varga, A. T. Nagy,
T. Gorog, E. Lendvay

T. Gorog, E. Lendvay,

J. Pfeifer, L. Csontos,
B. SZENTPALI

V.V.Jevsztropov,
A. N. Imenkov,
B. N. Kalinin,
J.Pfeifer,L.Csontos,
Ju. P. Jakovlev

V.V.Jevsztropov,
A. N. Imenkov,
B. N. Kalinin,
J.Pfeifer,L.Csontos,
Ju. P. Jakovlev

J. Pfeifer, B. Podor,
L. Csontos, N. Nador

Published paper

Separation of GaP crystals

from Ga

PODOR B., 1Preparation and properties

of GaAs single crystals
(in Hungarian)

Preparation and study of
GaP single crystals (in
Hungarian)

Preparation and properties
of GaAs single crystals

Preparation and properties
of doped semiconducting
and semiinsulating GaAs
crystals (in Hungarian)

Preparation of epitaxial GaP
layers and study of their
electrical parameters (in
Hungarian)

Method and apparatus for
preparation of AmBv se-
miconductor structures (in
Hungarian)

On the characterization of
heterostructures by X-ray
diffraction

Epitaxial growth of Am
semiconductors from vapor
phase

Investigation of the doping
level in overcompensated
p-GaP layers grown by
liquid phase epitaxy

Ob oszobennoszt’ah elektro-
ljumineszcencii p-n GaP-
nGaAlP sztruktur

Szpektrii ljumineszcencii p-
nGaP-nGaAlp-n n-pGaP-
nGaP sztruktur legirovan-
nih Si

Observations on residual do-
nors in GaP LPE

*Coworkers of Res. Inst. of Metals (FKI), Budapest
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Bp., 1974
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1975
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Materialu, 1978
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Revue de Phys.
13, 741, 1978
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ram was also realized by using MFKI1 equipment. We have already discussed
some of the major problems in the growth of high-quality epitaxial layers,
but some problems remain to be solved in the VPE processes, too.

Thus, e.g. in LPE systems the random temperature variations or dissipa-
tion processes, while in YPE systems the concentration variations influence
the grown morphology and the doping homogeneity.

Forregulation and the temperature program also MFK1 systems have been
applied, but for flow rate measuring and gas mixing mass flow controllers are
used. The gas unit built at our Institute is able to control and regulate the gas
composition (involving the dopant lines) throughout the whole epitaxial pro-
cess. Ourresults have been summarized in several publications listed in Table 111
and reports have been published concerning the growth processes. More than
50 original papers have been published by our coworkers on the application of
the semiconductor systems measuring transport and domain properties, the
formation and properties of metal semiconductor systems, recombination,
deep level spectroscopy as well as device physics; the optical, electrical and
microwave properties of solid state devices built in our laboratories.

As a closing remark, we should like to mention that now, after ten years’
work, we are aware ofthe problems of A Bvtechnology, and in some important
cases have solved the problem of growth layers with definite properties. Our
present facilities make it possible to focus our attention on the different fields of
A1 Bv technologies. Our crystals and multilayer structures will subsequently
be the subject of further investigations aimed at the production of different
solid state devices.
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CRYSTAL GROWTH AT THE CENTRAL RESEARCH
INSTITUTE FOR PHYSICS

By
G. Konczos

CENTRAL RESEARCH INSTITUTE FOR PHYSICS, HUNGARIAN ACADEMY OF SCIENCES
BUDAPEST, HUNGARY

A short review of some results in crystal growth is given.

At our Institute crystal growth began in the early sixties with the prep-
aration of metallic single crystals. These crystals were used in various kinds of
basic studies, e.g. determination of magnetic structure, crystal anisotropy
and phase transitions. Single crystals of pure metals like Cu, Ni, Pb [1—3]
and Fe—Al, Fe—Ni [4] Mn—As [5—6] alloys were grown by the Bridgman
method.

A research project was organized in 1970 for the study of magnetic
bubble memories. First, rare earth orthoferrites [7] were grown from high
temperature solvents (flux method) between 1969—1972. In an endeavour
to decrease bubble domain diameter, magnetic garnet films [8] were grown
by liquid phase epitaxy on gadolinium gallium garnet (GGG) single crystal
substrates (1974). GGG crystals of 1" diameter have been grown by the Czoch-
ralski method since 1973. For the improvement of crystal quality a diameter
control was developed by the measurement of weight change of the melt (1976)
[9]. The cutting and polishing of GGG crystals have also been elaborated.
Crystal defects in the substrate and in the garnet films are determined by
X-ray topography, selective etching, and by optical and magnetic measurement
techniques [10—12].

Current main aims are: production of GGG crystals and garnet films
with larger diameter (2" and more), improvement of cyrstal quality by the
better control of the environment (clean rooms, laminary flow boxes).

REFERENCES
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SYNTHESIS AND CRYSTAL GROWTH
OF A1LBYCOMPOUNDS FROM ELEMENTS

By

T. Gorog and E. Lendvay

RESEARCH INSTITUTE FOR TECHNICAL PHYSICS OF THE HUNGARIAN ACAD EMY OF SCIENCES
BUDAPEST, HUNGARY»

Compact, inclusion-free GaAs and GaP ingots were synthetized and crystalline boules
were grown using modified Bridgman and SSD methods. Preliminary investigations showed
that in case of GaAs using travelling boat system after the synthesis semiconductor grade
macrocrystalline ingots can be prepared by oriented freeze. For GaP the modified SSD (Syn-
thesis Solution Diffusion) method proved to be useful producing macrocrystalline, pure materials.

1. Introduction

AIUBYV compounds are widely used in the electronic device industry.
As applications require good quality crystalline materials, there is consider-
able interest for synthesis and crystal growth in the literature. Great efforts
were made partly to produce high purity materials, partly to grow crystals
with sufficient surface and quality for mass producing devices as LED-s,
microwave diodes, MESFETS, etc. As a starting material solid ingots were
synthetized from the elements under high temperatures and pressures, and
single crystals were pulled from the ingots by Liquid Encapsulated Czochralski
(LEC) or Bridgman methods.

The physical properties of AIHBVcrystals as well as the quality of AN '-
based devices are strongly affected by the growth processes, i.e. by the crystal
perfection. It is generally known e.g. that the highest quantum efficiency was
achieved on LED-s having active region grown from Ga-rich solutions (solution
grown, SG or liquid phase epitaxy, LPE) [1]. In LEC crystals the quantum
efficiency of a p—n junction is rather low [2] so one must build up layers using
epitaxial methods. Similarly to radiative recombination the noise properties
in microwave devices can also be affected by choosing the proper growth
method. LPE-grown structures generally have better properties than VPE-
built structures, etc. From these experimental data and theoretical considera-
tions one can state that the efficient and economical solution is to grow bulk
crystals from Ga-rich solution combining synthesis and crystal growth. Numer-
ous attempts have been made to perform bulk growth and several methods
have been described, e.g. travelling solvent [3], horizontal gradient freeze [4]*

* Address: 1325 Budapest, Ujpest 1, P.O. Box 76, Hungary
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and Bridgman techniques [5]. The modifications of the Bridgman method
have proved to be the most useful ones [6, 7]. Becent increasing interest in
synthesis and growth is stimulated by the fact that gallium is an industrial
product of the Ajka Aluminium Works (Hungary).

The aim of this work is to investigate the methods of synthesis and the
role of the different materials used such as quartz, graphite, etc. in the impu-
rity contents of the synthetized AnIBv compounds.

2. General principles and growth methods

The preparation methods of AnlIBv ingots from high temperature Ga
melts are based on previous investigations of the phase diagram as well as the
partial pressures along the Anl Bv liquidus curve [8, 9]. It is well known that
above the Ga-rich melts (in the case of high mole fraction of Ga) the equilib-

Fig. 1. Phase diagram of the GaAs and equilibrium pressures
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Fig. 2. The liquidus curve of the GaAs and the corresponding vapour pressure values

rium vapour pressure is low, therefore the difficulties caused by the high
dissociation pressure of AulBv-s above stoichiometric melts can be avoided.
The situation is illustrated in Fig. 1, where the phase diagram of the GaAs is
seen. At Ga mole fraction Xqga = 0.5 (the stoichiometric composition) above
the melt GaAs the equilibrium pressure is 0.9 atm. The main components of
the vapour are As, and As4dmolecules, according to Fig. 2. Starting from the
As side of the phase diagram, along the liquidus curve the high pressure of
the ¥. column element is dominant. In the case of GaP the situation is more
pronounced because at the melting point the equilibrium vapour pressure of
the volatile P component is 35 atm. Another difficulty is that at about the
melting point of the AUIBV, both the Asand P are extremely reactive, so it is
necessary to apply special materials. From these facts the advantages of the
Ga-rich melt are clearly seen.

Of the various possibilities the proper method of synthesis and growth
can be selected by the chemical character of the AUIBV compound. For these
semiconductors both horizontal and vertical methods have been developed.
For the most important compound, GaAs, horizontal techniques have been
applied using two or three principal heat zones: a low temperature region for
the V. element source, and a high-temperature region for the Ga. The system
is closed, and after completing the procedure ofsynthesis, one can grow* in situ”
macro-, or single crystalline ingots from the dense, inclusion-free polycrystal-
line material using a third travelling zone along the ingot or pulling the ingot
through the temperature gradient.

For GaP the vertical systems proved to be the most useful. Similarly to
the GaAs, synthesis and growth take place in a closed system containing a phos-
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phorus source and the Ga. In the past few years the method called “Synthesis
Solution Diffusion” (SSD) has found wide application.

In SSD systems, although the growth rate is low, the equipment and the
procedure are relatively simple and economical. A container with gallium is lo-
cated at the upper part of the reactortube. The Ga surface is held at an elev-
ated temperature Ts (1200 °C), the bottom is at a lower temperature Tc so
there is a temperature gradient along the Ga column. The P source is situated
under the Ga in a constant temperature region at about 400—420 °C. In this
arrangement the continuous generation of P is maintained. The phosphorus
reacts with Ga at the melt surface and diffuses toward the lower temperature
region. Reaching the suitable supersaturation conditions, nucléation and crystal
growth begins at the bottom of the gallium. The process takes place continuous-
ly until one of the components is exhausted.

3. Synthesis and growth of GaAs and GaP

In our Laboratory the horizontal method was used for GaAs synthesis.
The raw materials were 6N quality Ga (Alutrészt—FKI, Hungary) and
As (Freiberg Spure Metall, GDR). Our method was principally based on the
Rridgman process, however, there were deviations and modifications. The closed
quartz ampoule charged with Ga and As was placed into a two-zone system
in which the As source was held in a low temperature (610—640 °C) zone. This
zone was heated by a resistance furnace regulating the temperature as well as
the partial pressure of the As in the system with sufficient (+ 1 °C) accuracy.
The gallium container was placed in a high temperature zone (1250 °C). The
heating of this zone was not performed by the usual resistance heating but by
an RF generator applied to maintain gallium temperature at a relatively high
level (1200—1500 °C). The As source and the ampoule itself were made of
quartz (Hereaus OFHC quality), while for the Ga boat in which the synthesis
took place OFHC quartz and high purity graphite (type 556 Ringsdorf, FRG)
were used. The ampoule was charged in a nitrogen filled box. Refore synthesis
a special treatment was introduced; after charging, the system was heat-
treated for 3 hours at 650 °C in H 2stream to remove arsenic and gallium oxide.
After evacuation the ampoule was closed by sealing and the Ga source was
heated up to 1245 °C and held at this temperature for further 3 hours. The
vacuum before sealing was 1 0 torr.

For synthesis first the Ga source was heated to 1250 °C and then, in
a second step, the As source reached a temperature of 610—640 °C. The RF
heating produced a strong turbulence in the Ga melt promoting the intense
reaction between the Ga and the As. This is one of the main deviations as com-
pared to the classical Bridgman method. The mixing increases the reaction
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Fig. 3. Apparatus for the growth of GaAs macrocrystalline ingots by synthesis and
oriented freeze

1. Reactor tube; 2.Ga container; 3. As container; 4. Resistance heated furnace; 5. Valve;

6. Rotameter; 7. Thermocouple for the As source; 8. RF coil; 9. Thermocouple for the Ga

source; 10. Quartz plug; 11. Vacuum tight screw-cup; 12. H2 output valve; 13. Vacuum valve;
14. Liquid N,, trap; 15. Diffusion pump; 16. Vacuum (rotation) pump; 17. Pirani gauge

rate which is normally a diffusion-controlled process. The synthesis time was
8—24 hours depending on the quantity ofthe Ga charge. Another modification
was that after the reaction was completed the GaAs melt was pulled through
the temperature gradient between the reaction region and the As container
producing an oriented freeze of the GaAs. The system is seen in Fig. 3.

It was observed that owing to the strong turbulence effect even in case
of a synthesis of short duration the resulting GaAs ingot was a dense Ga inclu-
sion-free material. Using for the synthesis a travelling boat and oriented
freezing, the ingot consists of crystallites of an average size of some mm;.
Both quartz and graphite were suitable to produce semiconductor grade mate-
rial as the photoluminescence and free carrier concentration measurements
suggested 1017—1018cm ~3concentration. The synthetized ingots were 100—300g
in weight, and they could be applied for LEC growing.

For GaP the SSD system represented in Fig. 4 was used in our experi-
ments. The Ga was heated similarly to the GaAs by an RF coil allowing the
Ga temperature to rise. The surface temperature of the Ga was 1240—1245 °C
while the P source was held at 420—440 °C by a resistance furnace. Contrary
to the usual systems between the P zone and the Ga column we applied a
graphite cylinder to prevent the condensation of the P vapour. This graphite
was also heated by the lower part of the RF coil, the construction of which
produced a temperature gradient along the Ga column.
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Fig. 4. Closed reactor system for SSD growth of GaP macrocrystalline ingots.

6N quality Ga (Aluterv—FK 1) and red P (BDH 5N) were used. The P
source temperature was regulated with +1 °C accuracy using a temperature
programmer developed at this Institute. The preparation of the Ga and P
sources as well as the charging process and prepurification of the quartz am-
poule and the materials were similar the GaAs synthesis. After sealing the
ampoule the system was placed in a vertical crystal growing apparatus (type
BCG 265 Metal Research Ltd.) and heated up to the synthesis temperature.
After two hours reaction the first GaP crystals appeared at the ampoule tip
and the lowering of the system started. With a lowering rate approximately
corresponding to the rate ofthe growing crystal front (5—10 mm/hour) depend-
ing on the Ga volume the metal was transformed into GaP. The resulting ingot
was a macrocrystalline, inclusion-free material with an average crystallite
size of 1 cm3. Cutting down slices from the boule, after polishing, transparent,
optically clear wafers with free carrier concentration of about 1017—1019cm -3
could be produced. Using this material as a source of LPE we obtained epita-
xial layers of high purity showing low-temperature (4 K) photoluminescence
spectra characteristic of pure GaP materials.
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An automatic instrument called Post Office Profile Plotter is used at this Institute for
the quick estimate of the crystal quality and the determination of the impurity profile between
4 m1014 and 4 + 1018 cm-3 with an in-depth resolution of about 10 nm.

This equipment automatically and continuously registers the dopant concentration
profile by measuring photo capacitance, photo current and photo voltage of a Schottky contact
formed between the semiconductor material and a transparent electrolyte during the photo-
electrochemical etching of the semiconductor.

In this paper an assessment of this method as well as measurement results on YPE and
LPE n, n+-n, p+-n GaAs and GaAs,_xPx (c = 0.38) structures are presented.

Changes of the dopant profiles due to mechanical polishing or annealing were also
measured near the surface of the samples.

1. Introduction

GaAs is the most widely used I11—V compound semiconductor because
of its well-developed technology and many advantageous properties. For most
applications the active layer of the GaAs devices (e.g. Gunn diodes, Schottky
diodes, IMPATT diodes and infrared light emitting diodes) is made by liquid
or vapour phase epitaxy on highly doped n GaAs substrates. We also use both
liquid and vapour phase epitaxy [1, 2] for preparing epitaxial GaAs, GaAsP
and GaP for microwave and optoelectrical devices.

The characterization of epitaxial layers has an important role in linking
crystal growth with device making by feeding back information to technology
and construction about the starting and formed materials or in checking
the effects of device processing.

Assuming that the intrinsic properties (such as band structure) are known,
only the extrinsic properties, such as resistivity, dopant concentration, carrier
mobility, the energies of the shallow and deep acceptor and donor levels, the
lifetime and diffusion length of the minority carriers, have to be characterized.

The requirement for the characterization of the various properties of
semiconductor materials had led to the development of a very wide range of
measurement techniques over the last ten years. A good review is given on
these techniques in a paper recently published by Blood and Orton [3].

* Address: 1325 Budapest, Ujpest 1, P.O. Box 76 Hungary.
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In our Institute an automatic Van der Pauw measuring system and an
automatic angle dependent geometrical magnetoresistance, MR, measuring
system [4] are used for evaluating the epitaxial layers formed on semi-
insulating GaAs substrates and for determining the mobility and the average
dopant concentration in epitaxial layers on n+ GaAs substrates, respective ly.

Generally, the depth distribution of dopant concentration must be known
for the thin layer structures made by epitaxy, diffusion or ion implantation
where the abruptness of the high-low interfaces and the profile shapes have
importance in specific applications. On the other hand, the determination of
the doping profile is necessary both for a complete evaluation of the epitaxial
layer and for device modelling.

By using continuous electrolytic etching to remove material and a simul-
taneous fixed-bias C-V measurement to determine the doping level the two
components in that product are separated and a wide range of doping concen-
trations can be continuously profiled over an unlimited depth [5].

The Schottky barriers formed at a contact between an electrolyte and
a semiconductor have recently found wide interest among physicists because
this type of Schottky barrier is easily formed. These Schottky barriers are
suitable not only for material characterization by C-V method but also for
generating photovoltage at illumination trough the transparent electrolyte.
Such systems have been studied as converters of solar energy into chemical
energy by photoelectrolysis of water or as photovoltaic power generators
[6, 7, 8]. The greatest obstacle for the practical application of such systems is
their susceptibility to photoelectrochemical decomponsition. There is ample
experimental evidence showing that all non-oxide, n-type semiconductors
undergo photoanodic decomposition. The reaction rate is proportional to the
surface concentration of holes in the n-type semiconductors. In wide band gap
n-type materials the quantity of thermally generated holes is negligible and
other exitation e.g. by light, is needed to get anodic dissolution. Two examples
[7] are given in the following anodic reactions

GaAs -j- 6h+ 2H2 - solv—-Ga3+ *solv + AsO” -f 4H + msolv
or GaAs + 6h+ + 12 OH" ->Ga(OH)™ + As(OH)*-
and GaP -f-6lx+ +3 H20 f- solv->Ga3+ ¢solv + H2POMN f- 4 H + «solv

where h+ denotes the positive holes participating in the anodic dissolution.
The solvent materials used in profiling GaAs are 0.1 M Tiron (1,2 dihydroxy-
benzene-3,5 disulfonic acid disodium salt, i.e. C6H4Na208S2) or 10% KOH.
Tiron gives slower etching rate but better area control than the 10% KOH.
The complexant electrolyte Tiron has a strict six-electron equivalence which
allows the integrated current density to be converted automatically to the
dissolution depth by making use of Faraday law. Tiron and KOH, too, allows

Acta Physica Academiae Scientiarum Hungaricae 47, 1979



QUICK AND AUTOMATIC DETERMINATION OF THE DOPANT CONCENTRATION 35

the electroetching to occur without interference from insoluble products at
the electrode surface, in contrast to, say, sulfuric acid solutions which leave
precipitated arsenious oxide [9].

Fig. 1. The electrochemical cell of the Post Office Profile Plotter. The sample slice is pressed
onto the sealing ring (Neopreme or Polythene) having a diameter of 3.5 mm. Ohmic contact
is made by a current pulse flowing through the two back contact wires. Light having a photon
energy higher than the energy band gap of the semiconductor illuminates the electrolyte-
semiconductor interface by passing through the window and the transparent electrolyte

Fig. 2. Schematic representation of the connections of the electrolyte cell shown in Fig. 1.

The dissolution current is passed via a back contact and the carbon cathode, whilst the poten-

tial is measured via the other back contact with respect to a saturated calomel electrode.

Capacitance measurements are made via a back contact and an auxiliary cathode of platinum
wire [5]
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Fig. 3. The typical current-voltage characteristics of the Schottky diodes formed as the
interface between 10% KOH and n-type GaAs, according to Ambridge and Faktor [5]

The electrolyte cell ofthe Profile Plotter is schematically shown in Fig. 1.
The schematic representation of the cell connection is shown in Fig. 2.

The typical voltage-current curve for a reverse biased junction formed
between an n-type GaAs sample and a 10% KOH electrolyte is shown in Fig. 3.
according to Ambridge and Faktor [5].

Fig. 4. shows the energy band structure of n-type GaAs in contact with
complexant Tiron electrolyte, as it was suggested by Faktor and Stevenson
[9]. The built-in potential is about 1Y in equilibrium. The level R in Tiron is
determined by the redox interaction taking place between the electrolyte and
the semiconductor. The level R conincides with the Fermi level of the semicon-
ductor in equilibrium (Fig. 4a). Under reverse bias the voltage drop, Vq, in
the depletion layer is added to the built-in potential, Vbi, and the depletion
width is increased. It is supposed that the band edges, Ec and Ev, are pinned
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Tiron

— R

(a) equilibrium
without bias
and illumination

Fig. 4. The equilibrium band structure diagram of the Schottky barrier formed between the

complexant Tiron electrolyte and n-type GaAs [9]. (a) The band edges, Ec and Ev, of GaAs

are pinned relative to level R determined by the redox interaction between the electrolyte and

the semiconductor, (b) The incident light excites electrons from the valence band into the

conduction band. The holes created move towards the interface and promote the anodic
dissolution of the GaAs material

relative to level R under bias, too, as it is experienced in the case of metal-
GaAs junctions. We shall discuss elsewhere the nature and the role of level R.
It is also illustrated in Fig. 4 that the incident light with an energy of hv :> Eg
excites an electron into the conduction band and the hole created is forced
towards the interface. This process promotes the anodic dissolution of n-type
GaAs.

2. A quick evaluation of the purity of epitaxial reactors

It is a general experience that there is a self-cleaning effect during the
first few runs of YPE and LPE reactors after their set up or cleaning. This
effect could be observed very quickly by the profile plotter and the dopant
concentration range of the next run could be predicted. This prediction can be
used for a proper choice of the layer thickness to the dopant concentration
expected, or to avoid the wasting of a large quantity of good substrate material
if the expectable dopant concentration range is good for nothing.
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Fig. 5 shows the self-cleaning effect found with our YPE reactor. Dotted
line shows the impurity concentrations obtained after the first set up to the
V PE reactor. As can be seen in the Figure, the self cleaning taking place during
the first six runs was followed by three runs with a rather uniform dopant
concentration of about 8 » 1015¢cm-3. Beginning with the tenth run the dopant
concentration increased again and a cleaning process was necessary.

After the first cleaning of the reactor tube the concentration decreased
very quickly from a high value of above 1019 cm-3, as it is shown by the solid
line. The useful range of runs with dopant concentrations of about 10155¢cm -3
was rather large starting at the 3rd run and ending at the 9th run. Then, a fast
rise of the dopant concentration took place, which necessitated a new cleaning
process again. There are anumber of possibilities to make use of these measuring
results. Two of these were mentioned at the beginning of this paraghraph.
Another possibility is to make “phantom epitaxies” with no or very small
samples. It can be also seen in Fig. 5thatin the second run (denoted by ®) of
a given day samples with lower dopant concentration can generally be obtained.
All these suggest that a continuous operation of the epitaxial reactors can pro-
duce purer epitaxial layers, than epitaxial runs with long intervals.

The explanation of these effects can be based on the following. Before
the first setup everything isthoroughly cleaned and baked out. There is a strong
interaction between the cleaned internal surfaces and the transport medium,
i.e. the vapour or liquid phase from which the epitaxy takes place. As a result
of this interaction the transport medium becomes contaminated and the
unintentional dopant concentration will be high. During a few runs, however, the
internal surfaces become passivated against these interactions, and the quan-
tity of contamination getting into the transport medium is smaller than that
ofthe contamination getting out ofit. If a dynamic equilibrium can be reached
at a low contamination level for many runs, the ratio of the useful runs to
the total number of runs between two cleanings can be high and the cleaning
before the cycle of the runs is successful, as in the case of the second cycle
shown in Fig 5. There must be, however, other factors causing other types of
contaminations able to accumulate in the transport medium and/or on the
internal surfaces. These contaminations can arise e.g. from the flushing gases,
the substrate surfaces, source materials, the back-diffusion of the reaction
product accumulating at the output side of the reactor. These accumulations
of the contamination result in an increase of the unintentional dopant concen-
tration at the end of the cycle of runs between two cleanings, as can be seen in
Fig. 5. After the next cleaning the internal surfaces can again interact with
the transport medium but the accumulated contaminations are removed and
the phenomena repeat themselves in the next cycle. It is interesting to note
that both cycles shown in Fig. 5 consist of about 10—11 runs. This means
that the accumulation of the contamination is independent of the minimum
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Fig. 5. The dopant concentration as a function of run No. during the first and second cycle

after setting up the YPE reactor. In the first part of a cycle between two cleaning processes

the concentration decreases. At the end of the cycle a fast rise of the concentration takes place,
which necessitates a new cleaning process.

level of contamination and the number of runs with low dopant concen-
tration. The steep rise of concentration at the end of the second cycle shown
in Fig. 5 demonstrates that a drastic effect is responsible for the ending of
the cycle.

All this was related to runs producing 7—8 pm thick epitaxial layers.
If the thickness of YPE layers is different the accumulated layer thickness
can be used instead of run No.

3. Measurement results on epitaxial GaAs layers

Fig. 6 shows some results obtained by measuring GaAs layers prepared
by vapour phase epitaxy [2] on GaAs substrates. As can be seen in the Figure,
the homogeneity of the dopant concentration and the reproducibility of layer
thickness were rather good. Sample GB 56/11 had the most inhomogeneous
dopant concentration of the four samples. This type of profile showing a
decreasing dopant concentration towards the surface might be attributed to
a self-cleaning effect during the epitaxial growth. The steeply decreasing tail
near the surface of this sample was also typical for such types of profiles. It
may be considered to be due to a non-stoichiometric (arsenic-poor) post-
growth at the end of the process. On the other hand, the indicated dopant
concentration in such samples shows a dependence on the light intensity and
the bias voltage applied during the measurement.
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Fig. 7 shows a more complex profile obtained by measuring an n+—n
GaAs multilayer structure made by liquid phase epitaxy [1] on a GaAs sub-
strate. The n+ layer at the surface was grown for promoting the formation of
a good ohmic contact during preparing Gunn diodes from this structure.

Fig. 6. Measurement results obtained on GaAs layers prepared in our laboratory by vapour
phase epitaxy [2]

Fig. 7. Measurement result obtained on n+-n LPE layers made in our laboratory
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The active layer shows a decrease of dopant concentration towards the surface
of the sample. This is advantageous in respect of domain formation and extinc-
tion as well as the temperature distribution and the efficiency of Gunn diode.

4. Measurement of p-n structures

Ambridge and Faktor [5] did not propose to profile p-type GaAs in a
similar way as that used for n-type GaAs. For profiling p-type GaAs a repeat-
ed switching from anodic potential to cathodic one was applied by them.
Cathodic voltage of —1.3 Y relative to the saturated calomel electrode, with
a duration ofsmaller than 1 : 100 of the switching cycle, was applied to measure
the capacitance of the well-defined Schottky barrier reverse biased by this
voltage. After switching back the dissolution took place during the rest of the
switching cycle at the usual anodic potential. The values of carrier concentra-
tion obtained by them agree to within the usual tolerance levels (about +20% ),
with values derived from Hall-effect measurements.

We have made profiling in both GaAs and GaAsi_xPx (x = 0.38) p+—n
structures where the p+ layer was formed by Zn diffusion. But we did not
switch the potential to a cathodic one. The measurement was made under a
continuously maintained anodic current, as in the case of n-type GaAs.
One of the profiles obtained by us is shown in Figs. 8 and 9. The p-type layer
was dissolved in dark. During approaching the p—n junction the current de-
creased to zero (Fig. 9c). This made possible a very convenient measuring pro-
cess since the dissolution stopped automaticallv when the p-type layer was

junction

1 15 2 25 d[pm]

Fig. 8. Profile obtained on p-n GaAso-62 Pong structure shortened by alloyed In beads. The
p layer was made by Zn diffusion. Insert shows schematically the structure measured
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Fig. 9. (a) Scheme of the structure measured, (b) Profile shown in Fig. 8. (c) The current
measured during profiling, (d) The “phase angle”, dC/dV, measured during profiling

etched over. Therefore, there was no need to wait for the moment when the
p—n junction was reached. On the other hand, a self-delineation in respect of
the etching front took place at the p—n junction.

To improve the results we made a short-circuit at the p—n junction by
alloying indium beads deeply enough into the epitaxial layer. As is known,
the In gives ohmic contact to both n- and p-type GaAs, GaAsP, GaP, etc.,
therefore it makes a short-circuit at the p—n junction.

The “phase angle”, dC/dY, changed also very abruptly near the p—n
junction (Fig. 9d). This is suspected to be due to overlapping of the two de-
pletion layers.

The circumtances for profiling p-type GaAs and other I11—Y compounds
are worse than those for n-type materials because the Schottky barrier height
in p-type semiconductor is inherently lower in equilibrium than that in n-type
material. But in spite of this disadvantage, the p-type semiconductor can be
profiled by C—Y method even in the slightly forward biased range. During
electrochemical profiling the n-type material can be also a slightly forward
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biased by illumination alone or even by applying forward bias, too. With well-
behaving semiconductors the value ofthe dopant concentration does not change
when the bias is changed from 2 Y reverse bias to a forward bias having a
value of a few tenths of volt.

W ith p-type semiconductors anodic dissolution can be achieved by main-
taining a small forward bias without using light. The width of the depletion
layer and rest of the built-in potential (0.3 V) in this slightly forward-biased
state can be still enough to accommodate the 50 mV RMS 3 kHz test signal
modulated at 30 Hz, 100 mV RMS, and to give results of reasonable accuracy
for the “well-behaving” crystals.

Reverting to our measured profile shown in Fig. 8 the depth of the p—n
junction determined from the profile was the same within 0.1 pm as that
obtained by SEM measurements on cleaved and etched surfaces. The concentra-
tion of the substrate obtained by the profile was also the same as that obtained
from Hall-effect measurement. It is not clear yet, however, whether the fea-
tures denoted by A and B in Fig. 9 have any physical sense orthey are artifacts.

Similar results have also been obtained on GaAs p—n junctions where
both the p- and the n-type layer were made by multilayer vapour phase epitaxy.

5. Dopant profiles near the substrate surface

Photoelectrochemical profiling can help the epitaxial technology in
assessing the substrate surface onto which the epitaxial layeris to be deposited.
Two examples are given in this paragraph.

distance from the surface

Fig. 10. Change of the dopant concentration near the surface of a bulk n-type GaAs polished
mechanically and chemically before profiling. The bulk value of concentration determined by
Van der Pauw measurement is shown by dashed line
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Fig. 11. Dopant concentration near the surface of an epitaxial GaAsoe2 Po3s layer before and
after annealing at 700 °C for 3 hours in saturated Ass4 vapour

Dopant distribution profile in a bulk GaAs near the surface polished first
mechanically and then chemically is shown in Fig. 10. As can he seen in the
Figure the dopant concentration obtained by Hall-effect measurement is the
same as that obtained by the electrochemical profiling, but only for regions
being well (at least 0.6 pm deep) beneath the surface. In this case the surface
preparation of the substrate was not good.

In another case we wanted to separate the effect of annealing on
GaAs0.62P 0.8 epitaxial layer. The heat cycle simulated that used for Zn diffu-
sion (700 °C for 3 hours in saturated As4vapour. As can be seen in Fig. 11 the
dopant profile changed drastically due to annealing only in a region a few
tenths of micrometer beneath the surface. In regions more than 1.5 pm deep
beneath the surface the dopant concentration profiles coincide.
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N DOPING IN THE LIQUID PHASE EPITAXIAL
GROWTH OF GaP :N LIGHT EMITTING DIODES

By
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GaP:N green light emitting p—n junction diodes with quantum efficiencies at 20 mA
d.c. of 0.1% have been reproducible grown in a modified LPE slider system. A correlation be-
tween growth defects caused by solid GaN traces present in the melt and Ig | —V and r/q- |
characteristics of the diodes has been found.

Introduction

Recombination at the isoelectronic trap nitrogen occupying phosphorus
sites significantly increases the external quantum efficiency of green emitting
electroluminescent junctions formed in GaP [1, 2].

The most efficient green light emitting diodes utilize liquid phase epita-
xial (LPE) layers grown from Ga melts doped with N by adding NH3to the
gas ambient [3—16].

Owing to the chemical reaction

NHf + Gal;x GaN1+ ?HE

GaN is forming in the growth solution. The solid solubility limit of N in GaP
is higher than the value corresponding to the partial pressure of NH3 over
liquid Ga in equilibrium with solid GaN [17].

Nitrogen concentration in the grown layers is controlled by the concentra-
tion of GaN in the Ga solution. It increases linearly with Pnnh until Pnn
equals the above mentioned limit at which time the N concentration reaches a
constant value. The morphology of the LPE layers becomes disturbed at this
and higher values of Pnh, [18]. In this aspect it makes no sense to increase the
percentage of the NH3in the inlet gas over the equilibrium value. There are,
however, arguments in favour of an inlet of NH3 pressures higher than”the
equilibrium into the growth system. NH 3 is not stable at the growth tempera-
tures. Quartz and graphite have catalytic effect on NH 3 decomposition [19].
The actual value of Pnnh, over the growth solution can be substantially lower

* Address: 1325 Budapest, Ujpest 1, P.O. Box 76 Hungary.
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than the value calculated from the relative inlet NH3and H2flow rates [18].
Therefore an experimental optimalization is needed in every growth system.

In this paper we report on the effect of NH 3 pressure varied in the range
of the GaN solubility limit on the growth of GaP LPE layers and on some of
the diode parameters e.g. quantum efficiency and Ig I —V characteristics.

Experimental procedure

The LPE method used to grow junctions shown in Fig. 1 utilizes the
slider system in which a (111) B n-type S-doped LEC substrate is moved under
a Ga-rich solution of GaP. The dopants were S for the n-type layers originally
present in the melt as a background impurity and Zn for the p-type layers

H2 + NH3

melt source substrate
seed

Fig. 1. Schematic representation of the slider boat used for the growth of GaP light emitting
junctions

introduced from the gas phase during the cooling cycle. Details of the Zn dop-
ing have been published elsewhere [20].

The growth runs were started typically at 990 °C after the desired period
of saturation with NH3at the same temperature. Cooling rates of 1 °C min-1—
3°C min-1 were used and the layers were grown over temperature intervals of
140 °C. The growth technique used here is similar to that described by [10—15].
However, for the diodes described in this paper, two variants of the Ga
melts were used. Several growth runs were made using near equilibrium solu-
tions of GaP. In another series of growth runs two seeds were used. The first
seed is used as the source to equilibrate the bottom of the melt saturated with
nitrogen but containing no phosphorus and the second seed as the substrate
for the desired growth. The length of the time when the slider is positioned so
that the source seed in under the melt is not long enough to ensure the total
saturation of the melt. It remains quasi-saturated.

Figs. 2 and 3 show the schematic representation of the boat and the con-
centration profile of phosphorus for growth runs with quasisaturated melt.
After the completion of the growth cycle the slices were removed from the fur-
nace, cleaned, thinned and provided with evaporated gold alloy contacts
(n-type: Au—Ge—Ni, p-type: Au—Be) which were alloyed into the crystal
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at 600 °C and 500 °C, respectively. Chips were then obtained from the contacted
slice by scribing on the p surface and breaking. The chips were then bonded to
diode headers and the p-side contact was made by thermocompression of gold
wire.

After a lightetching the diodes were covered by an epoxy resin. However,
the fabrication of the diodes was identical for every slice. The cleaving process
does not ensure the standardized sample geometry necessary for a meaningful
comparison of the external quantum efficiency of individual diodes. Therefore
groups of nonselected diodes were measured and compared.

tig. 2. Junction structure with metal contacts of a green LED. Double epitaxial layers of
n- and p-type GaP are grown on n-type GaP substrate.

Fig. 3. The distribution of phosphorus in the melt being in contact with the source seed (a).

The distribution of phosphorus in the melt being in contact with the substrate during the

copling cycle (b). Profile 2is more developed in time than profile 1. CP  liquidus concentration
of phosphorus
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Results and discussion

Fig. 4 shows the quantum efficiencies of the devices which were fabricated
from different runs as a function of diode current. In Fig. 4a the results of
non-nitrogen-doped devices are presented for comparison. In Fig. 4b the results
of very highly doped devices are presented. The nitrogen concentration in these
samples was established by maintaining a partial pressure of NH3 over the
melt higher than sufficient to form GaN. A one-step growth process onto the
substrate seed was used in this run. Moving the melt over the substrate accord-
ing to the one-step process the separated solid particles of GaN originally float-
ing on the top of the solution would get into contact with the surface of the
substrate and give rise to growth defects shown in Fig. 5. This type of growth
defects behave like short-circuits in the p—n junction. The leakage current
of the short circuits is high, as shown in Fig. 6a, and a significant portion of
the diode current gives no contribution to the emission (Fig. 4b, initial part of
the rjg— 1 curves).

However, some of the devices of this growthr un are efficient. The growth
from nitrogen-saturated and phosphorus-quasisaturated melt, i.e. the use of
a two-step process eliminates the growth defects and the high leakage current

Fig. 4. The quantum efficiency for groups of diodes from different growth runs as a function

of current, a) K428: without N addition; b) K423: uncontrolled JNH3 flow, disturbed layer;

¢) NK609: N concentration: 1.1017cm -3; d) NK1102: N concentration: 5.1018 cm-3, saturation
time: 15 min; e¢) NK1108: N concentration: 5.1018 cm-3, saturation time: 60 min
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Fig. 5. Growth defects caused by GaN in GaP:N epitaxial junctions, a) Optical micrograph;
b), ¢) SEM micrographs. The cleaved junctions are delineated in a
KOH—K3(Fe(CN)6) etchant

of the junctions (Fig. 6b and c) and increases the average quantum efficiency
of the devices.

The measured dependence of the quantum efficiency upon diode current
and nitrogen doping level for devices fabricated from runs by two-step growth
process is shown in Figs. 4c, 4d and 4e. The increase in the efficiency was
achieved by variation of the percentage of NH3in the gas ambient and the
saturation time used in the layer growth. Nitrogen concentration was deter-
mined by the measurement of the optical absorption [21] in the layers. Little
is known on the distribution ofincorporated nitrogenin the layers and the value
ofthe nitrogen concentration at the p—n junction could only be estimated from
the electroluminescent spectra.

The maximum value of external quantum efficeincy (0.1%) was obtained
with diodes from runs characterized by a saturation time of 60 minutes in

4* Acta Physica Academiae Scientiarum Hungaricae 47, 1979
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Fig. 6. Ig/ — V characteristics for groups of diodes from different growth runs,
a) K423 uncontrolled NH3 flow, disturbed layer; b) NK1108 N concentration: 5 ¢ 1018 cm-3;
¢) NK1102 N concentration: 5 « 1018 cm-3

a 0.1% NH3containing ambient (Fig. 4e). The average nitrogen concentration
for the devices shown in Fig. 4e was 5 «1018cm-3. Lower percentage of NH3
(Fig. 4c) and shorter saturation time (Fig. 4d) yielded lower quantum effici-
encies. However, the average nitrogen concentration for the devices presented
in Fig. 4d was 5 ¢ 1018 cm-3 likewise.
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The main point of similarity between Solid Phase Epitaxy (SPE) and Thin Phase
Epitaxy (TPE) developed by the author et al for making good ohmic contacts to low-doped
n-type GaAs is that both have a thin (- 1/tin) phase from which the epitaxy of a semiconduct-
or material takes place. However, in contrast to solid phase epitaxy an additional vapour,
“beam” or solid phase is involved, too. The role of the additional phase is to prevent the loss
or to supply an excess of the volatile component(s), such as arsenic and phosphorous, during
the epitaxial growth. The non-volatile component, such as Ga, Al or In, is deposited into
the thin phase prior to TPE.

The basic concepts and realizations of SPE and TPE are summarized. After reviewing
the experimental results of TPE on making ohmic contacts to GaAs and InP the application
of TPE in the GaAs MOSFET technology is described. Then, related experiments and processes
as well as alloying with short-duration, spike-type heat cycles by using furnace heating or
pulsed laser or electron beams are reviewed.

1. Introduction

Compound semiconductor devices, such as light emitting diodes, field
effect transistors and Gunn diodes, provide efficient and long-life operation
only if they have low-resistance ohmic contacts with high metallurgical stabi-
lity. The most reliable devices can be obtained by ohmic contacts having a
highly doped and sufficiently thick semiconductor contact layer between the
contact metal and the active semiconductor region. For many devices the
thickness of the semiconductor contact layer has to be in the range of 0.01—
1/tm. The dopant concentration in the contact layer must be above 1019cm-3
for most device applications. Such contact layers are not produced by vapour
phase epitaxy (VPE) or liquid phase epitaxy (LPE) which are generally used
for the production of the active epitaxial layers. One of the usual ways is to
prepare LPE or VPE contact layers so thin and highly doped as possible (e.g.
with a thickness of a few tenths of microns and with a concentration of about
1018 cm-3;) and then to raise the concentration near its surface by alloying a
suitable contact metal on it. This combination of epitaxy and alloying generally
gives very good results, hut as a process it is sometimes too sophisticated for
practical applications because of the multilayer epitaxy and the separate
contacting process involved. This is why there is an interest in producing both

* Address: 1325 Budapest, Ujpest 1, P.O. Box 76 Hungary.
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the contact metal and the highly doped contact layer in one processing siep.
This can be done by thin phase epitaxy described in the following.

The other usual way of making ohmic contact is the well known contact
alloying. This is also good forcompound semiconductor material having a not
too low dopant concentration. The alloying is, however, a very crucial process-
ing step since the opimum alloying temperature range is narrow and depending
on many processing parameters. Long alloying times or temperatures differing
from the optimum one resultin high specific contact resistance due to incom-
plete alloying or because of the volatile component evaporating out of the metal
system. The evaporation loss of the volatile component of the compound
semiconductor prevents the regrowth of a sufficiently thick semiconductor
contact layer.

In the thin phase epitaxy the loss of the volatile component is prevented
by applying an encapsulation or/and an overpressure of the volatile component.
Instead of having evaporation loss even a continuous supply of the volatile
component is possible in this way. If, before alloying, the nonvolatile compo-
nent is deposited into the metal system, a synthesis of the semiconductor mate-

Ge substrate | ALl at room temp,
3) aver before SPE
b) Ge Al+ Ge heating up
c) 1 Ge AH- Ge annealing
. \SPE during
9 L ce \ Al+ Ge 1cooling down
~Ge(R)t-Al
M at room temp.
G I Al+ G
9) | * ¢ J after SPE

Fig. 1. lllustration of the several phases a, b, c, d, e of solid phase epitaxy (SPE) of a simpl m
eutectic system (f). In this case SPE is a separation of a crystalline Ge layer, Ge(R), from
the Al + Ge solid solution. SPE occurs during cooling down (d).
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substrate deposited  layers

at room

temperature
before SPE

after the
annealing
start

near the end
of the
annealing

at room
temperature
after SPE

Fig. 2. Isothermal SPE for making thick (*«1 /mi) regrown layer, p +Ge(R), due to the trans-
port of amorphous Ge layer, Ge(a), through the Al layer. The transport process consists of
dissolution of Ge(a) by Al, the diffusion and the precipitation of Ge atoms.

liai is possible from the separately supplied elements. This synthesis istaking
place as an epitaxial process promoted by the metal-semiconductor interface.
The thin phase epitaxy (TPE) is in some respects similar to solid phase epitaxy
(SPE) and also to the other epitaxies. TPE is sometimes confused with SPE
because of the similarities.

Therefore, before reviewing the developments in TPE the main concepts
and realizations of SPE will be summarized to make clear the aspects for the
comparison of TPE.

2. Solid phase epitaxy (SPE)

The basic goal of SPE is to achieve epitaxial growth by means of solid-
state reactions at much lower temperatures than those needed for the formation
of eutectic or compound compositions [1, 2].

SPE can be realized

— by using transport medium, such as thin elemental or compound

metal layers, or

— by applying no metal transport medium.

In the first case, e.g. a thin Allayer (100—1500 nm) on a Ge single crystal
SPE is basically a separation process of crystals out of solid solution (Fig. 1).

Acta Physica Academiae Scientiarum Hungaricae 47, 1979



54 T. SEBESTYEN

at room

temperature
before SPE

after annealing
at 280°C for
20 min

SPE during
annealing
at 600°C

at room
temperature
after SPE

Fig. 3. To remove the thin oxide layer Pd is used for making SPE on Si substrates. PdSiz is

easily formed through silicon oxide, too. Palladium silicide PdxSiy can serve as a transport

medium during isothermal SPE. During SPE amorphous silicon, Si(a), dissolved and trans-

ported through the PdxSix layer and as a result a silicon layer, Si(G), is grown on the crystalline
substrate, Si(xtal).

If the solid solution is formed by dissolution of the semiconductor into the
metal layer during the heating up or the annealing part of the heat cycle, upon
cooling the metal layer becomes supersaturated and recrystallization at the
metal-semiconductor interface takes place. In this case SPE is very similar
to the well-known alloying process. The main differences are that the tem-
perature is low and no melting takes place, i.e. instead of alloying this is a
sintering process. However, to get an epitaxial growth a slow cooling rate and
the proper choice of the metal layer are needed. Generally, this simplest real-
ization of SPE results in a very thin regrown layer because of the low solubi-
lity limit.

To get thicker SPE layers an excess of the semiconductor material must
be supplied during the epitaxial growth. An ingenious solution of this problem
was to deposit the semiconductor material in amorphous state onto the top
of the metal layer (Fig. 2). In this case the metal layer acts both as a solvent
and as a transport medium between the amorphous and the crystalline phase
ofthe semiconductor material. Since the amorphous phase ofthe semiconductor
has a higher free energy than its crystalline phase, a transport process may
take place from the amorphous to the crystalline phase at a constant (elevated)
temperature, too [3].

The surfaces of silicon substrates generally contain a thin, native oxide
layer even after careful cleanings. This oxide layer prevents uniform interac-
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tions (i.e. a good wetting) between the substrate and the metal layer. This
results in an island structure of the SPE layer. An excellent solution of this
problem is based on the choice of contact metal able to interact with silicon
substrate even through the intentionally grown oxide layer made by boiling
the Si Substrate in HN O3 or H20 2. The best choice for this aim is a thin Pd
layer (Fig. 3). The interaction between Pd and Siresults in a PdZ2Si silicide layer
which allows the transport of Siatoms through itself [4]. The Si(a) —P d —Si(xtal)
structure becomes a Si(a)—P d2Si—Si(xtal) structure due to an annealing process
at 280 °C for 20 minutes and the increase of temperature of 600 °C facilitates
the Si transport through the silicide layer and the SPE growth on the silicon
substrate, as illustrated in Fig. 3.

If oxide-free interfaces are produced by using an ultrahigh vacuum
system or by heating the substrates to high temperatures homo- or hétéro-
épitaxial growth can be made by well-known methods, such asvacuum evapor-
ation, pyrolysis of silane, ion sputtering. lon implantation offers a new way
for getting interfaces free of any oxide or dirty layers. Bipolar structures,
buried collector layers and greater throughput in production runs require
high-dose (10155to 1016 cm-2) ion implantation which produces an amorphous

before ion

implantation

SPE during
d) annealing
e) after SPE

Fig. 4. Amorphous Si layer, Si(a), produced by high-dose implantation has a very pure inter-
face with the substrate. The regrown Si layer, Si(R), is readily formed without any transport
medium. SPE is in this case an interface crystallization process.
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layer on the surface of the semiconductor materials. In this case, the interface
between the amorphous and the crystalline phase is inherently clean, free of
any oxide or dirty layers since it is never exposed to ambient. During the
annealing following the ion implantation an SPE process takes place (Fig. 4).

3. The basic concepts of thin phase epitaxy (TPE)

To overcome the technological difficulties in getting good ohmic contacts
to low-doped n-type GaAs, the author et al developed a process in 1974 which
is often considered to be a special case of SPE [5, 6]. We have called this
process Thin Phase Epitaxy (TPE) because it was proposed for both thin solid
phase and thin liquid phase. In comparison with liquid phase epitaxy this name
emphasizes that the phase from which the epitaxy takes place is thin. Some-

regrown layer

Fig. 5. Illustration of the disadvantage of solid phase epitaxy in the case of GaAs and other

I11—Y or 11—V1 compound semiconductors having a volatile component. At elevated tem-

peratures the volatile component evaporates out of the thin metal layer having a high surface

to volume ratio. During cooling down only a very thin regrown layer, GaAs(R), can be obtained

because in the metal layer no arsenic oversaturation can be achieved at elevated tempera-
tures suitable for effective regrowth.
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Fig. 6. One of the first measurement results illustrating the excess arsenic loss over the usua
contact metal systems of GaAs [8]. For comparison the arsenic evaporation rate over the pure
GaAs is also shown.

times this process has also been regarded as thin film epitaxy (Hartnagel
and co-workers [7]). The term thin film epitaxy is, however, a denomination
for any kind of epitaxial growth involved in thin film technology, e.g. an
epitaxial growth of metal films on semiconductors, insulators, etc. during or
after deposition.

Fig. 5 illustrates the consequence of the excess arsenic loss during the
annealing process. The arsenic loss has been measured by us in situ using a
quadrupole mass spectrometer. Fig. 6 shows some of the first results obtained
[6]. A regrown contact layer thinner than the screening length results in a
non-ohmic behaviour [9]. To get a thicker regrown layer the excess arsenic
loss must be avoided by using very short alloying time, as will be discussed later,
or by preventing the evaporation of the volatile components.

Fig. 7 schematically shows the versions of TPE. The encapsulation shown
in Fig. 7a can be based on silicon oxide, aluminium oxide or silicon nitride etc.
layers deposited on the top of the metal systems. This can be regarded as IMS
encapsulation. Such insulation layers are widely used for preventing the arsenic
loss during an epitaxial regrowth of amorphous compound semiconductor
layers made by high dose implantation or during the postimplantation anneal-
ing to make the implanted species electrically active. This version of TPE can
easily be realized in all laboratories where post-implantation annealing of this
type is facilitated. Them ain disadvantage of this method is that it is a rather
sophisticated one and needs generally an excess high-temperature process to
deposit the insulating layer. The anodic oxidation of the metal layer to be
discussed later is, however, a low temperature process for insulator layer
production.
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substrate deposited lovers
contact sio2 °r IMS.
a) GaAs metal SiN? or  systems
system Al203 etc
sealed
ampoule
system
As or
GaAs
powder
ampoule
sealed
with
liquid
metal
liquid control GaAs or
metal sample . As powder
outside
pocket
etfusion dynamic
cell ..sealing™
d) by molecular
beam
GaAs GaAs
powder sample
metal

Fig. 7. The versions of TPE avoiding the excess arsenic loss at elevated temperatures by apply-

ing: (a) solid phase, (b, ¢) vapour phase and (d) “beam phase” over the contact metal system.

The epitaxial synthesis on the GaAs substrate takes place from Ga deposited into the contact

metal and from As supplied by the vapour (b, c) phase or “beam” (d) phase at elevated
temperatures.

Sealed quartz ampoules are widely used for the diffusion of compound
semiconductors. The realization of TPE with a sealed quartz ampoule
(Fig. 7b) is a straightforward possibility in any laboratory where diffusion is
made in this way. The main differences are that instead of a naked crystal
a metal-covered sample is used and lower temperature is needed. We plan to
use this version of TPE in the near future since our Laboratory is equipped
with all facilities.

The realization of TPE by the method illustrated in Fig. 7 and Fig. 8
was made by the author et al in 1974 [5, 6]. In this method the sealing is made
by dipping the openings of the ampoule into liquid In or Ga. Dipping into or
out of liquid metal is made by rotating the push rod via a Wilson seal. Another
but very similar realization of TPE was later described by Hartnagetl [10].
Fig. 7d shows a dynamic sealing system which can be realized in laboratories
where molecular beam technology is used. In this version of TPE, instead of
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(quartz glass window

heating element
quartz glass tube _yoo7 jont ]!uo,fr!&dm
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YIIK * outside pocket Indiumw 777v glas's to glass
heating element ~ €a
D

quartz glass tube
indium one loading port

front view of r
duning hydrogen flushing

Fig. 8. The system used in the first realization of TPE [5, 6]. The sample holder is shown in
detail in Fig. 7c.

Fig. 9. The newest realization of TPE corresponding to Fig. 7d [12]
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Table |

A summary of the main characteristics and

itaxi Type phase
Egrgi)e(slgl Phases involved t?\lﬁ:kgess Type semicond. Type ter(llgsratures
(cm)
LPE Liquid 0.1-1 ni-v 700-800
VPE  Vapour 1-10 ey 700-800
MBE “Beam” 1-10 ni-v 350—450
in soli 5 o Si ]
SPE Thin solid ) 1lo Ge 350-600
Thin solid or liquid 10-5—10-4
TPE 10 ni-v 350-600
Additional solid vapour or '5(')r1 0-4
“beam”
1-10

arsenic vapour, an arsenic molecular beam is used to prevent the arsenic loss
from the thin metallic phase. This method of TPE has been developed at our
Institute in 1978 [11, 12] and is illustrated in more detail in Fig. 9. The differ-
ence between molecular beam epitaxy and this version of TPE is that MBE
is a surface process since no transport medium is used. TPE is, however, an
interface process since a liquid or solid transport medium is used.

Fig. 10 schematically shows the versions of TPE and the abbreviations
proposed for them.

4. A comparison of the epitaxial processes

Table | gives a summary of the main characteristics and the important
parameters of the epitaxial process. LPE and YPE are well developed and
widely used epitaxial processes in the fabrication of semiconductor devices.
MBE is now under development for solving special problems encountered in
semiconductor technology. MBE have been also successfully used for nonalloyed
ohmic contacts by making very highly doped (*>1019 cm-3) semiconductor
contact layers and depositing in situ the contact metal layer, too [13, 14].
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important parameters of epitaxial processes

Type thickness No. of dimen- Formation of ohmic
of epilayer Contamination sions contacts on epilayer Typical applications
(fun) controllable
layers or multilayers for GaP,
10-100 low | difficult or easy GaAsP, GaP, GaAlAs
devices
s layers or multilayers for Si,
2-20 low difficult or easy GaAs, InP devices
very difficult or very thin multilayers ohmic
0.01-1 not bad I very easy contacts
3 ohmic contacts to Si; Schottky
0.01-1 high during SPE diodes shallow p-n junctions
photo-
lithography
ohmic contacts to I11—Y and
0.01-0.5 high during TPE 11—V 1 semiconductors;
3 shallow p-n junctions
Sor Vor B madditional phase
Lor S -thin phase
N//111117177772 -TPE layer
(xtal) -substrate
notation thin phase additional phase
TIPE(S) liquid solid
TSPE(S] solid (Fig. 7a)
TIPE(V) liquid vapoudFig. 8)
TSPE(V) solid (Fig.7.b ore)
T1PE(B) liquid "beam™ (Fig. 9)
TS PE(B) solid (Fig. 7d)

Fig. 10. Summary of the realization possibilities and notations of TPE
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The other promising application of MBE is to prepare a very thin multilayer
structure to get a supperlattice. SPE is recently under investigation to under-
stand the metallurgical processes involved and to look for its capabilities [2].
The TPE process has not been thoroughly investigated yet. Some demonstrative
experiments and research work will be reviewed in the following.

Table | shows that the most distinctive feature of TPE is the complexity
and variety of phases that can be involved. The thickness of the phase from
which the epitaxy takes place is in the same range as that with SPE, and is
many orders of magnitude smaller than that used in the other epitaxial process.
TPE makes no sense for Si and Ge and other semiconductors having no volatile
component e.g. SiC, since TPE is needed, and can be applied, only for semi-
conductors such as I'11—Y or I1—Y 1 compound semiconductors, having vola-
tile component. It is attributted to TPE that either one of component is sup-
plied from an additional vapour or beam phase during the epitaxial deposition
or the volatile component loss is prevented by an additional solid phase.
The temperatures and the thickness of the epitaxial layer are about the same
as with SPE and MBE and are well lower than those with LPE and YPE. As
regards the contamination of epitaxial layers TPE and SPE are inferior to
MBE, LPE and VPE. This feature limits the application of TPE ans SPE to
the preparation of highly doped thin contact layers or asymmetrically doped
shallow p—n junctions. In respect of the dimension control the TPE and the
SPE are superior to the other epitaxial processes, since they are compatible
with photolithography and athree-dimensional control of the geometry of the
epitaxial layers can easily be realized with them This offers good prospects for
their application in IC technology. Ohmic contacts can be readily obtained
with SPE and TPE. The difficulty of getting ohmic contact to LPE, VPE and
MBE layers depends on the semiconductor and the dopant concentration near
the surface of the epitaxial layers. Using multilayer techniques, a highly doped
thin contact layer can be made on the top of a low-doped epitaxial layer by
VPE, LPE or MBE processes to facilitate the formation of an ohmic metal
contact. This is one of the usual solutions of the contacting problem. As it
was mentioned, especially good ohmic contact layers have been recently obtain-
ed by MBE followed by in situ metallization [13, 14]. Without using multi
layer techniques, the formation of ohmic contacts to low-doped YPE, LPE
and MBE layers may be very difficult. It is especially so with GaAs, GaP,
etc. semiconductor materials.

5. The first demonstrative experiments of TPE

The first experiments demonstrating the possibility of the thin phase
epitaxial process were performed in 1974 [5, 6]. An alloying furnace was rede-
signed for the purpose of TPE as is shown in Fig. 8. The ampoide sealed with
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liquid metal shown in Fig. 7c also had an outside pocket for a control sample.
The influence of the arsenic vapour can be seen by comparing the parameters
of the sample inside the ampoule containing arsenic vapour and of the sample
in the outside pocket containing no arsenic vapour. Of course, the control sample
originated from the same slice and was handled in exactly the same way
as the sample in the TPE process. The characteristics of the heating cycle
employed by us were the following:

heating rate: 60 °C/min,

annealing time at 620 °C: 5 min,

cooling rate during TPE: 2 °C min-1 (from 620 °C to 580 °C),

cooling after TPE: very quick (quenching).
The contact metal system was a layered structure deposited in the order and
thickness:

20 nm In + 20 nm Ga 4 100 nm Ge 4~ 200 nm Ag.

Control samples without Ga were also prepared. The qualitative effects
shown in Table Il are:
1. both Ga and As are needed to get good ohmic contacts;
2. the effect of Ga and As can be based on the formation of a sufficiently thick

contact layer formed by the epitaxial process;
3. good ohmic contacts can be obtained with an alloying time much longer
than the usual one minute.

Table 11

Qualitative effects obtained in the first demonstrative experiments of TPE using n-type GaAs
epitaxial layer with a dopant concentration of about 5 « 1015 cm-3 and the equipment shown in

Figs. 7c and 8
Metal system In+ Ga+ Ge + Ag In + Ge 4 Ag
Placing of the sample in the rig (in- . .
side the ampoule is arsenic vapour, ;r;sg;ﬁc gruster?ifcthe ;r;stehneic out o_f the
in the outside pocket is no arsenic vabour vabour vasour arsenic
vapour) p p p vapour
Sample No. 1 2 3 4
Ohmic character after the first heat good bad bad bad
cycle
\ \
I\ —\
Change of the place of the samples 2 1 3
Ohmic character after the second good good good bad

heat cycle
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Sample No. 1 shows that TPE can be repeated, since the prolonged heat
cycle does not harm the ohmic character of the sample. (It is trivially so with
Ge and Si but not with GaAs, GaP, etc. semiconductor materials having a
volatile component).

It was demonstrated by Sample No. 2 and 4 that the samples can even
be “repared £ after an unsuccessful alloying by realloying them in arsenic
vapour !

The bad result obtained with sample No. 3 after the first heat cycle
could be due to the excess arsenic diffused into the metal system. Because
of this arsenic saturation no or very little Ga may be dissolved (arsenic-rich
but Ga-poor metal system). On the other hand, the arsenic evaporated out of
the metal contact and Ga dissolved into the metal system (becoming arsenic-
poor but Ga-rich) during the second heat cycle when the sample was placed
out of arsenic vapour. Therefore, the metal system contained at the same time
both Ga and As in neither case sufficient for TPE.

The contact layers made by TPE were analyzed by several methods.
Microprobe analysis of cleaved edges of GaAs samples containing the cross-
section of ohmic contacts has shown the complex distribution ofthe five elements
involved [15, 16]. Two coincident Ga, As and In peaks were also found. This
suggested that aternary compound of In04Gau6As precipitated in the contact
metal system [16]. Accumulation of Ge near the metal-GaAs interface was
also observed. It was concluded that heterojunction effects could play a role
in the formation of the ohmic contacts.

It was shown that the oxide growth or the dissolution due to an anodic
current can be made over thicknesses of about 10 to 70 nm at a constant rate,
characteristic of the material composition anodized, if carefully controlled
conditions are employed [7]. This method was also applied for analysing the Ga
content in the contact metal on a GaAs sample. The sample was treated as
Sample No. 2 in Table Il and was analyzed after both the first and the second
heat cycles. Less gallium was found in the metal system afterthe second heat
cycle than after the first one. This was accounted for by the TPE process which
could convert Ga into GaAs.

The possibility of a TPE process was also demonstrated with InP [17].
A layered structure of contact metals, i.e.

20 nm In -]- 75 nm Sn 255 nm Ag

and an ambient containing hydrogen and phosphorous vapour as well as an
alloying system similar to that shown in Fig. 8 were used for the experiments
[10, 17]. The problems with InP are similar to those with GaAs. The phos-
phorous is very volatile and can be supplied from vapour phase during TPE. The
In deposited into the contact metal system before the TPE process is much
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less volatile. The contact produced had an ohmic character and low specific
contact resistance. By using TPE contacts Gunn diodes with an instantaneous
efficiency of about 3% could be produced, too [17].

6. TPE in the MOSFET technology

GaAs MOSFETs are advantageous for microwave analogue and digital
applications because of the high electron mobility and the high value of the
drift velocity at saturation. TPE was also used for making the drain and source
islands of enhacement-type MOSFET devices [10, 18, 19].

20 nm In -f- 100 nm Sn -f- 50 nm Al metal system was deposited on
p-type GaAs. Then, the surface of GaAs and the Al layer on the top ofthe con-
tact metal system were anodically oxidized. The role ofthe A120 3layer obtained
by oxidation of the Al layer was to prevent the arsenic loss during alloying.

before alloying after alloying
AuGe AuGe+Ga
before TPE after TPE
AuGe+Ga AuGe+As n* GaAs
MESFET
structure

Fig. 11. GaAs MESFET structure (e) and the details of the source region before (a) and after (b)
a usual alloying process as well as before (c) and after (d) a TPE process obtained by Otsubo
et al [20]
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This structure was an IMS system illustrated in Fig. 7a. The alloying was per-
formed in an N2ambient at 600 °C for 5 minutes. At this temperature the con-
tact metal is a melt and dissolves a thin layer of GaAs. During cooling down
a regrowth of GaAs dissolved in the metal takes place. By the notation intro-
duced in Fig. 10 this process can he regarded as a TIPE(S) process (i.e. thin
liquid phase epitaxy with an additional solid phase). The n +GaAs layer regrown
during the TPE process formed an n+—p junction with the p-type substrate
and an ohmic contact with the InSn contact metal. Completing the prepara-
tion by other suitable processing steps MOSFET devices with good properties
could be fabricated. The electrical characteristics were better with MOSFET
devices made by using TPE than those with devices fabricated by employing
a YPE layer [10, 18, 19].

The use of TPE was proposed also for the cases, where very thin YPE
layers having a thickness of about a few tenths of micrometer were used to
prepare GaAs MOSFET devices, as illustrated in Fig. lie [20]. The very thin
n-type epitaxial active layer on semi-insulating substrate can be dissolved by
the contact material consisting of Au—Ge, and due to the incomplete regrowth
of GaAs dissolved both the regrown n +GaAs and the active n GaAs layer which
remained undissolved become too thin (Fig. 1l1a and b). This results in an
increase in source and drain resistances and gives devices with poorer micro-
wave performances [20]. On the other hand, the TPE process results in thick
n+ GaAs on the top of the active n GaAs layer and a geometry more advanta-
geous in view of lower specific contact resistance, as it is illustrated in Figs.
11c and d.

7. Further prospects

TPE is still in its infancy. Further work is still needed to reveal the metal-
lurgical processes and to explain the phenomena in detail. TPE seems to be a
useful tool for making ohmic contacts for good quality and high reliability
11—V and 11—V 1 compound semiconductor devices. Of course, TPE has to
compete with other processes, especially with the pulsed laser or pulsed electron
beam techniques being also candidates for improving the quality and reliability
of these devices. The results of this competition will depend very much on
economical factors. TPE is not an expensive process where the facilities are
developed for other purposes e.g. for diffusion, MBE or post-implantation
annealing.
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OPTICAL EXCITATION OF ELECTRONS BOUND
TO SHALLOW DONORS IN GaP

By
B. PODOR and Z. LaCzKO

RESEARCH LABORATORY FOR INORGANIC CHEMISTRY OF THE HUNGARIAN ACADEMY OF SCIENCES
BUDAPEST, HUNGARY

Infrared transmission measurements of GaP with S, Te and Si donor impurities revealed
absorption lines due to the excitation of electrons bound to lower lying Is like states to higher
lying p like states. Is > 2p+ transitions were observed for S, Te and Si donors as well as trans-
itions to other po and p+ states. Optical ionization energies of S, Te and Si were determined
as 891 +5 cm-1, 776 + 5 cm-1 and 713 £ 5 cm-1, respectively, using the effective mass
approximation.

1. Introduction

Due to the excitation of electrons from ground states of donors to the
higher lying excited states ofthe same impurity centres, characteristic absorp-
tion lines can be observed in the energy range beyond the ionization energy of
the impurities. As the ionization energies of shallow donors and acceptors of
the different semiconductors are mostly in the range from 10 to 1000 meV,
these absorption lines fall into the infrared spectral region, well beyond 10 pm
wavelengths.

The infrared absorption spectra of different shallow donors (S, Se, Te
and Si) in GaP have been reported by various authors [1—9]. Nevertheless
there exists no agreement either in the assignment of the observed lines, or
in their theoretical interpretation. The former is caused by the fact that in the
spectral region of interest, i.e. from about 400 to 800 cm-1, strong two-phonon
absorption bands are present, whose assignment is also by no means unambi-
guous [10—14]. The theoretical interpretation is made more difficult by the
complicated structure of the conduction band minimum of GaP [6, 7, 9].

In this paper some preliminary results concerning infrared absorption
due to the excitation of electrons from donor ground states to higher lying
excited states of S, Te and Si donors in GaP are presented, together with the
results of a tentative theoretical interpretation based on the effective mass
theory (EMT), anticipating all of the shortcomings of the application of this
model to our case.

2. Experimental results

The infrared transmission measurements were performed on liquid phase
epitaxial GaP layers grown on semiinsulating GaP substrates. These layers
contain predominantly S or Si donors [15]. Bulk grown GaP samples doped
with Te or S were also investigated.
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Dominant donors were identified by their thermal ionization energies
obtained from Hall effect measurements [15]. Infrared transmission spectra at
room temperature were recorded on a Perkin-Elmer 225 grating spectrophoto-
meter between 1000 and 400 cm-1 with a resolution of better than 1 cm-1.

In Figs. 1 and 2 typical infrared transmission spectra are presented. In
the spectrum shown in Fig. 1the broad band between about 750 and 700 cm -1
is due to two-phonon absorption involving longitudinal and transversal zone-
edge phonons at the X and L points of the Brillouin zone. Absorption lines
attributed to the excitation of electrons bound to S and Si donors are marked

800 750 700 650 cm'l

Fig. 1. Infrared transmission spectrum of bulk grown S-doped GaP containing also Si
as residual donor
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Fig. 2. Infrared transmission spectrum of LPE GaP layer. The dominant donor is S with
Y(>= 9 x 106 cm-3, but some Si is also present.

accordingly. The strongest lines belong to the Is 2p+ transition [16, 17].
Three lines due to S and five lines due to Si are identified on this spectrum.

In Fig. 2 a spectrum taken on a LPE layer is presented. According to
the Hall effect and photoluminescence measurements [15] the dominant donor
in this sample is S. But besides lines due to S, absorption lines belonging to
Si are also present in this spectrum. All of the observed absorption lines, in

Table |
Observed absorption lines for S and Te donors

Excitation energy (cm-1)
Line Assignment

S Te
7 Is(A,) — 5po - -
6 Is(A,) “m3P+ 826 —
5 Is(A,) - 4fo 808 —
4 Is(Aj) — 2P+ 781 666
3 IS(A,) — 4po 774 —
2 Is(A,) — 3po — —
1 Is(Ai)  2po 571 454
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Table 11
Observed absorption lines for Si donors

Excitation

Line Assignment energy (cm-1)

7 Is(77,) - 5Po 653
6 b(T8) — 3p+ 647
5 Is(rg)-4 fo 630
4 b(rg)- 2P+ 603
4' b(C7)- 2Px 599
3 Is(f8) - 4po —

2 Is(T8) — 3Po 539
2" p(A) 3P0 534
1 IS*s)  2po —

analogy with the hydrogen spectrum, can be classified as belonging to the Lyman
spectrum.

In Tables I and Il we summarize the observed absorption lines of S and
Te donors, and that of Si donors, respectively, as well as the proposed assign-
ments based on the EMT [9, 16, 17]. The relative intensities of the absorption
lines roughly correspond to the theoretical estimations [17] thus lending sup-
port to our assignments.

3. Discussion

In the effective mass approximation the binding energies of p-like
excited states should not depend on the donor species. The data presented in
Table Il show that the positions of the observed absorption lines relative to
the 2p+ lines do not depend on the donor species in the limits of the present
experiments.

A tentative fit using the EMT of Faulkner [16] which in turn is based
on a multi-ellipsoidal model of the conduction band minimum, resulted in
the theoretical line separations also given in Table I11. The following parameter
values were obtained: effective mass anisotropy parameter y~1= mjmt =
= 22 + 2, effective Rydberg constant R* = 301 + 10 cm-1. The anisotropy
parameter agrees well with the value of 20 * 12
resonance measurements [17]. All ofthe six identified line separations belonging
to different donors agree with the theoretical predictions. The theoretical fit
resulted in the binding energy of the 2p+ state avalue of 110 + 4 cm-1. This
adds up with the observed Is —=2p transition energies of the different donors
(see Table IV) to give the following ground state ionization energies for S, Te
and Si, respectively: 891 + 5cm+ 776 + 5 cm-1 and 713 + 5cm-1. These

deduced from recent cyclotron
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Table 11
Separation between the donor lines (cm-1)

: Effective mass Experiment
Assignment theory s . .
4p+ — 2p+ 63 £ 3
5fo — 2pz 60 + 3
5po — 2p+ 54 + 3 50
3pt — 2p+ 44 = 2 45 44
—~ So4 31 + 3 27 34
2p+ — 4po 4+ 3 7
2P+ — 3p,, 67 = 6 65
2pt — 2po 211 £ 5 210 212
y-1= 22+ 2 R* = 301 £ 10 cm-1

values are about 2 meV higher than the currently suggested optical ionization
energies [7, 9], and they are about 2 to 5 meY higher than the thermal ioniza-
tion energies derived from our Hall effect measurements [15].

Table IV
Binding energy of the 2p+ state, and donor ground state ionization energies

Observed 2p+ binding Ground state
Donor Transition energy energy ionization energy
(cm-1 (ecm-J (cm-1)
S is(AI) 2pt 781 + 1 110 + 4 891 +
Te Is(Aj) 2pt 666 A 1 110 + 776 *
Si b(F8) - 2pt 603 + 1 110 + 713 £ 5

Finally we should like to dis cussan interesting feature of the Sispectra. Si,
being a Gasite donor has aground state symmetry different from that of the P
site donors, Sand Te. Its ground state is splitted into two Is states having sym-
metries of Fg and F 7, respectively. According to photoluminescence measure-
ments [18] this splitting amounts to about 4.0 cm-1. Closer examination of
our spectra (see Fig. 1) has shown that the Si 2p” line as well as the 3pO0line
seems to be a doublet. A separation of about 3—5 c¢m-1 can be inferred from
our measurements, in agreement with the expectations.

Grateful acknowledgements are due to Dr. J. Pfeifer for providing the GaP samples
and to Dr. S. Dobos for making available the infrared measuring equipment.
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RESIDUAL DONORS IN LIQUID PHASE
EPITAXIAL GaP*

By
B. PODOR
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and

J. Pfeifer
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Identification of the nature and sources of residual impurities in intentionally non-
doped AmBYV type semiconductor epitaxial layers is of great importance in order to grow high
purity or controllably doped epitaxial layers. In this paper results of a systematic study of the
electrical properties and nature of residual donors in liquid phase epitaxial GaP layers grown
under different conditions are presented. S and Si were found as main residual donors in LPE
layers. Electrical properties of S, Si and Te in GaP are discussed, and methods of the electrical
characterization of donors are presented.

1. Introduction

In this paper some results concerning the electrical properties of donor
impurities in liquid phase epitaxial GaP layers, as well as some results as to
their nature and sources will be presented. The identification of the nature
and sources of chemical impurities in intentionally non-doped AIUBV-type
semiconductors is of great importance in order to grow high purity or control-
lably doped epitaxial layers. This applies especially to the case of GaP, where
the main residual donors are believed to be S and Si.

We have carried out a systematic study on the characterization of donors
and more generally of electrically active impurities in GaP epitaxial layers, as
well as on the incorporation ofresidual impurities into the epitaxial layers under
different conditions. Based on these results GaP epitaxial layers were grown
with total concentration of electrically active impurities as low as 3 X 10lecm 3
and with electron mobility, measured at liquid nitrogen temperature, as high
as 1900 cm2Vs [1].

Because of lack of space and time, only a limited selection of problems
can be dealt with here. A more detailed account of our results can be found
in our papers already published [1, 2], and under preparation [3].

*Work performed at the Research Institute for Technical Physics of the Hungarian
Academy of Sciences, Budapest.
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In this paper the following subjects are dealt with:
i) Analysis of donor impurities using electrical methods;

ii) Some results concerning the incorporation of S and Si donors into GaP
epitaxial layers.

2. Analysis of donors using electrical methods

To identify the donors in GaP epitaxial layers, electron concentration
versus temperature curves deduced from Hall effect data were analysed. The
identification of impurities was also greatly aided by low temperature photo-
luminescence spectra measurements.

The dominant donors can be identified with the help of their thermal
activation energies deduced from the analysis of electron concentration versus
temperature curves, like those shown in Fig. 1. All Hall effect measurements

¥

LU

Fig. 1. Electron concentration versus reciprocal temperature in GaP containing S, Te and
Si donors. Full lines are theoretical curves calculated with the parameters indicated.
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were carried out using the Van der Pauw method in the temperature range
from 77 to 400 K. The estimated error of the measured electrical parameters
(Hall constant, conductivity, mobility) was less than 10 per cent.

Because of chemical shifts, the difference in the donor ground state
energies of S, Te and Si, the donors which are dealt with in this work, differ
by about 10 meV, more exactly Ed(S) > ED(Te) > -Ed(Si) and E D(S) —
— -Eo(Te) 14 meV and £ D(Te) — FD(Si) » 8 meV (values derived from
published optical data [4, 5, 6]). The analysis is complicated by the fact that
the observed thermal ionization energies show a concentration dependence,
which we found to be about 10 meV for ionized donor concentrations of about
1016 cm-3, quite comparable with the difference in the ionization energies
themselves.

In order to be able to identify residual donors only with the help of the
measured thermal ionization energies, we have studied the dependence of
ionization energies of S, Te and Si in function ofthe ionized donor concentration
in GaP. The measurements were carried out on carefully selected and character-
ized LPE layers grown by us (S and Si donors). LEC crystals (Te donors) and
SG crystals (Si donors). Methods of sample characterization, etc. are described
in [3].

The dependence of thermal ionization energies on the ionized donor
concentration, as established by us, ispresented in Figs. 2and 3. Typical standard
errors of the points are also indicated. For single donors, the thermal ionization
energy should depend linearly on the cubic root of the ionized donor concentra-
tion, as found here. From the data presented in these Figures we can deduce
the following relationships (energies are in meV, concentrations are in cm -3)

Ed(S) = (105

I+

2) - (3.8

I+

0.7) X 10-5 N%3

1
I+

I+

Ed(Te) = (945 +2)- (3.8 + 04) x 10~5NT

ED(Si) = (83.5 + 2) — (4.6 + 0.2) x HO“5 /g3

The thermal ionization energies (ED), donor and acceptor concentrations
(No and Na) were deduced from the electron concentration versus temperature
curves using a non-linear least-squares fit to a single donor — single acceptor
model [1, 3] (details of the model are to be found in the Appendix). The
standard errors are + (2—3) meV for FD, +(10—20) per cent for IVo and
+ (20—50) per cent for NA, respectively.

As such relationships obtained on well characterized samples are not
available from the literature, except those of Vink et al [7] obtained for Si
donors in GaP, we should like to assess their relevance.

The ionization energies extrapolated to infinite dilution agree within
experimental errors with the optical ionization energies of about 107 meV,
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Fig. 2. Plot of donor ionization energy (Eu) versus cubic root of ionized donor concentration
(iVA) of Te donors in GaP. Circles are our data, bars represent the standard errors. Squares
are the data from [9]

Fig. 3. Plot of donor ground state ionization energies versus cubic root of ionized donor con-
centrations of S, Te and Si donors in GaP. Bars represent typical standard errors. Arrows
indicate the corresponding optical ionization energies
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93 meV and 85 meV, respectively, reported in the current literature [5, 6].
But preliminary results of infrared excitation spectra measurements on these
donors [8] resulted in optical ionization energies for S, Te and Si, which are
about 2 to 3 meV higher than those referred to above.

We think that the results for Te are the most realiable among our thermal
ionization energies. It seems to be very improbable that both S and Si should
be present in these crystals in such concentrations as to cause a fortuitous
coincidence ofthe apparent ionization energies with those of Te. The ionization
energies obtained for S donors seem to be a little low in the light of the optical
data. This could be attributed to a minute Si contamination ofthe S containing
LPE layers, which is quite plausible according to our experience. The data for
Si donors are thought to be the least reliable, because most of them were
obtained on SG samples, not so well characterized as the other ones.

3. Behaviour of residual donors in LPE layers

Now we will discuss the observations concerning the behaviour of residual
impurities in intentionally non-doped GaP layers. These epitaxial layers were
grown on semiinsulating GaP substrates with starting temperatures and
cooling rates corresponding to the values used to prepare green light emitting
diodes. Horizontal graphite slider boats were used [1]. The doped crystals
were used as source material at the epitaxial growth. Three kinds of graphite
materials were used, but most of the measurements were made on layers grown
in morganite graphite slider boats. Mass spectrometric analysis showed traces
of S in this material. N& — /iIrg of the layers ranged from 2 X 10le cm 3
to 4 X 1017 cm-3, electron mobility measured at 77 K ranged from 600 to
1900 cm2Vs.

The dominant residual donors were found to be S or Si depending on the
growth conditions. Photoluminescence measurements performed at liquid
helium temperatures on samples identified as S-doped, showed strong donor-
acceptor pair band at 2.200 eV attributed to Zn—S pairs as well as a set of
strong Zn—S pair lines. Nevertheless in samples where the electrical properties
were dominated by Si donors, weak Zn—S pair luminescenceband and lineswere
also detected.

Te was not identified in the epitaxial layers even if the source crystals
were doped with Te to a level of (3—5) X 1017cm-3.This statement needs some
specifications. In the great majority of cases the electrical properties of LPE
layers could be understood on the basis of incorporation of a single species of
donor, either S or Si. In some cases intermediate donor energies were seen,
which at first sight could be assigned to Te; but these samples could be reinter-
preted either as containing Si, or it was concluded that two donor species are
present, for which case our model does not apply.
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The main source of the S contamination of the layers was the graphite
material of the boats used. But some of the S donors comes from the gallium
melt. From boats made from morganite graphite the first layers grown contain-
ed S at the level of (2 — 5) X 10 em 3. With increasing cumulative annealing
time at the growth temperature (two series at 900 and 990 °C) in consecutive
runs the S contamination gradually decreased to a level below of somewhat
1017 em~2. Then in the subsequent runs already Si appeared as major donor
dominating the electrical properties [1].

The second kind of graphite material resulted in residual S concentrations
at the level of (1—2) X 107 em~3, and this value has also shown a gradual
decrease in consecutive growth runs, witnessing also the depletion of S contents
of the graphite material.

In both cases the acceptor concentration deduced from the Hall data
ranged from (1—5) X 10® cm™3 and (1 — 2) x 10 cm~3, respectively. It did
not show systematic changes in the different runs. According to the low tem-
perature photoluminescence results the main acceptor is Zn. It is possible,
however, that also Si acts as acceptor in our samples, but it does not affect
the photoluminescence spectra.

From the boat made from a third graphite material layers were grown
with very low S content. The electrical properties were dominated by Si donors
reaching a level less than 3 X 10%% cm™3.

4. Conclusions

Summing up we can conclude that the main residual donors in non doped
GaP are S and Si. Most of the S comes from the graphite boats, and its con-
centration can be strongly decreased when annealing the boat and melt prior
to growth. After sufficiently long annealing time, or using graphite boats
depleted of S, the major donor impurities in the layers are Si.

Careful analysis of electrical measurements, coupled with photolumin-
escence spectrum measurements are able to identify the different donors in
GaP epitaxial layers.

*

Grateful acknowledgements are due to Mrs. L. Csonrtos, Mrs. N. NANDOR and
Mrs. S. Puspoki for participating in the experimental work. Photoluminescence spectra were
measured by Dr. M. GAL.

Appendix
For a multi-ellipsoidal model from charge neutrality we have

here v = 6 is the number of equivalent valleys in the conduction band minimum of GaP,
g = 2 is the spin degeneracy factor, Ep, is the donor ground state ionization energy, n, Np
and N, are the electron, donor and acceptor concentrations, respectively, IN¢ = 4.829 x 101®
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Ta2cm-3 is the reduced density of states. The effective mass parameters used here are TLUTO0=
= 0.25 and mn/mo = 2.5.

go is the degeneracy factor of the donor ground state. For P-site donors as S or Te,
the donor ground state has a symmetry of Is(Aj), and lies well below the other Is states, so
in a good approximation we can put gD= 1. For Ga site donors as Si the donor ground state
has a symmetry of Is(i’8), and a degeneracy of 3. But very close above it is the other state
(Is(P,)) with a degeneracy of 3 that for all practical purposes they can he lumped together to
a ground state with gD= s.
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DIRECT SYNTHESIS OF EPITAXIAL AUBM
SEMICONDUCTOR THIN LAYERS ON METAL
SINGLE CRYSTAL SUBSTRATES

By
D. IWANOV and ChR. NANEV

INSTITUTE OF PHYSICAL CHEMISTRY, BULGARIAN ACADEMY OF SCIENCES, 1040 SOFIA, BULGARIA

The method of direct synthesis of A'1BW thin layers on metal single crystal substrates
enables us to obtain the whole set of compounds of Zn and Cd with S, Se and Te. The morpho-
logy and the structure (texture and epitaxy) of the layers were investigated by means of TEM,
SEM, X-ray and electron diffraction methods. The epitaxial layers have been synthesized at
relatively low temperatures on the basal faces of the supporting single crystals.

I. Introduction

Interest in AnBWVI thin layers has gradually increased in the last
decade due to their semiconductor and optoelectronic properties [1, 2, 3].
For example there is a certain possibility to use CdS, CdTe and other AnBvl
layers for the direct conversion of the solar energy into electricity [4, 5]. The
solar cells produced on such basis may become important power sources due to
the relatively low production costs [6].

There are various methods for the deposition of A Bv thin layers such
as vacuum evaporation, chemical transport reaction, etc. [7]. They all are
characterized by the high deposition temperatures. In the Institute of Physical
Chemistry a method has been developed of obtaining AnBM thin layers on
metal single crystal substrates at relatively low temperatures [8, 9]. According
to this method metalloid vapours such as sulphur, selenium and tellurium react
with the surface of zinc and cadmium single crystals. For example in this way
we were able to produce epitaxial CdS layers even at a substrate temperature
of 150 °C.

Il. Experimental

The apparatus for growing zinc and cadmium single crystals and An BM
layers is shown in Fig. 1. It consists of: furnace 1 for obtaining zinc and cad-
mium single crystal substrates and the AHBM layers, furnace 2 for heating
the metalloids, the cooling finger C, the Zn (Cd) single crystal. Tx, Tx T3 are
the thermocouples, M is a stereomicroscope for observation and BS is a break-
off glass tip.

One example of the zinc and cadmium single crystals used as substrates is
shown in Fig. 2. The crystals have been obtained by the Stranski—K aischew
method [10, 11] in sealed glass ampoules evacuated to 10~e torr. Now we
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should like to describe briefly the preparation of the substrate: the zinc (and
cadmium) single crystals were obtained by freezing a molten droplet and then
exposing it to the vapours of the same substance. A constant temperature
difference between the furnace 1 and the cooling finger which defined the super-

M

Fig. 1. Apparatus for growing zinc and cadmium single crystal substrates and AuBWVI

layers: 1 — furnace for obtaining the crystals; 2 — furnace for heating the metalloids; C —

cooling finger; Zn (Cd) — zinc (cadmium) single crystal; S, Se, Te — sulphur, selenium, tel-
lurium; M — stereomicroscope; Tis T 2, T3 — thermocouples; BS — break-off glass tip

Fig. 2. Zinc single crystal grown from the vapour phase
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Saturation was maintained during every experiment. The zinc single crystals
grew attemperatures of about 400 °C while the cadmium single crystals grew
at relatively lower temperatures 300 °C. As a result of the growth of the
crystal, the so-called end-growth form is obtained. It exhibits only the basal
{0001} face, the pyramidal {1011} and the prismatic {1010} faces. One can
recognize that only the basal face is very smooth but the other faces have
many steps.

On obtaining the end-growth form of the metal single crystal, metalloid
vapours were introduced through the broken-off glass tip BS. They react with
the hot surface of the metal single crystal following the general reaction equa-
tion:

A+ B — AnBVI,

where A is Zn or Cd and B is S or Se or Te. In this way thin chalcogenide films
(several hundred to two thousands A thick) were obtained for 2 to 6 hours.
The substances used were 99.9999% Zn, 99.999% Cd. 99.999% Se, spectrally
pure S and pure Te. They were additionally purified by repeated vacuum
(10-6 torr) distillation and sublimation.

The chalcogenide growth conditions are summarized in Table I, the
temperatures of the furnaces 1 and 2 and of the cooling finger being kept
constant during the whole reaction time. These three temperatures were
predetermined in order to obtain metalloid vapour pressure 5 to 10 times
higher than the corresponding metal vapour pressure which is important
especially for the first moment of the reaction.

The layers were investigated either together with the supporting crystals
(by means of reflection electron diffraction, scanning electron microscopy and
X-ray texture goniometer), or after their removal from the substrates (by
transmission electron microscopy, electron and X-ray diffraction). The chal-
cogenide layers have been detached from the supporting metal crystals by

Table |
Chalcogenide growth conditions

i Substrate R Source -
c?;,g%‘fs temperature “{lﬁ}fg‘ temperature Gﬁ'ggge Colour
(°C) ()

S 50-250 ZnS grey, blue, green

Zn 250—400 Se 215-370 ZnSe yellow, red, brown
Te 450-500 ZnTe red, black
S 50-210 Cds yellow, red

Cd 150—300 Se 220—350 CdSe red, dark red
Te 450-530 CdTe black, brown
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the electrochemical dissolution of the latter. An In sulphate solution found
application in such cases. The sulphidation kinetics of zinc has also been investi-
gated ellipsometrically.

I1l. Results and discussion
I1l1. 1. Morphology

During the reaction with S, Se and Te the zinc and cadmium single crys-
tals lost their initial metallic glitter which fact referred to the formation of
A1IBM layers on them. The colours of the layers are shown in Table I.

Fig. 3. Transmission electron micrographs of ZnS layers: a) obtained on the basal face at a

substrate temperature of 355 °C with a sulphur vapour pressure of 7 « 10_1 torr. b) obtained

on the pyramidal face at a substrate temperature of 254 °C with a sulphur vapour pressure
of 3 « 10-3 torr
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Fig. 4. CdS whiskers observed by TEM. The whiskers grow from the CdS layer on the basal
face of the cadmium single crystal. Growth conditions: substrate temperature 310 °C, sulphur
vapour pressure 1.5 « 10-1 torr

Optical and scanning electron microscope investigations showed that
the layers reproduced well the steps on the single crystal substrates as well as
all peculiarities of their surface structure. Transmission electron microscopy
confirms this conclusion (Fig. 3a, b). It isseenthat the films obtained on the
basal face exhibit a uniform structure. The layers removed from the pyramidal
and the prismatic faces reproduced the surface morphology of the crystal
substrate including numerous steps and growth details. As a general conclu-
sion we can point out here that the sulphides reproduced better the surface
structure than the selenides and tellurides. Nevertheless all of the layers can
be used as electron microscopic replicas of the growing zinc and cadmium single
crystals. For example this procedure may appear as a convenient replication
method at elevated temperatures. Moreover, the possibility to use the ZnS
and CdS layers as replicas of the substrate enables the direct determination
of their azimuthal orientation by comparing it with the electron diffraction
pattern. In this way we found that the steps on the basal faces of the Cd single
crystals oriented along <1120) are parallel to the <1120) crystallographic
direction in the CdS layers; The steps on the basal faces ofthe Zn single crystals
oriented along <1120) are parallel to the <110) in ZnS layers.

In conclusion some peculiarities of the layers, e.g. the growth of whis-
kers on the CdS layers (Fig. 4) and so on, have to be mentioned.

I1l1. 2. Phase structure and epitaxy

The results obtained by the electron microscopic, electron and X-ray
diffraction investigations of the layers, obtained on the basal faces of the Zn
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and Cd single crystals are shown in Table Il. It is seen that some of the layers
have cubic (sphalerite type) structure (ZnS, ZnSe, ZnTe and CdTe), the others
being of hexagonal (wurtzite type structure (CdS and CdSe). This was confirmed
by means of the Debye-Scherrer method, transmission and reflection electron
diffraction and X-ray texture goniometer investigations. We suggest that the
layers have the thermodynamically stable structure typical for the synthesis
temperatures.

The following epitaxial relations were established for the layers with cubic
phase structure:

{111} ZnS(ZnSe, ZnTe) j| {0001} Zn with <110) ZnS (ZnSe, ZnTe) j <1120) Zn,
{111} CdTe W {0001} Cd with <110) CdTe | {1120) Cd

and for the layers with hexagonal structure:

{0001} CdS (CdSe) || {0001} Cd with <1120) CdS || (CdSe) <1120) Cd.

Table |1
A(I1)B(VI) layer structure

A(IB(VI) Phase Investi- Epitaxial Inye_sti- 1 Lattice Investi-
Compounds structure 1 Bion relations #:ttilw(y:is para(n'&)elers mg:tlf:grt;s
ZnS Sphalerite 1,2,3,4 111 ZnS 11 0001 Zn 3.4
a = 5.40+0.01 1,2,3
110 ZnS 11 1120 Zn 3.5
Cds Wurtzite 1,2,3,4 0001 CdS Il 0001 Cd 3,4 a— 4.13+0.01 1.2.3

1120 CdS 11 1120 Cd 3,45 c¢= 6.70£0.01 1.2.3

ZnSe Sphalerite 1,2,4 111 ZnSe Il 0001 Zn 2,4
110 ZnSe 11 0001 Zn 4 8% 566-1:001 1.2
a- 4.23+0.01
cdSe  Wurtzite 1,2,4 0001 CdSe 0001 Cd 24 c- 685+001 12

ZnTe Sphalerite 1,2,3,4 111 ZnTe 11 0001 Zn 3,4

110 ZnTe 11 1120 Zn 3 a—6.08:0.01 123

CdTe Sphalerite 1,2,3,4 111 CdTe 11 0001 Cd 3,4

110 CdTe 11 1120 Cd 3 @a=647:001 123

Investigation methods:

1. Debye-Scherrer

2. Transmission electron diffraction

3. Reflection electron diffraction

4. X-ray texture goniometer

5. Comparison of the transmission electron diffraction pattern with the replica
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Fig. 5. Transmission electron diffraction patterns of ZnS layers obtained under the following

conditions: a) substrate temperature 260 °C, sulphur vapour pressure 4 ¢ 10~4 torr; b) sub-

strate temperature 320 °C, sulphur vapour pressure 5« 10-3 torr; c) substrate temperature
380 °C, sulphur vapour pressure 1 torr
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These epitaxial relations were established by reflection and transmission elec-
tron diffraction, X-ray texture goniometer and by the above mentioned compa-
rison of the transmission electron diffraction with the electron micrograph of
the substrate.

The lattice parameters (see Table IT) of the A" BY! layers calculated from
the X-ray and the electron diffraction patterns agree fairly well with the data
in the literature [1].

Summarizing we can point out that there is some gradation in the
structural perfection of the layers. For example the degree of structural per
fection of the ZnS layers is rising on the one hand with the substrate temperature
and on the other hand with decreasing thicknesses. In Fig. 5a one can see the
ring electron diffraction pattern. It is typical for experiments performed in
the range of substrate temperature from 250 to 300 °C. Fig. 5b shows some
mosaic structure. This is typical for temperatures from 300 to 350 °C of the
substrates. Epitaxial layers were obtained on substrates heated above 370 to
400 °C (Fig. 5c). The same temperature dependence of the layer structure
was found also for ZnTe and CdTe [12].

On the other hand epitaxial CdS [9] and CdSe [13] layers were obtained
in the whole temperature interval from 150 to 300 °C investigated by us.
This fact may be employed for the production of CdS epitaxial layers at low
temperatures.

Thin layers of ZnSe change their texture from {111} at low temperatures
into {110} texture at high temperatures [14].

The A" BY! layers obtained on the pyramidal and on the prismatic faces
of the substrates were hardly oriented. They were very often polycrystalline
and in other cases they possessed some texture. In general we got an impres-
sion that the Cd single crystal substrate oriented stronger than the Zn single
crystal substrate. This holds true for the basal face of the crystals as well as
for the pyramidal and prismatic faces.

III1. 3. Kinetics and mechanism of the layer formation

An ellipsometric study of the zinc sulphidation kinetics has recently
been started in our laboratory. The first data show a parabolic dependence
of the layer thickness versus reaction time. These data are in a good agreement
with WAGNER’s theory [15] for metal oxidization.

The experimental results obtained on A'"'BY' layers lead to the con-
clusion that the reaction proceeds through diffusion of interstitial metal ions
in the chalcogenide thin film. WEIsSMANTEL et al [16] were the first to suggest
this mechanism for the formation of CdS layers on evaporated Cd layers. Some
of the facts which confirm this suggestion in our case are summarized as follows:

1) The diffusion coefficients for Cd and Zn in chalcogenides are greater
than those for metalloids [17].
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2) The parabolic dependence established for the ZnS layer thickness as
a function of the reaction time indicates that metal ions diffuse through the
ZnS layer [18].

3) The observed growth of CdS whiskers shows that Cd is transported to
the surface of the overgrown CdS film where it reacts with the sulphur.

4) As mentioned above the A1Bv layers reproduced perfectly well the
surface structure of the metal single crystals. Evidently the metal surface has
been blocked by the first stages of the chalcogenide film formation. For the
further growth of the layer metal ions have to diffuse through it. Otherwise,
if the metalloid diffuses through the ANBVI/metal interface, the latter will be
penetrating deeply the bulk of the metal single crystal and will change its
form.

IV. Conclusion

Epitaxial AHBWVI thin layers were obtained on metal single crystal sub-
strates at relatively low temperatures. We can expect that the metal/semicon-
ductor interface in the case under consideration may exhibit interesting pro-
perties due to the lack of impurities since the whole procedure takes place in
vacuum sealed glass ampoules.
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EPITAXIAL GROWTH OF SILICON SINGLE
CRYSTAL LAYERS
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CVD growth of Si on highly doped (111) Si substrates using the SiCla—Si—H 2 open
tube system has been studied in a horizontal reactor by means of one-factorial experiments.
It was recognized that for realizing a uniform growth rate in the samples not only deposition
temperature but also the temperature distribution of the system characterized by the para-
meters Tmax and xt has to be considered.

From these experiments the central point for the multifactorial investigations could be
located.

1. Introduction

In the last twenty years the epitaxial layer-growth process has been
investigated from several aspects (thermodynamics, kinetics, autodoping,
determination of layer characteristics, etc.) The optimization of this process,
however, was a somewhat neglected field. To get the optimum conditions for
the Si-layer growth by chemical vapour deposition (CVD) it is necessary to
perform thermodynamical analysis, one-factor and multifactorial investigations.
After performing the thermodynamical analysis of the system there are two
ways for optimization: the numerical optimization of a possible theoretical
model or the experimental optimization [1, 2]. In spite of many efforts a
complete theoretical model of the epitaxial silicon layer growth does not exist
presently, therefore the optimization has to be based on experimental results.

The growth rate ofthe epitaxial layer grown by the CVD process has been
analysed and modelled by several authors. Previous theoretical results were
reviewed of Bloem [3] to explain the kinetics ofsilicon growth from the vapour
phase. A generalised equation was given by him for the growth rate as a func-
tion of position (ac) along the susceptor. Unfortunately, the calculated growth
rate values differ by a factor 3 or 4 from each other and therefore they cannot
be used for design purposes. The importance of entry effects and their influence
on the development of velocity and temperature profiles has been suggested
by Ban [4]. Based on his measurements of transport phenomena the growth
rate values, however, cannot be calculated from his model. Manke and
Donaghey [5] used a model of “developing temperature” to calculate the
mean gas-phase temperature and deposition rate distribution of silicon which
gives the growth-rate values in case of a vertical cylinder reactor.

In this contribution the Si epitaxial layer growth in a horizontal reactor
will be considered. In the course ofour work a series of one-factorial experiments
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were performed making use of some basic facts from the previous theories.
As a consequence of the studies a suitable range of parameters, resulting in
a uniform Si growth rate in horizontal reactors could be established. The expe-
rimental results could also be used to deduce some conclusions on the process

parameters influencing the layer thickness and the dopant distribution uni-
formity.

2. Experimental work

A self-built RF-heated horizontal reactor was used in the experiments.
The substrate was homogeneous, (111) oriented, As doped Si single crystal,
free of dislocations (according to X-ray topography) with a specific resistance
of 4—5 «10~3 ohmcm. Epitaxial layers were grown by the SiCl4-procedure.
In the process RS—Q quality SiCl4 and electronic grade HC1 gas was used,
the H 2-gas has been Pd-purified.

Fig. 1. Reactor tube and the main parameters

Before each growth cycle fresh Si has been deposited onto the etched
graphite susceptor. The used wafers were backside lapped, without deposition.
HCl-etching has been carried out for 1 minute, with 1% HC1 in H2 at the
growth temperature, followed by annealing for 5 minutes in H2. After com-
pleting the layer growth the annealing has been repeated. The pressure was
approximately 1 atm because of the open tube system. No dopant gas has been
added. Additive process parameters are summarised in Table | and in Fig. 2.

In Table | both the possible parameter ranges for the given layer growth
system and the actually realized parameter values are indicated.

The following notations were used:

T max maximum temperature measured at the crystal surface (°C),
\Y flow rate of hydrogen (lit/hour),

tg time of the layer growth (min),

iVIsici, concentration of SiCl4in the input gas (molfraction).
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Table |
Process parameters

Parameter Range Realized values

Xt (cm) —10 18 - 2,8

Tmax (°C) 900 1250 1100; 1200

K (l/n) 300 3000 800; 1300; 1800

tg (min) 100 10; 20; 30

AsicU 1+10-4  3+10-3 75 ¢10-4 12 +10“3,
(molfraction) 15¢10"3 555 .i0-4x; 25+10-%X

X only in the case V - 800 1/h

The sketch of the experimental reactor tube is shown in Fig. 1, where
X't denotes the distance between the susceptor leading edge — and the edge
of the RF coil.

D =72 mm is the diameter of the quartz tube, L = 150 mm is the
length of the graphite susceptor, a = 3°is the tilting angle of the susceptor.

The Si-wafer position on the susceptor was characterized by the distance
(x) from the leading edge.

The time dependence of the process parameters are given in Fig. 2.
where Chci and MsiCi denote the concentrations of the active components
in the carrier gas measured in volume-percentage and molfraction, respectively.
The parameter t stands forthe complete process time which is the sum of the
time intervals for the vapour phase etching, layer growth, heating and cooling
cycles.

The epitaxial layer thickness was measured by IR-interference technique,
the dopant distribution by a high frequency CV-method [6].

Fig. 2. Time functions and parameters of the general growth cycle
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3. Results and discussion

It is well known that in case of small SiCl4concentration in the carrier
H 2 gas, the layer growth rate G at a fixed wafer position x is linearly related
to the mol fraction M of the SiCl4:

G= kuM. 1)

In previous theories the constant k was supposed to be dependent on the gas
flow rate V, the wafer position x and the growth temperature T, as follows:

k=f(V,x,T). (2)

In our experimental work the layer growth rate G was measured for different
process parameter values.

In Fig. 3the growth rate Gis given as function of the SiCl4concentration
M for different gas flow rate values V. It can be seen that the increase of the
gas flow rate from 800 1/h to 1800 1/h resulted in a similar increase of the k
values from 246 to 364.

Next the functional dependence of the coefficient k on the process
parameters has been investigated. From the experimental results it could be

T=1170t K=364

Fig. 3. The growth rate (G) as a function of the SiCl4 mole fraction and hydrogen flow rate
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Fig. 4. Variation of K values along the graphite susceptor

recognized that the growth coefficient k was not uniquely determined by the
parameters V, x and T as supposed in Eqg. (2) but it was also influenced by
the temperature distribution along the graphite susceptor. The measured results

are summarized in Table Il. The left hand side of the Table corresponds to
the value xt = 8 cm, on the right hand side the data for the case ofx. = —2cm
are given.

The experimental data have verified our assumption, that at the same
temperature but at different wafer and graphite positions (x, xf) the growth
coefficients differ considerably and therefore to achieve nearly constant growth
coefficients a suitable temperature distribution has to be realized. In our
case placing the graphite susceptor at xf= —2 cm position resulted in an
almost uniform growth rate distribution (see in Fig. 4).
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Table M
Dependence of growth coefficients k on the gas flow rate Vv, the wafer position X, and the growth
temperature T in the case of xf= 8 cm and xt= —2 cm
X T \Y \% T
(cm) (°C) (Ib-9) K K Oh-9 (°C)
5 1169 800 246
1300 308 294 1300 1010
1800 364
7.3 1155 800 232
1300 277 347 1300 1134
1800 307
9.6 1096 800 213
1300 262 360 1300 1182
1800 301
11.9 1010 800 188
1300 233 361 1300 1186
1800 268
14.2 1170 800 141
1300 165 346 1300 1189
1800 174
xt= 8cm A= —2cm

This suitable temperature distribution responsible for nearly constant
growth rate values along the graphite susceptor resulted also in a layer-thick-
ness uniformity. The growth rate distributions corresponding to the best and

(cm)

4.5

6.9

9.6

14.2

worst temperature distributions characterized by the parameters xt =

Tm= 1190 °C and xt =

5 and 6.

8cm, Tm=

1172 °C, respectively, are shown in Figs.
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M= K7x103
Tmax.=172eC

Fig. 5. Variation of growth rate (G) along the graphite susceptor using different gas flow
rates, xt= 8 cm

M-U7x103
Tmax = 1190
X= 2m

Fig. 6. Variation of growth rate (G) along the graphite susceptor using different gas flow rates,
X/'= —2cm
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Fig. 7. Variation of dopant distribution along the graphite susceptor

Based on the measured data an experimental relationship between «
and V can be formulated, as follows:

logk = m <log V -f- 6, 3)

where the coefficients m and b depend on the temperature T and the position
X. Some calculated values of m and b are summarized in Table I1I.

In the course of the epitaxial layer processing not only the growth rate
and the epitaxial layer thickness but also the dopant distribution has to be
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T=1100 \C

MSICI* =

z =2 yum

Fig. 8. Dopant concentration at z = 2 depth realizing different ~-values (1, 2, and 3
are the wafer positions on the susceptor)

V=800 I/h; T—1100 °C; tg= 16 min ; M gn-T. 0K Iff3
XXX =2 cm ; ...X2-5.6cm ; -+-H-+ X3-9.2 cm
log N
X
e X
-itio * 4
X X $

-¢Gim
uo
Xt=0cm Xf=3cm -7.5 cm

Fig. 9. Dopant distribution as a function of depth (r) at different xt values
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Table 111
Experimental values of m and b at 7'max = 1170 °C and x =- 8 cm

x T m b

5 1170 0.50 0.97
9.6 1155 0.41 1.16
14.2 1010 0.31 1.26

uniform. Therefore it is important to note that different susceptor positions
characterized by xt may result in considerable changes of the dopant concen-
tration.

An unfavourable case is illustrated in Fig. 7. The dopant distribution in
the epitaxial layer of the Si-wafers is strongly dependent on the position x at
the susceptor. The minimum values of dopant concentration increase in the gas
flow direction.

To investigate this phenomenon several graphite positions have been
realized in the reactor tube and dopant profiles of the Si-epitaxial layers grown
at different wafer position (x) were measured. The dopant concentration values

6 .# tg=20 min 7.0 tg = 20 min
V=800 I/h V=1600 I/h
M-1.5XKI3 M= 1.U*1<r3

Fig. 10. Dopant distribution at different flow rates in the case of substrate positionsx = 7.3 cm
and x = 9.6 cm
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for different wafer positions along the susceptor, measured at 2 pm depth
in their epitaxial layers, are given in Fig. 8.
For the group of wafers built up in a given growth cycle the most uni-

form dopant concentration distribution resulted for xt — —1 cm, this position
being almost equal to the optimum position (xt= —2 cm) for layer thickness
uniformity.

The complete dopant distribution profiles for several wafers at different
positions along the susceptor are compared in Fig. 9 for different xt values.
From the Figure it can he recognized that the optimum placement corrspond-
ing to xt= —2 cm results in a favourable coincidence of the dopant profiles
also.

The result of the one-factorial experiments may be used to find the
central point of the multifactorial investigations [1, 2]. To demonstrate this
in Fig. 10 the dopant distribution is illustrated as a function of the wafer
position on the graphite susceptor at two different flowTrates. It is evident,
that the autodoping effect has a minimum value at the lowest flow-rate

tg=20 min
ro 2.5XI10'3 V = 800 I/h
MBICU =5 o 15x1(T3 T=1180 °C
1® 0.54x1(T3 XA=8 cm
X=5cm X=7.3cm

Fig. 11. Dopant distribution of different SiCl4a mole fraction in the case of substrate position
X—5cmand x= 7,3 cm
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V=12800 I/h
10 min M= 1.5x10‘3
tg= < 0 20 min T = 1180
(0] 30 min X+=8 cm
log N
aw
S E— y E— T
X=5cm X=9.6 cm

Fig. 12. Dopant distribution at different times of deposition in the case of substrate positions
x = 5cmand x — 9.6 cm

(800 I/h-1) and therefore in the central point of the multifactorial investiga-
tions the flow rate value was chosen to be 800 I/h.

In view of similar considerations (see Fig. 11, 12) for the SiCl4concentra-
tion (M) and the deposition time (tg), the chosen values were M = 2.5 « 10-3
and fg = 30 min, respectively.

4. Conclusions

CVD growth of Si on highly doped (111) Si substrates using the SiCl4—
Si—H 2 open tube system has been studied in a horizontal reactor by means
of one-factorial experiments. It was recognized that for realizing a uniform
growth rate in the samples not only deposition temperature hut also the
temperature distribution of the system characterized by the parameters T max
and xt has to be considered. It is important that the uniform growth rate was
in one-to-one correspondence with the uniform layer thickness and dopant
distribution. Thus the process parameters established in our experiment
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could be used advantageously in the technology of growing undoped silicon
epitaxial layers by the CYD —SiCl4-process. Introducing the new process
parameter xt the central point for the multifactorial investigations could be
located.
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BANAHWE NMPUMECN CBUHUA HA PA3SPYLWEHWE
KPUCTANMOB NaCl Mog AENCTBUEM U3NYUYEHUS
PYBMHOBOIO NASEPA

B. B. HABATOB, /1. M. BENTAEB, H. H. AbIMEHKO
WHCTUTYT KPUCTANNOTPA®NIN AH CCCP, MOCKBA, CCCP

n
P. BOCKA

NWCCNEOOBATENBCKAA TABOPATOPUA MO ®UN3NKE KPUCTAMNIOB BAH, BYJATELWT,
BEHIPUA

lNokas3aHo, YTO He BCA MPUMECH CBUHLA, faXe NPWU MasibIX KOHLEHTPaLMAX ero B LUMXTe
HaxoAuTCsA B pelleTKe B BWAe M30/IMPOBaHHOIO MoHa Pb2+. OnpefeneHHas 4acTb npumecn
NPUCYTCTBYET B KPWUCTa/INIe B BUAe BKIHOYEHWA COeAMHeHWI CBMHUA. oporosas MOTHOCTb
MOLLIHOCTM (Propor) CHWXKaeTCa OT 3HaveHus 109BT/cM2 Ha NopsAoK Npy U3MEHEHUU KOHLeHTpa-
ummn (CPb) npumecm ot 10~7a0 10~4 Monb/MO/b. 3Ta 3aBUCMMOCTb MMEET BUA: Pnopor ~ T— con”

|

XapakTepHble 0C06eHHOCTY paspyLueHns Npu P — Pnopor: yBeNUYeHve pasMepa T%EUEMH
C YMeHbLLEHMEM KOHLEHTpauum npumecn; nosiB/ieHne OKpackun B 30He paspyLleHus B obpasLax
¢ Cpb > HO-4 monb/Monb. V3mMepeHUss MUKPOTBEPLOCTM 06pasuoB MOATBEPXKAAOT TO, YTO 3TU
0CO06EHHOCTU BbI3BaHbl U3MEHEHNEM MeXaHWUeCKUX CBOWCTB KPUCTas/IOB. PacCMOTpeHbl BKJIO-
YeHWs pas/IMUHbIX COeIMHEHUI CBUHUA. BbiCka3aHo NpeAnonioXeHne, YTO paspyLueHune obycno-
B/IEHO MMWKPOK/IOYEHUAMU WHTEPMETA/I/INYECKUX COEAMHEHUIA CBUHLA pasMepom He 6onee
10~6 cm.

M3BecTHO, UTO Ny6/IMKyeMble 3KCMEPUMEHTasIbHble JaHHble O nopore pas-
pyLUeHNS NPo3payHbIX A8 N1a3ePHOM0 U3JTyYeHUA QU3NIEKTPUKOB OTNIMYaloTCa ANis
O4HOr0 W TOro e BewecTBa [1, 2]. 3To CBA3LIBAIOT C Pa3HOlM CTeMeHbI0 ONTUYeC-
KO/ 4YMCTOTbl UCMbITYEMbIX MaTepuasioB U3-3a BO3MOXHOrO MPUCYTCTBUSA MMUKPO-
CKOMUYECKNX BK/IIOYEHWIA MPUMECH CWMBbHO MOM/OLALWLMX Sla3epHOE U3Nyde-
Hue [3, 4].

TeopeTnyecku 3agaya 0 paspyLleHUn NPOo3payvyHoro AU3NeKTpUKa AN1A YacT-
HOro cfyyas, Korfja B (DOKyCe /1la3epHOro nyyka Haxogutca efuHWYHOEe Morso-
LLalOLLIEe BK/IOUEHME, paccMmaTpuBasiacb B psage pabot [5, 6, 7]. B obwem cnyyae,
Korga B 06beme AMINEKTPUKA HaxOAUTCA MHOXECTBO BKJ/IOUEHWI, peLleHue ee
BCTPEYaeT M3BECTHbIE TPYAHOCTU. TOYHOE BbIUMC/IEHVE MOPOra noka HeBO3MOXHO.
OueHKM, cienaHHble Ha OCHOBAHUWN COOTHOLLEHWIA B3ATbIX U3 paboThbl [8] MokKasbi-
BalOT, UTO CHMXEeHWe nopora CTaHeT 3aMeTHbIM MPW MI0THOCTU MOr/IOWAoLL X
BKJ/IHOUeHMI 6onee 108 cMm-3 (Npu gnameTpe BKOHeHUS 10~4 cm). OBbIYHO B 3Kcne-
PYMEHTE MbITAOTCA YCTAHOBUTbL KOPPENAUMIO MEeXAY MOporomM paspyLleHus u
ync/aIOM BK/KOYeHWA. Ansa rpynnbl KpuctannoB LiF ¢ npumecamn MeTannios
(KO/MIMYECTBO MPUMECU He KOHTPO/IMPOB&UIOCL) Obl1a MOAMEeYeHa KaudeCcTBeHHas
CBA3b MEXAY MOpPOroM paspyLUeHUs U YUCIOM BK/IHOYEHUA U CTPYKTYPHbIX He-
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cosepLueHcTB [9, 10]. OaHaKo, M3yyeHUe OCOOGEHHOCTEl paspyLUeHns KpPUCTanioB
C KOHKPETHbIMW MPUMECAMW W BbISICHEHWE 3aBMCMMOCTM MOpora paspyLueHus ot
coflep>XaHus MprYMeCU B LLUMPOKOM [uanasoHe KOHLEHTpauuii ee B obpasuax He
nposogunocb. C UMb BOCMO/IHEHMS YKa3aHHOro npo6ena v 6Gbina nocTaBfieHa
fJaHHas pab6oTa.

XapaKTepucTuka uccnegayeMbix 06pasiLoB

B kauyecTBe 06beKTa MccnegoBaHma 6bln BbibpaHbl Kpuctasinbl NaCl ¢ npu-
Mecbl0 cBMHUA. KpucTannbl npospayHbl Ha OCHOBHOM W YABOEHHOW 4acToTe
pybuHoBoro nasepa. A, B n C — nonocbl MorsoweHns, 06ycnoB/ieHHbIE NOHOM
CBMHUA Pb2+ B aHMOHHOM OKPY>XeHUW nexaT B ynbTpadmoneToBoin obnactm [11].
Momumo wm3onupoBaHHoro uoHa Pb2+ B kpuctasinax NaCl: Pb B ToM cnyuae,
Korfa MpeBbILAeTCa Mpefes pacTBOPUMOCTU MPUMECK, MPUCYTCTBYIOT YacTulbl
thasbl PbCI12 [12]. KpoMe TOro BO3MOXXHO CyLLECTBOBaHME [BOWMHbLIX COMeA Tuna
niNaCl mnPbCI2 [13] n arpernpoBaHHbIX acCoOLMAaTOB: NPUMECHbIA NOH-KaTUOHHas
BakaHcusa [14].

KpucTtannbl BblpawMBaiUCb M3 pacr/iaBa C MOMOLLLI0 MeTOAMKMK, KoTopas
Mo3Bo/iANa MNPOU3BOAUTL [OMOSTHUTE/IbHYIO OYUCTKY LUMXTbl M BbIPALLMBAEMOrO
kpuctasina [15]. bbum nonydeHsl 4 kpuctanna (NeNe 1, 2, 3, 4) B BUfe UMANHA-
PUYECKMX CTEPXKHEN C KOHLEHTpauuven CBUHUA B LUMXTE COOTBETCTBEHHO 10 3;

Puc. 7. TUNN4Hoe pacnpejeneHvie NPUMeCK CBUHLA MO A/IMHE CTEPXHSA (Ha NpumMepe Kpuctanna
Ne 3). Lindpbl Ha KpMBOI COOTBETCTBYHOT HOMEPY 4YacTel, Ha KOTopble OblU1 paspe3aH CTepXKeHb
(n306paxkeH BHU3Y).
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10~4; 10-5; n 10_6 monb/Monb. Kpuctann Ne 1 B oT/imume oT npoymnx 6bu1 MyTHbLIM,
MOCKOJIbKY COfepXKasa BKJ/IHYeHMS BbinaBLueid hasbl PbC12

PacnpegeneHve npvMecy Mo A/IMHE KPUCTa/I/10B 6bl/I0 HEOAHOPOAHBLIM, TaK
KaK OHO OnpefensieTcss He TOMbKO (PUNKO-XUMUYECKMMU OCOBEHHOCTSIMU Kpuc-
Ta/I/IN3yeMO CUCTEMbI, HO W TeXHoMOrmyeckmmu caktopamu [16]. Ona Bcex
CTepPXXHeN KOHUeHTpaums MprvMecu HapacTasa K 4acTu CTEPXHS, OTHOCSLLENCA K
KOHEYHOIN cTagum Kpuctasmsauum (puc. 1).

[aHHble 0 pacnpegeneHn npuMecn B6bIM NOMYYeHbl CrefyowM 06pa3om.
CTepxeHb pacnunvBasca norepek, napannensHo rpaHuy (100) Ha 5—6 (B 3aBU-
CUMOCTM OT [A/IMHbI CTEPXKHSA) uYacTeil. M3 UeHTpasibHOM 06/1acTU KaKAon 4YacTu
Bbipesasica obpasey. 3TO fenanocb ANA MOMyyYeHUS OAHO3HAYHbIX Pe3ysibTaTos,
MOCKO/IbKY MOr/fla WMMeTb MeCTO W pafuasibHas 3aBUCMMOCTb pacnpefeneHus
npvmMecy. lNMpefBapuTeNbHO 1A HECKO/IbKUX 00pasLoB KOHLEHTpauus CBUHLA
Oblna onpegenieHa C MOMOLWBIO KOMMYECTBEHHOINO XMMWYECKOro aHaimsa. 37a
KOHUeHTpaumss Oblna  CconocTaB/fieHa C  MakCUMyMOM  A-M0ocbl  MOr/IOWEHNS
(A= 274 um) 3Tux >Xe 06pasyoB. MonyyeHHass rpacguyeckas 3aBMCUMOCTb Aana
BO3MOXXHOCTb C MOMOLLBK TObKO CMNEeKTPOOTOMETPUYECKMX MW3MEPEHWI Mosy-
UATb HeobXoguMble fAaHHble O cofepXaHuu cBuHUA B NoboM obpasue. Ans
061acT! MasbiX KOHUEHTpauuii Mbl COUMM BO3MOXHbLIM M0/1b30BATbCA 3KCTpa-
MONALUNOHHBIMW 3HAYEHUAMWN.

Mcxoga v3 nponopuvoHanbHOCTU MeXAY KOHUEHTpauueli MoHa CBUHLUA
(Cp,:t) 1 KOa(h(DMLMEHTOM MOF/IOWEHNSA vy s A-M0SI0CE, UMEKLLEd MecTo npu
Mas/lbIX KOHLEHTpauuax npuMecu, OblIn MoJlyYeHbl CBEAEHUS O KOHLUEeHTpauuu
noHa ceuHUa. Mpu atom Cper+ andA Mol yacTy CTepXKHA ONpeaensniocb M3 pa-
BeHcTBa Qoo = KCO. 3geck : K — KoaghhmumeHT pacnpefeneHuns, KoTopblid B
COOTBETCTBUU C pe3ynbTaTamu paboTsbl [17] 6bun B3AT paBHbIM 0,15, a CO — mncxoa-
Hasd KOHUEeHTpauus npumecn B wnxte. B tabnuue | Ha npumepe kpuctannia Ne 3
COMOCTaBNeHbl AN PasHbIX ero vacTeli o6Was KOHLUEeHTpaums cBuHUA (Cpb) ©
KOHLeHTpauma moHa ceuHUa (Cpbr+).

Takum 06pasom, faxke NpU Masioli MCXOAHOW KOHLEHTpauMu TOMbKO 4acTb
npumecn csuHua BxoanT B NaCl B Bufe MoHa Pb2+.

Tabnuua |
Ne yacTtu « cM-1 +102 Cpb Monb/mMonb -106  Cpb2+ monb/monb «105
1 3,7 2.1 1,5
2 5,6 5,0 2,3
3 7,4 9,0 2,9
4 8,1 10,5 3,2
5 8,7 12,5 35
6 9,5 14,5 3,8
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B akcnepumMeHTax Mo JflasepHOMY pas3pyLUeHW0  WCMoJb30BasINCL MpS-
MOYro/ibHble o6pasubl pasmepoM 10x10x7 Mm3, Mo/lyyeHHble BblKasibIBaHNEM
Mo M/I0OCKOCTAM  craiHocTW. [1oBEpPXHOCTW, 4epe3 KOTOpble MNPOXOAWa Nna-
3epHbI/ MY4YOK, He NOMNPOBA/INCL, NMOCKONbKY 6bif0 MokasaHo [18], 4To CTyneHw
CKO/la He BANAIOT Ha NOpor 06bLEMHOr0 paspyLueHus.

MeToguka wnccnefosaHus

Vicnonb3oBasiacb O6OLLENPUHATAA MeTOAUKA WCC/efoBaHUA pas3pyLUeHns.
B kauecTBe WCTOYHWMKA W3NyYeHWUS WCNOMb30BasicA Py6UHOBBLIA nasep, A06POT-
HOCTb KOTOPOro MOZAy/iMpoBanacb MacCUBHLIM 3aTBOPOM. [lapameTpbl MMMysbca
Oblnn cnefyrolime: AAUTENbHOCTb Ha NonyLwmnpuHe — 50 HCeK, BbIXOAHAs MOLL-
HOCTb, KOHTponupyemasa kanopumetpom MKT—1m, — 2-10° BT. bnarogaps
CefeKL MM NonepeyHbIX MOA, MHTErpasibHOe 3a BPeMs LeCTBUS MMMNY/bCa pacrnpe-
fleneHne MHTEHCMBHOCTW MO CEYEeHWIO MNy4Ka, OMUCbIBaUI0CHL FayCcCOBbIM 3aKOHOM.
M3nyueHune okycuposanocb B 06beM o6pasua NIMH30M ¢ POKYCHbIM PaccTOSsHUEM
/= 21 cm. MUHMMYM KayCTUMKW pacrnonarasca Ha pacCTosHUM 2-T 3 MM OT
BXOLHOW MOBEPXHOCTU. VIHTEHCUBHOCTb W3/TlyHYEHUS MEHSMIacb HeliTpasibHbIMU
hunbTpamn. 3a Mopor paspyleHus MpUHUManacb MWHWMa/bHas MOLLHOCTb
(p nopor) MPW KoTopoii MMenno MecTo paspylueHue. Kaxpgaa wuccnegyemas Touka
obbemMa nogeepranacb OfHOKPATHOMY BO3AeACTBUIO MMMynbca nasepa. PaxT
paspyLUeHMsa ycTaHaB/MBaICA MO BCMbILKe, COMPOBOXAAOLLElN paspyLUeHue, a
TakK>Xe Mo MOSAB/IEHUIO paccesHUs CBeTa rasosoro sasepa J1I-36.

OcHOoBHaA owwubka Mpu OLeHKe ropora CKAafblBaeTCA W3 MOrpeLlHoCcTH
N3MepeHna MOLL{HOCTM /la3epa W NorpeLuHocTV onpefeneHna MOLLHOCTU, Bbl3blBa-
lowen paspyweHunsn. [llocnegHAss OLEHMBAETCA PasHOCTbIO MeXAy MOoporoBoi
MOLLIHOCTbIO M MOLLHOCTbIO, NPW KOTOPOI B MPOLEcce 3KCNeprvMeHTa paspyLueHune
y>XXe He NPoucxXoanT. MNpakTM4ecKu 3Ta NOrpeLlHocTb 3a4aeTcsa CTYMNeHAMU ocna-
61eHNs MHTEHCMBHOCTM My4YKa MPUMEHEHHbIX HeMTpaibHbIX (unabTpoB. OTHOCK-
TeNbHaA OWMbKa N3MepPeHUs MOLLHOCTM He npesblwana + 10%, a norpewHocTb
yCTaHOB/MeHUA ropora 6bina He Xyxe — 10%.

Mopor paspyLeHuns

OnbITbl NoKasanu, yto nopor paspyweHns NaCl cHukaeTca ¢ yBe/iMyeHneM
cogep>xxaHms ceuHua (puc. 2). HmxHuiA npegen nopora 0,1 « 109 BT/cM2 cOOTBET-
cTBYyeT o6pasuam C MaKCUMas/lbHOW KOHUeHTpauuer npumecn 10~3 mMonb/MOb.
B aTmx obpasuax npucyTcTeoBaIn YacTuubl ¢asbl PBC12 B 4nCTbIX 6eCnpUMeCHbIX
KpycTaniax Mopor paspyLueHus OnpefensieTcss MexaHW3MOM YAapHOW MOHW3a-
unm [19]. MoaTomy MO Mepe YMeHbLUEHWS KONnyecTBa Mpumecy Propor 4O/KeH
CTPEMUTBLCSA K MOCTOSAHHOMY 3HadeHuo. OHaKko, BepxHuii npefen Propor B aKcne-
pvMeHTe He 6bin LOCTUTHYT. BO3MOXHO 3[jeCb CKas3asiocb NPUCYTCTBME MPUMeECEi

Acta Physica Academiae Scientiarum Hungaricae 47, 1979



BINVAHWE MPUMECK CBWHLA 111

Puc 2. VI3MeHeHMe MOPOroBoi MIOTHOCTM MOLLHOCTY Priopor ¢ KOHLeHTpauveid npyMmMecy cBUHLA
B NaCl

NPOYNX 2-X BAIEHTHbLIX METa/1/1I0B, KOHLEHTPaLMA KOTOPbIX B UCC/eAyeMbIX KpUc-
Tannax He npesbiwana 10~6 Monb/MoSb.

B cooTBeTCTBMM C Teopueldi, B MaTepvanax, COAepXXaliux MNoraowaroLLme
BKJ/THOYEHWS, NMOPOr paspyLleHna o6paTHO MPonopLMoHaieH KOHLUEHTpaummn BKIIO-
YeHuii [6, 20]. B Hawem cnydae rpagmk (puc. 2) onucbiBaeTcs (PyHKUMeRn Buga

"nopor~|— -—- ¢ Takum obpasom B Kpuctannax NaCl npumecb Pb BnnsieT Ha
og Cpb

ONTNUYECKYHO MPOYHOCTb, HO cnabo: nopor paspyLweHna MeHAETCA Ha NopAnoK, BTO
BpeMA KaK KOHLEHTpauna npumMmecn — Ha TpPU nopsAaka.

Bug noBpexaeHUi 1 oKpacka 30Hbl PaspyLLeHNs

Bua noBpexaeHWin uccnegoBaHHbIX 06pasLLoB 3aBMCceN OT COLepXKaHusa npu-
MECW B HUX W MOLLHOCTM umnynbca. B o6nactn Cpb 10-4 -f- 10-7 Monb/monb npu
P = Pnopor NnosBNSAETCA OAHA, PeXxe [Be 30Hbl paspyLleHus. VX ocob6eHHOCTb Mo
CPaBHEHUIO C faHHbIMK [21, 22], COCTOMT B 3HAUUTESIBHOCTU pPasMepoB MOOCTU
(40 -1- 60 MK) B LIeHTpe 30Hbl paspylleHus u TpewmH (0,8 -H 1,5 mm) (puc. 3).
ConocTaBneHne AAUTENbHOCTA WMMYNbCa, 4UHbI TPELWwUH U M3BeCTHoN [23]
npeenbHOM CKOPOCTW MX PacnpocTpaHeHMs AaeT OCHOBaHME CUMTaTb, YTO pPas3Bu-
TWe TPeLLMH BC/EACTBME TEPMOYNPYrUX HanpshkeHWidi NpojoskaeTcs M nocne
OKOHYaHWSA f1a3epHOro MMbysbea.

B o6pasuax, rge Cpb nopsgka 10_3 mMonb/MOMb pasmepbl eAMHUYHbBIX Tpe-
WWH Masbl, BCEro Nvb JoAn MunnaumeTpa. C MOBbIWEHNEM MOPOrOBOA  MOLL-
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Puc. 3. KapTuHa paspyuweHus obpasya NaCl :Pb npu P 2 <K' BT/cM-. KoHUeHTpauus
npumecn: C= 3 «10~7Monb/MoNb. M3nyyveHne nasepa HanpaB/ieHo NepreHANKYNSPHO PUCYHKY.

HocTu go P = 2P nopor B o6pasuax ¢ CPbl0“4 -k 10~7 MOMb/MO/b YBEINYMBAETCA
pasmMep noBpexaeHns. Uncno noBpexxaeHnin Npu aToMm, B OT/IMUME OT 3aMKCMpo-
BaHHbIX B [9] He MeHsANOCb. JlMwb B 06pa3uax ¢ KOHUeHTpaumeil npyMecn CBMHUA
nopsagka K)-3 Monb/Monb PoCT MOLLHOCTU MPUBOAUT K BO3PacTaHUIO 4ucia mno-
BpPeXAeHWI, Tak 4To 06pasyeTcs Tpek.

PaHee oTMedanock MOSIBNEHNE CUHEBATON OKpacku B30oHe paspyieHms NaCl
(unctoTa 06pasLoB yKasaHa He 6bina). MNpegnonaranocb, YTO OHAa Bbl3BaHa M60
BO3HWKHOBEHWNEM 3/IEKTPOHHbIX LIEHTPOB OKpacku [24], nmbo BbINafeHNeM KOJo-
MAHbIX YacTuy, meTanna [25]. Hamn o6Hapy»eHo, 4YTO OKpaluMBaHWe UMEET MEeCcTO
npy paspyLlieHun o6pasuoB C KOHuUeHTpaumeli Pb He meHee 10~4 mMosb/MOSb.
OKpaluvBaeTCs LeHTPa/ibHasdA 4acTb 30Hbl Pa3pyLUeHMs B MIOCKOCTU TPELLMHbI,
nepneHANKYAPHON HanpaBfieHnio nydka. OB6bIMHO OKpacka HabnwogaeTca Ha
rpaHuLe 3acTbIBLUEr0 pacniaB/ieHHOro BelleCcTBa BCeli 30HbI UM ee yyacTka. B pas-
HbIX y4acTKax MHTEHCMBHOCTb OKPacKW He ofuHakoBa (puc. 4). PacnpegeneHve
OKPacKW U LLBET ee roBOPAT 0 TOM, YTO OHa 06YyC/10B/ieHa BbIMageHVeM Konnonganb-
HbIX YacTuu, meTasna.
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Puc. 4. lNosABneHne oKpacky (TeMHas KaliMa, OTMeYeHHas cTpenkoii) B obpasuax NaCl : Pb
npuCpb> 10_4monb/monb

He BbI3bIBaET COMHEHWIA, YTO Pas/IMYHBIA BUA NMOBPEXAEHUI B 3aBUCMOCTU
OT KOHLEHTpauMn npumMecn 06YCNOBMEH W3MEHEHWEM MexaHUYeCKMX CBOWCTB
o6pasuos. O6 3TOM CBUAETENBLCTBYHOT MOSYYEHHbIE HamMu AaHHble MO0 MUKPOTBeEp-

Tabnuua Il

M3meHeHne mukpoTBepgocTu B kpuctannax NaCl : Pb
C KOHUeHTpaumeii npumecu

CPb Mo/b/Monb loX] 1044 10-5 io-6
H Kr/mm2 20,40 17,4 20,0 17,35

poctn (Tabnuua 1), KoTopass SIBASIETCA OAHWMM M3 MOKasaTesiell MexaHW4ecKux
CBOICTB maTepuanos [26, 27].

B ABMeHMM OKpalLMBaHMA MeXaHUYeCKue CBOWCTBa MaTepuana Takxxe urpa-
IOT OMpeAesieHHY ponb. [leno B TOM, YTO MPOUECC BbINafeHUs 4acTuy,
MeTasl/la CTAHOBUTCHA BO3MOXHbBIM MPU  KAKON-TO KOHKPETHOW Temnepatype K
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AaBNEHUV MeperpeToro BewlecTBa B 30He paspylleHMsi. 3TV NapameTpbl onpe-
AENstoTCA He TONIbKO MOLLHOCTLIO MMMY/bCa, HO TakXe U TepMOynpyruMu CBOWA-
cTBamy MaTepuana.

O6Cy)KaeHNe pesynbTaToB

BbliLe 66110 MOKa3aHo, YTO OnpejesieHHas 4acTb NMPUMECH CBMHLA He BXOAUT
B peweTky NaCl n npucyTcTBYyeT B KpuCTasife, No-BUANMOMY, B BUAE BKIIOUEHWIA.
i3meHeHVe ONTMYeCKOM MPOYHOCTU, eCTECTBEHHO, HEOOXOAMMO CBS3aTb C HaMun-
€M 3TMX BK/OYEHUA. Ecnm 6bl B 06pasuax UMeNNCb BKJIKOYEHWS TOIbKO OfHOI0
AnameTtpa nopsagka 10-6; KO5 nnu 10~4 cm, TO B COOTBETCTBUM C KOJIMYECTBOM
npyvMecn MOTHOCTb BKJ/IKOYEHWI, K Npumepy, B Kpuctanne Ne 3 pgocturana 6wl
3HayeHuna 1013; 1010 nan 107 cm-3. OfgHaKo, NpPoBeAeHHbIe HaMW 3KCMEPUMEHTBI MO
BbISIB/IEHVNIO BKJIOYEHUI METOOM Y/bTPaMUKPOCKOMMU He MOATBEPAW/IN Bbille
NpuBEAEHHbIE OLEHKW. PaccemBarolme vacTmubl NAOTHOCTLIO He 6oniee 108 cm-3 u
AnameTpom 10-5 — 10~4cm Habnojanuchb To/IbKO BAOMb rpaHuL, 6/10KOB B KpUC-
Tanne Ne 2. B kpuctaniax Ne 3, 4 6bU10 OTMEYEHO MOSIHOE OTCYTCTBUE KaKuX-
nnb6o paccemsalroLLMX CBET YacTUL,. 3aMeTMM, YTO YyBCTBUTE/NIbHOCTbL MeToZa npwu
MCMONb30BaHUM Ta30BOro Jlasepa MoOLHOCTbIO 40 MBT obecrieumBana perucrpa-
LM YacTuL, C NJI0THOCTBIO FopasAo MeHbLUer, yem 107 cm-3. OTCyTCTBME paccesHUs
B HalleM Cnyyae MOXeT ObITb 06 bACHEHO Ha/IMUMEM BKJIOUEHWIA, pasmMep KOTOPbIX
MeHblle 10 6 cM, a TakKXke Ha/IMUMEM BK/IOUYEHUA C MOKasaTesieM MpPerioMIeHNs,
Masno OTANYAIOLWMMCS OT NoKasaTens NpPesioM/IeHUs OCHOBHOW MaTpulbl.

Teopuna NOKasbIBaeT, YTO YEM MeHbLLIe YacTuua, TemM 60/bLUNM [0/DKEH ObITb
ee KO3(PMULMEHT MOr/OLWeHMs, 4Tobbl YacTuLa UHULMMPOBa/a paspyLleHne ma-
Tepuana. MNpun NJIOTHOCTU MOLLHOCTU B HaLIMX aKcriepumeHTax 109 BT/cM2 1 «onac-
HOM» pafuyce 4vactuubl 2 ¢ 10-5 cM, NpuBoAsLLEM K NPo6oto, KO3(ULIMEHT Morno-
LLUEHMSA ee A0/MKEH ObITb He MeHee 104 cm-1. OUEHKM cAenaHbl HAMW Ha OCHOBaHWUM
COOTHOLUEHWI, B3ATbIX M3 paboTbl [8], Mpuuem urypupyowmii Tam KoahhuumeHT
a NPHAT Kak 1 B [6] paBHbIM 0,1. 3TW OLEHKM W pe3ynbTaTbl OMbITOB M0 pacces-
HUIO [aloT OCHOBaHWe cyuTaTb, YTO BK/OYeHUA Tuna PbCl2 n arpermpoBaHHbIX
accoumaToB He JO/DKHbI MPUBOAUTL K PaspyLUeHUIo.

OfHaKo, 3HaunTesbHble KO3IPMUUMEHTbLI MOr/IOWEHNA MOTYT VMETb WHTep-
MeTa/INYeCKNe COeAMHEHNS CBUHLA. CucTeMa HATPWIA-CBUHEL, HacUUTbIBAeT He
MeHee nATM coeguHeHunii Tmna NaxPby [28, 29]. K coxaneHuto, nuTepaTypHble
JaHHble Mo mnccnefoBaHMO 3TOM cucTeMbl B MaTpuue NaCl oTcyTcTByOT. Bo3MoX-
HO, 4TO CYLLeCTBEHHYK Jono npumecn B kKpuctannax NaCl :Pb coctaBnswoT
arperMpoBaHHble accouuaTbl M Menbyailume BKAKUYeHMA (hasbl PbC12. 1 Tonbko
HesHauuTeslbHas [ONA OTHOCUTCA K WHTEPMETA/IMYECKUM coeAuHeHuAM. [pu-
CYTCTBMe MOCNEAHUX W ONpedenseT Hab/lofaemMoe Ha OnbiTe BAWSHWE MPUMECH
Pb Ha onTuuyeckyto npoyHocTb. Ecnam gonycTuTb, YTO NAOTHOCTL (M) BK/OYEHWI
NHTepMeTaINYECKNX COEAUHEHMI NMPOMOPLMOHaNbHa NorapmimMy KOHLEHTpaLmu,
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A NEW METHOD OF CONTROLLED DOPING OF
ALKALI HALIDE CRYSTALS WITH Pb IONS

By

K.-J. Berg and F. Frohlich

DEPARTMENT OF PHYSICS, MARTIN-LUTHER-UNIVERSITY, HALLE, GDR

By optical absorption measurements and by further analytical methods it is shown
that by thermal treatment at temperatures above 400 °C lead evaporates from Pb doped alkali
halide crystals for which the essentially higher vapour pressure of PbCl2 as compared to that
of the crystals is responsible. On the other hand it is possible to introduce lead into the crystals
by annealing in PbCl2 atmosphere. On the basis of these effects several experimental methods
can be deduced by which any defined lead concentration in a given specimen of alkali halide
crystals can be realized.

1. Introduction

It is well known that alkali halide crystals doped with lead exhibit
characteristic absorption bands in the ultraviolet spectral region (see e.g. the
review article by Fowlter [1]). According to the generally used notation the
bands are designated A, B, C55C2 and C3in the sequence of decreasing wave-
length of the peak position (see Fig. 1, full line curve). Additional bands of the
Pb induced absorption (D bands) are observed in vacuum ultraviolet region.
The absorption coefficient at the peak of the A band is often used in the litera-
ture for the determination of the lead concentration in the crystal (see e.g.
[2, 3, 4]). At least in the case of NaCl crystals one must be cautious using this
method because the absorption spectrum related to the Pb incorporated is
highly sensitive to the thermal treatment of the crystals (e.g. [2, 5, 6]); see
also Fig. 1). Only after rapid quenching from temperatures above 400 °C
can prominent A, B and C bands be measured. In aprevious paper [7] therefore
a different simple method was described by means of which the content of Pb in
NaCl crystals can be determined quantitatively for any thermal pretreatment.
On the basis of this method the distribution coefficient of Pb in NaCl crystals
— grown by the Kyropoulostechnique in air —was calculated [8]. During these
investigations lead was found to evaporate preferentially from the melt before
the growing process starts leading to a decrease of the initial concentration in
the melt. As a plausible reason for this the essentially higher vapour pressure
of PbCl2as compared to that of NaCl was suggested.

The aim of the paper presented is to show that also in the case of Pb
doped crystals the high vapour pressure of PbCI2is responsible for a drastic
decrease of the Pb content, if the crystals are annealed sufficiently long at
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wavelength (nm)

Fig. 1. Ultraviolet absorption of a sodium chloride crystal containing 35 ppm lead ions measured
after quenching from 600 °C (full line curve) and after subsequent annealing at 170 °C for
22 h (dashed line curve)

temperatures above 400 °C. Using this effect several experimental methods
are proposed by -which any defined Pb concentration in a given specimen of
alkali halide crystals can be realized.

2. Experimental

The growth of the single crystals was performed by the Kyropoulos
method in air. The doping was achieved by adding PbCI2 to the melt. All
starting materials had analytical grade purity and were supplied by YEB
Laborchemie, Apolda, GDR. One NaCl crystal was grown by the Bridgman
method using starting materials purified by a method of Voszka et al [10]
by which oxygen containing impurities especially OH- ions are excluded.

The concentration of lead in the crystals was determined by measuring
the Pb induced optical absorption of aqueous solutions of the crystals [7, 9]
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and in some cases additionally by the spectral analysis of the crystals.* For
the annealing of the specimens (10x10x0.5 mm3dimension) muffle furnaces
with electronic temperature control (+ 1 K) were used. Special openings in
the furnace walls gave a direct connection with the room atmosphere. After
each annealing process the specimens were quenched to room temperature
(RT) on an aluminium plate. For annealing temperatures above 400 °C the
absorption coefficient at the peak of the A band was used as a relative measure
for the lead concentration in the specimen under investigation as explained
in the introduction. All measurements of the optical absorption were carried
out by a spectrophotometer DK. — 2A (Beckman Instr., USA) at RT.

3. Results and discussion

Annealing of Pb doped NaCl crystals exhibiting prominent A, B and C
bands (produced by short time heating at 600 °C) at temperatures above 400 °C
leads to a decrease of these bands. The shape ofthe spectrum remains unchang-
ed. At temperatures lower than 400 °C this effect is not so clearly evident be-
cause here one has to expect aggregation phenomena of the Pb ions inducing
changes of the absorption spectrum (e.g. [5, 6]; see also Fig. 1). In Fig. 2 the

Fig. 2. Decrease of the A band absorption as a function of annealing time at different
temperatures for a NaCl crystal containing 30 ppm lead ions

*We want to thank Dr. M. Bubig of the Analytical Laboratory of YEB Filmfabrik
Wolfen, GDR, for performing these measurements.
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Fig. 3. Decrease of the absorption coefficient at the peak of the A band as a function of anneal-
ing time at 550 °€ and 580 °C for an OH- free NaCl crystal, containing 42 ppm lead ions
and a KC1 crystal containing 300 ppm lead ions, respectively

absorption coefficient ag at the peak of the Aband (normalized to ag, measured
after apretreatment of 10 minutes at 600 °C) is shown as afunction of the anneal-
ing time at different temperatures. One can see clearly the decrease of the
A band absorption with time and the increasing rate with increasing tempera-
tures. After an annealing time of 100 h at 550 °C the Pb induced absorption
has practically disappeared.

Fig. 3 shows the same effect for the OH* free NaCl crystal and for a
Pb doped KC1 crystal too.

For all NaCl crystals — after the total decay of the A band — the abso-
lute lead content was determined in the two different ways mentioned in
Chapter 2. Both methods give the same result: the crystals no longer contain
lead. That can only mean that lead evaporates from the crystals during anneal-
ing. As a reason for this one can assume an essentially higher vapour pressure
of PbCl2as compared to that of NaCl. In Fig. 4 the vapour pressure of PbCl2
NaCl and KC1, taken from Landolt—Bo&rnstein [11] is plotted against the
temperature. In the temperature region between 400 °C and 600 °C considered
here the vapour pressure of PbC12 is about four orders of magnitude higher
than that of NaCl. It should be noted that the vapour pressure curves of Pb
and of the chlorides of divalent cations like CaCl2, BaCl2, and MnCIl2preferen-
tially used for doping are situated on the right hand side of the NaCl and
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Fig. 4. Vapour pressure of PbCl2 KCl and NaCl taken from Landolt Bornstein [11]
plotted against the temperature

KCI curves. This means that lead is evaporated in the form of PbCl2 and that
one cannot expect an evaporation of e.g. CaCl2 BaCl2and MnCl2from corres-
pondingly doped crystals.

By annealing experiments in different atmospheres it could be proved
that the vapour pressure actually is the responsible quantity. In contrast to
the previously described heat treatments these experiments were performed
in closed quartz ampoules with an annealing time of 100 h at 600 °C: If the
ampoule contains air after such a treatment the absorption coefficient aA is
not changed with respect to the value ag measured after 10 minutes annealing
at 600 °C before inserting the specimen into the ampoule (compare Table I,
column 2). This result surprising at first sight will be clear if one calculates the
partial vapour pressure at equilibrium of the PbCI2in the ampoule amounting
to 3 X 10“4mm Hg. For the formation of this pressure under the given con-
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Table |

Change of the adsorption coefficient at the peak of the A hand measured after annealing in
different atmospheres

Atmosphere Air Vacuum PbCI2 vapour Vacuum
ag (cm-1) (crystal 1) 71 72 75 86
af (cm-1) (crystal 1) 71 72 extremely high 39
ap (cm-1) (crystal 2) — — — 0
aA(cm-1) (crystal 2) — — — 45

ditions (0.05 cm3 volume of the crystal specimen and 36 cm3 volume of the
ampoule) only 0.05 ppm PbCl2are necessary. Butthis smallchange ofconcentra-
tion in the crystal is not detectable. The same is valid for the experiment per-
formed in vacuo. Also in this case no decrease of the lead content could be
observed (Table I, column 3). In a third experiment the annealing has been
done in an atmosphere of saturated PbCl2 vapour formed by including a suf-
ficient quantity of PbCl2inside the ampoule. The A band increases so drasti-
cally that a quantitative measurement is impossible. Obviously, PbCl2 diffuses
from the atmosphere into the crystal. Finally a Pb doped sample and an
undoped sample were annealed together in vacuo. During this treatment the
A band intensity of the Pb doped sample decreases to half of the initial value
while in the undoped sample an A hand with approximately the same height
arises (Table I, column 5). This means that PbCl2evaporates from the doped
sample (crystal 1) producing in the ampoule an atmosphere of saturated PbCI2
vapour from which lead diffuses into the undoped sample (crystal 2). The
process is finished if the Pb concentrations in both samples are equal.4

4. Conclusions

On the basis of the results and the corresponding explanations described
in Chapter 3 one can propose three different methods by which any defined
Pb concentration in specimens of alkali halide crystals can be produced.

First method: By annealing a Pb doped crystal in an open furnace at
normal atmosphere any wanted concentration lower than the starting one can
be realized by a suitable choice of temperature and time. In order to remove
concentration gradients possibly built up in the specimen during the evapora-
tion process an annealing at 600 °C in a closed volume should be added.

Second method: Any wanted concentration of lead can be produced by
annealing of undoped specimens in a closed tube containing a sufficiently
high quantity of PbCl2to maintain an atmosphere of saturated PbCl2vapour.
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Third method: Crystal specimens can be doped with a defined concen-
tration oflead by including undoped samples together with a suitable doped one
in a closed tube and annealing at about 600 °C.

The application of these doping methods surely is convenient and effec-
tive for the production of well doped specimens, e.g. for the investigation of
aggregation phenomena of Pb ions and their influence on structure sensitive
properties of alkali halide crystals for which specimens with a special sequence
of defined concentrations or several specimens with identical concentration
are necessary (e.g. [3, 5, 12, 13]). Furthermore the second method seems to
he especially suitable for the production of very high Pb concentrations which
are difficult to get by doping of the melt.
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GROWTH, STOICHIOMETRY AND PROPERTIES
OF LiINbO3SINGLE CRYSTALS

By

K. Polgar, L. Jeszenszky, K. Raksanyi and E. Hartmann

RESEARCH LABORATORY FOR CRYSTAL PHYSICS, OF THE HUNGARIAN ACADEMY OF SCIENCES
BUDAPEST, HUNGARY

LiNbO03 single crystals were grown from melt by Czochralski method, for acousto-
electronic purposes. The stoichiometric problems in connection with growing were studied by
chemical methods: gravimetric method, based on the determination of Nb in its NbO(Oxine)3
complex; volumetric method, involving titration of peroxo-niobium(V) complex; spectrophoto-
metric determination, in form of peroxo-niobium(Y) complex in its acidic solution at 340 nm.
The properties of crystals were investigated by physical methods. The inclusions, strains were
studied by different microscopic investigations.

A very attractive combination of piezoelectric and optical properties has
made lithium niobate one of the most extensively studied materials in recent
years. Since 1965 when Ballman reported the successful growth ofsingle crystals
by the Czochralski technique [1] hundreds of papers on LiNb03 have been
published.

In connection with the fast development of surface acoustic wave devices,
this material now takes second place to quartz as a single crystalline piezo-
electric [2].

In our laboratory we have been dealing with growing of LiNbO03crystals
for about 3 years. The growth is made in a resistance heated furnace.

Growing LiNbO3crystals in a resistance heated furnace is very advan-
tageous from the viewpoint of cooling, because in an induction heated furnace,
the crystals often crack due to the large temperature gradient. In order to
avoid cracking it is necessary to use an afterheater. In our resistance heated
furnace the crystals have never been cracked provided the composition of
the melt was good.

We have grown crystals along the [001], [012], [010] and [110] pulling
axes, the most favourable direction proved to be the [001] one, which is also
appropriate for poling the crystals during the growth process. Lithium meta-
niobate is one of the four compounds we know about in the LiaO—Nb205
system.

The phase diagram of this system is shown in Fig. 1 [13]. It can be seen
that in the neighbourhood of the lithium metaniobate composition there is
a fairly large range of solid solubility, and the maximum melting point is at
a composition of 48.6% for lithium oxide. This is known as the congruent
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Nb205 mole % Li2C03

Fig. 1. Phase diagram of L120 —Nb,04 system [13]

composition, which is characterized by the fact, that the distribution coeffi-
cients between melt and solid phases for all components are equal to one.

Homogeneous crystals can only be grown starting with a melt of this
very composition. Growing crystals from a melt differing from the congruent
composition exerts a decisive influence on the quality of the crystal involving
several important physical properties. First of all we can mention the extra-
ordinary index of refraction. This affects the double refraction, and consequent-
ly changes the temperature of phase matching for optical second harmonic
generation at a given wave length [3]. The Curie temperature is also very sen-
sitive to the change of composition. Other physical methods, for example the
measurement of lattice parameters and NMR linewidth of Nb®3 were less effec-
tive [9], [lO].

It must be mentioned that in every case the physical parameters of
single crystals were determined knowing the composition of the melt. The
ratio Li : Nb is determined not only by weighing the components but by many
factors. For instance, different compositions can be obtained by raising the
temperature too fast while sintering Li2C03 and Nb20 5 [4]. If Li20 does not
react immediately with Nb20 5, it can evaporate from the system resulting in
Li deficiency. On the other hand, in the neighbourhood of the melting point
of LiINbO3, the Nb205 if not reacted, may evaporate from the system [5].
Growing under an atmosphere containing too much water vapour LiNb03can
be hydrolyzed and the composition may change [6].

A comparative study of the results obtained with the aid of the physical
methods showed that the standard error in molar fraction could be kept under
1 X 10_1 only in rare cases. The efficiency of the relevant chemical methods

Acta Physica Academiae Scientiarum Hungaricae 47, 1979



GROWTH, STOICHIOMETRY AND PROPERTIES OF LiNbO, SINGLE CRYSTALS 127

has not been systematically investigated until now. To fill this gap we worked
out chemical analytical methods in our laboratory to measure the Nb content
in undoped LiNbO3 crystals. In case of very pure materials, this method is
suitable to determine the Li :Nb ratio. We have elaborated three methods:
a gravimetric, a volumetric and a spectrometric method.

As fas as the gravimetric method is concerned we proceed as follows:
we solved the LiNbO3fused previously with K2520 7in a mixture of sulphuric
and oxalic acids, then by adding an excessive amount of urea we precipitated
it in the form of niobium-oxinate NbO(C9HeON)3. In order to make the
homogeneous precipitation complete we continued it over 18 hours on a water
bath. After filtering and washing, the precipitate was dried at room tempera-
ture and after ingition at 950 °C we weighed it in form of Nb20 5 The procedure
described in the literature [7] proved to be unsatisfactory from the point of
view of reproducibility of results, and had to be modified in many respects.

We have found the optimal fusion conditions at a mole ratio of 1 : 10 and
1:15 concerning Nb205: K25207 and LiNb03:K 2520 7, respectively. The
necessary amount of urea addition was found to be 180 g to a solution contain-
ing 0.5 Nb205 and the optimal pH value for the hydrolysis was between 7
and 8.

In the volumetric determination method we measured Nb(Y) in form
of its peroxide complex. The main process is the adding of a known excess
amount of nitrilo-triacetic acid to the NbO02(H20 2+ complex. This makes a
ternary complex with the former and then the excess of NTA is titrated back
by a solution of CuS04. The standard procedure reported in the literature [8]
was modified concerning the ratio of the reagent volumes. The end-point
indication was made with a methyl calcein fluorescent indicator. The indicator
was subjected to a preliminary chromatographic purification in order to give
a sharp end-point.

In the spectrophotometric method our aim was to choose an absorption
band having low molar absorption coefficient [11], [13], because this made it
possible to determine a large amount of materials using a technique developed
mainly for trace quantities. The use of the standard procedure led to a pro-
nounced time dependence of the extinction. The crucial point for obtaining good
reproducibility was to wait equal periods before each measurement.

After fusing with K2S20 7the material is dissolved in a mixture containing
H 20 2, sulphuric and phosphoric acids. Then we measured the extinction of
this solution at 340 nm. In order to reach a higher precision we employed differ-
ential spectrophotometry.

We studied the validity of the Lambert—Beer rule and found it to be
valid over a broad concentration range. We have determined the molar extinc-
tion coefficient from the data obtained with pure Nb20 5. The value of the
latter is 906 + 4.5 (1 mol-1 cm-1).
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W ith this differential method the standard deviation of results (expressed
in molar ratio of Nb), was about 8 X 10~3. We employed all three methods
for several kinds of samples: Nb205 specpure, LiNbO3 crystals grown from
congruent melt, and for some crystals grown from other, not congruent com-
position.

Our results are summarized in Table 1.

The measured values of the molar fractions, with one exception, exceed
the nominal ones. A careful analysis of the possible sources of error has shown
that this shift cannot be attributed to errors of weighing out the reactants or
to reasons resulting from the composition or purity of the latter. Nor does
the standard error of the gravimetric method allow for that. In addition, the
sign of this shift does not change, as it would be expected, when the niobium
content of the melt exceeds that of the congruent composition. Compositions
far from the congruent one, under equilibrium condition now' prevailing, have
no significant influence on the amount of this shift either.

To date the majority of the papers presented on this topic including
the most sophisticated determinations of the congruent composition, while
plotting the results of measurements against the composition of the melt,
have made use of or have been based on the nominal Li or Nb content of the
melt. The role of the inherent errors due to such a procedure was not analyzed
in most cases, although such effects as vaporization and incomplete homoge-
nization before sintering were frequenctly touched. Although it seems very
improbable that three independent methods, one of them having a fairly good
reliability, would give equally erroneous results, even in this latter case the
gravimetric method can be recommended as a successful and simple tool for
checking real melt compositions. Namely, allowing for an undirectional and

Fig. 2. Regular set of cracks along (1012) plains (50x )
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Nb content
Sample Nb

Li+ Nb
Nb2 5specpure |
LiNbO.| crystal 0.514
LIiD-Nb2XD5 1 0.600
Li,0 —Nb2D 6 2 0.550
Li.,,0—NbD 5 3 0.450
LID-NbD5 4 0.400

Average methodic error
(in mole fraction)

I The number of samples
Il The average of calculated molar fraction

11l Standard deviation of molar fractions

Table |

Comparison of different chemical methods

11

Gravimetric method

0.995 3X10-3 15

0.529 9X10-3 5

0.608 l.I1xio-3 6

0.5211 8x 10~4 6

0.465 l.1xio-3 6

0.411 3x10-3 6
10~:

Titrimetric method

1n

1.003

0.523

0.60

0.504

6x10-3

6x10-3

1.3X10-2

9x10-3

0.472 8.5X10-3

0.41

4X10 -3

Spectrophotoinetric method

0.56
0.62
0.53
0.47

0.41

8X10 -3

1.5X10-2

1.5X10-2

1.5X10-2

1.5X10-2

1.6X10-2
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fairly constant systematic error of the analytical procedures, this fact even
justifies the setting up of a calibration curve. As far as the standard errors are
concerned, the titrimetric and spectrophotometric methods are a bit inferior
to the gravimetric one, however, in view of their relative simplicity they are
very useful for obtaining a crude estimate of the composition. From the aver-
age methodic errors it can be seen that it is only the gravimetric method in
the case of at least four parallels that has an accuracy comparable to that
of the physical methods. The disadvantage of physical methods lies in the fact
that 1) the composition of standards is not controlled by analytical methods
2) that these methods need very expensive instrumentation and very careful,

Fig. 3. Microcrack in polarized light (100 x )

Fig. 4. Microcracks near inclusions (100 X )

Acta Physica Academiae Scientiarum Hungaricae 47, 1979



GROWTH, STOICHIOMETRY AND PROPERTIES OF LiNb03 SINGLE CRYSTALS 131

Fig. 5. Inclusions in LiNbO3 crystal (100 x)

crystal processing. Furthermore the physical data are microscopic in their
nature, i.e. the obtained data refer to a tiny volume element of the crystal,
and are very uncertain and sensitive to inhomogeneities. Only the measure-
ment of Curie temperature yields results with a comparable rapidity and
feasibility with the gravimetric method hut also requires comparative basic
analytical data. A systematic study of Curie temperature method is underway
in our laboratory.

We have investigated the main optical features of our crystals by differ-
ent microscope techniques. The defects which occurred most frequently were
cracks, microcracks, inclusions and strain induced double refraction. Cracks
occurred when the crystal composition differed from the congruent one, or
the cooling was not appropriate. Different types of cracks were observed, as
for instance a regular set of cracks along the (1012) plains (Fig. 2) and shell
shaped cracks.

The observation of these cracks was easy by a simple optical microscope
but microcracks were hardly seen by this technique. An especially useful instru-
ment for observing microcracks was the polarization microscope (Fig. 3).
The microcracks occurred mostly near to inclusions and rough cracks (Fig. 4).

The formation of inclusions in our crystals originated probably from
impurities and from the inappropriate rate of rotation. The inclusions found
in our crystals were very different in shape and size ranging from several
microns to several hundreds of microns (Fig. 5). In the vicinity of cracks and
inclusions we have found areas behaving differently from their surroundings.
These may be strained areas.

In summary, the chemical and microscopical methods can successfully
supplement the customary ones in many respects and can effectively help the
crystal grower in attaining good quality LiNbO03single crystals.
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SOME ASPECTS OF THE MACROSCOPIC THEORY
OF ORIENTED CRYSTALLIZATION FROM THE MELT

COMMUNICATION I
A GENERAL FORMULATION OF THE PROBLEM

By

E. A. Brener and Y. A. Tatarchenko

THE SOLID STATE PHYSICS INSTITUTE, ACADEMY OF SCIENCES OF THE USSR
142432 CHERNOGOLOVKA, USSR

The stability of the crystallization process in the Czochralski, Stepanov, Verneuil and
floating zone techniques is analyzed on the basis of a general approach suggested in the paper.
A comparative analysis of these four techniques enables to characterize each one by the capa-
bility to grow crystals of given sizes and shapes.

The methods of oriented crystallization from the melt eliminating any
contact of the side faces of a growing crystal with solid walls are now becoming
increasingly widespread. These are the Czochralski, Stepanov, Yerneuil and
floating zone techniques, characterized by a fixed orientation of crystalliza-
tion at a fixed position of the solid—Iliquid interface.

The common feature of these methods, each of them having a predomi-
nant field of application, is the elimination of crystal contact with a solid wall;
as a result, both the shape and the size of a growing crystal are essentially
determined by capillarity forces which form a meniscusinthe interface boundary
zone. In addition, the crystallization process also depends on the conditions
of heat and mass exchange in the crystal—melt system.

A general approach developed in the present series of communications
consists in analyzing jointly the capillarity phenomena and the conditions of
heat and mass transfer for all four of the methods mentioned; it yields compa-
rative characteristics of these techniques and elucidates the capabilities of
each of them to grow crystals of given sizes and shapes. The approach is justi-
fied if the heat and mass transfer conditions, and not the crystallization kine-
tics, constitute the limiting step of the process; this is usually the case in the
actual systems at typical pulling rates. Certain kinetic effects, such as a de-
pendence of supercooling at the crystallization front on the crystallization
rate, can be taken into account, however, within the framework of the out-
lined approach.

An analysis of the conditions of heat and mass transfer in the crystal—
melt system requires that the equation of melt flow (the Navier-Stokes equa-
tion) with the boundary condition at the free meniscus surface (the Laplace
capillarity equation) be solved jointly with the continuity equation (the mass
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conservation law) and the heat conduction equation (the energy conservation
law). This system of equations must be supplemented by an appropriate system
of boundary conditions which, together with the parameters included in the
equations, characterize the specific features of each of the growth techniques
involved.

In principle, a solution of this equation makes it possible to determine
the size of the crystal, the position of the interface with respect to the shaper
edges in the Stepanov technique, with respect to the free surface in the
Czochralski technique, and with respect to the burner endface in the Verneuil
technique and so on, as functions of the controlled parameters of the crystal-
lization process. It will be demonstrated later that the sought variables (X))
satisfy the following system of differential equations:

dx m

A t=1,2,...,n) (1.1)
at

where tis time, and n is the number of variables which depends on the method

of crystallization and the cross-section of the crystal obtained. The steady-

state values of interest (xiQ satisfy the following system of equations:

%0 eee’xn0) —0 (i—1,2,..., 18, (1*2)

Only steady-state solutions of system (1.2) are physically realizable. According
to Lyapunov, solutions are stable if they are stable for the corresponding
linearized system

dxt "

*A0)e (1.3)
dt ffx
All partial derivatives in (1.3) are evaluated at xm= xio. System (1.3), in its
turn, is stable when all the roots of the characteristic equation

det sar, = O (1.4)
dx,.
have negative real parts (6,/£is Kronecker’s symbol).

As a rule, the difficulties involved in determining the unstationary func-
tions/, depending explicitly on time are considerable. The obstacles can often
be overcome by using the quasistationary approach, but this calls for substanti-
ation in each specific case. Mullins and Sekerka, for instance [1], used the
quasistationary approach to analyze morphological stability of the crystalli-
zation front shape and obtained the results in agreement with the experimental
data [2]. Explicit equations of system (1.1) are derived by using the conserva-
tion laws for mass, heat, and growth angle. It is convenient to consider the
mass conservation law for each specific method of crystallization.
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The condition of heat balance at the crystallization front, which enables
to determine the interface position as a function oftime, will be discussed later.

The condition of constancy of the growth angle, specific for crystalliza-
tion from the melt and making it possible to find the crystal cross-section size
and shape as functions of time, must be discussed in more detail. Let us define
the growth angle as an angle between the tangents to the meniscus and the
crystal side surface at the three-phase curve. This angle was shown experimen-
tally [3, 4, 5] and theoretically [6, 7] to be an (anisotropic) constant in each
material. In what follows we discuss only an isotropic model. Elementary
geometric manipulations demonstrate (Fig. 1.1) that for constant growth angle,
the transversal size of the crystal R depends on time according to

~dt= — Ftan (a0 — *e)> (1-5)
where V is the pulling rate, «,is an angle between the tangent to the meniscus
and the horizontal line at the threephase curve, xe= or2 — gQwhere g0 is
the growth angle. In the case of steady-state growth «, = xe. In a general
case, the angle «,, as a function of crystal size, crystallization position and other
factors, is found together with the meniscus shape by solving the Navier-
Stokes equation with the Laplace capillarity equation serving as a boundary

Fig. 1.1. Changes in diameter of a growing crystal for oo 5" af = n:/2— «,;
1 — crystal; 2 — melt
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condition at the free surface. The required additional system of boundary
conditions is specific for each crystallization technique. A complete solution
of the problem as stated is mathematically a very difficult proposition. It is
therefore of interest to estimate the effects of some factors on the crystalliza-
tion process.

Let us discuss the conditions of formation of the molten column. Three
types of forces participate in this: 1) the forces of inertia related to the melt

flow; 2) capillarity forces; 3) gravity forces. An estimate of the effect/s of
pr2n
these forces is given by the characteristic numbers: Weber number We = - ,

Vv
pgL2

Y, .
Froude number Fr — - , and Bond number Bo = —(here gis the mate-

\gL Y
rial density, L is a chgracteristic linear dimension, y is the surface tension
coefficient, and g is the gravity acceleration). The flow in the melt can be
neglected if the Weber and Froude numbers are small. The Bond number de-
termines the range where capillarity and gravitational forces predominate [8].

It can be shown that the effects of the gravity and capillarity forces are
much greater than that ofinertia at all reasonable growth rates. In other words,
the formation of a liquid column can be considered in the hydrostatics approxi-
mation up to the rates F ~ 10 -y 102 cm/s. It must be underlined that the
quasiequilibrium treatment of these phenomena is justified by the fact that
the capillarity equilibrium sets on practically instantaneously.

In addition to the flow caused by crystallization, convective flows with
velocities substantially higher than flow velocities may appear in the system.
The effects of such perturbation on the column formation and heat transfer
in the melt will be discussed later in the text.

It was already mentioned above that the heat balance equation at the
crystallization front makes it possible to find the interface velocity

AjGi — ASGS—tV ¢ (1.6

where Ax, As are heat conductances of the liquid and solid phases, Gxand Gs
are the temperature gradients at the crystallization front in the liquid and solid
phases, £ isTthe latent heat of melting per unit volume, Vc= V — it is the
crystallization rate, and his the height of the crystallization front.
From (1.6),
N o= F [(A 1G1- A SGS. 1.7)
dt X,
The quantities Gxand Gs, being the functions of crystal size, position of the crys-
tallization front, and other parameters of the process, have to be found by
solving the heat conductance equation for the melt and crystal, respectively.
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It was mentioned above that in the general case this requires that nonstatio-
nary equations be solved. A quasistationary approach used here implies that
the temperature distribution at all times satisfies the stationary heat conduc-
tance equation for the instantaneous position of the crystallization front.
This approachisjustified if the characteristic time of temperature relaxation
is much smaller than that of front relaxation, after a perturbation, back to
the steady-state position. Both Gx and Gs are then found by solving a one-
dimensional convective equation taking into account heat exchange at the
side surface [9]

d'Tj VvV djj

- i = (1.8)
d1o I f-J(Ti Ten)= 0,

wherei = I, s (i = lin the melt and i = sin the solid), T, is the temperature,
Hj is the temperature conductivity coefficient, z is the coordinate, at is the
coefficient of heat exchange with the ambient medium, J is the ratio of the
perimeter of the crystal cross-section to its area, and Ten is the ambient tem-

perature.
The second term in (1.8) takes into account the melt flow and the crystal
motion at the rate V, and the third term — the heat exchange across the side

surface with the ambient medium. Several reasons are decisive in selecting
this equation for a description of heat transfer in a crystal-melt system. In
contrast to three-dimensional equations, Eq. (1.8) has simple solutions which
furnish good fit to the true temperature distribution for small Biot numbers

Bi = < 1 . Nevertheless, Eq. (1.8) gives a qualitatively correct descrip-

tion of Gj and Gs as functions of the relevant parameters even for not too small
Biot numbers. There can be no doubt that the defect structure of a crystal
cannot be analyzed without detailed information on the temperature fields,
so that solution of 3D problems is unavoidable. Still, the application of
Eq. (1.8) forthe purposes ofthis workisreasonably justified. Thetemperature at
the interface is assumed equal to the crystallization temperature TO. The
remaining boundary conditions depend on the specific growth technique and
cooling conditions.

In growing single crystals of optically transparent materials, the radia-
tion flux is taken into account by introducing an effective thermal conducti-
vity coefficient proportional to T3. If the heat transfer from the side surface
of the crystal proceeds radiationally according to the Stefan—Boltzmann law,
we arrive at an equation of the type of (1.8) with respect to T*. The results
obtained below can therefore be applied to this case if T is replaced by T]/4.

W hen opaque materials with high melting point are crystallized, lineari-
zation of the radiational heat transfer and introduction of an effective heat
exchange coefficient for the side surface enable to useEq. (1.8) up to 2000 °C [10].
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SOME ASPECTS OF THE MACROSCOPIC THEORY
OF ORIENTED CRYSTALLIZATION FROM THE MELT

COMMUNICATION 11
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142432 CHERNOGOLOVKA, USSR

The stability of the crystallization process, while growing crystals in the shape of circular
cylinder, plate or tube by Czochralski and Stepanov techniques, was analyzed according to
Lyapunov. The stability of the crystal cross-section shape, the stability of the crystallization
front shape and the effect of the surface tension gradient on the formation of the meniscus
and heat transfer processes in the liquid phase were investigated.

In the Czochralski growth a crystal is pulled from the free surface of
the melt. In Stepanov’s method, a crystal is pulled from the shaper. A condi-
tion that has to be satisfied is either that of catching at the sharp edges of the
shaper or wetting at the shaper sides [1]. The size of a crystal drawn and the
position of the crystallization front can be found from a solution of the problem
formulated in Communication | of this paper.

As aresult of the mass conservation, the meltlevel in these systems drops
gradually as the crystal is being pulled from the crucible. If, however, the
crystal cross-section area is much smaller than the melt surface area in the
crucible, this effect is negligible.

Two parameters can therefore be varied independently: the crystal
size and the position of the crystallization front (a two-degree-of-freedom
system).

It has been mentioned above that the crystal size can be found as a func-
tion of time from the condition of constancy of the growth angle; according
to Eq. (1.5),

OR— —Vitan (a0 »)= . y “tiR + U *|. (2.1)
’ dfi dh

A dot over dR denotes differentiation with respect to time, OR= R — RO
and 6h = h — h0are the deviations of the crystal radius R and the crystalli-
zation front position h from the respective equilibrium values.
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The crystallization front position as a function of time is found from
the heat balance law at the crystallization front; according to (1.7),

A+ A9 h (2.2)

OR oh
where G = ASGS — AjGr
The partial derivations in Eqgs. (2.1) and (2.2) are evaluated for equilib-
rium values of Ru and hu
Equations (2.1) and (2.2) are conveniently recast to

0R = ApftdR A Rfloh, (2.3)
6h = AhROGR -T Ahhoh, (2.4)
where
| = -V "Ny -
dR A RN dh
1 9G L
"hR~ £ dR Nah =" g

The necessary and sufficient conditions of stability of the steady-state solutios
R 0and h0, according to Gurvitz’s criterion [2], are

A* + A* < 0, (2-5)

-A/?Aft ~ ~Rh*hR > (2-6)

A functional relationship between the angle a0, crystal radius R. and crystalli-
zation front coordinate h can be found by solving the Laplace capillarity equa-
tion. The corresponding expressions for a number of boundary conditions were
found in [3] for the Stepanov technique and in [4] for the Czochralski growth.

It was already mentioned that the temperature gradients in Eq. (2.2)
as functions of R and h must be found by solving the thermal problem for the
crystal—melt system. It is logical to choose the temperature at the base of the
melt column Tm as one of the boundary conditions. A solution of this problem
for Eq. (1.8) with different heat exchange conditions at the upper end-face
of the crystal is given in [5].

The first attempt to analyze stability of the growth process in the me-
thods under discussion was made in [6]. Only Eq. (2.4) for the rate of varia-
tion of the crystallization front coordinate was analyzed, while the deviations
OR and 6h were meant dependent; the relationship between them was such
that at any moment the angle a0Obe equal to ae= /2 — cpQ where ¢0is the
growth angle. The results obtained in [6] were qualitatively correct although
reflected only a part of the whole picture.

The solutions of the capillarity problem [3] and of the thermal problem
[5] enabled the authors of the present paper to analyze the signs of coefficients
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. Arr ARh Ahh  ARR
Czochralski growth
>0 <0
small- boundary <0
diameter catching >0 NyRm  To <0 if
crystal condition o "8 <0R TmTo
: single-
large diameter boundary valued <o >0
crystgl( catching <0 menisci if o,
R > . t _
condition WO- >0 T
or a plate valued .,
menisci atRpr.
boundary <0
wetting <0 <0
condition ToR"'m
0
BR,,<m

ARR and ARh, referred to henceforth as the capillarity coefficients, and of
AhR and Ahh, referred to as thermal coefficients (Table 2.1), to find the
joint solutions of the capillarity and thermal problems, and to analyze their
stability [7]. The main conclusions are as follows.

In drawing thin rods (RJa < 1, where a = f2iis, the capillarity con-
stant) at the boundary condition of catching, the crystallization is stable in
the range R9) > Rbl where Rbis the lower bound on stability found from con-
ditions (2.5), (2.6). Moreover, Rb > Rm for a supercooled melt and Rb< R m
for a superheated one. In this case Rm is the boundary for the capillarity sta-
bility (R0 > Rmis the capillarity stability region: ARR 0; Rn< Rmis the
capillarity instability region: ARR > 0). In other words, the overall stability
region of a superheated melt is broader than that of the capillarity stability.

W hen cylindrical rods are drawn by the Czochralski technique, ARR > 0
(the capillarity instability) and the growth is stable only in a superheated melt
in the range where inequalities (2.5), (2.6) are satisfied. This corresponds to
large crystal diameters RO o, with ARR —=* 0. When plates or large-diameter
cylindrical rods (R0/a > 1) are grown in the conditions of boundary catching,
the capillarity stability is always realized (ARR < 0). Moreover, ARh< 0 for
single-valued menisci, which corresponds to mutual stabilization (A RhAhR<0).
In a superheated melt Ahh <[ 0: in this case inequalities (2.5)—(2.6) are always
satisfied so that crystallization is stable. The overall stability in a supercooled
melt (A hh > 0) is achieved when inequalities (2.5), (2.6) are satisfied. However,
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for two-valued menisci (positive pressure) there is a range of parameters where
ARh > 0 (no mutual stabilization) when crystal radius R 0is close to the shaper
size r0. This may lead to instability which can be compensated for only by a
considerable superheating of the melt.

In the case of wetting as a boundary condition, the capillarity stability
is realized for a0< <y {xl is the angle between the tangent to the meniscus
at the shaper and the horizontal direction. If <0 > al5the capillarity stability
is achieved for wide spacings between the crystal and the shaper wall.

An analysis of joint solutions of the thermal and capillarity problems
was reported by the authors of this review in [7]. The number of solutions
may be two, one, or none, depending on the crystallization parameters. Further-
more, if the number is two, one of the solutions is unstable. In principle, a single
joint solution may be obtained by increasing the pulling rate; unfortunately,
this solution is unstable.

The process kinetics (crystallization temperature as a function of growth
rate) was taken into account in [8] (and independently in [9]), and revealed
insubstantial changes caused by a decrease in Ahh. If the melt is slightly super-
cooled with respect to the equilibrium temperature, this effect may lead to an
actual superheating of the melt, that is to a transition to the thermal stability
region.

The results obtained enable to derive quantitative estimates which con-
firm applicability of the quasistationary approach to thermal phenomena
when stability is analyzed. It was mentioned above that this approach is
justified if the characteristic time of the crystallization front relaxation to
the steady state xif is greater than the corresponding relaxation time of tem-
perature rrT

1 £li2

Tr/~ \Ahh\ ™ k(Tm— TO0) "

n
As follows from [10], rrT can be estimated as rrT~ — , so that
a
£
Q@{Tm- TO)

Toter A

1024 -1038> 1.

It is also of interest to estimate the effects of various thermophysical and other
constants of materials onthe crystallization stability. We find that with other
conditions being identical, the stability (evaluated as the inverse of the char-
acteristic relaxation time) is higher for materials with higher thermal con-
ductivity A growth angle g0, and with smaller latent heat of melting £. The
stability can be increased by raising the melt superheating and by forced air
cooling of the crystal in a local zone. Not only the stability is increased but the
range of stable growth is widened as well. It is of interest to analyze how the
type of stability changes [11] with the changing size of a crystal grown. For
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Fig. 2.1. Stability characteristic S(s-1) as a function of the ratio of crystal radius to that
of the shaper, RJr0Q, for three materials (1 — Al, 2 — Si, 3 — A120 3) grown in identical
conditions

instance, when thin rods are grown by the Stepanov technique from a super-
heated melt, an increased rod diameter (this can be achieved, for example,
by diminishing the pulling rate) changes the stability type in the following
sequence: “saddle” type instability — “unstable node” — “unstable focus”
— *“stable focus” — *“stable node”. The characteristic relaxation times in a
steady-state mode are, for different materials, in the range of 1to 10 s. When
the stability boundary is approached, the relaxation timesincrease. In principle,
an optimal RJrO ratio can be determined on the basis of such calculations.
Fig. 2.1 plots the stability index as a function of this ratio at a fixed thermal
regime for three materials (Al, Si, A120 3)

The following may be considered as an experimental confirmation of
results yielded by the above analysis: a) difficulties in drawing constant cross-
section crystals by the Czochralski method; b) drawing of constant cross-
section profiles by the Stepanov method when the crystal-to-shaper size ratio
R,Jr0> 1/2; c) improved self-stabilizing of the process when forced air cooling
is employed in a local zone.

Stability of the cross-section shape in a drawn crystal

Until now we discussed stability only with respect to a uniform pertur-
bation of the cross-section (variation of the cylinder radius or of the plate
thickness). This approach elucidates the stability of the characteristic profile
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dimension, but leaves open the question of whether the shape of the crystal
cross-section is maintained.

In order to analyze the shape stability it is necessary to impose on the
contour bounding the profile cross-section an arbitrary small perturbation
which can be expanded into a seriesin an appropriate set of orthogonal functions
(selected on the basis of the contour shape), and then to calculate its coeffi-
cients as functions of time. The cross-section shape is stable if coefficients of
all the terms of the expansion diminish with time. The first term of the expan-
sion corresponds to a uniform perturbation, that is to a variation of the cross-
section dimensions with its shape unaltered. A nonperturbated contour corres-
ponds to a nonperturbed meniscus described by a function z, satisfying the
capillarity equation with the boundary conditions, and the angle «,. A small
deviation from the contour corresponds to a solution z = z; - z, which satis-
fies a two-dimensional capillarity equation linearized in a small correction
term z;, and to the corresponding angle o, = o, + ox. All the equations being
linear with respect to z,, the behaviour of an arbitrarily small and sufficiently
smooth perturbation can be analyzed by following that of the superposition
of the expansion components. For example, in the case of cylindrical crystals
the perturbed contour is described by an expression R = X'a,, cos mp, where
m is an integer, and ¢ is the angle in a cylindrical reference frame (a uniform
perturbation corresponds to m — 0). In the first approximation, neither the
perimeter nor the cross-section area are altered by the harmonics with m = 0,
so that the temperature gradients in the thermal problem under discussion
remain unchanged. In addition to the conditions already derived earlier, it
is necessary now to require for the steady-state growth that a,/a, < 0 for
m = 0. The ratio a,/a, is the already familiar coefficient Ap, = a,/a, =
= — 3“—° = — V%—. Similarly, 45, = a,la,= — —,% for all m. The

dR da, = da,

y s et dot ; ! : ’
corresponding derivatives = must be found by solving a linearized two-di-
am

mensional capillarity Laplace equation. It can be shown that Ay, diminishes
with increasing m for a number of boundary conditions on the shaper both in
growth of cylindrical erystals and plates. In other words, all the coefficient
Ag,, <0 if Ap, = App < 0; hence, the additional requirements to the
crystallization stability are met. Thus, 4, is always negative in plate growth,
so that the conditions of stability found earlier are complete. In the case of
drawing thin filaments, there is a range of crystal radii in which A, > 0 and
therefore an instability in the first harmonic may develop. A more detailed
analysis shows that this instability really exists. A perturbation at the first
harmonic corresponds to a small shear strain, and the instability produced
thereby must result in crystal bending. This was indeed observed in growth
of sapphire filaments ~~300 pym in diameter (Fig. 2.2). A finite-width plate can
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Fig. 2.2. Bending of a whisker growing in an unstable mode (instability in the first harmonic)

be regarded as consisting of semi-cylindrical boundary parts and a planar middle
part. The plate growth is stable far from the edges at the catching condition.
A variation in width or bending in the plane can be expressed in terms of a
perturbation at the first harmonic of the semi-cylindrical boundary regions.
As a result, a steady-state growth of a thin plate requires that stability con-
ditions be satisfied for the first harmonic of the filament of the corresponding
diameter.

Stability of crystallization in growth of tubular crystals

The preceding Sections treated the growth of rod- and plate-shaped
crystals, with, as a result, a single characteristic dimension of the crystal cross-
section: rod radius or plate thickness. A tubular crystal cross-section is charac-
terized by two dimensions: external radius R1and internal radius R 2. Hence,
the capillarity equation for the external portion of the meniscus and the heat
balance equation have to be supplemented by the Laplace capillarity equation
for the internal part of the meniscus, the pressure and growth angle being the
same as for the external part. The system characterizing stability of joint
solutions of these equations is

= ArroR1-j- ARiRtéR2 4- ARihah,
6R2= ARtROR1+ Ar¥J)R2+ ARHON, (2-7)
oh = AhRi 6Rj | AhRs 6R2+ A hhoh.

Coefficients ARjRi and A Rih are equal to —V A~ and — V j-—, respectively.
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Similarly, ARIRt = V , ARiht = Vv "2.. It should be emphasized that

ARiRi = ARIRt = 0; this is only natural since the internal and external menisci
are independent. The thermal coefficients AhRi, AhRt and Ahh are determined
as before. The following must, however, be underlined. The characteristic
dimensions of the cross-section enter the thermal problem as a ratio of the

. . L 2
circumference to the cross-section area. Thus, the ratio is equal to — for growth

of a rod with the radius Rv If the tube’s internal diameter is not too large,
the heat outflux is significant only on the outer surface of the growing crystal.

L. . 2Rr
Hence, the ratio in question becomes . | If the heat outflux from the

inner surface is also taken into account, the circumference to area ratio becomes
—_—e- . Table 2.11 lists the signs of coefficients A derived by analyzing the

solutions to capillarity and heat conductance equations.
According to Gurvitz’s criterion, the following inequalities give the
necessary and sufficient conditions of stability of system (2.7):

ARIRX + mdRR, ~hh < O» (2.8)
fir RtR,A bh + ARIRIA RthA hRt -f- A RtRt AftA AhRi > 0 (2.9)

R(+ -4RR, *+ "hh) (GR®iIARIRt+ Ahh+ "R.R, Ahh—

A Rh®hR) — (ARIRIA RtRtA Hil +
A A, AR,R,ARihAhRi) > 0. (2.10)

W hen large diameter tubes are grown (R2 a), the solution is always single;
Table 2.11 shows that inequalities (2.8)—(2.10) are satisfied and this solution
is therefore stable. It is likely that this is the reason why such tubes are com-
paratively easier to grow than other profiles.

In the case of small-diameter tube crystallization (* a), the number
of solutions depends on the process parameters (two, one, or no solutions).
The process of tube crystallization is found to be stable for > R* and
R2 >mR* (Table 2.11). Furthermore, if there are two solutions, one of them is
unstable. The solution with Rx> R*, R2<CR* is unstable. Indeed it can be
seen from Table 2.11 that inequality (2.9) is violated. The process of “shutting-
down” of tubes during crystallization could then be interpreted as follows.
W hen R 2becomes smaller than R*, the process becomes unstable, which brings
about further decrease of R2 until the tube is “shut”; after this a rod with
Rx > R* continues growth since this process was shown above to be stable.
An intriguing possibility is that of steady-state drawing of thick-walled capil-
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laries with R2<CR *. In all likelihood, however, the growth of such profiles should
meet with considerable difficulties, owing to the essential narrowness of this
region; this region widens, though, for materials with high values of the
growth angle.

The effect of surface tension gradient on formation of
the meniscus and heat transfer processes in the liquid phase

Normally crystallization is conducted in the conditions of a temperature
gradient in the liquid phase. The result is convection and, in particular, free
convection involving gravity and characterized by the Rayleigh number Re =

SBATL3 . . . .
= e , and the so-called Marangoni convection [12, 13] involving the
surface tension gradient and characterized by the Marangoni number Ma =
— _ --———.Here B is the bulk expansion coefficient, zIT is the characteristic
r

temperature difference, L isa characteristic linear dimension, t]is the dynamic
viscosity coefficient and y is the surface tension coefficient. The number

nr 2

Bo = — , obtained as the ratio of the Rayleigh and Marangoni numbers,

characterizes the relative contributions of gravitational and capillarity forces
into the formation of convective flow. The number Bo is small for small charac-
teristic dimensions of the system, when capillarity forces predominate. It
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was proved experimentally [14] that it is the Marangoni convection which
develops in the zone with characteristic dimension L ~ 5 mm. The characteris-
tic dimensions in the Stepanov growth being still smaller, we discuss the effects
of only this convection. If the melt is superheated, the surface tension isincreased
at the crystallization front, and therefore the melt is transported toward the front
at the free surface, and away from it at the centre because of the generated
pressure gradient. This pressure gradient is directed against that produced by
the gravity field, and hence increases the convexity of the molten columns.
The pattern is reversed in supercooled melts. It was mentioned, however,
that flow affects the meniscus form appreciably beginning with flowrates of
10 — 10% em/s. The actual observed flowrates in a zone with L ~ 5 mm are
V a2 1 em/s. For the reason given above, flow rates in the Stepanov techniques
are still smaller, and the effects on the meniscus shape are expected to be
negligible.

Convection in the liquid phase results in the melt stirring and so increas-
es the heat influx to the crystallization front through a superheated melt.
The magnitude of these flowrates can be estimated from the boundary condi-
- ,8)/ grad T, whence V ~ & R—AT,

aT oT nh
where R is the crystal radius (the characteristic transversal dimension of the
meniscus), and h is the meniscus height. The Marangoni thermal number gives
a characteristic of the ratio of the heat flux transferred by the melt flow at
the flow rate J to that transferred by diffusion. The estimates yielded by the
above formula exceed the observed values by an order of magnitude [14]. This
discrepancy is caused by friction on the surface of the crystal. It was also
mentioned in the cited reference that the convective contribution into heat

. ; o
tion at the meniscus free surface: n -8— =

transfer becomes essential if zones are longer than 1 mm. Note that the con-
vective heat flux to the crystallization front increases as R rises and h dimi-
nishes; this is clear from the estimate of convective flowrates. These changes
operate in the same direction as the corresponding changes in the heat flux
transported by diffusion. In other words, the thermal coefficients 4,, and
A, which are of interest in an analysis of stability, change their magnitudes
but do not alter their signs. Summarizing, the effect of convective heat trans-
fer on crystallization can be taken into account here by introducing formally
the effective heat conductance and heat exchange coefficients.

Stability of the shape of the crystallization front

The crystallization front was assumed plane in the preceding Sections,
and only its coordinate was analyzed for stability. In the general case an
arbitrary perturbation of the front can be treated as a superposition of the
shape and coordinate perturbations. Formally, this could be realized by expand-
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ing the perturbation into a series in an appropriate set of orthogonal functions,
with the first term taking into account the change in the crystallization front
coordinate and the remaining term representing shape distortion at a constant
front coordinate. All the terms of the expansion will be regarded as indepen-
dent since an analysis of stability is restricted to a linearized problem. So far
only the stability of the first term (the crystallization front stability) was
considered. Perturbations of the front shape at constant front coordinate
(perturbation of all the terms in the expansion excepting the first one) do not
change the capillarity problem as discussed above, so that the shape stability
is determined by the heat effects only; this was investigated by Mu1ttins and
Sekerka [15, 16] and by others [17, 18]. It was found that, with impurity
effects neglected, a plane front is stable in the growth from a superheated
melt, while the instability appearing in the case of growth from a supercooled
melt can he compensated for, at low supercooling, by the Gibbs—Thompson
effect (the dependence of the crystallization temperature on surface curvature)
and the effect of kinetics at the crystallization front. Qualitatively, the pattern
is retained if the initial front shape is not planar. The stability of the crystalli-
zation front is determined by a joint action of the capillarity and thermal
conditions of the crystallization process. Obviously, the magnitudes of the
thermal coefficients AhR and Ahhmust change but the signs will not be altered.
The stability of the front shape must be analyzed in a manner similar to that
of [15].
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SOME ASPECTS OF THE MACROSCOPIC THEORY
OF ORIENTED CRYSTALLIZATION FROM THE MELT

COMMUNICATION 111
THE VERNEUIL TECHNIQUE

By
V. A. Borodin, E. A. Brener and V. A. Tatarchenko

THE SOLID STATE PHYSICS INSTITUTE, ACADEMY OF SCIENCES OF THE USSR
142432 CHERNOGOLOVKA, USSR

The stability of the crystallization process while growing crystals by Yerneuil technique
is analyzed. The growth of thin rods and plates is stable in case a heat flow from the burner
to the crystal monotonously decreases.

In the Verneuil method, the material in powdered form is fed onto the
molten layer kept within the torch of an oxygen-hydrogen burner or a plasma
jet. Fig. 3.1a represents schematically an idealized setup for crystal growth
which is used to analyse heat and mass transfer in the process of crystalliza-
tion. The origin of a reference frame (z, r) is fixed at the end-face surface of
the burner, and axis z is directed downward. In the Verneuil technique, the
crystal radius R, position of the crystallization front x, and that of the liquid-
vapour interface / can be varied independently. Let us introduce the meniscus
height h = x — I. The rate of crystal radius variation and that of crystalliza-
tion front are derived, as usual, from the conditions of the growth angle con-
stancy and of the heat balance. The position of the liquid-vapour interface as
a function oftime is found from the mass conservation law. A system character-
izing stability of crystallization in the Verneuil technique is

OR = ARROR -j- AR[0l-f-ARhoh, (3.1)
6l = Am OR + Audl-f Alhoh, (3.2)
Oh = AhROR -j- Ahlol-f-Ahhoh. (3.3)

Determination of capillarity coefficients ARR, ARI, ARh

According to (1.5), 6R — — V(x0 — xe), so that the capillarity coeffi-

cients are ARR = —VCCC,ARlz 0, ARh——Vd—OC Here ARI -0 since
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Fig. 3.1. An idealized diagram of crystal growth by the Yerneuil technique,
a) A model used to analyze the heat and mass transfer in the process of crystallization.
1 — burner; 2 — furnace muffle; 3 — crystal; 4 — melt, b) A model used to analyze capillarity
phenomena
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Fig. 3.2. Meniscus height h as a function of the radius of a growing crystal for different angles ao

neither the meniscus shape nor the angle are dependent explicitly on the posi-
tion of the liquid-vapour interface I. A functional relationship between a0, R,
and h is determined by solving the Laplace capillarity equation. Formally the
specifics of crystallization in the Yerneuil method are contained in a boundary

condition for r= 0 (Fig. 3.16). The liquid drop is symmetric: ’(;Z 0.
r =0
A qualitative behaviour of h as a function of R for a number of values of

is plotted in Fig. 3.2. When the crystal radius is much smaller than the capilla-
rity constant a, we can neglect the weight of the molten column in the Laplace
equation. The meniscus surface is in this case spherical, and its height h is a
. . X jcosa .

linear function of R; h= R — ;- IfR a, the Laplace equation cannot

sin an
be resolved in quadratures and numerical calculations are inevitable. It is
possible, however, to determine a qualitative picture of h(R). Analytic solutions
can be obtained for the segments of the meniscus with r a and r a; the
general solution is then obtained by matching the functions and their deriva-
tives atthe point r = a. Wefind that as R increases, h tends asymptotically to
ayl cosx0. The maximum deviation from the true curve h(R) is observed
for this method in the neighbourhood of r = a, but we obviate the difficulties
involved in numerical calculations and obtain a qualitatively correct repre-
sentation of the general trend. In the range of small R, the capillarity coeffi-
surag

cients are:ipRR = —x sinan ggp L. Fig. 3.2 shows that the
R 1-f-cos a0l
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signs of derivatives-~- and — are not altered in the whole range of crystal
d dn

radius variation, and ARR< 0 and ARh >m0 for any R.

Determination of A;r, Ai;, and A lh
The condition of mass balance in a crystal-melt system can be written as

dx dl
W 0 — tigs) f-ngLR2 (3.4)

' dt dt dt
where WO0is the mass of powder entering the molten layer per unit time, and
gs and g1 are the densities of the solid and liquid phase, respectively. The first
term onthe right-hand side of Eq. (3.4) is the mass undergoing crystallization
per unit time, and the second term represents the change in the mass of the
molten layer. Assuming for simplicity gs= gL= q, we obtain — = -— + V.

dt tigR 2

In asteady-state growth, V — ——, so that the radius of the growing crystal

R 0 can be found if we know the powder feed rate WO0and the pulling rate V.

. L dl 2JVO0 .
When a deviation from the equilibrium occurs. OR. By comparing

dt xqR q
this expression to Eq. (3.2), we arrive at: AR 2WE, Au= 0, Ath= 0.

The coefficient A IR was determined under an assum;ljlt"ion that the density of
the powder supply flow is represented by the delta function atr = 0. In actual
conditions this density distribution is slightly f&smeared,£. It is readily shown,
however, that if the distribution has a maximum at r = 0, the sign of AIRis
not altered and only its magnitude is changed. Then, AIR — 0 if the flux den-
sity is independent of r; finally, AIR< 0 if the flux density has a minimum at
r= 0. If the powder is fed through the central nozzle of the burner (this is
the most frequent case), the powder flux density is maximum at the furnace
muffle centre so that normally AIR > 0.

Determination of A/IR, Aw, and Ahh

It has already been mentioned that the position of the crystallization
front as a function of time can be found from the equation of heat balance at
the interface. This requires that the heat conduction equation (1.8) be solved
with the appropriate boundary conditions. The main distinction in the formula-
tion of the thermal problem for the Verneuil crystallization technique consists in
fixing a boundary condition at the liquid-vapour interface, retaining in prin-
ciple the same conditions at the crystallization front and the same heat ex-
change conditions at a cooled end-face of the crystal as in the Czochralski and
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Stepanov techniques discussed in Communication Il. The approach most
suitable for the Verneuil technique is to fix the heat flux density Q at the sur-
face of the molten layer. The heat flux density at constant flow rate of gases
fed into the burner is a function of the distance between the burner and the
melt surface level. The function Q(l) is known [1] to be determined by the burner
design and the flow rate of gases burnt. A fraction ofthe heat flux immediately
at the melt surface is consumed for powder melting. It is given by r]i,oV where
rj is a coefficient characterizing the state of the powder (0 <[ rj 1). Namely,
rj= 0 if powder reaches the melt surface already molten, and IN = 1if powder
melting starts on the melt surface. The boundary condition at the melt surface
then becomes

= -Q + r)Z6lv (3.5)

z=i dt)

Omitting the rather straightforward intermediate manipulations, we give
the final expressions for AhR, A hl, and A hh:

aZaV)ifh s (3.6)

J_ <
Ahi -
~ dl

(3.7)

Ahh = A-[*,TOif + (Q-r,ZgV)P1h]<0;l;1 (3.8)

AR
Two limitations were taken into consideration in the derivation of (3.6)—(3.8).
Firstly, the Biot number was assumed small, that is fx? 1. This enables
to assume <; 1, since either h R or h <dR. Secondly, perturbations of
crystal radius or crystallization front position leave the temperature gradient
in the solid phase pratically unaltered because the displacement of the crystal-
lization front is negligibly small compared to the crystal length, and the radius
is changed only in the vicinity of the crystallization front.

Determination of the conditions of stability of the crystallization process

The necessary and sufficient condition of stability of system (3.1)—(3.3)
is that Gurvitz’s conditions be satisfied [2]; in the case in question this means

ARR + Ahh < (3.9)
ARha IRA hI < 6, (3.10)
+ Ahh) (AhhARR ~ A RhA hR) + A RhA IRA hl > (3.11)

Both Arr and Ahhbeing negative, inequality (3.9) is satisfied; A Rhis positive,
so that inequality (3.10) is satisfied if AtR and Ahl have opposite signs. It was
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already mentioned above that powder supply through the central nozzle of
the burner results in AIR > 0; consequently, AMmust be negative. This means
that the heat flux density in the vicinity of the crystallization zone satisfies

the condition W< 0, that isthe heat flux density is diminishing with increas-

ing the distance from the burner. The conditions necessary and sufficient
for inequality (3.11) to hold, are

ARR~hh ARhA hR > 0, (3.12)
Ne RR “F"Ahh) (ARRA h AhRARN) - ‘ARhAIRA M, (3.13)
Taking into account that ARR == = A Rh, where ais taken from the solu-

tion of the capillarity problem (Fig. 3.2), we can write

IRR sthh IhR AR h IRh
oK £g¢

+ -£-(<?- UEeK)SAN-E£- + M (1-77?). (3.14)
Eé Z K

bh .
Let R <\ a; taking into account that iR IR— , we obtain from (3.14) that
ArRRANN —ARHARR > For (3.13) to e satisfied it is sufficient that

dQ S.gA
dl R

(3.15)

dQ :
This approximate estimate gives a lower value than " obtainable from Eq.

(3.13). This underestimation of the modulus definitely satisfies inequality
(3.11); moreover, estimate (3.15) has a clear physical meaning: the process is
stable if the change in the heat flux density Q along the furnace muffle of the
growth zone over distances of the order of R does not exceed the crystallization

heat flux. If this requirement and the condition < 0 are satisfied, crystalli-
zation is stable for R a.

If R a, then = falls off much steeper than Y (Fig. 3.2); as follows

from (3.14), ARRAhh — AhRA Rh < 0 beginning with a sufficiently large R in
the range R > a, that is the crystallization process becomes unstable. It also
follows from (3.14) that the stability region may be somewhat widened by
decreasing rj, that is by melting the powder before it is fed into the molten

. d
layer. The stability region is also broadened by lowering the modulus ﬁ

nevertheless, these measures do not ensure the stability of the process for
large-diameter crystals.
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Discussion of results

In the case of corundum (y = 670 dyne/cm, g= 3.87 g mcm-3 [3])
a= 6 mm. An estimate on the basis of the above analysis indicates that
growth of corundum crystals by the Verneuil technique is stable for crystal
diameters below 10to 12 mm. This figure is in good agreement with practical
data on the growth of thin corundum rods [4].

From the standpoint of the process stability, the Verneuil technique
differ from the Czochralski method in that in the former method the instabi-
lity sets on in the transition from the smaller radii to the larger ones, while
in the latter one the situation is quite the opposite. The principal reason is
the difference in the meniscus shape. It is of interestto note that if the Verneuil
crystallization were realized in the conditions of weightlessness, the surface
of the molten layer would be spherical for any crystal radius, the linear rela-
tionship between the meniscus height h and the crystal radius R would be
retained for any R, and stability would not break down at higher values of
crystal radius as found to be the case in the gravity field.

If the crystals are grown in the instability region R a, it is advisable
that the rate of increase of a perturbation be as small as possible; it is then
feasible to keep the crystal diameter within the prescribed interval by a smootli
variation of the process parameters. This is essential since any sharp change
in the process parameters meant to maintain the crystal diameter (such as a
variation of powder supply rate in the case of ruby growth) results in local
inhomogeneity of the optical parameters of the crystal. The above argumenta-
tion demonstratesthat the steepness of perturbations <R, dh and 6l can be dimi-
nished by a more complete melting of powder before it reaches the molten layer,
by improving the burner design, and by optimizing the gas flowrate in burner
tube in such manner that the heatflux density at the melt varies more smoothly

. d ZqV
at the approach to the burner the conditions " <C 0 and d? < : The
requirements to the conditions of the Verneuil crystallization, derived from
the theoretical analysis of the flame fusion method, are in good agreement
with the data available in the literature on the optimal regimes of crystalli-
zation found empirically. Flow rates of process gases through the channels

of a three-tube burner were adjusted experimentally in [5] in order to satisfy

... dR .
the condition----<CO0. The crystalthus grown had asmoother surface and improv-
dl dR
ed optical and structural characteristics. The condition — <" 0 is analogous
dQ dl é
to that derived in this paper,E < 0. Indeed, a crystal grown at a closer

distance from the burner will have a larger radius only if the heat flux density
Q increases toward the burner (Zis directed from the burner).
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dQ  ZqV
<

The condition indicates that the heat flux density mustvary

along the muffle axis the smoother the larger the crystal radius. In principle,
this is achieved by increasing the contact area of oxygen and hydrogen in the
flame produced by the burner, for example of a multitube type [6], or by
preheating the oxygen and hydrogen before they enter the burner [7]. The
authors of [7] indicate that gas preheating improved crystal quality.

The advantages of powder melting before it reaches the molten layer are
also born out by experiments [8].

REFERENCES

1. Sh. O. Arzumanyan, S. N. Shorin and L. A. Litvinov, Monokristally i Tekhnika, No. 2 (9),
Kharkov, 1973. p. 23.

2. L. E. Eisgolts, Differential Equations and Calculus of Variations, Nauka Pubis, Moscow,
1969, p. 227.

3. E. E. Spithain, K. A. Yakimovich and A. F. Tsitsarkin, Teplofizika visokikh temperatur,
11, 1001, 1973.

4. S. K. Popov, in: Rost Kristallov, Vol. X1, Moscow 1959, p. 145.

5.V. A. Tatarchenko and G. I. Romanova, Monokristally i Tekhnika, No. 2 (9), Kharkov,
1973, p. 48.

6. R. A. Lefever and G. W. Clark, Rev. Scient. Instr., 33, 769, 1962.

7. E. B. Zeligman, B. K. Kazurov, S. D. Krasnenkova, in: Rost Kristallov, Vol. IX,

Moscow, 1972, p. 159.
. FRG Patent No. 1220403, 1967.

[<S)

Acta Physica Academiae Scientiarum Hungaricae 47, 1979



Acta Physica Academiae Scientiarum Hungaricae, Tomus 47 (1—3), pp. 159—165 (1979)

SOME ASPECTS OF THE MACROSCOPIC THEORY
OF ORIENTED CRYSTALLIZATION FROM THE MELT

COMMUNICATION IV
THE FLOATING ZONE TECHNIQUES

By
E. A. Brener, G. A. Satunkin and Y. A. Tatarchenko

THE SOLID STATE PHYSICS INSTITUTE, ACADEMY OF SCIENCES OF THE USSR
142432 CHERNOGOLOVKA, USSR

The stability of the crystallization process while growing crystals by the floating zone
technique is analyzed. This technique is compared with Stepanov’s with respect to crystalliz-
ation process stability.

An idealized diagram of crystallization by the method of floating zone
is shown in Fig. 4.1, where the crystal is pulled upward. The variants of the
floating zone technique with the horizontal geometry and with the vertical
downward pulling direction are also widely used. Various methods of heating
are employed to form a molten zone: induction, electron-beam, or laser heating.
Each specific heater design produces a characteristic region of maximum tem -
perature which suggests a convenient physical reference point when thermal
phenomena accompanying crystallization are analyzed. This reference origin
in the Stepanov technique is taken at the shaper edge, and in the Verneuil
technique at the burner end-face.

It should be noted that the stability of the floating zone crystallization
was already analyzed [1]. The approach suggested in the present paper seems
to us more general since [1] does not take into account the heat effects in the
process of crystallization, with the ensuing approximate character ofthe derived
stability criteria.

In contrast to the edge-defined film-fed crystallization (the Stepanov
technique), the pressure P at the meniscus in the floating zone method is not
determined by the height difference between the free melt surface level and
the shaper edge but by the Laplace pressure. In the case of the Verneuil method
the meniscus pressure was found from an additional boundary condition at

the tip of a liquid drop =0
=0
An analysis of the floating zone crystallization is simplified if instead

of pressure we consider the melt volume W whose time variation can be found
from the mass conservation law. Both this volume and the pressure are then
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Fig. 4.1. An idealized diagram of crystal growth by the floating zone technique used to analyze
the capillarity phenomena and the heat and mass transfer conditions in the process of crystal-
lization. 1 — growing crystal; 2 melted crystal; 3 — melt; 4 — heater

found by jointly solving the capillarity and thermal problems, taking into
account the mass conservation relationship. Independently varied in the float-
ing zone crystallization are the crystallization front position hcand the melting
front position hm. The condition of heat balance at the melting front yields
hm as a function of time. In this case the molten zone length is h = hc — hm.
Minus sign in this expression follows from hm being negative in the reference
frame of Fig. 4.1. All in all, there are therefore four independently varied
characteristics: crystal radius R, crystallization front position hc, melting front
position hm, and molten zone volume W (four-degree-of-freedom system).
According to Lyapunov's theory, a system of equations determining the stabi-
lity of the crystallization process in the general case is

0R = ArroR + ARhcahc + A Rhmdhm + ArwoW,
6hc = A heRoR + A hdedhc + A hchmbhm +
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ahm — A hmR6R + A hmh'ohc+ A hmhmbhm -f A hmWoWw, (4.1)

O0W = AwroR -f- AWh'Ohc+ A Whmoéhm -f- Aww 6W.

According to Eq. (1.5), the capillarity coefficients are determined, as in all
the cases discussed previously by partial derivatives of the angle o over an

appropriate parameter: ARR= - V— S ARc= —V—-= -V —+, ARmM=
v 0 =yn0 . wApun Arw — —V A<0 |n contrast to the Stepanov

an dh dJF
technique, where and are calculated at a constant pressure, in the case

in question these partial derivatives are to be found at a constant volume. In
addition, ;e\;:v has to be found. An earlier publication [2] (its results were used
to find capillarity coefficients for Stepanov’s method) gives expressions for h
as a function of R, a0, and P. Using them, one can derive similar expressions
for W; the partial derivatives in question for the floating zone crystallization
are then found by writing the total differentials of dh and dW and eliminating
dP in them. Details of the procedure are given in [3], and the capillarity coeffi-
cients for different types of menisci are listed in Table 4.1.

It has already been noted that an analysis of thermal phenomena in a
crystal-melt-crystal system is facilitated if the reference frame origin is chosen
in the maximum temperature point and if this temperature Tm is assumed

Arr Aph-AR’E‘ A rw A hehe Ahmhm AhcR B c

small-
diameter  .>o0x F
crystals 4.<0ro
(R<a)

<0 >0 <0 <0 >0 <0 >0

large-
diameter
crystal
(R>a) or

plate
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fixed. The thermal conditions in the growing crystal and in that portion of
the molten zone which is located between the origin and the crystallization
front are then quite similar to those analyzed earlier for the Stepanov tech-
niques; consequently, AhlRand AW coincide with the corresponding thermal
coefficients AhR and Ahh. Moreover, Ahd® — 0, since the temperature gradients
in the indicated part of the molten zone are independent of the position of the
melting boundary hm. The true shape ofthe meniscus is neglected in an analysis
of thermal phenomena, by assuming it to be cylindrical with radius R. Under
this approximation Ahw = 0. The next step taking into account the true
shape of the meniscus consists in introducing the mean meniscus radius which
should be substituted for R in the corresponding expressions for temperature
gradients in the liquid phase. Such a substitution would have no principal
importance in the case of Stepanov’s method, since there the essential factor is
the crystal radius R. In the floating zone crystallization, however, an indepen-
dent variation of volume W even for fixed crystal radius R results in a changed
meniscus radius and in a correspondingly changed temperature gradient in
the liquid phase. Obviously, A heWhas the same sign as AhA AR > 0). Indeed,
an increase in W and that in R resultin an increased mean radius of the menis-
cus and hence in an enhanced heat flux to the crystallization front and a dimi-
nished rate of crystallization. We assume in the first approximation AheW = 0,
and later give a qualitative analysis of the consequences of the indicated effect
for the stability of the crystallization process. It has been mentioned above
that the advancement rate of the melting front can be found from the heat
balance condition at the melting boundary:

KG, - AGs= £ (4.2)

where Vm is the velocity of the melted crystal, G, and Gs are temperature
gradients at the melting front in the melt and crystal, respectively. The heat
supplied to the crystallization front from the liquid phase flows into the
growing crystal together with the liberated heat of crystallization. At the same
time, the heat flux from the liquid phase to the melting front must be sufficient
for melting of the crystal advancing at the velocity Vm. As a result, the tem-
perature gradient in the liquid phase at the melting front is greater than the
corresponding gradient at the crystallization front. In both cases the tempe-
rature difference Tm— TO with respect to the maximum temperature point
is the same, so that we find hm < hc; this last inequality is the stronger the
higher the crystallization rate and, correspondingly, the advancement rate
Vm. In the first approximation, the thermal flux leaving the melt by heat
exchange through the lateral surface of the meniscus is proportional to hm
and can be ignored at small hm. Within this approximation, the temperature

Acta Physica Academiae Scientiarum Hungaricae 47, 1979



SOME ASPECTS OF THE MACROSCOPIC THEORY OF ORIENTED CRYSTALLIZATION IV. 163

gradient in the liquid phase at the melting front can be assumed equal to
-
= e e - (the minus sign comes from hm < 0). As follows from (4.2),
hm
in steady-state conditions

EVm= -X 1Tm~ T° -X,Gs.
In the case of deviation from the equilibrium, we obtain

ahm= - ~ T7 r° dhm. (4.3)
X hm

It can be demonstrated that from the standpoint of crystallization stability,
the selected approximation with AR — = Ahww — 0 implies that
terms proportional to are neglected. In other words, the criterion of appli-
cability of the approximation in question is: hm/hc 1. The heat flux from the
lateral meniscus surface along the whole zone length must be taken into account
at small growth rates and for such heat transfer conditions when hm hc.

It was mentioned above that the changes in melt volume can be found
by resorting to the mass conservation law:

dw
e r2 Yo dhm m (r/ dhm

dt i dt \ dt)

where gs and denote the solid and liquid phase densities, respectively, and
rOis the radius of the crystal melted. With given r0, Vm, and the pulling rate
V, the radius ofthe growing crystal R Ois found from the condition ofthe steady-
state growth rQVm = R”V. For deviations from the equilibrium, the corres-
ponding coefficients in (4.1) are

Awr ~ B GAhb Awh = CARN, AWim= —CAhjjm

Aww — CAheW, B — —2n1gJqiRqV, C » n— Rq
Si
(we recall that at this junction AhW = 0).
According to the Gurvitz criterion, the necessary and sufficient condi-
tions of stability of system (4.1), with coefficients A as analyzed above, are

Ah,hm< 0, (4.5)
Arr + Ahhc< 0, (46)
BArwAhh> 0, 4.7)

BArwArr (Arr + Am,J(ArrA"U'f ARheAth—CArwA"r)> 0. (48)
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If the thermal coefficients (AR and Af, hj are formally set to zero in inequali-
ties (4.6) and (4.8), the stability criteria derived earlier in [1] are obtained

|[— > 0 and < 0j . The conditions (4.5)—(4.8) derived in the present

paper are more general. When Tm> TO(superheating of the zone, i.e. the neces-
sary condition of growth in the floating zone method), Ahj,mand A are
negative, that is inequality (4.5) is always satisfied. As shown in [1, 3], A

. . axc \ .
for all zone parameters is positive -~L 0, see Table 4.1J , that is decreases

as the zone volume increases. Since at the same time B = —2n6—5’ ROV <0,
Q_
condition (4.7) is satisfied at all times. Inequality (4.6) is also satisfied in the

3c \
range of capillarity stability, A rr<cO -?K> 0. . It has been mentioned
J ]

3xc
already [1] th at&—> 0 in a wide range of zone parameters, but in [3] it was
demonstrated that there are such meniscus shapes for which stability is violated
J : OJ . Neverthelessitcanberigorously demonstrated thata rr in the float-

ing zone growth is always smaller than the corresponding a rr of similar
menisci in the Stepanov techniques. This means that the capillarity stability

boundary +25-= 0 in the floating zone method is shifted towards smaller

crystal radii. In other words, this method may produce crystals with rO/R0> 2.

Haggerty reported [4] the growth of thin sapphire filaments by the
floating zone method, with rJROreaching 10. This large difference in r0 and
jROis explained by the difference in growth conditions: in the Stepanov tech-
niques the crystal radius changes at a constant pressure while in the floating
zone growth it changes at a constant volume. The two methods reveal, ne-
vertheless, some features which are qualitatively common from the point of view
of crystallization stability. The growth in the range of capillarity instability is
possible for both if the conditions of thermal stability are satisfied. A more
detailed analysis of condition (4.8) given in [3] shows that, as in the Stepanov
technique, the growth of large-diameter crystals or plates is unstable in the
range of two valued menisci, for ROclose to r0.

It was noted above that changes in the zone volume W at fixed R and h
result in changes in the temperature gradient in the liquid phase. This factor
was notyetincluded into the analysis of crystallization stability. It is obvious,
however, that this effect lowers the stability. Indeed, an increase in the zone
volume enhances the heat flux to the crystallization front and diminishes the
crystallization rate (see above), which in turn increases the melt volume still
further. Evidently, the overall stability of crystallization may still take place.
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No such effect is inherent, all other factors being equal, in the Stepanov
technique; this is a definite advantage of the method as compared to the
other three.

Conclusion

An analysis given enables to select optimal design and modes of crystal-
lization for all the methods discussed and to recommend the advisable ranges
of application for each of them. For instance, the Czochralski techniques are
most suitable for growing large-diameter crystals, while the Yerneuil tech-
niques are favoured for small-diameter ones. When crystallization proceeds in
nonsteady-state conditions, as for example, in growing large-diameter crystals
by the Yerneuil techniques, the automatic control units must be employed,
with parameters satisfying the results given in this paper. We did not touch
upon the crystal quality problems; it is nevertheless quite obvious that viola-
tion of set modes of crystallization do constitute a source of increased defect
concentration in crystals. Consequently, the steady-state mode of crystalliza-
tion is advantageous in growing more perfect crystals.
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The artificial epitaxy (diataxy) of silicon and germanium on amorphous quartz sub-
strates was investigated in order to determine the best type of relief pattern, the mechanism
of orientation and other regularities of the process.

Introduction

The investigation of artificial epitaxy began with experiments in 1963
[1]. The first successful results were obtained by crystallization in solution on
diffraction gratings with crossing systems of lines only in 1972 [2]. Further
work was carried out by the crystallization of principally semiconductor m ate-
rials on special artificial surface-relief gratings [3—6].

The essence of the idea of artificial epitaxy is the growth of single crystal
layers on nonoriented substrates having a relief pattern which interacts with
the microcrystals appearing in the medium of crystallization. The term “arti-
ficial epitaxy” does not explain the idea of the method. Therefore it was re-
placed by another, shorter term — *“diataxy” (drawing epitaxy).

In this work, the diataxy of silicon and germanium on amorphous quartz
substrates was investigated by YLS crystallization in order to determine the
best type of relief pattern, the mechanism of orientation, and other regulari-
ties of process.

Experimental part

Substrates

Four types of micropatterns were used. The first three of them (Fig. la,
b and c¢) served for the orientation of crystals growing on a face (111).
Among them were hexagonal patterns (Fig. Ib) for the hexagonal faces of
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cuboctahedra. A square net (Fig. Id) was used for the orientation of crystals
that grow onto the substrate with a cube face.

The neighbouring cells of the patterns in Fig. la are in twin position.
The pattern of Fig. Ic does not include twin cells.

The patterns on the substrates are obtained by photolithography relief
etching. The dark sites in Fig. 1 correspond to the protuberances of the micro-

relief, the light ones to the depressions.

The growth of silicon and germanium was accomplished by the VLS
mechanism by the chloride method [7] using gold or silver as solvents. To
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blu2

Fig. 2. The cross-section of the substrate prepared for diataxial growth

improve the adhesion of melt of gold with the substrate surface which already
has a formal relief pattern, the surface was covered by a thin (2000 A — 2 /mi)
layer of W by vacuum evaporation. Thin films of Mo and Ta were used, if Ag
served as a solvent. Au and Ag were also deposited on the substrates by
vacuum evaporation. The thicknesses of these layers were 0.1 —15 /tm. A cross
section of the prepared substrates is shown in Fig. 2. The substrate has a sur-
face area 15—20 mm2 and a thickness of 1 mm.

Growth of diataxial layers

The growth of diataxial layer was performed in a vertical tube reactor
having HF heating. The temperature of the specimens was measured with an
optical pyrometer with +10° accuracy. The tetrachlorides of silicon and ger-
manium conform to quality special class of purity and hydrogen with dew
point —70 °C and oxygen content 10~5 % were used.

Fig. 3. Typical shape of surface of thick diataxial layer observed using interferential contrast
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kT

Fig 4. The dependence of area of monocrystalline layers of Si (dashed lines) and Ge (conti-
nuous lines), grew from the solution in Au on supersaturation. Size of cells 10 4T. Area of
substrates 20 mm2 O A»0 — Ge; —+. A, m —§j

The study of the morphology of diataxial layers showed that their for-
mation occurs according to the following scheme:

1) the formation of a supersaturated solution in the melt;

2) the appearance of the crystallization centres and their orientation
by the pattern;

3) their tangential expansion and the formation of single crystal regions;

4) coalescence of the separate single crystal region into a continuous
monocrystalline layer.

It was established by the method of the askew polishing that after
crystallization most of the solvent (70—90%) is found between the single
crystal and the substrate. The rest of the solvent is either driven back to the
sides of the substrate oris squeezed out onto the surface of the diataxial layer.
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If single crystal regions do not unite, the solvent remains in the form of
a vein. An insignificant part of the solvent (<0.001%) is captured by the
single crystal in the form of solid solution.

The morphology of a diataxial layer is essentially formed by the influence
of displaced droplets of metal-solvent. It consists of a great number of the little
round steps (Fig. 3), whose faces are evidently covered by a thin layer of
solvent ([8], p. 133). The trains are the traces of the motion of metal droplets
on the surface.

Influence of supersaturation

The total sizes of single crystal areas are determined principally by the
adhesion between the substrate and the liquid phase and the number of
crystallization centres. Both of these factors are functions of supersaturation.
The dependence of the sizes of Ge and Si diataxial layers grown from Au solu-
tions vs the crystallization conditions is shown in Fig. 4.

At the beginning an increase of supersaturation leads to an extension
of the single crystal areas. Gradually they achieve the maximum size and
the subsequent increase of supersaturation increases the competition between
the centres of crystallization and gives rise to the formation of the mosaic
structures. The area of single crystal regions diminishes (Fig. 4) and their
structural perfection decreases.

The growth of supersaturation and, correspondingly, the number of
crystallization centres, leads to polycrystalline growth.

Fig. 5. Diataxial growth of Si at supersaturation <0.1
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Thus there exists some optimum interval of supersaturation in which
it is possible to obtain the maximum sizes of single crystal layers.

The maximum sizes of monocrystalline layers of Ge and Si, obtained from
the Au solution were almost equal to the substrate sizes reaching 10— 15 mm2

Fig. 6. An example of predendrite stage of crystallization

Fig. 7. Si dendrite, grown from solution in Au on the triangle net. Size of cell; 10 fiin
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Fig. 8. Rounded growth of Ge from the solution in Au

But along the perimeter of this area too remained a polycrystalline border
having a width near 1 mm. By using Ag as solvent, single crystal layers
whose areas were almost twice less were obtained.

The supersaturation for the average value of the temperature 800 °C
for germanium and 1000 °C for silicon significantly affected the growth of
layers. At relatively small (less than 0.1) supersaturations Ge and Si form in
the initial growth period well faceted crystals with smooth (111) surfaces paral-
lel to the substrate.

These crystals gro-w in the monocrystalline regions retaining the fac-
ing (Fig. 5).

The increase of the supersaturation above 0.1 initiates the first manifes-
tation of morphological instability — the “predendritic state” (Fig. 6). One
can see that first a small crystallization centre is formed. Then six branches
grew out from this centre, developing into well faceted crystals. Their mor-
phologies show that in the later period the growth is smoother; this is related
to the lowering of the supersaturation in the growth zone caused by the crystal-
lization. Further increase of supersaturation induces the appearance of the
well-developed dendrites (Fig. 7).

If the supersaturation continues to increase, round crystals with a large
number of curvilinear steps on the surface are formed, instead of dendrites.
This is especially characteristic of the growth of Ge (Fig. 8).

A very large supersaturation (~0.2) gives rise to polycrystalline growth
accompanied by mass whisker growth.
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The influence of temperature

The size of the single crystal areas increases continuously with a rise of
temperature (Fig. 9). This can be explained by the better adhesion of the liquid
phase with the substrate. The influence of the temperature on the morphology
of the growing layers under different supersaturations is shown in Fig. 10 for
Si (in the case of Ge the changes are similar but occur at a temperature by
about 150 °C lower). Only chaotic mass whisker growth was observed below
750 °C without any principal direction. The density of the whiskers often
reached 109 cm-2. With the increase of the temperature to 1100 °C, the
transition to polycrystalline and then to monocrystalline growth is gradually

observed.
An increase in temperature facilitated the formation of smoother surfaces

Fig. 9. The influence of temperature on the sizes of Si diataxial layers. Triangle net, size of
cells — 10 /nT, solvent — Au
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VC

Fig. 10. The influence of temperature on the morphology of diataxial layers of Si. O — single
crystal, © — polycrystal, .. — dendrites, o — whiskers

of the monocrystalline areas. The number of steps was diminished and the
lateral faceting became more sharply defined.
Above 1000 °C predendritic and dendritic crystallization was observed.

Influence of the thickness of the solvent layer

The molten layers of Au or Ag tend to form droplets. The microrelief
of the substrate prevents this.

Continuous layers equal to the substrate area can be obtained as a result
oftangential growth and asubsequent concretion ofseveral single crystal regions
with the same orientation that were developed in different sites of substrate.

The dependence of the size of the layers on the initial thickness of the
film is shown in Fig. 11.

For the orientation of the small crystals by the patterns it is necessary
that the seed floating on the surface of the liquid phase be able to grow to the
size of the cell while retaining high mobility. The optimum thickness of Au
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Fig. 11. The dependence of the size of diataxial layers on initial thickness of Au film. Size of
cells: 20 fun

films is 0.5—0.8 pm. It approximately corresponds to the depths of the micro-
relief with cell site 10—40 pm. In this interval of thickness the action of
the orientational mechanism is more effective and the microrelief retains the
liguid phase sufficiently well.

The orienting actions of the pattern are worse if the thickness of the
liguid layer is larger than the relief depth.

Influence of the pattern type

Since layers nearly always with orientation (111) have been formed on all
types of substrates, the patterns which take this fact into account have been
the most effective. The total area of single crystal regions served as a measure
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of effectiveness. The effectiveness of the orienting action is diminished from
“a” to “c¢”, “b”, “d” as shown in Fig. 1.

The orienting action of the pattern is determined in general by the form
of the cells and their dimensions.

Fig. 12. The initial stage of diataxial growth of Ge from the solution in Au on a triangle net

Fig. 13. The growing of a Ge crystallization centre on the pattern of Fig. Ic
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Fig 14. Ge small crystals on the substrate with hexagonal net

Fig. 15. Ge layer with (100) orientation

The initial stage of growth a of Gelayer on a part of a surface of the sub-
strate with triangular pattern is shown in Fig. 12. The growth proceeds from
several places simultaneously. It is possible to find the centres of growth and
to observe the spread of layers by using the arrangement of the growth steps
on the single crystal surface. Two such centres are shown in Fig. 12.
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Using the pattern without twin cells the growth direction <110) is the
most advantageous.

One can see that the big single crystal area developed from one centre
(Fig. 13).

The small crystals of Ge which have been grown on the substrate with
the hexagonal pattern area shown in Fig. 14. lodine etchant was used to re-
move Au.

The part of the centres where there is a lack of crystallizing material
gives almost isometrical crystals.

The appearance of regions with (100) orientation has been observed in
less than 1% of the cases of the growth of single crystal layers and such layers
appear more frequently on Ge than on Si. Such a region in the case of Ge is
shown in Fig. 15.

The attempts to control diataxial crystallization of (100) layers on the
substrates with the square patterns have not succeeded.

Influence of the cell sizes

This influence can be seen with the aid of the pattern shown in Fig. la
(as the most effective one). The cell size is charged from 10 pm to 1 mm and
the smaller the size the stronger is its orienting action. When the cells are
10—20 pm, it is possible to obtain layers of Ge and Si from Au solution which
cover almost all the substrate surface. An example is shown in Fig. 16.

Fig. 16. The orienting action of the pattern with cells of 20 /on under high density of
crystallization centres
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Fig. 17. Ge small crystals on the surface of G e- Au alloys in a triangle net of 450 /tm

It can be seen that every cell has a small oriented silicon crystal.

If the cell size is increased the orienting action ofthe pattern is gradually
diminished. The areas of the single crystal regions diminish also and their
quality deteriorates. In the first stages of growth the number of nonorientated
small crystals increases. This occurs because the increase of the cell sizes gives
rise to the weakening of the capillary forces acting as the orienting factor.

The weakening of the capillary forces becomes observable at cell sizes of
100 /nT (Fig. 6). The growing crystals tend to join in places where the capillary
forces are stronger, i.e. in the narrowing cell knots. With a further increase
of the cell sizes several crystals tend to appear simultaneously in the cell
disturbing each other (Fig. 17). In this case the cell does not act as an orient-
ing factor.

The perfection of the layers

The structural defects appearing during the process of diataxy can be
divided into two groups: defects due to the influence of the pattern, defects
which are independent of the pattern. The twins and low-angle boundaries
relate to the first group. The twins arise in all patterns excluding the pattern
in Fig. lc while in the case of the pattern Fig. la all adjacent cells are twinned.

In practice, the number of twin boundaries can be diminished if crystal-
lization occurs with a low density of nucléation centre, when each centre can
grow forming a large single crystal area.
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If, accidentally, a growing crystal is not in correct position in the cell,
low angle boundaries will be generated in the spreading process of the layers.

The twin and low-angle boundaries are not straight lines because they
reproduce the form of crystallization front.

The second group of structural diataxial defects are dislocations, stacking
faults, tripyramids, etc. Stacking faults have been observed very rarely,
especially at the beginning stage of growth.

Tripyramids have been observed only in the thick layers and in very
small quantity.

The defects most frequently are dislocations. Etching shows that the
dislocation arrangement is very irregular. In some regions they are absent
while in other regions they form large groupings. Their appearance may be
caused by the capture of microdroplets of the liquid phase of the impurity
particles.

108

107

106

105

800 900 1000 1100
T.*C
Fig. 18. The dependence of dislocation density in Si diataxial layers on the condition of growth
(Triangle net, size of cells — 20 yT, solvent Au)
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Fig. 19. Si small crystal on the surface of Si—Au alloys in the centre of a triangular cell

The dislocation density, according to the etch pits, is 105—106 c¢m -2
in good layers. In Si layers grown on single crystal sapphire substrates, it
equals 108 cm-2 [9].

The dislocation density depends on the growing conditions. It diminishes
with the increase of the temperature and with the reduction of the super-
saturation (Fig. 18).

The mechanism of orientation

Small crystals of Si and Ge in Si—Au and Ge—Au systems prove to be
a surface active impurity [10]. For this reason, and owing to their low density,
these crystals must be on the surface ofthe liquid phase. Here they grow quickly
being very mobile, and when their dimensions become commensurable with
those of the cell, their orientation occursunder the action of capillary forces.

An example for the orientating action of such forces is shown in Fig. 19.
Here a Si crystal is in the centre of a pattern cell. One can see that the crystal
does not come into contact with the cell walls, being in strictly orientated
position.

The orientation effect of capillary forces on macroscopic scale is dealt
with in another paper [11].
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Such are the main regularities of the new method for obtaining single
crystal layers on non-orientated substrate.

Recently, the same principle has been developed elsewhere, too [12].
It can be estimated as an indication of its perspective.
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The positions of crystals floating on the surface of a liquid in triangular and quadratic
cells are investigated. It is demonstrated that the orientations of the crystals can be explained
by capillary forces.

Studying artificial epitaxy [1] it was observed that during the growing
process a small crystal of triangular form floating on the surface of the solution
in a triangular cell takes a position at which the edges of the crystal and the
cell walls are parallel to each other [2].

It is apparently obvious that the orientation of the crystal in the cell
is determined by capillary forces. To prove that the orientation is due to no

Fig. 1. The equilibrium position of a triangular body floating on the surface of a liquid in a
triangular cell. The surface of the liquid is concave at the cell walls and convex at the edges
of the body (or vice versa).

other forces, such as for instance the crystallisation pressure [I], the following
experiments were carried out.

A triangular cell was made from microscopic slides (7 cm long). Then
a 1 mm thick triangular aluminium plate was put on the surface of water in
the cell. The plate oriented itself parallel to the cell walls as depicted in Fig. 1.
This equilibrium position of the plate proved to he very stable. If the plate
was moved out of this position after some vibrations it returned into this
position again. The explanation of the experiment is very simple: this position
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ensures the minimum of the water surface taking into consideration the curved
parts of the water surface too.

A similar phenomenon was observed in the case of a quadratic glass cell
with quadratic aluminium plate (Fig. 2). A thin NaCl crystal plate of quadratic
form floating on the surface of saturated NaCl solution takes the same equilib-
rium position, i.e. the position in which the crystal edges are parallel with the
cell walls. In this case the surface of the NaCl solution was convex at the edges
of NaCl crystal, as it was shown by Gyulai [3] earlier.

The equilibrium positions of plates of various symmetry in cells of differ-
ent symmetry show a well-determined regularity. The results of these obser-
vations will be published elsewhere [4].

In the above mentioned experiments the liquid surface at the cell walls
was concave but at the edges of the floating body it was convex. If, conversely,
the liquid surface at the cell walls is convex and at the edges of the floating
plate is concave, the orientation of the plate in relation to the cell is the same
as in the previous case. A convex surface of water at the cell walls could be
produced by filling the cell with somewhat more water than the volume of the
cell (Fig. 3). Owing to the surface tension the water did not overflow. An ice
cube floating on a bulging water surface in a quadratic cell takes an equilibrium
position, which is illustrated in Fig. 2.

Fig. 2. The equilibrium position of a quadratic body floating on the surface of a liquid in a
quadratic cell. The surface of the liquid is concave at the cell walls and convex at the edges
of the body (or vice versa).

S mn

Fig. 3. The cell with bulging water surface (side view)

Fig. 4. The equilibrium position of a quadratic body floating on the surface of a liquid in a
quadratic cell. The surface of the liquid is concave (or convex) both at the cell walls and at
the edges of the body.
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If the water surface at the cell walls was also concave (which is the usual
case), the ice cube drifted to the corner of the cell (Fig. 4). In a triangular cell
with a bulging water surface the aluminium plate usually drifted into the
corner of the cell (Fig. 5) or sticked to the cell wall.

Fig. 5. The equilibrium position of a triangular body floating on the surface of a liquid in a
triangular cell. The surface of the liquid is concave (or convex) both at the cell walls and at
the edges of the body.

Fig. 6. The equilibrium position of a triangular body floating on the surface of a liquid in a
triangular cell. The surface of the liquid is concave (or convex) both at the cell walls and at
the edges of the body. The translational motion of the body is prevented.

Fig. 7. The equilibrium position of a quadratic body floating on the surface of a liquid in a
quadratic cell. The surface of the liquid is concave (or convex) both at the cell walls and at
the edges of the body. The translational motion of the body is prevented.

If the liquid surface both at the cell walls and at the edges of the floating
body is concave (or convex) and its translational motion is prevented, the
floating body takes up orientation in the centre of the cell. This was shown
in the following way. A hole Was drilled in the centre of the Al plate. W ater
was poured into the cell so that the water surface bulged out. The Al plate
was put on this bulging water surface and a needle was inserted in the hole
so that the Al plate could rotate freely around the needle but could not
shift from the centre of the cell. A triangular plate took an equilibrium posi-
tion in a triangular cell as demonstrated in Fig. 6. In the case of a quadratic
cell with a quadratic plate, the equilibrium position of the plate is as depicted
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in Fig. 7. It should be mentioned that if the liquid was mercury, similar phe-
nomena could not be observed, probably because of the big frictional forces.

These experiments indicate that the capillary forces may play an import-
ant part in the artificial epitaxy as well as in the growing of shaped crystals.
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The equilibrium positions of aluminium plates of different shapes floating by capillary
forces on water surface in glass cells of various forms are investigated. In the centre of the cells
the floating plates have an equilibrium orientation for which the symmetry elements of the
cell and those of the floating plate coincide with each other as far as possible.

It was shown in a previous paper that a triangular aluminium plate
floating by capillary forces on the surface of water in a triangular glass cell
takes an equilibrium position for which the edges of the plate are parallel
with the walls of the cell [1].

This paper deals with the equilibrium position of plates of different
symmetry in cells of various symmetry.

The glass cells were made from microscopic slides. The plates of given
form were made from an aluminium sheet of 1 mm thick. This thickness
was necessary to produce a well-expressed convex water surface at the edges
of the floating Al plate, because the powers acting on the edges of the plate
depend on the angle between the tangent and the vertical direction in the
point of inflexion. According to Barker [2] the power (P) acting between two

parallel plates, if the liquid surface at one plate is convex and at the other
plate is concave:

P= —H(1—siny),

where H is the surface tension, y is the angle between the tangent and the
vertical direction in the point of inflexion.

To investigate extreme cases the equilibrium position of a non-magnetic
needle in the cells was also studied.

The observed equilibrium positions are presented in Figs, la—4e.

In some cases every symmetry element of the cell and that of the Al
plate completely correspond to each other (Figs. Id, 2c, 3a and 4b). In Fig. 4c
all symmetry elements of the plate (2mm) coincide with some elements of
symmetry of the quadratic cell. In Figs. 3b and 4a the equilibrium positions

are depicted at which one symmetry element of the cell and that of the plate
is common.
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Figs. 1.—4. Equilibrium positions of Al plates on the surface of water in glass cells

Relying on these observations the following conclusion can be drawn:
plates floating in the centre of the cells on the surface of a liquid filling the cells
take an equilibrium orientation for which the symmetry elements of the cell
and those of the floating plate coincide with each other as far as possible.

It should be mentioned that in nature other examples can be found,
where interacting systems in equilibrium are placed symmetrically to each
other, for instance an electric dipole in an electric field. Consequently, it seems
to be possible that the principle observed in the case of capillary forces may
also be extended to other phenomena. This principle would be similar to the
Curie principle [3].
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SOME RESULTS OF WORK ON ARTIFICIAL
EPITAXY (DIATAXY)

By
N. N. Sheftal

INSTITUTE OF CRYSTALLOGRAPHY, ACADEMY OF SCIENCES OF THE USSR, MOSCOW, USSR

Some results of work on artificial epitaxy (diataxy) are discussed.

The initial idea of work on artificial epitaxy originated more than 15
years ago [1], based on the hypothesis that it is possible to control the formation
of monocrystalline layers of arbitrary crystals, independent of their structure,
on substrates of likewise arbitrary substances; on monocrystalline, poly-
crystalline or amorphous ones. This idea was founded on the one hand, on the
experimentally confirmed ideal growth according to the mechanism of Kossel—
Stranski and, on the other, on data on crystal growth from blocks and micro-
crystals. It was conjectured that the nucléation on artificial microrelief (con-
sisting of densely arranged parallel “micronets”, in which it is energetically
advantageous to position the microcrystals in accordance with their form)
promotes the formation of the first monocrystalline layer on the substrate,
which, under favourable conditions, can grow' further as a single crystal.

For some time experimental results, so it seemed, confirmed this idea.
However, the development of experimental work on the production of layers,
and likewise the experiments of Hartmann [2, 3] indicated a number of
new aspects of and a new mechanism for the process. Experiments of Kiykov
[4] by the YLS method brought to light the fact that microcrystals never
arrange themselves directly on the substrate, but rather on a very thin layer
ofthe solvent (crystallization from a melt has not yet been produced). Secondly,
the orientations of small crystals, which are floating in the solution in the cell
of the pattern are produced by forces of surface tension.

Thirdly, as is indicated by the experimental work of Kiykov et al [4]
a crystalline particle settles down on the substrate with an important face
of the equilibrium form and one has thereforenot succeeded in forcing of the
formation of a new face under the influence of the form of the micropattern.
Further, in agreement with the published work of Hartmann [3] equilib-
rium is given by the symmetric position of the small crystal in the cell even
if there is a lack of correspondence of the cell and the form of the crystal.In
other words quadratic cells can orient a hexagonal crystal in conformity with
its hexagonal nature, although worsely than hexagonal cells.
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So microcrystals of germanium in rare cases orient themselves on a quad-
ratic pattern, but silicon is practically not oriented at all. This can be explained
by the fact that in germanium one encounters cubic faces, but in silicon there
occur only octahedral ones.

We remark also that the smaller specific weight of silver in comparison
to gold might be one of the reasons for the worse orientation when it is used
as solvent.

Finally, it should be indicated that the liquid phase takes part in all
our experiments. It is in this liquid where the microcrystals flow. In case of
crystallization from gas phase, or from the melt it is possible to expect the
orientation according to the original idea.

As for the general results ofthe work, one may think that afundamentally
new and important phenomenon has been established, namely artificial epi-
taxy, which gives new possibilities for directing the processes of growth of
monocrystalline layers, and broadening the opportunity existing for this aim.

In recent time a related work, carried out with great vigour and on a high
technical level, has appeared [5]. This work has so far been carried out only
on model material (KC1) and no monocrystalline layers, but only individual
parallel oriented microcrystals have been obtained.

All this gives additional support for the idea that orientation with the
aid of an artificial grating will continue to develop.
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Note added in proof

We have received a preprint of [3[ where the authors made a note with reference
to the English translation of my article on the same problem [1].

On account of this it is worth-while to notice the peculiarities of artificial epitaxy.

In order to solve the problem of growing monocrystalline layers of any crystal on
any nonorienting substrate we rely on our ideas about the participation of microcrystals
in processes of nucléation and growth of crystals [4], and also on the idea of the importance
of the entrance angles for orientation [5]. We supposed that it is possible to compel the
microcrystals having dimensions of approximately 0.1 pm to orient by deposition on nonorient-
ing substrates by means of relief micropatterns on them. The micropatterns must correspond
to our tasks and also the morphology of the precipitated crystals.

On the basis of this consideration we have obtained at first the oriented growth of
the NH,l crystals (from aqueous solution) on the optical diffraction crossgratings (600
scratches on the mm) [6].

Then we obtained a good orientation of germanium crystals on polycrystalline tungsten,
by means of parallel scratches in three directions under the angles 60°. The scratches were
made on the substrate by hand using emery paper of the small number (5).
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The further experiments in crystallization were performed on special micropatterns.
On these patterns we have obtained almost unbroken monocrystalline layers of silicon and
germanium up to 15mm2 on a quartz glass [7].

Thus ideas on microcrystals and entrance anglesare confirmed and give us in principle
the possibility to solve the problem of the artificial epitaxy.

I am grateful to Dr. E. |. Givargizov, who informed Prof. H. Smith about my
researches. 1 also express my gratitude to Prof. H. Smith for sending me his preprint [3].
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THE EFFECT OF THE SOLIDIFICATION FRONT
SHAPE ON CRYSTAL PERFECTION

By

Y. N. Erofeev and V. A. Tatarchenko

THE SOLID STATE PHYSICS INSTITUTE, ACADEMY OF SCIENCES OF THE USSR, MOSCOW, USSR

The theoretical and experimental data on thermal conditions close to the solid-liquid
interface in Czochralski grown alkali halide crystals are considered. The distribution of axial
and radial temperature gradients in a growing crystal has been defined to depend on the
crystallization front configuration. The crystallization front curvature affects the crystal
structure perfection and the impurity distribution behaviour. The dislocation density was
measured in KC1 crystals. A radial distribution of Sr and Na in KC1 crystals was measured.

The structural perfection of melt-grown crystals is predominantly due
to the thermal conditions of growth. These control the thermal stresses arising
in the crystal.

The theoretical calculations [1, 2] relate directly the density of disloca-

tions to the temperature gradient: g= 5 V T, where « is a linear coefficient

of thermal expansion, 6 is the Burgers vector of dislocations, is an axial
or radial temperature gradient.

Therefore, the determination of the temperature distribution in the crystal
on the basis of the actual growth conditions is one of the most important
problems.

In our works [3, 4], thermal conditions near the solid-liquid interface
are investigated, and the distribution of axial and radial temperature gra-
dients in a growing crystal is obtained by solving the steady state equations
ofthermal conduction using a computer, and from experimental measurements
in NaCl crystals grown from the melt by the Czochralski method. The tempera-
ture gradients were measured by the technique of grown-in thermocouples [3].

Fig. 1 represents schematically the distribution of an axial temperature
gradient and the form of the temperature field in crystals with a convex
towards the melt (Fig. la) and concave (Fig. Ib) solidification front under
actual conditions in the presence of heat loss from the side surface ofthe crystal.
Solid lines show the isotherms whose geometry was determined from the experi-
mental measurement of a radial temperature distribution. Dashed lines show
heat fluxes. In acrystal with a convex solidification front, a maximum tempera-
ture gradient is observed not on the solid liquid interface, but at some dis-
tance away from it. At such solid-liquid interface geometry, the heat fluxes
due to release of the latent heat of crystallization appear to be focussed on
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crystal

B

Fig. 1. Distribution of the axial temperature gradient and a view of the temperature field in
crystals with the convex (A) and concave (B) crystallization front

distance from interface (mm)

Fig. 2. Experimental and calculated data on the axial temperature gradient dependence on a
distance to the boundary interface as the crystal diameter increases and the crystallization
front curvature decreases

the growth axis. Convergence of the heat fluxes towards the growth axis and,
hence, an increase of the axial gradient slope at the moment that the isotherms
undergo a full convex-to-concave transformation. So, the maximum magnitude
and position depend, 1) on the curvature of the initial isotherm, that is, on
the curvature of the solidification front, and 2) on the rate of this transforma-
tion, that is, on the cooling rate of a crystal (on the crystal size).

These conclusions are confirmed by the experimental measurements.
Fig. 2 represents the distribution of the axial temperature gradient along the
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Fig. 3. Experimental data on synchronous measurements of axial (a) and radial (b)
temperature gradients

crystal: the experimental data are solid lines, the calculated data are dashed
lines. As the crystal radius is increased (2.5, 5 and 10 mm) and the solidifica-
tion front curvature decreased, the magnitude of the gradient is descreased
(curves 1, 2, 3 in Fig. 2) and its maximum position is displaced. In the case
of a flat and concave front (curves 4 in Fig. 2) no peak is present.

A simultaneous determination of axial and radial gradients has shown
that at the moment that the axial gradient has reached its maximal value,
the radial gradient is zero (Fig. 3). To do this, two differential thermocouples
were grown in the crystal.

The temperature distribution in a crystal with a convex or concave soli-
dification front must determine the thermoelastic stress fields in each case,
because the stress source is the incompatibility of thermal deformations ex-
pressed by means of second derivatives of temperature. From the calculations
by Indenbom [2], the stresses operating along the growth axis can be esti-
mated from the second derivative of temperature a = <xEL2d2T/dZ2, where
E is the Young modulus, L is a correction parameter depending on the cross
dimensions of the crystal and on the geometry of the temperature field. It can
easily be seenthat the greatestvalue ofa corresponds to the case ofaconvex solid-
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liquid interface. The presence of the axial gradient maximum is also disadvan-
tageous, from the viewpoint of the distribution of the signs of the thermo-
elastic stresses arising in a growing crystal [5]. The crystal site near the axial
gradient maximum is acted upon by the neighbouring crystal sites from above
and from below, whereas at a monotonous decrease of the axial gradient (flat
or concave solid-liquid interface) the stresses operating along the growth
axis do not reverse their signs, and the contributions from the neighbouring
sites partially compensate one another. The formation of the thermoelastic
stress field can markedly be affected by the peculiarities of the radial tem-
perature distribution taking place in crystals with a convex solidification

Fig. 4. Dependence of the dislocation density on the crystallization front sagging

laH=11711, 2.4H=571T, 3.JH=-3mm. AgH=10 mm
5.4H=7TT; 6.40H=0 7.0H=-4t1T1; p=0.2
Fig. 5. Radial distribution of impurities in crystals with different sagging of the front crystal-

lization; CO— the impurity concentration in the centre of the crystal cross-section; Cp — the
impurity concentration along the cross-section radius
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front. The presence of temperature maxima and minima restricts the occur-
rence of free thermal expansion of the adjoining layers and can give rise to
essential thermoelastic stresses.

The qualitative conclusions are confirmed by the experimental obser-
vations. We have investigated the dislocation structure of alkali halide crystals
grown from the melt by the Czochralski method, with respect to the solidifica-
tion front shape. Fig. 4 represents the dislocation density g in KC1 crystals
as a function of the magnitude of the solidification front sagging AH, AH = 0
is a flat front, AH > 0 is a convex solidification front, AH < 0 is a concave
front. The studies were performed on crystals with similar block structures.
The dislocation density within the blocks was estimated from the etch pit
concentrations. As seen in Fig. 4, crystals with a flat solid-liquid interface
have the greatest structural perfection.

The solidification front shape affects the impurity distribution in a
growing crystal, too. We have investigated a radial distribution of strontium
and sodium in cross-sections of KC1 by the ionic thermoconductivity and flame
photometry techniques. The results of the measurements are represented in
Fig. 5. The impurity concentration is increased from the cross-section centre
towards the periphery in crystals with a convex solid-liquid interface, and from
the periphery towards the centre in crystals with a concave solid-liquid
interface. It is constant in the case of a flat interface. The non-uniformity of
the impurity distribution isincreased with an increase of the solidification front
curvature. All the crystals under study were of the same size: 40 nm in dia-
meter, parameter g = 0.2 [6].

So, the solidification front shape related to the thermal conditions of a
crystal growth is one of the important parameters determining the structural
perfection of a crystal.
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The crystal growth of Cr3Si from the melt and the first results of characterization by
different methods are reported.

1. Introduction

Usually the physical properties of intermetallic compounds sensitively
depend on the exact concentration in the homogeneity range. Therefore high
demands must be fulfilled by materials under investigation.

For comparative studies of physical, especially of electrical properties
of V3Si, Cr3Si and some alloys in the quasibinary system V3Si—Cr3Si single
crystals of these substances corresponding to these demands were grown.

The intermetallic compound Cr3Si is the “forefather’*of the A-15-struc-
ture type, to which the superconductors of the highest transition temperature
at present belong. But until now no superconductivity could be detected for
Cr3Si down to 10 mK. In the present paper the crystal growth of Cr3Si from
the melt and the first results of characterization are reported.

2. Growth of Cr3Si single crystals

2.1. Preliminary remarks

Many papers are known about the constitutional diagram of the Cr—Si-
system in the interesting concentration range. The papers agree regarding the
fact that Cr3Siis a congruently melting phase. In [1] it was supposed that the
melting maximum at a temperature of approximately 1700 °C does not coin-
cide with the stoichiometric concentration, but lies on the Cr-rich side. Differ-
ent data are available on the homogeneity range of the compound: according
to [2] ahomogeneity range at 1000 °C exists between 18 and 31 at % Si accord-
ing to [3] between 22...28 at °0 Si and according to [1] between 22.5.. .25.5
at % Si.

At melting temperature the vapour pressure of Cr and Si cannot be ig-
nored. According to [1] the relative Si losses are greater than the Cr losses in
the interesting concentration range. Polycrystalline samples are usually pro-
duced by direct melting of corresponding amounts of Si and Cr under inert

Acta Physica Academiae Scientiarum Hungaricae 47, 1979



202 M. JURISCH and G. BEHR

gas pressure, followed by annealing for homogeneization. To our knowledge
results of a successful growth of Cr,Si single crystals have so far not been
reported in literature.

2.2. Growth experiments

As starting material for crystal growth powder compacts with a diameter of
approx. 6 mm depending on the required crystal diameter up to 90 mm long were
used. They were prepared from Cr/Si powder mixtures (particle size 45. .. 80 um)
in Mo-containers at 1000 °C and kept 24 hours in a vacuum chamber of
(1...3) mPa without precompaction. As starting material for the prepara-
tion of powder electrolytic Cr and semiconductor grade Si were applied. Using
a planetary ball mill with agate as material for vessel and balls the purity
of silicon could be maintained. But chromium powder could be produced only
in a mill the material of which was stainless steel or a hard alloy. Therefore
the purity of starting chromium wasreduced during powder production. Depend-
ing on the vessel material Fe or W, Mo, Co were found, respectively, as main
impurities. The oxygen content of the chromium and silicon powders amounted
to 1 at 9,. It did not change after production of the powders and was found
in the compacts, too. Calculating the concentration of the powder compacts
silicon and chromium losses were accounted for by evaporation of the elements
and of SiO, too, which forms by reduction of corresponding oxides during heat
treatment over 1000 °C. The crystal growth from powder compacts was carried
out by crucibleless rf-zone melting under a static atmosphere of 70 kPa Ar
and 10 kPa H, for avoiding electric discharges. The inert gas was purified
by titanium metal at 800 °C. The purity of the inert gas was controlled during
melting by quadrupole-mass detector.

A two-step process of growing was used: during a first zone travel at
a rate of 2.3 mm/min and a zone length of approx. 5 mm the powder compacts
were transformed into nearly constant diameter rods. The compact was rotated
during melting. For the process of single crystal growth the last zone of the
obtained rod was melted once again, connected with a seed crystal and drawn
opposite to the direction of the alloying process. The rate of drawing for all
experiments amounted to 0.4 mm/min. The seed crystal rotated with 30 rpm.
Changing the rate, the initial rod fluctuations of the diameter could be reduced.
Depending on the diameter of the starting powder compacts single crystals
ranging from 4 to 8 mm in diameter and 40 to 80 mm in length were grown.

2.3. Methods used for characterization

The contents of other than Cr,Si phases was investigated by metallo-
graphic methods after electrolytically etching longitudinal and cross sections
with 109, oxalic acid. As sufficiently sensitive chemical methods are lacking
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the composition of single crystals was studied by measurements of resistivity
ratio at room and liquid helium temperatures, by precision determination of
lattice constants by means of Kossel technique and of density by a weighing
method. It is necessary to underline that without calibration these methods
cannot give concentration themselves. For this as a first approximation the
relation between concentration and resistivity ratio for V3Si [4] was used.

The resistivity ratio of intermetallic compounds depends on the deviation
of stoichiometric concentration and temperature, but on concentration of
atomically dissolved impurities and physical perfection, too. Therefore the
impurity content and the real structure of specimens with different resistivity
ratios were investigated. For investigations of the real structure the half
width of rocking curves of elastically scattered neutrons was determined and
Berg—Barrett and Lang topographs were obtained.

3. Results

By means of the described method single crystals were obtained only
in those cases where the concentration of the starting compacts varied between
23.0.. .25.2 at % Si, supplying crystals between approx 23.5.. .25.4 at % Si.
The given Si concentrations are real concentrations in the case of crystals, but
expected concentrations for the compacts after the full reduction of oxides
and evaporations of SiO (evaporation of elements is not accounted for). W ith
concentrations deviating from the given range a-Cr or Cr5Si3inclusions appeared,
due to the constitutional suppercooling of the melt. A typical single crystal
is shown in Fig. 1. During zone melting Cr and Si evaporate especially from the
molten zone. But evaporation never disturbs the melting process. From the
fact that composition of the single crystals was enriched in silicon compared
with initial materials in every case it was concluded that the relative Cr-loss
is greater than that of silicon in contrast to the findings in [1].

Owing to a superposition of zone melting effect, inhomogeneities of the
initial material, zone volume and possibly concentration dependent evaporation
losses the concentration along the crystal is not constant. Depending on the
initial concentration two different types of concentration curves were obtained
in the single crystals. For concentrations ranging from 23.3 to 24.8 at % Si
the resistivity ratio increased from the beginning to the end of the crystals,
indicating a decrease of deviation from the stoichiometric concentration. For
compositions greater than 24.8 at °/0 Si the opposite was observed: the devia-
tion from stoichiometric concentration increased to the end of the crystals.
Crystals with an initial concentration lower than 23.3 at % Si showed increas-
ing deviation from stoichiometric concentration, too.
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Fig. 1. Cr3Si single crystal

The largest resistivity ratio corresponding to the stoichiometric compo-
sition was 20. This is lower than the value found for stoichiometric V3Si with
the same impurity level. The reason for this behaviour is not clear yet.

The observed concentration curves can be explained, supposing that
the concentration of the melting point maximum does not coincide with the
stoichiometric concentration, but is situated on the Cr-rich side of the homo-
geneity range. The position of the maximum was estimated between 23.7. ..
24.2 at % Si. The explanation given above is supported by the following find-
ings: On the surface of crystals with the highest resistivity ratios corrugations
could be observed. They were missing in crystals with lower values (Fig. 2).
Corrugations are caused by the constitutional supercooling of the melt near the
interface. If the concentrations of melting maximum and stoichiometric com-
position of the compound would coincide, no corrugations could be expected
for melting near stoichiometric concentration. Furthermore, the rapid quench-
ed zones exhibited Cr5Si3 inclusions for all crystals with concentrations
greater than approx 24.0 at % Si.

The main impurities of single crystals grown from Cr-powder with a
higher level of high-melting point elements are given in Table |I. By optimiza-
tion of the purification process of inert gas and by the utilization of a mill
with a stainless steel container the impurity concentration could be reduced
(Table 1).

For single crystals on the Cr-rich side of the homogeneity range lattice
constants and densities increase from (4.5580 + 0.0002) A and (6.4443 +
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Table |

Main impurities of Cr;iSi single crystals. Column 2 refers to Cr-powder from a hard-metal mill,
column 3 to that from a stainless steel mill and after improvement of the purification line of

inert gas
Impurity e o
w 400
Nb 20 6
Ni 10 20
Fe 200 300
\ 100
Ti 50
Co 200
0 1000 50
300 20

0.0002) g/cm3, respectively, for approximately stoichiometric material to
(4.5600 + 0.0002) A and (6.4931 + 0.0002) g/cm3 for crystals with a concen-
tration of about 23.5 at % Si. The temperatures for the measurements of lattice
constants and densities were (298 + 5) K and (296.0 0.5) K, respectively.
Until now no reliable results have been obtained on the Si-rich side of the
homogeneity range. From these results it follows that like in the case of Y3Si
a substitutional model of nonstoichiometric crystals should be valid. The
observed lattice constants for stoichiometric crystals lie well between the
results of Frukiger et al [5], who measured (4.564 + 0.002) A and Chang [6]
(4.555 + 0.001) A. The results agree with the lattice constants of Pjatkova [1].

The investigations of the real structure are not completed yet. But one
can say that the single crystals are of high perfection. The halfwidth ofrocking
curves measured with neutrons on crystals 40 mm long and 5 mm in diameter
was is some cases lower than 25 min, characterizing the maximum desorienta-
tion between subgrains. The average desorientation of subgrains determined
from the contrast width of Berg—Barrett topographs was in the range of
some minutes. The subgrains are elongated in the growth direction. Until
now no signs of a relation between real structure and deviation from stoichio-
metric concentration could be found.
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STRUCTURE OF Pb0-R23-Fed3 MEETS
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BUDAPEST, HUNGARY

The analysis of the mathematical model of liquid phase epitaxial crystal growth has
drawn attention to the relationship between the growth process and the structure of high
temperature solutions. Parameters in the model are not fully reported in the literature and
even ionic equilibria are unknown for the PbO  B20 3—Fe20 3 system which is the preferred
solvent for magnetic bubble storage technology.

Electric conductivity measurements relating to the ionic equilibria are described and
a relationship is derived between composition dependence of activation energies and possible
polyion formation. The suppositions below are supported by experiments:

PbO= Pb2++ o2-
B203+ 3 02- = 2 BOjj-
Fe203+ 3 O2- = 2 FeOjj-

Equilibria are controlled by oxide-ion activity; a decrease in O2- activity leads to the
polymerization of oxianions. This model enables us to suggest as a general form

3YO|-+ 5FeOr = YsFes012+ 1202~

for the surface integration step of YIG.

Introduction

In the past few years the use of PbO-based high temperature solutions
has become increasingly widespread. The method of liquid phase epitaxy
(LPE) [1] has become an important part of the technology of magnetic bubble
domain based mass storage devices. The epitaxial growth of YIG-type mag-
netic garnets onanonmagnetic gallium-gadolinium-garnet (GGG) substrate takes
place in a supercooled high temperature solution. In most of the technologies
the defect-free substrate is horizontally rotated. In the development of the
technology the importance of the knowledge of the growth kinetics became
rapidly clear.

Ghez and Giess [2] proposed a theoretical model for the growth rate
which consists of two steps. First, the crystal constituents diffuse through the
boundary layer to the rotating disc; secondly, they take part in a surface
integration step which is described as a first order chemical reaction. This
model gives the time dependence of the growth rate in the following form:

D(cL — @ 1 , 2y exp(—«nDtjs2) 1l

F 0= . " . Il
« 9'a |+ 4 A0t datjpe

(mn
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where $is the width of the boundary layer, D is the diffusion constant, K is
the kinetic coefficient for the surface reaction, R = D/(6, k), q' isthe density
of the crystal, cL, ce are the real and equilibrium concentrations of the solution,
respectively, xn-s are the roots of the equation : tan x -~ Rx = 0. The width
of the boundary layer is obtained from hydrodynamic calculations:

a=1.6DIy N "I/ @)

where rjis the viscosity, qis the density of the melt, r is the rate of the rotation.

Let us see which material parameters are involved in the model of Ghez
and Giess. The width of the boundary layer depends on D, rj and q, the
growth process is governed by D, k, g’ and ce. In the usual kinetic experiments
rj, a, o> and ce are supposed as being known from other measurements, while
the diffusion and kinetic coefficients are determined as regression parameters.
However, these estimated values seem to be valid only with regard to the order
of magnitude [2, 3]. It was because of these uncertainties that they decided to
analyse the model [4]. The main problems are related to the characteristics
of the surface integration step, to the influence of the heat of crystallization,
and to the neglect of convective transport. On the other hand the structure
and transport properties of the melt phase should be studied.

The investigations can be divided into two groups. The first is based on
the measurement of the LPE growth kinetics as a function of supercooling,
growth temperature, rotation rate and orientation of the substrate [5, 6]. The
results give direct information on the applicability of the model and on the
validity of its assumptions. The other group concerns the physico-chemical
investigation ofthe high temperature solution, where special interest is devoted

cel (resistance temperatLre

Fig. 1. Block scheme of experimental setup
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Fig. 2. Earlier measurements in the PbO —B 20 3—Fe20 3 system [8—10] are characterized by
much higher B20 3 content than in the LPE solvent (—»). The compositions investigated by
Hirashima and Y oshida [8] (0) compared with our measurements ()

to the diffusion constants of the components, the viscosity of the melt and to
the solute — solvent interactions.

Our investigations are restricted to this second type of approach and to
the PbO —B.,03—Fe2 3 ternary system.

Electric conductivity measurements

In order to describe the LPE growth process independent values of
diffusion and kinetic coefficients are needed. Thus the question arises as to
the real form of the crystal constituents in the melt. In other words: What
types of ionic equilibria exist in the system? Earlier investigations of PbO —
B2 3—Fe2 3 melts were focussed on the B23 rich glass forming region.
The LPE solvent contains PbO as its main component and not more than 20
mol% of the other two oxides.

Experimental

The experimental setup (Fig. 1) is based on the AC voltage-drop
method. The constant current driven by a current generator has 1 mA ampli-
tude and 1 kHz frequency (it was earlier verified that this frequency is high
enough to avoid the effects of electrode polarization). The voltage-drop is
measured by a lock-in amplifier with potential wires leading directly to the
electrodes. Two special requirements were taken into acount in the cell con-
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struction: the extremely strong corrosiveness and the relatively high conducti-
vity of the lead oxide. Frequency and geometrical characteristics of the cell

were also investigated and optimized.
Fig. 2 shows the composition range of earlier measurements in the system

[7-9]1 compared with ours. The result of Hirashima and Y oshida [7—9]
relate to glass technology, therefore their compositions are on the B20 3rich side.

Fig. 3. Temperature dependence of electric conductivity in PbO—Fe20 3 systems

Fig. 4. Temperature dependence of electric conductivity in (94 —*)% PbO — 6% B203 — x%
Fe20 3 system. The slope of the curve of 15% Fe20 3is not constant.
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Fig. 5. Temperature dependence of electric conductivity in (90 - x)°/0 PbO — 10% B203 —
X% Fe20 3 systems. In systems containing Fe20 3 the slopes of the curves are not constant.

The temperature dependence of specific conductivities on different com-
positions is shown in Figs. 3, 4 and 5 in Arrhenius-type plots. Activation
energies (Figs. 6 and 7) are worked out by linear regression. It can easily be
seen that the slope of the curves at high Fe2 3 content is not constant. This
is probably due to the deviations described by Anget1 [10] but, in the absence
of appropriate glass transition temperatures, we were not able to use his
approximation.

Discussion

The interpretation of such measurements is usually made in a qualita-
tive way, although there is a relation between the size of ions r, and the
equivalent conductance A. Let us combine the Stokes Einstein and the
Nernst equations:

F2 y Z*
3NnV i rj ’

n= @)
where N is the Avogadro number, F is the Faraday constant, z, is the charge,
r, is the radius, xt is the molar ratio of the i-th ion. This formula of course
includes the approximations applied in the derivation of the Stokes—Einstein
and Nernstequations. However, itis suitable as a means of explaining the effect
of changing the composition. The appearance of new components has a direct
influence by altering the J? z”i/r, sum and an indirect effect by changing the

viscosity.
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Fig. 6. Composition derivative of activation energies as a function of composition in PbO —
B20 3 ------ and PbO—Fe20 3 ------- systems. The “peaks” are due to polyion formation

Fig. 7. Composition dependence of En in the ternary system. Equi-activation energy curves
are indicated by dashed lines. The values are in kj/mole. The composition indicated by a
circle is due to the LPE solvent

In the case of polyion formation when refi-ions give rijjf-ions the change
in the equivalent conductivity is:
il an F2nizi [1 1
a—+ V— (4)
X, X, Ko
where rijzj = nizi is involved because of charge conservation. This equation,
in principle, gives the opportunity to make a rough estimation of the polyion
size from A(xt). rj(x,) data, but quantitative values have no real significance be-
cause ofthe approximations. Taking into account the Arrhenius type behaviour

of the transport coefficients, one can obtain

4EV- Ea) 8In (% 1) 5

dxi Z.X. dXj
2
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swhere EA, En are the activation energies, 10, rjn are the pre-exponential fac-
tors. Thus the relation between the composition dependence of activation
energies and the size of polyions becomes evident. In a rough approximation
one can neglect the term containing the pre-exponentials and the effects of
the viscosity deviation. In Fig. 6 the composition dependence of pgEn/gxor-
is shown for the PbO —B2 3 and PbO —Fe20 3 binary systems according to
our own and other [11] measurements. In the PbO —B20 3 system there are
two composition ranges where structure changes may occur, viz. between
35 and 80 mol% PbO and between 0 and 10 mol% PbO. In the context of
Eq. (4) it means that one can expect polyion formation in these regions. Follow-
ing the assumptions of Bockris [11] the first range is due to a chain-like poly-
borate anion formation whereas at the B2 3rich end a polyion network for-
mation takes place.

Pure lead oxide in the melt phase is assumed to be in a completely disso-
ciated form. This is in accordance with the high values of its specific conducti-
vity. The question is whether or not free electrons or holes take part in con-
duction. In other words: Is the lead oxide a liquid semiconductor? Although
lead chalcogenides behave as semiconductors in the melt phase too [12]; con-
ductivity determinations of PbO in the region of its phase transition supported
the idea of ionic conduction. So the equilibrium:

PbO ;= Pb2+ + O2" (6)

is moved almost completely to the right hand side.

The PbO —B20 3 system has been investigated over the whole composi-
tion range. Electrical conductivity measurements [11, 13, 14], EMF [15, 16]
and calorimetric [17] investigations verify that with a value of less than 20
mol% B2 3 content, the 02~ ions — produced by complete dissociation of
PbO — form monomer anions with the B2 3 in an acid-base equilibrium.
The possible anions are B03™and perhaps BO ™. In our range of interest the
B2 3 content is lesss than 10 mol%, thus

BD3+ 302- A 2BOA-. @)

The activation energy of conductivity in PbO —Fe2 3 systems does
not vary with the composition up to 15 mol% Fe2 3 (see Fig. 6). This makes
it probable that Fe203does not form polyions. However, a decrease in conduc-
tivity with increasing Fe2 3 content in Fig. 2 should in the spirit of Eq. (3)
be related to the decrease in the number of O2- ions and to the appearance
of larger ions, respectively. So Fe2 3 seems to take part in the acid-base
reaction:

Fe23+ 302~ ;£ 2FeO|~ (8)

and to form the Fe03 oxianion. The presence of FeO| ions is supported by
the fact that Y Fe0O3separates at much lower supercooling from the melt.
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Activation energies for the ternary system are shown in Fig. 7 in the
form of equi-activation energy lines. In the solvent region the lines go almost
parallel with the straight lines of constant PbO content. This refers to the
concept that B2 3 and Fe2 3 decrease the conductivity of PbO in a similar
way. One can mention a sharp increase in activation energies above LPE
solvent composition that is probably due to polyion formation.

Using this oxianion model one can suggest a similar mechanism for Y203
solvation in the form of YO”- ions. The hypothesis is in good agreement with
electrocrystallization experiments [18].

Another problem is the geometry of oxianions. The valence electron
pair repulsion theory gives two versions: trigonal-planar and trigonal-pyrami-
dal configurations [19]. To find the real geometry is far from our present pos-
sibilities.

The oxianion model has some consequences for the nature of the surface
integration step, too. To understand the role of this reaction let us compare
the coordination of metal atoms in the melt and in the crystal. The supposed
trigonal-planar or trigonal-pyramidal geometry of the oxianions in the
melt differ substantially from the octahedral coordination of metallic ions in
the garnet crystal — as is known from X-ray diffraction measurements. This
means that the torsion of bond angles during the integration is unavoidable.
The formal equation prescribes bond breaking, too:

3Y03 + 5Fe03~= Y3Fex 12+ 12 02*. 9)

This equation does not, of course, correspond to the real mechanism because
of the low probability of coexistence of the large number of negative ions at
the same place. However, it isuseful to draw attention to the problem of O2-
accumulation and to its transport from the surface.
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INDUCED STRIATIONS IN LPE GARNET LAYERS

By
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At a given chemical composition of a solution the composition of the deposited material
depends on the growth rate. Therefore well defined changes of the growth rate can be used to
prepare single crystals or LPE layers with defined changes of the composition. In the case of
garnet single crystals the growth rate has been modulated by the variation of the undercooling
to generate induced striations, which are a tool in investigating and optimizing the growth
process in high temperature solutions. During the course of liquid phase epitaxy experiments
(LPE) of garnets the variations of the growth rate were produced by changing the rotation
rate to generate a layered structure. By measuring the thickness of the layers optically one
gets the dependences of the growth rate as a function of the time, rotation rate, and under-
cooling by one experiment with one substrate in each case.

Based on the work of Levinstein et al [1] and Giess et al [2] the
isothermal LPE dipping method with axial substrate rotation plays the domi-
nant role in growing epitaxial garnet films on nonmagnetic substrates for
applications in the microwave and memory technique. Besides this technical
importance, the same technology is excellently suitable for studying both the
elementary processes in the course of crystal growth and the relation between
crystal growth, the real structure, and properties.

In this paper the possibility will be shown of measuring of the growth
rate economically and exactly on the basis of induced striations in epilayers,
the growth rate being one of the most important parameters of all problems
linked with crystal growth.

Using the diffusion boundary layer approximation the steady state
growth rate vin the solvent-solute binary system is given for diluted solutions by

D
V—— (1)
cs
represents the integral resistivity

deft _ d 1
D D K

(2)

which contains the transport (O/D) such as convection, diffusion and interfacial
processes (l/k) such as desolvation, adsorption, surface diffusion, incorpora-
tion. The meaning of symbols is explained in the list at the end of the text.

The so-called diffusion boundary layer thicknes 6 (see Fig. 1) is propor-
tional to the negative square root of the rotation rate (O~ r~112 according
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X'=X+vt

Fig. 1. The solute concentration c in front of the growing interface (x > 0) and in the solid
state (x < 0)

to Levich [3] and Burton et al [4]. The kinetic coefficient k is defined by
mass conservation (see Fig. 1)

D = Uc, - ce). 3)
0
The composition of the solid state is given by the composition of solute
and by the growth rate. At constant solute composition variations of the
growth rate can be accounted for according to Eqs. (1) and (2) by
(i) changes of the effective driving force (cL — ce)
(ii) changes of the hydrodynamical conditions or, strictly speaking, variations
of the rotation rate in the case of LPE films.
For ideal solutions the relation between the driving force expressed in concent-
rations (cL — ce) = zlc and in temperatures (TL — Te) = ZIT is defined by
the solubility curve in the mathematical form

Ac="-AT, (4)
2

AN
RT
where @ is the activation energy of solution. Eq. (4) is well fulfilled in high
temperature solutions for the growth of garnets. ® is the sum of the binding
energy of growth units and the interaction energy of solute with solvent mole-
cules.

In the case of garnet single crystals grown by the slow cooling method
quick variations of the growth temperature result in variations of the garnet
composition which were revealed on crystal slices by chemical etching and
called induced striations. The scheme of the experimental arrangement of our
slow cooling experiments with the induced striation generator (programmer 2)
is shown in Fig. 2. With the help of these induced striations as presented in
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temperature controller set

Fig. 2. Scheme of the experimental arrangement for crystal growth experiments by slow cooling

r
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Fig. 3. Cooling program and induced striations in a Ga substituted Y IG single crystal (optical
micrograph of a chemically etched slice)
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Ctip in pull out
Fig. 4. Substrate rotation rate r versus time t and induced striations in a (YSm)3(FeGa)s0 12
epilayer on {111} GGG (optical micrograph, chemically etched); supercooling
AT= (18 £+ 1.5) K

Fig. 5. Growth rate v* normalized to 1 K undercooling of (YSm)3(FeGa)s0 12 films (X) and
of a multilayer () grown on {111} GGG as function of the square root of the rotation
rate ruz
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Fig. 6. Temperature T of the high temperature solution, rotation rate r of the substrate, and
growth rate v of a multilayer as function of time t
TL: liquidus temperature; r = 0 rpm corresponds to reff= 5rpm given by thermal convection.

Fig. 3 we have investigated quantitatively the growth processes during garnet
single crystal growth [5, 6]. A review [7] will be published elsewhere.

In the case of garnet epilayers induced striations as shown in Fig. 4
were generated by quick changes of the rotation rate [8]. The advantage of
this method is that the transient time for changes of the rotation rate as well as
for the formation of the diffusion boundary layer

o7
Dy2 ®)

is in the range of seconds which was experimentally confirmed by Davies
et al [9]. Using typical values & 3 «10-3 cm for r = 150 rpm and
D = 210 6cm2s we get rt® 05 sfory = n- yisequal to n for very large
kinetic coefficients (kK —moo) and jr/2 forvery large rotation rates (r —»o00) [lO].
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The relaxation time for solute exhaustion [5]
r2 (6)

is in the range of some hours. For typical values ée(jD ~ 1.5 « 103 s/cm,
V = 70cm3 and F = 2cm2we get T2~ 15 h. Thatis why the growth rate of
LPE films for atomic rough interfaces, as {111} in the garnet system, is nearly
constant for dipping times ~ 30 min if the growth temperature does not vary
remarkably.

Using a rotation program with different rotation rates separated by
induced striations we measure the growth rate as a function of the rotation
rate by one experiment with one substrate (see Fig. 5).

If we combine the LPE dipping technique with a cooling one [11] as
presented in Fig. 6 Eg. (1) can be written as

where bis a constant cooling rate and t is time. The layer thickness which is
marked by induced striations is

b= « -2, (8)

Fig. 7. Layer thickness h measured by induced striations as a function of time square t2 for
1 (X) (YSmCa)3(FeGe)s0 12 and 2 (©) (YSm)3(FeGa)s0 12 garnet on {111} GGG substrates;
cooling rate b = 0.34 Kjmin (1) and 0.45 K/min (2)
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Fig. 8. The surface kinetic coefficient k of vicinal faces of {111} as a function of the vicinal
angle a for two (YSm)3(FeGa)s0 12 samples

as shown in Fig. 7. From the slope of the h(t2) curves we calculate C and thus
relation between growth rate and undercooling.

Knowing C we get the integral resistivity &{UD. In the case of garnet
substrates oriented in {111} the kinetic coefficient is in the order of 10-2 cm/s
and the integral resistivity is equal to the resistivity of mass transport (6ef(/l) =
= d/D) as is shown by the linear dependence of the growth rate on the square
root of the rotation rate in Fig. 5.

By further experiments with other orientations as e.g. vicinal faces of
{110} in the garnet system we have measured kinetic coefficients [12, 13]
plotted in Fig. 8. These measurements form the basis for studying elementary
reactions of the interface which is the aim of our work.

List of symbols

b constant cooling rate

C parameter defined by Eqgs. (1) and (4)

ce equilibrium concentration of solute (g/cm3
g interfacial concentration of solute (g/cm3)

15% Acta Physica Academiae Scientiarum Hungaricae 47, 1979



226

P. GORNERT and S. BORNMANN

bulk liquid concentration of solute (g/cm3)

solid state concentration of solute; mass density (g/cm3
diffusion coefficient of solute

surface of the substrate
epilayer thickness

kinetic coefficient

rotation rate (rpm)

gas constant
time
temperature (K)

undercooling (K)

growth rate

volume of the solution

moving space coordinate

nonmoving space coordinate

angle characterizing transport and interfacial processes
diffusion boundary layer thickness

effective diffusion boundary layer thickness

activation energy of solution

relaxation time for the formation of the diffusion boundary layer
relaxation time for solute exhaustion

REFERENCES

H. J. Levinstein, S. Licht, R. W. Landorf and S. L. Brank, App| PhyS. Letters, 19,
486, 1971.

E. A. Giess, J. D. Kuptsis and E. A. D. White, J. Crystal Growth, 16, 36, 1972.
V. G. Levich, Acta Physicochem. USSR, 17, 257, 1942.

J. A. Burton, R. C. Prim and W. P. Stichter,J. Chem. Phys., 21, 1987, 1953.
P. Gornert and G. Wende, phys. stat. sol., (a) 37, 505, 1976.

G. Wende and P. Gornert, phys. stat. sol. (a) 41, 263, 1977.

P. Goérnert, to be published.

P. Gornert, S. Bornmann, F. Voigt and M. Wendt, phys. stat. sol., (a) 41, 505, 1977.
J. E. Davies, E. A. Giess and J. D. Kuptsis, Mater. Res. Bull., 10, 65, 1975.

R. Gnhez and E. A. Giess, Mater. Res. Bull., 8, 31, 1973.

P. Gornert and S. Bornmann, Kristall und Technik, 13, K 41, 1978.

R. Hergt and P. Gsrnert, phys. stat. sol., (a) 46, 427, 1978.

P. Gornert and R. Hergt, phyS stat. sol., (a) 47, 99, 1978.

Acta Physica Acadetniae Scientiarum Hungaricae 47, 1979



Acta Physica Academiae Scientiarum Hungaricae, Tomus 47 (1—3), pp. 227—232 (1979)

CZOCHRALSKI-TYPE CRYSTAL GROWTH SYSTEM
DEVELOPED AT THE CENTRAL RESEARCH
INSTITUTE FOR PHYSICS

By

F. Tobisch

TECHNICAL DEPARTMENT, CENTRAL RESEARCH INSTITUTE FOR PHYSICS, HUNGARIAN ACADEMY
OF SCIENCES, BUDAPEST, HUNGARY

An equipment for Czochralski-type crystal growth has been built in order to produce
the basic material of bubble domain memory research carried out in the Central Research
Institute for Physics.

The main technical data, construction of the different units and their functions are
reported from the point of view of engineering.

Monocrystal substrates of various sizes are needed as basic material for
the bubble domain memory research in progress at the Central Research
Institute for Physics. A technological base for the production of such sub-
strates has been elaborated at the Institute.

The substrates are made from the slices of monocrystal rods. The crystal
rods are produced by Czochralski-type crystal pulling [1—2].

An equipment (Malvern Co.) had been purchased by the Institute to be
used for the routine growth of crystals I''x 4 " in size.

As the next step crystals of 2" in diameter had to be grown, which
required a larger equipment.

Three ways could be considered in order to acquire the larger equipment:

— to buy the complete system

— to buy only some units and to develop and build the rest

— to build locally the complete equipment.

Our own capacity for development and building proved to be insufficient
for the installation of the complete equipment. Thus, it was decided that some
units would be purchased, while the assembly and the incorporation of other
required elements would be carried out at the Institute.

The equipment consists of the following main units (Fig. 1).

1. Mechanical unit — the driving mechanism to provide for the movements
needed for growth

2. Work chamber — to provide for the atmospheric conditions of growth

3. Balance chamber — to house the balance weighing the crucible

4. Mechanical frame — to hold together the different units
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cooling water 1 Mechanical unMF generator
power supplies A.C. 50Hz 2. Work chamber Control and switching unit
10kHz connection 3.Balance chamber
cables of control system Mechanical frame
vacuum pipes 5 Vacuum system
Fig. 1
5. Vacuum system — to provide for vacuum, if required
6. Generator — to provide for the growth temperature

7. Control and switching unit — to regulate and protect the process of growth.

The units are connected by power and low power cables, and by water
and air conducting pipes.

The equipment is suitable for pulling Czochralski-type 2" diameter 12"
long single crystal-bull, in vacuum or protective gas atmosphere.

The operational conditions are the following:

power supply 3 X 380/220 V max. 50 kW, 50 Hz
cooling water max. 50 litre/min 25 °C
heating water min. 5 litre/min 60 °C
compressed air max. 5 litre/min 30 °C 6105 Pa

pressure free water outflow

Fig. 2 shows the assembled equipment. The generator, the mechanical
unit and the electronic balance were acquired commercially while the rest was
built in our workshop.
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Description of some of the units:
Mechanical unit

Fig. 3 shows the mechanical unit. It was bought along with the controller
from the Leybold—Heraeus KG. (FRG). According to the Czochralski
system the pulling rod rotates and moves in the axial direction. It is water-
cooled and 20 mm in diameter. It can move 300 mm in the direction of pull,
at a speed which can be set continuously from 0.2 to 100 mm/hour. The rota-
tional speed is also continuously variable from 0.2 to 125 rpm. Both movements
are electronically controlled to an accuracy of +0.5% . The fast speed can be
raised from 50 to 30 000 mm/hour. Manual control is not provided for.

Work chamber

It is a double-walled, water-cooled, horizontally positioned cylindrical
vessel. Its front lid can be opened. It has 6 non-water-cooled joints, 4 of 40 mm,
and 2 of 10 mm in diameter as well as 4 double-walled main flanges. The upper
flange can be connected to the mechanical unit while the lower one, which is
connected through an adapter to the balance chamber, serves also for support-
ing the vessel. The 200 mm diameter flanges on the right and on the left side
can be connected to the vacuum pump and the power supply, respectively. The
water-cooled connector to the power supply is of special design for the elimi-

Fig. 2

Acta Physica Academiae Scientiarum Hungaricae 47, 1979



230 F. TOBISCH

Fig. 3

nation of drift current losses. The chamber can be observed through 2 cooled,
shielded windows with polarizers.

The lid is provided with quick locks, the chamber with a spring safety
valve which acts as a safety valve for growth under overpressure and as manu-
ally operated air inlet valve in the case of operation under vacuum pressure.

Dimensions : inside diameter 490 mm, outside diameter 560 mm, width
900 mm, depth (length) 850 mm, height 1060 mm, mass (empty) abt. 300 kg.

Balance chamber

A stainless steel vacuum chamber is provided for the balance. The balance
can be shifted in the x, y directions by +5 mm and set in the axial directions
of the pulling rod to an accuracy of 1/100 mm. The weight can be read through
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a large-sized window. The heat generated in the balance chamber is dissipated
by a separate cooling circuit. The front and rear lids of the chamber can be
opened by quick closing clamps. The electrical leads are introduced into the
chamber through 3 current leadthrough with 21 poles.

Dimensions: width 450 mm, length 900 mm, height 360 mm, mass abt.
50 kg.

The crucible with the melt is weighed by a Mettler P15 type electronic
digital balance to an accuracy of 10“3 N up to 150 N. The output signal of the
balance is fed to the computer which controls the growth.

Mechanical frame

It holds the mechanical unit, the work chamber, the vacuum system,
the balance chamber and the water distributor main in a fixed rigid position.
Moreover, it absorbs the vibrations of the crystal puller. It consists of an
angular base with a screwed-on tubular column to which the movable table
and the consol supporting the mechanical unit can be fixed. The base frame
can be moved on 4 rollers or propped up on lowered stands. The mechanical
frame is of a welded construction, built with regard to adequate load capacity
and to absorption of vibrations.

Height and position of the work chamber, the mechanical unit and the
balance chamber can be set at will.

Dimensions: width 1350 mm, length 1350 mm, height 2500 mm, mass
abt. 800 kg.

Vacuum system

It is a system of 200 mm in nominal diameter suitable for the generation
of low and high vacuum. The forevacuum is produced by a rotational fore-
vacuum pump, the high vacuum by water cooled-, and liquid N2 traps and
by oil diffusion pump. The system contains, in addition, electromagnetic valves
(2 of 40 mm in diameter and 1 of 10 mm in diameter) and a 200 mm diameter
electropneumatic valve protected from radiative heat by a water-cooled screen.

The vacuum system is controlled from a special control panel while the
vacuum is being measured by use of a Tungsram (Hungary) product Pirani
and Penning-type intsrument.

The vacuum equipment is made from stainless steel.

The final vacuum which can be achieved without warm water heating,
with liquid N 2is at least 1.33 «10“3 Pa as measured at the 200 mm diameter
valve.

Generator

The induction generator is a rotating type purchased from the EMA firm
(FRG). Its power output is max. 40 kW, frequency 10 kHz. The cooled electric
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conductor connecting the generator -with the vacuum chamber deserves closer
attention because its geometrical dimensions form along with the induction
coil of the chamber a terminal resistance matched to the generator. Cooling is
needed for the high current densities.

Cooling water system

The water distributor and the out-flow tube are mounted on the rigid
frame. The separate cooling-tapwater currents are protected from pressure
failures by flow indicators.

Programmer and controller unit

This unit has also been developed at the Institute, however, as this
work does not belong to the field of mechanical engineering, here it is to be
noted only that individual blocks are provided for the electronics of the
vacuum system, the generator and of the programmer-controller units.

The equipment is operated at the Solid State Research Institute of the
Central Research Institute for Physics [3]. According to the present require-
ments, work is in progress to elaborate a system for the growth of 3" size
crystals on the principle of the described equipment so that also the mechanical
unit will be built at the Institute.
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THE GROWTH OF TWO INCH DIAMETER
GGG CRYSTALS

By

J. PalTZ and L. GoSZTONYI

CENTRAL RESEARCH INSTITUTE FOR PHYSICS, HUNGARIAN ACADEMY OF SCIENCES
BUDAPEST, HUNGARY

The economical, technical and scientific aspects of the growth of two-inch diameter
GGG crystals are discussed.

Introduction

The test whether a crystal is of practical use, is a long and complicated
procedure. First, it has to be shown that the crystal properties have practical
value and some kind of device can be made from the crystal. Secondly, it has
to be pointed out that the fluctuation in the production does not influence the
application or the crystal can be grown in device quality reproducibly. Thirdly,
it must be proved that the crystal can be produced in large sizes and quantities
which makes the production economical. The first and second question can be
answered with small crystals on laboratory scale. In this paper, before dealing
with the growth of large crystals, | want to touch a little bit closer the economy
aspects of growth because this leads us to the answer of the third question.
Not too much is published on these problems, perhaps because the costs of
crystal production in general are only a smaller part of the endproduct.

Economy aspects

No matter what the actual crystal is, a crystal which is applied for an
electronic device, the so-called electronic crystal, undergoes the following gene-
ral procedure. After the crystal has been pulled there are five further steps in
the production. The crystals are crystallographic oriented by X-ray or optical
methods, slices are cut mainly by diamond saw. These slices are polished, epi-
taxial films are grown on the surface, a structure or electrodes are evaporated
or sputtered on the surface. Finally, chips are cut from the plates. It can be
shown that the larger the crystal the smaller the costs/chip. Table | shows
howr the time depends for every single step on a characteristic length of the
crystal (here it is supposed that length and radius are proportional, which is
generally true). It is obvious that by increasing crystal dimensions the work-
ing times decrease at least linearly. This is the stimulation for a crystal grower

Acta Physica Academiae Scientiarum Hungaricae 47, 1979



234 J. PAITZ and L. GOSZTONYI

Table |

Time dependence of various worksteps vs
linear dimension of the crystal

time/chip
Workstep reverse
proportional to

Growth L2
Orientation L3
Cutting L
Polishing L2
Epitaxy L2
Dicing L

to pull larger and larger crystals even if the price/crystalkilogram does not
change. Another analysis would show that for large crystals the price/kilo-
gram may even decrease.

GGG crystals

From its very beginning in 1970, bubble technology based on rare-earth
iron garnets has required substrates of high crystalline quality. The initial
crystals grown for use as substrates were typically 2 cm in diameter and 4 to
5 cm in length. As the film growth technology developed the requirements for
the internal quality of the substrate increased and as the bubble technology
has propagated from research stage into pilot plant operation, the need for
larger diameter substrates has developed. Typical quality requirements today
are <T defect/cm2 and a diameter of at least 2". Table Il summarizes the
advantages of the increase of size, together with the requirements from the
point of view of bubble devices. The total number of permitted defects is given
for the various diameter substrates assuming the defect density to”"be less than

AljOj tube

fixing

Pt (50 yum) GGG seed (5 mm)
< HI >
Fig. 1. Fixing the seed in seedholder
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Table 11
Number of defects and usable area for GGG substrates

: Sub Usable Total

Sub diameter area (cm? sub. area % defects
25 mm (1) 5.07 3.60 71 3
32 mm (1.25") 7.92 6.05 76.4 6
38 mm (1.5") 11.40 9.13 80 9
50 mm (2") 20.27 17.2 85 17
75 mm (3") 45.60 40.9 9% 40

1/cm2. It should be noted that the defect count includes both material and
polishing defects. Thus, the actual material defects required to meet the
above specification are in the range of 0.4 to 0.6 defects/cm2

The use of large diameter substrates also allows for the more efficient
use of the substrate surface, i.e. the precentage of usable surface area is larger.
For comparison Table Il includes even the 3" diameter crystal.

Scaling

Because of quality problems mentioned above, the growth system had
to be designed so that the results obtained in 20 mm diameter growth could
be duplicated in 2" diameter growth. Scaling factors which are believed to
have a major influence on the crystal growth process and which were justified
recently by Brandile are: 1) crystal diameter/crucible diameter ratio,
2) crucible diameter/height ratio, 3) growth rate, 4) rotation rate, 5) physical
dimensions of the furnace. Once one of these parameters has been fixed, all the
others can be scaled accordingly.

For smaller GGG crystals the general rule of thumb is that the crucible
diameter should be about twice the crystal diameter. Therefore, a crucible
diameter was selected for 2" diameter growth so that the crystal diameter/
crucible diameter

R r crystal

R crucible

was in the range to 0.5 of 0.4. Furthermore, as has been pointed out by others
[1], the crucible aspect ratio
. H crucible
A= e P
jR crucible
should be approximately unity. This value of the aspect ratio for the crucible
is a good compromise between the large melt volume, (i.e. maximum crystal
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length) and thermal convection. In our experiments with 22 mm diameter
GGG crystals it was pointed out that thermal conditions, that is the thermal
isolator system and the position of the crucible in RF coil, must assure a free
thermal convection throughout the growth. When the vertical thermal gradient
in the crucible, which produces a free convection in the crucible, drops to a
minimum the condition for plane growing interface can he preserved no longer.
On the other hand with high aspect ratio due to the vertical gradient the
melt is strongly overheated during the starting period of the growth.

The actual growth rate which can be sustained by growing crystals
without interface breakdown is a strong function of the many physical para-
meters are of the growing system. If these physical parameters are scaled so
that the ratio of the smallto the large system is constantthen the larger system
should be able to sustain the same growth velocity as the small system. The
actual time averaged growth rate of the crystal is a function of the crucible
diameter, the ratio of the liquid to solid density and the crystal diameter. It
is given by

K- D\’

where h = actual growth rate (cm/hr), P = pull rate (cm/h), R = crucible
diameter (cm), Kk = ratio of the liquid to solid density, rc = crystal diameter

(cm)/.Thus once D = F{<:rystal has been)lsetvthe value of P can be calculated,
-~crucible
using as a basis the value of h, obtained in the smaller system (for 22 mm

diameter crystals). In this manner one can be assured that the actual growth
rate of the crystal has been maintained constant in the scaling process.
Recently, it has been shown that the meltback diameter of a GGG
crystal can be related to the temperature gradient, rotation rate, crystal
diameter and the crucible diameter [2, 3]. If the thermal system is designed
to produce the same thermal gradient, then Carruthers’ relationship can be

Table 111
Growth parameters for GGG substrates

0 22 mm 0 50 mm
Growth rate 0.7 cm/h 0.7 cm/h
Rotation rate 55 RPM 22 RPM
rc/R 0.4—0.5 0.4—0.5
Melt mass 0.45 kg 5 kg
Crystal weight 250 g 2 kg
Length 120 mm 150 mm

Acta Physica Academiae Scientiarum Hungaricae 47, 1979



THE GROWTH OF TWO INCH DIAMETER GGG CRYSTALS 237

Fig. 2. Sketch of thermal setup for GGG growth

used to obtain the correctrotation rate necessary to produce interface inversion.
A summary of the typical values for the growth of 22 mm and 50 mm crystals
is given in Table Ill. Note that with the exception of the rotation rate all
other parameters mentioned above have been scaled to produce the same value.
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Starting material

The starting material was the same as for small crystals. Both Ga20 3
and Gd20 3 were of 5N purity. They were fired at some 1000 °C to remove
traces of water. The oxides were mixed in a ball-mill with a ratio of congruent
composition. For small diameter crystal growth the shift in the crystal com-
position away from the stoichiometric composition was obvious. Typical
weight losses due to the evaporation of Ga20 3in the melt were sufficient to
shift the liquid composition from the stoichiometric to the congruent compo-
sition and even further out of the garnet phase. For a large crystal the melt
to surface ratio is more favourable and the amount of loss is not sufficient to
compensate for the difference between the stoichiometric and congruent com-
position. Therefore it is necessary to shift the starting melt composition away
from the stoichiometric towards the congruent composition, in order to main-
tain a uniform lattice parameter over the entire crystal length [4, 5].

Another difference in the preparation of starting materials for large
and small crystals is that after mixing and pressing tablets they have to be
fired again. The charge for the big crucible is some 10 times more than for the
small one and during the mixing and storing the absorbed water produces a
considerable water concentration in the growing atmosphere, which leads to
the cracking of the crystals.

Furnace

Although a bigger system was designed and built for pulling the large
crystals [6] the first experiments were made in the Metals Research MSR 5
system. Seed of 5 mm diameter was cut out from a perfect crystal. It was
inserted in an alumina tube with 50 y platinum foil between the seed and
the tube to prevent solid state reaction of the two different oxides (Fig. 1).

An iridium crucible of 100 mm in diameter by 100 mm in height and of
3 mm wall thickness was used. The starting material weighed 5 kg. The
thermal setup is shown in Fig. 2. The whole setup was supported by a stainless
steel disk and tube which was fixed to the electronic balance. The alumina
crucible turned upside-down and the alumina ring served for the thermal
insulation as well as support of the whole system. The crucible is covered by
an iridium afterheater ring to reduce radiation loss of the free melt surface.
W ithout this ring an unreasonable amount of power is needed for melting
the entire charge of the crucible. The second afterheater is made of Pt—Rh
alloy sheet which was mounted in a magnesia holder. The whole thermal
setup was designed with the growth requirements in sight, on the other hand
keeping the total weight of isulation crucible charge system below 10 kg (the
maximum load of the balance is 10 kg !).
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Growth

The whole growth procedure from dipping the seed to the heat treatment
of the grown crystal is made under automatic control. The growth starts with
extension of the seed that is acylindrical crystalis grown with a diameter equal

T8
Fig. 3. 2" diameter GGG crystal

to the seed and 20 mm long. The extension can be grown at a rate of 7 mm/h
and is enough for the dislocation to grow out, which can form at the seed crystal
junction. The pulling rate is then slowed down to 3 mm/h and the diameter is
increased to the nominal value. The decrease of the pulling rate is necessary
to avoid interface breakdown in the central part of the crystal associated with
the highly convex shape of the interface [7]. The rotation rate is constant
during this period and is set to 30 rpm which is a little hit higher than that
belonging to the inverison given in Table Ill. This is very important to avoid
interface instability after the inversion occurred. Reaching the nominal dia-
meter the pulling rate can be increased to 5mm/h (this correspondsto a growth
rate of 7 mm/h) and the rotation is slowed down gradually to 22 rpm during
a period of 4 hours. Fig. 3 shows a GGG crystal of 50 mm in diameter weigh-
ing 1.6 kg.
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BUBBLE FILMS GROWN ON CALCIUM-
GERMANIUM-GALLIUM GARNET
(CGGG) SUBSTRATES

By

V. SmOKIN and Ju. StAROSTIN
IECM, MOSCOW, USSR

The paper deals with the growing of (SmLuCa)3(SiLuFe)d0 12 films on substrates
CGGG, with the phase balance, growth kinetics and its influence on the magnetic properties
of the films.

CGGG as a substrate due to its low cost is much better suited for magne-
tic bubble films than traditionally used GGG. But the properties of the first
bubble films (LuCa)3(SiLuFe)50 12CGGG [1] appeared to be unsatisfactory
for practical use due to low values of the uniaxial anisotropy constant
K<2-103erg/cm3 and Curie temperature (Tc < 150 °C).

This paper deals with: 1) growing (SmLuCa)3(SiLuFe)50 12 CGGG films
with orientation (iii), containing bubbles with operational diameter d=5 : 2 urn
and parameters, satisfying memory device requirements; 2) phase balance
study, growth kinetics and its influence on magnetic properties of the films;
3) choice of a simple strategy of growing a set of films with identical character-
istics; 4) probable direction of getting films with better parameters.

Films were grown by conventional dipping techniques from the PbO —
B 20 3 solution (weight of melt is 250 g, substrate diameter —20 25 mm).
The composition of the films was determined by micro-X-ray-spectral
analysis. Stoichiometric relationships for the garnet were obtained from the
values of Tc, magnetization 4>nM, lattice parameter a and data for bulk mate-
rials taking into account the not too high accuracy of the determination of
the contents of the light elements (in our case Ca and Si) and also a consider-
able probability of introducing lutetium into octahedral sites.

As it follows from the obtained data the substitution of one formulae
unit of iron for lutetium results in increasing the lattice parameter of the film
Uj on the average by 0.18 A. Within the limits of the error of measurement
(+ 0.05 f.u.) charge compensation between two and four-valent ions has taken
place.

The stripe domain width W, bubble collapse field H n, Curie temperature
Tc, uniaxial (K) and magnetocrystalline (Ki) anisotropy, coercivity Hc were
measured by magnetooptical methods; bond method, interference method and
Velio—Coleiro method were used for measurements of the lattice spacings of
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the films (aj) and the substrates (ac), film thickness (h) and domain wall mobi-
lity (jU0), respectively. Saturation magnetization 4?rM was calculated from
the values Hti, W and ft

The main melts A, B, C for growing LPE films with bubble diameter
d = 5, 3and 2 fim are characterized with the following molar ratios constitut-
ing oxides [2] RJ= 28; R2= 0.120-0.15; R3= 10.4; K4= 0.165; fi3=
= 1.15; Rsm= 0.037-0.065.

The border of crystallization between the phases garnet-magnetoplumbit
isin R3= 35 region for a melt homogeneized at 1120 °C, for 12 hours and stir-
red. Without stirring the melt exfoliation is taking place and the phase border
moves to R3= 30.

Note that the values of RI (i.e. the iron to rare earth ratio) is increased
and the value of the Pb0/B 20 3ratio R3is decreased in comparison with the
usually published values for lowering the octahedral lutetium content and
introducing of the samarium.

Table |

Composition and parameters of magnetic bubble garnet films grown from different melts (A, B, C)
A(SmoiosL uliseCaoigg)(SioigsL uoiosFe398)O12
B(Smo ogL u198Cao 93)(Sio 93Luo 05Fej 02)O012
C(Smo 12L u2jo2Cao 84)(Sio 84L uo 03Fe417)0 12

Symbols :

Parameter A B c
li, f/,m 5.29 2.90 2.05
iv, fim 5.40 2.95 1.85
HO, Oe 94 158 212
4a9M, G 189 306 394
rc°C 189 199 208
2.12 2.27 2.35
cm
K 40 - cﬂm 10.0 16.9 18.0
K‘—10—3,"i1 3.7 3.0 4.3
tm-*
9 6.3 45 2.9
Hc, Oe 0.25 0.35 0.55
of, A 12.2457 12.253 12.2584
in
17 10 7.5
|°” sec « Oe

L film thickness, w stripe domain width, HO bubble collapse field, 4¢M magnetization,

Tc Curie temperature, A exchange coefficient, K uniaxial anisotropy constant,

cubic aniso-

tropy constant, q quality factor, Hc coercive force, ay film lattice parameter, /ro domain wall

mobility
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The typical compositions and parameters of the films grown on CGGG
substrates are given in the Table I. The parameters given in the Table | closely
meet the requirements of practical applications in magnetic memory devices.

Fig. 1. Dependence of the LPE film growth rate (/) from the melt A on the rotation speed o»

and the supercooling AT = 7 °C (v), 13 °C (0) and 19 °C (A). The curves 1,2 and 3 are cal-

culated with regard to diffusion-reaction model for D = 4.3 X 10-~6 cm2sec and K = 5.4X
X 10-1 cm/sec

4MM G

Fig. 2. Dependence of the magnetization 4~rM on the supercooling AT for the films grown
from the melts A(2) and B(l)
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Fig. 3. Temperature program of growth for a set of films (a). The drift of the saturation tem-
perature Tsm— (b), anisotropy constant K — (c), magnetization 4:1/1/ — (d) and growth rate
f — (e) from film to film (N). a and « mark previously unstirred melt.

Contents of octahedral Lu is reduced by 2—3 times in comparison with data
in [1].

Fig. 1 shows the dependence of the growth rate for the melt A on
the rotation speed for the three supercooling temperatures AT = 7, 13 and
19 °C (curves 1, 2 and 3, respectively). The curves are calculatedin accord-
ance with the diffusion-reaction model with the diffusion coefficient of
D = 4.3xlI0~ecm2sec and K = 5.7 X10-4 cm/sec.

Fig. 2 shows the dependence of the magnetization 41rM on the supercool-
ing AT for films grown from melt A (curve 2) and from melt B (curve 1).
Here the speed of the lowering 4aM with the increase of AT is slower than
that for the yttrium garnets which is explained by the increased octahedral
lutetium contents.
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The drift ofthe saturation temperature Ts, growth rate /, magnetization
4jrM and anisotropy K were investigated in the process of growing a set of
films (Fig. 3).

The melt that was not stirred previously is characterized by three (I, II,
I11) and the one that was stirred by two (Il, Ill) separate regions. In region |
Ts is reduced by ~10 °C for the second sample due to stirring with rotating
substrates and gradual enriching of surface layers with lead oxide. In region
Il the rate of growth at constant temperature Tg slowly (linearly) reduces
due to irreversible reducing of Ts ~0.3 °C/sample. At the same time the mag-
netization practically does not change which can be explained by the fact
that garnet leaves the melt and there is only a weak dependence (Fig. 2). In
region 111 (as a rule after the 16th sample) Ts and / decrease exponentially,
4aM increases, K falls, which is connected with melt ageing and can be removed
with homogeneization at 1020 °C for 6 hours. After homogeneization a repeated
growing of series of films without melt correction is possible.

The magnetic quality factor g is less than 3 only at AT <; 6 °C and
f < 0.25 pm/min due to the reduced growth rate and a sharp deviation from
1 of the distribution coefficient of Sm related to Lu.

The apparent practical limit of bubble diameter d = 2 iini on substrates
CGGG (see Table I: aj,Hcand qg) can be reduced to 15 m as a result of
using Cd2+ and Nal+ instead of Ca2+. Previous information shows that films
Eu020 Lu205 CdO75 Si075 Lu0O Fe42i O:2 have the following parameters:
h= 17 pm; tv= 15 pm; Hn= 280 Oe; 4riM = 500 Gs; = 12.252 A.

On the other hand films (Bi Eu Lu Ca)3(Si Lu Mn Fe)50 12/CGGG with
orientation (110) being in compression (aj, — os)/a”~ 3 ¢ 10-:i with bubble
diameter of d = pm and showing orthorhombic anisotropy have been grown
giving exceptionally good dynamic characteristics [3].

The authors express their gratitude to Prof. K. P. Betov and Dr. B. V. Mir1e for their
kind gift of single crystals of CGGG and valuable advice and to M. |. Shypegin for measure-
ments of lattice parameters.
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PRECISE ADJUSTMENT OF MAGNETIC PROPERTIES
OF BUBBLE GARNET WAFERS BY ETCHING

By
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and
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Chemical etching in phosphoric acid was employed for postgrowth modification of
magnetic bubble domain collapse field (Jf0) of epitaxially grown (YSmCa)3(FeGe)s0 12 magnetic
garnet layers. The dependence of the etching process on the etching conditions, the etching
rate and the magnetic and surface features of the layers was investigated. It is possible to
achieve a pre-determined change in the collapse field solely by controlling the etching time
at a given temperature. For etching at 140 °C the etching rate is AHJAt = (0.500 £ 0.05)
Oe min-1 for a decrease in thickness 0.045 pm min-1.

Introduction

Magnetic garnet layers grown by the liquid phase epitaxial method have
four properties that determine the applicability ofthe layers for bubble domain
memories. For 5 pm domain applications the following values of these proper-
ties are required: thickness: h = (5 + 0.5)pm, collapse field of bubble domains:
HO= (100 ~ 1) Oe, period of stripe domains: p0— (10 + 1) pm, coercivity:
Hc< 0.5 Oe.

One of the most important magnetic properties affecting the device
performance is the collapse field, which must be controlled by the LPE growth
process. However, experience shows that in epitaxial films this parameter varies
from one layer to another, sometimes over a substantial range, even when the
film growth conditions are controlled to the utmost. The real values vary after
growth for 90.2% of our garnet films between 110 and 90 Oe. Modification
is not possible when the collapse field is less than 100 Oe, but we were success-
ful in finding a technique for modification when 101 < HO0% 110 Oe.

Thermal annealing is one of those techniques in which the collapse field
changes as a result of changing the saturation magnetization of the film. This
method is not suitable, however, for films containing Ge4+ ions, because of
the hindered redistribution of Ge4+ between tetrahedral and octahedral
positions.
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Chemical etching is a simple and rapid method for tailoring the collapse
field of existing films [1, 2, 3] because of the thickness dependence of the col-
lapse field [4]:

HO=f(h), (1)

JH 31
= 2
Hn= 41M 1+ ah 4 (2)

On changing the thickness, e.g. by etching, the collapse field change is:

AHO 4<nM  [31 M31
Ah 2h 1h PV
where 471M is the magnetization and | the characteristic length of the bubble
garnet film.
For AHO— 1 Oe, a thickness decrease of about 0.1 fim is required.

Experimental

Garnets are chemically stable materials. It is known [1, 5, 6, 7, 8] that
phosphoric acid or its mixtures with sulphuric acid can be used for rare earth
garnet etching but our experiments have shown that an etching mixture
containing H2S04 deteriorates. A great deal of precipitation took place which
increased with increasing sulphuric acid contents. We investigated mixtures
containing H2S04 at different temperatures, but these mixtures were unsuit-
able because in all cases sulphuric vapour was observed. This was not prevented
even by having kept the acid warm for thirty hours.

We also tried pure H3P 04 acid. We tried this at various temperatures
from 128 °C to 170 °C: we observed no precipitation and no colouring. For this
reason, in our investigations we used commercial 85% H 3P 04 with a starting
density of 1.7 g cm-3, as our etchant.

The etching apparatus was a thermostat containing 20 10f 87% glycerine
as the heating liquid. At temperatures above 160 °C, vacuum oil was used.
The amount of etchant was 150 ml, it was contained in a glass beaker.

The crystal to be etched was held in a platinum holder which could be
rotated during etching. The first stage in cleaning the crystals was by ultra-
sonic agitation in deionized water, this was followed by neutralization in 30%
KOH solution. Any orthophosphoric acid remaining on the layers was neutral-
ized by dint of neutralization.

The thickness of the magnetic garnet layer was determined interfero-
metrically, the collapse field was measured photoelectrically based on the
Faraday effect [9].
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Results

The rate of etching depends on temperature. For precise and reproducible
etching there is an optimum etching rate attainable at fixed temperature.
First, we had to choose a suitable temperature for etching. The etching process
is an endothermic one and when the temperature increases the speed of etching
increases, too. That temperature must be chosen which yields the required etch-
ing rate, the rate being checked by measuring the decrease in thickness of the
magnetic film. Phosphoric acid loses water on heating and polymers begin to
form in it. The equilibrium of polymerization is reached after a long period.
Etching probably results from the action of POjy ions, whose change is inver-
sely proportional to the change ofthe polymerization rate. In orderto reproduce
the same degree of etching we have to know the equilibrium state. On the basis

Fig. 1. Film thickness change (Ah) during chemical etching vs equilibration time (i). Etching
time: 20 min, rotation speed of the wafer: 98 rpm

Fig. 2. Film thickness change (Ah) during etching vs equilibration time (<). Etching time:
2 min, rotation speed 90 rpm
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Fig. 3. Film thickness change (Ah) during etching vs equilibration time (t). Etching time:
1 min, rotation speed: 90 rpm

of our experiments it turned out that the etchant must be maintained at a
chosen temperature for twenty four hours to reach the stationary polymeriza-
tion rate. This period was long enough in all of our experiments, these being
performed at 128, 140, 160 and 170 °C.

At 128 °C samples were taken periodically for 48 hours (Fig. 1). For
the first 24 hours until reaching the equilibrium the etching effects varied
considerably. After 24 hours we could get constant etching rates. In that the
activity of the phosphoric acid is not too high at this temperature, we had to
use an etching time of 20 min. For a 20 min etching time the thickness
decrease was 0.7 pm. This rate of thickness decrease was constant for the
next 24 hours. At 128 °C the speed of etching is 0.025 pm min-1.

The etchant was held at 160 °C etching temperature for 24 hours to reach
equilibrium. The etching effect increased in the first 20 hours and after that
it did not change. The higher the temperature the higher the etching effect,
so we needed only 2 min etching time for a measurable thickness change.
The speed of the etching at 160 °C is 0.25 pm min-1 (Fig. 2).

At 170 °C etching temperature the equilibrium was attained in ten hours
(Fig. 3). The speed of rotation of the crystals during etching was the same as
in the previous cases, but the etching time was only 1 min. After ten hours
the etching rate becomes constant, viz. 0.9 pm min -1.

Our experiments showed that the temperature of 128 °C is too low, thus
the speed of etching is too low. However, at 160 °C and at 170 °C etching is
too rapid. In view of this, it seemed that etching at 140 °C would be suitable.

The investigation was started with the etchant having been kept at
140 °C for 24 hours. The etching rate was determined by measuring the
etching time dependence of the thickness change (Fig. 4). The measured thick-
ness decrease was directly proportional to the etching time. The speed of
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4n

Fig. 4. Thickness decrease (Ah) of the epitaxial layer vs etching time (. /). Etching temperature:
140 °C, rotation speed: 90 rpm

Fig. 5. Collapse field change (AHO0) vs etching time (At). Etching temperature: 140 °C, rotation
speed: 90 rpm

etching was 0.045 /um min-1. The straight line showing the proportionality
was reproducible and the deviation from this line was found to he equal to
the error of the measurements. This investigation gave us the connection bet-
ween the thickness change and the etching time.

If the etching process caused deterioration in the surface of the as-grown
film, it could not be used. The surface features were investigated microscopi-
cally and by Tallystep control of the surface irregularities. The speed of rota-
tion of the crystals in the etchant was found to have a marked effect on the
surface morphology. With a slow rotation rate, etching was slow and the sur-
face became very rough. With faster rotation — for example 90 rpm — the
etching rate varied over awide range and was notreproducible. The best speed
of rotation at 140 °C was 27 rpm. On increasing the temperature the surface
roughness increased independently of rotation rate.
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The detailed investigation of the magnetic properties of the garnet layers

was started at this temperature. The change in thickness was proportional to
the change in the collapse field (3). Because our most important target was the
adjustment of the magnetic properties, we had to prove the validity of this
relationship and to establish the reproducibility of the collapse field change.

Table |

Change of collapse field along the surface of the LPE layer

H

ah

[Oef

(mm] 104 [0e] [Oe] (0¢] [Oe] [Oe]
0 110.4 109.4 1.0 108.4 10 107.3
2 110.7 109.6 1.1 108.6 10 107.6
4 111.2 110.2 1.0 109.1 1.1 108.0
6 110.9 109.8 1.1 108.8 10 107.7
8 110.5 109.4 1.1 108.3 1.1 107.2
10 109.6 108.6 1.0 107.5 1.1 106.3
D: distance along the diameter of the layer;
HO: original value of collapse field;
Hoim value of collapse field after first etching (2 min);
H 02, H 03: value of collapse field after second and third etchings (2 min);
AH values: changes in collapse field values between subsequent etchings.

Table 11

1.1
10
1.1
1.1
1.1
1.2

[Ce min-1]

1.0
1.0

Relationship between collapse field and film thickness of LPE layers grown in succession

t
[min]

2.5
5.0
7.5
10.0
12.5
15.0
17.5
20.0

Ah:
HO0:
HO:
AHO:

[//Er‘ri [XF"] [/@1 [58

4.5 4.4 0.1 114.0
4.3 4.1 0.2 114.7
4.5 4.2 0.3 1141
4.5 4.0 0.5 1141
4.6 4.0 0.6 114.9
4.8 4.0 0.8 114.5
5.1 4.2 0.9 114.9
5.0 4.0 10 114.9

etching time;

original thickness of layer;
thickness after etching;

thickness change;

original value of collapse field;
value of collapse field after etching;
change of collapse field.
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113.1
112.5
110.8
108.9
109.4
106.6
105.6
104.9

[Ce]

0.9
2.1
3.3
52
55
79
9.3
10.0

AP
[Oe /AM1]

9.0
10.5
11.0
10.4

9.2

9.9
10.3
10.0
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One ofthe LPE layers was analysed after having been held in the acid for two
minutes. This process was repeated three times for the same crystal. The col-
lapse field was measured at six distinct points along the diameter of the layer.
The changes were negligible bearing in mind the experimental errors (+ 1 Oe
in HOand +0.1 pm in h). We were able to prove that the collapse field alters
uniformly on the surface (Table I). The epitaxial garnet layers used in the
experiments for investigating the collapse field — film thickness relationship
were grown in succession and had nearly identical properties (Table 11). The
first etching time was 2.5 min: it was increased by 2.5 min for every successive
layer. Changes in the collapse field and the film thickness were measured
simultaneously at the same point of the film. In this way we were able to deter-
mine the change of HOand film thickness with time, i.e. the desired decrease
of the collapse field on decreasing the thickness:

All= AL 1
Ah At Ah/At ’

The change in the collapse field with time (Fig. 4) shows that the collapse
field and the etching time change in parallel, too. The equation of the straight
line was calculated by the method of least squares. Its slope is:

(0.500 + 0.05) Oe min"1,

for T = 140 °C and a rotation rate of 27 rpm.

W ith the help of this relation we can modify in a precise way the collapse
field by a predetermined value.

Our experiments have proved that a desired change in the collapse field
of a bubble memory garnet layer can be achieved very accurately by controll-
ing only the time of etching at a given temperature. The method is also applic-
able to smaller diameter bubble domain materials for which ultimate precision
is needed in controlling the collapse field. The technique can be adapted very
easily to multiwafer etching.
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MCMOMIb3OBAHME METOJA ATH(M) ANS U3MEPEHWA
TEMMEPATYPbl KIOPY HEKOTOPbIX MATMHUTHbIX
OKCUAHBbIX MATEPVAIOB

E. BEPEI'n
HAYYHO-UCCNEAOBATE/NIbCKUMN WHCTUTYT CBA3U, I. BYJAAMELWT, BEHIPUA
A. CTATUC v L TAN

MONNTEXHUYECKWWA YHUBEPCUTET, I'. BYQAMEWT, BEHIPUSA

V3naraeTcsi BO3MOXHOCTb UCMo/b3oBaHUs MeToda AT (M) 47151 usMepeHUst TeMMepaTypbl

Kiopy HEKOTOpbIX MarHUTHbIX OKCUAHbLIX MaTepuasioB. Bbinn PacCMOTPEHbI CledytoLline Be-
Lecrea:

Y3Fe5 xGax0 12 rore x=0;04;0,67;09; 13
'AFed-x->'Ua*Scy01, rpe X=0,8;y = 0; 0,11;0,18; 0,4.

W3mepeHHble MeTogom ATT (M) TemnepaTypbl Kiopy 6b11 cpaBHEHbI C T c, NOMyYeHHbIMA 00bIY-
HbIM METOAOM 3KCTPANONALMN KPUBOW 4n M s(T), C/IMTEPATYPHBLIMU JaHHBIMA U C PACUYETHBLIMM T ¢,
MO/yYeHHbIMM  MCMO/b30BaHNEM PaCcYeTHON OpMy/bl Tc, MPEACTaBMEHHON CTaTUCTUYECKON
Teopveli Girtteo. CaenaH BbIBOA, YTO METOS MOXHO PEeKOMEHAO0BaTb /15 GbICTPOro M Hagex-
HOr0 W3MepPeHUs Tc, 415 MOMydeHUss MHKopMaLym 06 OAHOPOAHOCTM WCCNEAyeMbIX MarHuT-
HbIX CUCTEM 1 YTO OH 0CO6EHHO BaXKEH MPY UCCEf0BaHNM MHOMO(a30BbIX MarHUTHBLIX CUCTEM.

B paHHO/ paboTe wu3naraeTca BO3MOXHOCTb MCMO/1b30BaHUA MeToAa
AT (M) ana nsmepeHus TemnepaTypbl Kiopu HEKOTOPbIX MarHUTHbIX OKCUAHbLIX
MaTepuanos. bbinv pacCMOTPeHbI CrefytoLLne BellecTBa:

Y 3Fe5 xGax0 12 roe  X= 0; 04; 0,67; 0,9; 1,3

Y3Fe5 x yGaxScy0 2 rgpe  x= 0,8; y= 0; 0,11; 0,18; 0,4

TemnepaTypa Kiopu, Kak W3BECTHO, OA4HO M3 OCHOBHbIX CBOWCTB, XapakKTepu3y-
oLmMX theppomarHMTHble BellecTBa. OHa A0BOSIbHO YyBCTBUTE/IbHA K CTPYKTYPHbIM
N KOMMO3ULIMOHHBIM U3MeHeHUsIM. B pe3ynbTaTe 3TOro M3mepeHuss Tc MoryT 6bimb
MCNoMb30BaHbl 418 ONpefeneHns N NAeHTUPMKALUN PasnyHbIX MarHUTHbIX (a3 B
MHOrog)a3soBo CUCTEME.

Temnepatypa Kiopu paccmatpuBaeMbix mMaTepuanoB Oblia M3MepeHa Me-
Togom ATI (gudpdhepeHUMabHbIA TEPMOrpaBMMETPUYECKUI aHann3) B MarHuT-
HOM MoJie. JTOT MeTof, paspaboTaH B TepmonabopaTopun MoAnTeXHUUYECKOT0 YHU-
BepcuTeTa r. byganewiTa.

Kak wusBecTHo, OTI npeacTaBnseT coboi MeTo4, C MOMOLLbH KOTOPOro
MOXHO PerucTpMpoBaTb M3MeHeHUS Beca BeLLeCTBa C M3MEHEHVEM TeMMepaTypbl.
Tak nony4alT KpYBYH B KoOpAuHatax Bec-Temnepatypa. AuddepeHunpoBaHue
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puc. 1. Kpuble AT (M) MoHokpucTan. XKUI-a (1), nonukpuctan. XXNI-a (2), Ni —cdepbl (3)

3TOM KpMBOW BO BpemeHM fJaeT Kpuylo ATI. Bce usMepeHWs MPOBOAUNCH Ha
3NeKTPOHHbIX TepMoBecax Mapku «DuPont» B aTMocepe Bo3gyxa M B MarHUTHOM
nosie, Co34aBaemMoOM MOCTOSAHHbIM MarHUTOM, rekcageppuTom 6Gapus.

Kak yXe yrnomuHasiocb, B HalLem Cnyyae n3mepeHus Kpusbix T Benock B
MarHMTHOM M0J/ie, HO U3MEPS/ICA He BeC obpasua, a cuia B3aMMOLENCTBUS MeXIy
o6pasuom v nosem. Cuna B3auMoLeiCTBAA MIHOBEHHO aBTOMAaTUYeCKM KOMIMEHCU-
pyeTcs, Tak yTo MoJI0XKeHUe obpasLa B MarHATHOM Mofie He MeHsIeTCS.

Mpwn gocTmxkeHnn TemnepaTypbl Kiopy obpasua HamarHM4Y4eHHOCTb Mcye3aeT
n kKpuBas T 6bICTPO pacTeT. ITOT Nepexof COCTOSHMUS obpasua 13 eppomarHmT-
HOro B MapamarHUTHOe Ha Kpusoi ATI B MarHWTHOM NOMe NPOSIBASETCA B BUJe
0CTporo nvka. O6pasubl B BULE NMOMKPUCTASIIMYECKMX N MOHOKPUCTa/I/IMYECKMX
cthep gvameTpoM 1 MM MOMeLLQIUCL B MNATMHOBLIA TUrenb. Temnepatypa MoBbl-
Wwanack fMHeliHO co ckopocTbio 10 ° C/muH ot 20 °C o Temnepatypbl Kiopu o6pasua.

JocToBepHOCTb M3MepeHWi Oblfa NpoBepeHa Ha ciepuyecknx obpasuax
CNEeKTPa/IbHO 4YnUCTOoro Ni, MOHOKPUCTA/IIMYECKOTO W MOJIMKPUCTAI/INYECKOTO
XKNT -a.

Hwxe npusefeHbl Temnepatypbl Kiopy sTuX BELECTB M 1A CpaBHeHWA
yKasaHbl nMTepatypHble faHHble [1]
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Metog 4TI (M) (°K) Nutepatyp, gaHHble (°K)
cnekTp, umnct. Ni 637 631
MOHOKp. XXWUT™ 563 560
nonukp. XXMr 562 560

Hwmxe Ha puc. 1 npuBefeHbl KpuBble AT (M) BbilLeyrNnOMSAHYTbIX MaTepuaos.

Kak BMHO U3 pUCYHKa, MUKW, COOTBETCTBYIOLLIME TeMMepaType Kiopu, UCKII0-
unTenbHo peskue. Muk nonnkpuctanandeckoro XXNIM-a 6onee WMPOKWA Mo cpa-
BHEHMIO C MUKOM MOHOKpucTanandeckoro XXMM -a, 4to no Bceli BEPOATHOCTU CBS-
3aHO C B/IUSAHMEM MEXKPUCTa/I/IMYECKUX FpaHuL, obpasua.

Ha pwuc. 2 npegctaBneHa cepusi MUKOB, COOTBETCTBYIOLLMX TeMmrepaType
Kiopy rannuii 3ameLleHHbIX UTTpUA —KenesncTbiX rpaHatoB. Kak BMAHO 13
CpaBHEHMS MUKOB, LUMPWMHA WX OLHO3HAYHO CBA3aHA C BENYMHOW 3aMeLLeHus
XWUI-a HemarHUTHbIMU MoHamu. [pwn 3ameweHnn x=0,90—1,30 y nuka no-
ABNIAETCA «M/IeYO», XapaKTepHoe [/ COCTaBoB C 6osiee HU3kumu Tc, a npu
X= 1,30, KaKk BUAHO Wu3 rpaduka, obpaseL, npeacTaBNseT CUCTEMY TBePLbIX
pacTBOpPOB rpaHaToB.

MpuvHMMasa BO BHMMaHWE, YTO YLLIVPEHME MUKOB Hab1to4anochb 415 BELLECTB C
60/IbLLIVM COfePXKaHMEM HEMArHWTHbLIX MOHOB M M3MepAnocb AnA cdep, Bec KOTO-
PbIX COCTaBAAN Bcero 1—5 Mr, Ans nydwlero HabnoAeHUs HeroMOreHHoOCTW Be-
LecTBa 6blM CHATbI KPUBbIE, XapakTepusytoLme TemnepaTypy Kiopu ana kpuc-
Tan0B ¢ 60/bLLIMM COAepPXXaHNeM HemMarHWTHbIX MOHOB (CM. puc. 3).

Kak BugHo n3 puc. 3, Haps4y C OCHOBHbIM MWKOM, XapakKTepusyrowmnm Tc
BELLUECTBA, M «MIeYaMn» CYLLEECTBYIOT MOGOYHbIE MUKW, 3TO FOBOPUT O TOM, YTO B
rpaHaTe NPUCYTCTBYIOT ABe (MM 60/ibLUe) MarHUTHbIe (asbl C pa3IMUHbIMU KOM-

dmrTa~]
dt [rninj as

569
498

7

® @ ©)

1} 11 1

T(°K)

Puc. 2. Kpusble AT (M) moHokpucTannoB YFe5 xGax0,5¢c x = 0 (1); x — 0,4 (2); x = 0,67 (3);
X= 09 (4; x= 13 (5
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T(°K)

Puc. 3. Kpmeble 4TI (M) moHokpucTannoB Y3 e5 x yQaxSCv0l2c x = 0,8;y = O(1); x — 0,8;
y = 0,11 (2); X= 0,8;y = 0,18 (3)

MO3VLIMOHHBIMU MapaMeTpaMu X U Yy, T. e. UMET MPEUMYLLECTBO [BE MarHUTHbIE
thasbl ¢ Temnepatypamu Kiopu:

Tc rnaBHoro nuka (°K) Tc no6oyHoro nuka (°K)
1 ;462 430
2. 447 430
3. 423 432

AHaIOTMYHbIE pe3ynbTaTbl, MOSABMEHME [06aBOYHOr0 MuKa, Habawganncb Ha
Ka/bLmnii — BaHaguin — BMCMYTOBbIX (pepporpaHaTax; 3KCrepuMMeHTbl B 3TON pa-
60Te npoBoAMMCL Ha gepvBatorpage metogom ATAM [2]. MosBneHme gobasoy-
Horo nuka npu Tc = 430 °K BepoATHO OTpaXkaeT CXOXEeCTb YCNOBWUI BblpallyBa-
HUSA YNOMAHYTbIX KPUCTAI/IOB, @ TakxXe 6/M30CTb UX KOMMO3ULMA.

[na onpefeneHnsa COOTBETCTBUSA NINTePaATYPHbIX U HALLMX 3KCMepUMeHTa b-
HbIX JaHHbIX, HaMU BblIM pacyMTaHbl TC HEKOTOPbIX rpaHaToB. 1 pacyeToB bblia
ncnonb3oBaHa Popmysia BbiBeeHHasA U3 MOLENN G i11eo [3]. [lanee, 6bUm NCMONb-
30BaHbl pe3ysibTaTbl XMMWYECKOr0 aHanmsa Halumx o6pasuoB (OCHOBAHHOMO Ha
KaTWOHHOW XpomoTorpaduy 1 nocneaytoLieM KOMMIEKCOMETPUYECKOM aHannse)
W JaHHble 0 pacnpegeneHn NOHOB Fra/ins Mo ABYM MogpeLleTKam MOHOKPUCTa/T/N-
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UECKOro rpaHarta, NpuBefeHHble B pa6oTe [4]. MpuHMMas BO BHUMaHWe, YTO KOH-
LIEHTpaLMs UOHOB CKaHAWS AasieKa 0T 3HayeHnsy = 0,7, Npy KOTOPOM OXMAAETCs
Mepexof MOHOB U3 OKTa3ApUYECKON B TETPa3LPUUECKYHO MOAPELLETKY, BCE WOHbI
Sc3+ MpUNUCHLIBA/IMCL OKTa3APUYECKON MOAPELLETKE.

Tabnmua |

O6pasely  xa + Xd* Xd* X, ** No* paciier ATI’(M) SKCTPAN.
1 0 0 0 0 560 563 —
2. 0 0 0 0 560 562 533
3. 0,48 0,47 0,01 0 518 498 —
4. 0,67 0,65 0,02 0 500 475 -
5. 0,9 0,85 0,05 0 480 437 —
6. 1,3 1,22 0,08 0 428 399 —
7. 0,8 0,768 0,032 0 486 462 —
8. 0,78 0,750 0,030 0,11 473 447 -
9. 0,80 0,768 0,032 0,18 460 423 418
10. 0,78 0,750 0,030 0,4 410 383 —
Xt Xa — KOMMYECTBO WOHOB Ga3+ COOTBETCTBEHHO B TETPA3APUUECKUX U OKTa3apu-

UECKUX MeCTax.
ya — MOHbI SC3+ B OKTa3APUUECKON MofpeLieTKe

* Pe3ynbTaTbl XMMUYECKOro aHanmsa. Owmbka usmepeHuns + 1%.
** PacyeTHble KO/MMYeCTBa pacnpefeneHnsi MOHOB Ga3+ Mo fABYM MoApeLleTKam; Ansi
pacyeToB 6blIM UCMO/Ib30BaHbI faHHble PaboTbl [4].

fcOO

o
0,5 B0 X(6a)
Puc. 4. KoHUeHTpauusa 3aBucuMocTb Tc Ana Y3Fe5 xGaxO,2 CnjowHas KpuBas pacuMtaHa u3
thopmynbl Gilteo Ha OCHOBE HalUMX JaHHbIX. [yHKTUpHaa KpuBas B3ATa U3 [4] .... —akcnepu-
MeHTa/IbHble JaHHble, B3STble U3 [4]. X — HalX 3KCNepUMeHTa/bHble JaHHble, meTog AT (M)
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Puc. 5. KoHueHTpaunoHHas 3asucumocTb Tc ansa YgFerSCyO”. CnowHaa KpuBas—pacyeTbl
Gileeo [5] 4 —3KcnepuMeHTasNbHble JaHHble U3 [59], 0 — HalW 3KCNepuMeHTa/IbHble AaHHbIe
ansa komnosmumn YaFe™MGad”SCyC»!,., (meTog ATI(M)), O — Hawm pacyeTbl

Mpegnonaraemass KOHUEHTpauusa uoHoB Ga3+ M Sc3+ no nofpeLleTkam,
pacuMTaHHble 1 U3MepeHHble Tc nNpeacTasieHbl B Tabnuue | 1 Ha puc. 4, 5.

Kak BUAHO M3 pUCYHKOB, pa3baBfieHMe MarHUTHbIX NOAPELLIEeTOK HemMarHUT-
HbIMWU MOHaMW MPUBOAMT K YMEHbLLUEHUIO 4ucria CBEPXOOMEHHbIX CBsA3eid. [Mpwu
YMEHbLUEHUN Yuncna CBsA3eld Ha OAMH MOH TCTBEPAOro pacTBopa yMeHbLuaeTcs. [pu
Manom paszbaBneHnn TC M3MEHSETCA IMHENHO NpW YBENUYEHUN X; MpK 60MbLLMX
pa3baB/eHNAX OTK/IOHEHME OT JIMHEMHOCTX BEIMKO U CBSI3aHO CO CTaTUCTUKOW pac-
npegeneHNa NOHOB MO MNoApeLleTKaM.

BbiBOAbI

V3mMepeHHble BbILeYNoMAHYTbIM METOAOM TemnepaTtypbl Kiopu 6binn cpas-
HeHbl C NUTEPaTypHbIMU [aHHbIMK, C TC, MONYy4YeHHbIMU OObIYHBIM METOLOM
aKkcTpanonsauun kKpmeoii 4nMs(T) M € pacyeTHbIMW JaHHbIMMK, MOMYYEHHbLIMA
NCMO/Ib30BaHNEM pacyeTHOM hopmysibl Tc¢, NpecTaBMeHHOM CTaTUCTUYECKONM Teo-
pueii Gilleo.

Kak Mbl BMgenu, oCTpPOTa M WMPUHA MWUKOB MOTYT AaTb WHGOpMaumio o
XMMNYECKOM COCTaBe W rOMOreHHOCTU BeLLeCTBa.

MpvHMMasa BO BHUMaHWE, YTO COrM1aCOBAHHOCTb HALUMX OMbITHBIX JaHHbLIX MO
n3MepeHuto Tc, MONYyYeHHbIX C nomowp Metoga ATI(M), ¢ nuTepaTypHbIMU
[JaHHbIMM XOopoLlas, Mbl CYATAEM, 4YTO 3TOT METOL MOXHO PeKOMeHAoBaTb A/iA
ObICTPOrO0 M HaAeXXHOro onpefeneHns TemnepaTypbl Kioopyu W NOMyYeHUA WH-
thopmaLmii 06 OLHOPOLHOCTU UCCMELYEMbIX MarHUTHbIX CUCTEM.
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CnefyeT TakXe OTMETUTb, UTO HU MarHUTHbIE, HN PEHTTEHOBCKUE U3MEPEHNS
He 06/M1a4al0T TaKo YyBCTBUTE/IbHOCTLIO, C KaKOl Mbl BCTPETUANCL B Clly4dae Me-
Toga ATI B MarHUTHOM rorse.
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CRYSTAL DEFECTS IN FLUX GROWN LITHIUM
FERRITE, LiFe® 8SINGLE CRYSTALS

By
E. Beregi, E. Sterk

RESEARCH INSTITUTE FOR TELECOMMUNICATION, BUDAPEST, HUNGARY

E. PAL and M. FarKAS-JaHNKE

RESEARCH INSTITUTE FOR TECHNICAL PHYSICS OF THE HUNGARIAN ACADEMY OF SCIENCES,
BUDAPEST, HUNGARY

With the increase of frequencies in microwave communications lithium ferrite single
crystals attract growing interest.

The characteristic crystal defects of a flux-grown l.iFe-O, single crystal were investigated
by means of light microscopy, scanning electron microscopy and X-ray topography with respect
to the technology. At the beginning of the growth process crystal grains with slightly different
orientations and with boundaries containing dislocation groups were formed. Thermal stresses
caused cracks. The curved cracks were accompanied by strain fields of helices partly decorated
by precipitates visible on the topographs and also by light microscope. Far from the nucléation
site of the crystal large perfect regions containing only straight small-angle boundaries could
be found. Precipitates, presumably of LiFeOa, were present in all parts of the crystal. Disloca-
tion arrangements characteristic of stacking faults also appeared on the crystal.

1. Introduction

The trend of development of microwave devices is to increase frequency
above 10 GHz which, owing to its high Curie temperature, fairly high magnetic
anisotropy and narrow magnetic resonance linewidth (the lowest of all spinel-
structure ferrites) focussed attention on lithium ferrite. Its single crystals are
used in many types of microwave devices, such as filters, magneto-elastic
delay lines and parametric amplifiers.

It has been found, however [1], that the essential parameter of gyro-
magnetic filters, namely the resonance linewidth AH of Li0-Fe2504 single
crystals is greatly influenced by the presence of submicroscopic lattice defects.
Crystals applied for magnetoelastic purposes must also have fairly large perfect
regions.

In devices single crystal spheres of 1mm diameter or 0.2 mm thick discs
of 2—3 mm diameter are used. Thus, for economical device fabrication
it would be desirable to grow the crystals under conditions resulting in large
defectless regions. Very few published works deal with the correlations between
the occurrence of crystal defects and the parameters of the growth processes.
Though the chemical reactions of Li-ferrite crystals are rather well known,
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there are only few data on the origin of the crystal defects. It isimportant from
both the theoretical and practical aspect to know the possible types and char-
acteristics of the defects as a first step towards the improvement of crystal
quality.

2. The structure of Li-ferrite [7—8]

Li-ferrite is a ferrimagnetic spinel crystal with eight (Li05Fe2504)
formula units in the elementary cell. The metal ions are situated in the intersti-
tial places of the fee lattice built of oxygen ions. There are 64 tetrahedral and
32 octahedral coordinate sites.

In the spinels 8 tetrahedral “A” and 16 octahedral “B” sites are occupied
by metal ions, forming the “A and eB” sublattices, respectively. The cation
distribution can be represented by the following formula:

Fe3+ [Fe?+ Li’'t] 04

where the unbracketed cations are on the “A” and the bracketed cations on
the “B” sites. There is a ferrimagnetic coupling between the “A” and “B”
sublattices.

At high temperatures the “B” sublattice contains both Lil+ and Fe3~
ions without any regularity. When the crystals are cooled slowly below 750 °C
an ordering process of the “B” site cations takes place, i.e. three Fe3+ ions are
followed by one Lil+ ion in the [110] direction. Since the number of Fe3+
ions in the “A” and “B” sublattices does not change during this ordering pro-
cess, the latter does not affect the Curie temperature and magnetization, but
influences significantly magnetic anisotropy, magnetostriction and even the
resistivity of the crystals.

The magnetic properties of Li-ferrites are greatly influenced also by the
stoichiometry of the compound. Above 1000 °C part of the lithium and oxygen
ions volatilize which can lead to y-Fe20 3formation and after phase transition
a-Fe20 3can precipitate in the Li-ferrite lattice, thus lowering saturation mag-
netization. Oxygen loss causes the formation of Fe2+ ions which act like para-
magnetic substituents increasing magnetic losses. Resistivity is also affected
by the valence exchange process Fe3+ Fe2 .

Since superperiodicity and composition inhomogeneities, e.g. presence
of Fe20 3 precipitates affect the physical properties of the crystal they have
to be investigated in crystals to be used in devices.

3. Crystal growth process

Because of the high volatility of Li20 and the high oxygen tension of the
crystals, Li-ferrite single crystals are, as a rule, grown by the flux method.
The composition of our melt is given in Table I.
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Table |
Flux composition

Li2COs Fe203 B.,o, FbO

11.7 mol% 14.6 mol% 29.4 mol% 44.3 mol%

The diagram of the crystal growth apparatus is shown in Fig. 1. The
volume of the Pt-crucible was 300 ml, the highest temperature at the top
of the crucible 1050 °C; with a downward negative temperature gradient of
1.5 °C/cm. After 12 hours heating at 1050 °C the whole system was cooled
slowly to 600 °C at a rate of 1°C/h.

By this method one large crystal of 3 cm edge-length, 6 crystals of 1 cm
average diameter and several smaller crystals were obtained.

As the thermal stresses were probably the highest at the bottom of the
crucible, the large crystal grown there was expected to contain the greatest
number and variety of defects characteristic of flux grown Li-ferrites. The
large, as-grown surfaces of the plate like crystal were (111) planes.

Accordingto chemical analysisthe composition ofthe crystal corresponded
to the formula Li04ssFe25204 instead of the desired Li0O5Fe250 4; the lattice
constant was 0.8331 nm. The measured values of electric and magnetic para-
meters are listed in Table Il together with those of YIG, MgFe2 4and litera-
ture values for Li-ferrite crystals [2, 3, 4, 5]. No chemical inhomogeneities could

Fig. 1. The scheme of the crystal growing apparatus
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Table 11
Electric and magnetic parameters of YIG, MgFe204 and LiFes0s8

The investigated

YIG MgFe.O, LiFesOg LiFesO, crystal
Tc IK] 560 613* 653** 893* 893** 903* 903**
4*Af, [T] 0.18 0.2*  0.12%* 0.37 0.37
AH*** [A/M] 28 240* 160** 560-1500* 560-1500*

120%* 80**

KJIM [KA/M] —3.2 -16*  29.6** —23.2
A0 "' 10-* —1.0 —15 —224 —242
o [Bcm] 10e- 10* 105 105%* 4 « 105** 1 «104*

* disordered ** ordered *** at 9.1 GHz

be detected by electron microprobe analyses with the JEOL JXA-type analy-
ser. As the possible precipitates are LiFe02 PbO, a-Fe20 3, in this way we
could exclude PbO and oc-Fe20 3precipitates; the presence of LiFeO2inclusions
could not be revealed by this method, because the Li ion is not detectable by
the device and the difference in iron content is not noticeable since the iron
ratio of LiFe50 8 (s) and LiFe02 (0) is very small (Feswt% /FeOwt% < 1.2.).

4. Investigation of defects
4.1 Experimental

For the investigation of the defect structure of the above mentioned
large crystal light microscopy and X-ray topography were used before and
after the etching processes. Light microscopic investigations were carried out

nuclear plate

Fig. 2. The scheme of the back reflection Lang-type topographic camera
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with Zeiss and Reichert microscopes, X-ray topographs were taken in reflec-
tion Lang-arrangement according to Fig. 2. using FeK  radiation and 333,
620, 440 reflections.

The surface was treated before and during the intervals of the investiga-
tion of the defects as follows;

i) Mechanical polishing by Al,O; suspension parallel to the largest as-
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Fig. 3. Part of side “I” of the crystal plate after mechanical polishing, photographed under
a Zeiss microscope
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Fig. 4. Light microscope image of the same part of the crystal after etching in boiling azeotropic
HC1 for a) 4 min, b) 4 hours

grown (H1) planes. The thickness of the abraded layer was less than 20 fim

on each side of the crystal plate.
ii) Etching in boiling azeotropic HC1 for 4 min to 4 hours. Thickness of

the dissolved layer was less than 5 pm on each side.
iii) Etching in phosphoric acid at 200 °C for 8 min. Thickness of the dis-

solved layer was less than 10 pm on each side.

4.2. Results
l. After the first polishing the crystal was light microscopically examined.

Already on the mechanically polished surfaces signs indicating different kinds
of defects could be detected, such as continuous curved lines with black con-
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trasts, as well as straight and curved lines of black dots. Besides these, a rather
large region of the crystal was covered by statistically distributed black dots
(Fig. 3).

1. The first time etching resulted in a weak pattern which did not
change considerably when the time of etching was increased from 4 min to
4 hours (Fig. 4). X-ray topographs of a selected part of the crystal shown in
Fig. 5a and 5b revealed a number of different types of faults which could be
related to the light microscopic pattern. In the topographs lines of white con-
trast appeared corresponding to black continuous curved microscopic lines and
were identified as cracks in the crystal; they were in most cases accompanied
by lines of black contrasts and appeared in most, — but not in all — cases

Fig. 5. Topographs of side 4l” after the first etching a) (333) reflection; b) (620) reflection;
defects: misoriented grains with dislocation network boundary (areas of different contrast on
the right side of the crystal); small angle grain boundaries (straight line in Fig. 5b in the middle
between regions of different contrast); cracks (white lines) and strain-fields with black contrast
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Figs. 6a, b. Photographs of both side of the crystal plate taken after the second etching

as curved dotted lines under the light microscope. This type of faults will be
dealt with later.

The straight lines of black dots on the light microscopic pattern were
identified as small angle grain boundaries. This was confirmed by the contrast
difference between the regions on the two sides of such a line (Fig. 5b). The
right apex of the crystal contained several large grains with considerable
orientation difference (approx. 1°) as indicated by the great variation of
contrasts on the different topographs. The boundary regions of these grains
contain a large amount of dislocations. This part of the crystal was in contact
with the bottom of the crucible where crystallization had begun.

Small parallel lines giving black-white contrasts were found almost
everywhere in the crystal. They are similar to those found by Mishra et al
who identified them as LiFe02precipitates [6].
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I, After the second etching some of the characteristic features of the
defects became more pronounced and could be distinguished under the light
microscope and on the topographs as well. Photographs of both sides of the

whole crystal are shown in Fig. 6a—6b. The side in Fig. 6a (“I1” side) was
already shown on two topographs and will be dealt with later. From the other
side shown in Fig. 6b (“I1” side) one of the strongly disoriented grains fell out

during mechanical polishing. Some grains were missing also from the lower
edge of the crystal. Some of the curved lines correlated fairly well with those
on the “I1” side, proving that they were built of dislocations going through
the crystal plate almost perpendicularly to the surface.

Second etching revealed a great number of dislocation groups which
were already visible under the light microscope. Parallel lines indicating the

Fig. 7. Parallel dislocation lines indicating the presence of stacking faults. Light microscopic
images taken after the second etching (a, b)
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Fig. 8. Light microscopic images and topographs of a node of cracks and strain-field lines:

a) light microscopic image, b) (440) topograph after the first etching; c) light microscopic

image; d) (440) topograph; e) SEM image after the second etching. Note the change of contrast

along the black lines. The strain-field of the decorated helices diminished as the precipitates
were etched out

presence of stacking faults are shown in Fig. 7. Comparison of the details of
topographs taken ofthe “1” side after the first and second etching shows interest-
ing changes in some of the regions. In Fig. 8 the light microscopic pictures
and topographs of a very interesting node of cracks and dotted lines, i.e. black
lines, are shown before (8a, 8b) and after (8c, 8d, 8e) the second etching. Al-
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ready before second etching there had been interesting differences between the
light optical picture and the topograph of this region. The cracks were visible
in both cases, but of the almost perpendicular black lines on the topograph
only the one with a helix-like structure was visible also on the light optical
picture. After second etching the contrast due to the strain-field decreased at
that part of the topographic line and acted as a source of several groups of
dislocations, as shown by light and by scanning electron microscopy (Fig. 8e)
When the g vector of the reflection used for topographs ischanged, the change
in the contrast of the helical lines was not large, so the strain field must be
due partly to precipitates on the helices. During second etching some of these
precipitates were dissolved causing a decrease of the strain field and thereby
the contrast on the topograph.

5. Conclusions

It was possible to detect and identify several types of crystal defects in
one big flux-grown LiFesOs single crystal by means of the combination of
repeated etching, light microscopy and X-ray topography.

At the beginning of the growth process crystal grains with slightly differ-
ent orientations and with boundaries containing dislocation groups were
formed. At a distance of this part the crystal has larger perfect regions contain-
ing only small angle grain boundaries. Precipitates of LiFe02 were present
in all parts of the crystal. In the vicinity of cracks of thermal origin black
lines due to the strain field of partly decorated helices are seen on the topo-
graphs; some of them are visible also under the light microscope. These helices
can be useful for the formation of more perfect crystal regions since impurities
from the sorrounding can precipitate along them.
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TEMPERATURE DEPENDENCE OF INFRARED
ACTIVE FUNDAMENTAL MODES OF ADAMANTANE*

By

S. P. Srivastava and |I. D. Singh
ANALYTICAL PHYoICS LABORATORY, INDIAN INSTITUTE OF PETROLEUM, DEHRA DUN-248 005, INDIA

(Received 19. VI. 1979)

The infrared lattice vibrational spectrum of adamantane in solid cubic phase has been
recorded at different temperatures using a Beckman IR-12 grating spectrophotometer. Besides
the fundamental absorption bands at the centre of the Brillouin zone, a few lattice bands
involving the interaction of infrared radiation with more than one phonon have also been
observed. In the absence of detailed dispersion curves, a tentative assignment of these multi-
phonon bands has been done. The shifts observed in the fundamental hands due to rise in tem-
perature have been discussed in terms of volume-dependence and other anharmonic effects.

Introduction

The infrared studies of adamantane (CIOH16) have been the subject
of recent investigations [1—3] because it shows a first-order phase transition
at 208 K. The high temperature phase is face-centred cubic Td space group
while the low temperature phase is tetragonal, the unit cell being primitive.
The molecular point group is also Td, justifying its class as globular hydro-
carbons. It sublimes at about 540 K (sealed tube).

The normal coordinates of adamantane vibrations spanthe representa-
tion 5 -f~-A2 6E + 1F1-j- U~ °f the point group Td. Only the F2vib-
rations are infrared active. In the solid phase, the vibrations are subjected to
the intermolecular potential with the local symmetry of the molecular site and
to a dynamic interaction with the symmetry of the unit cell group (factor
group) for the modes at zero wave vector.

The normal coordinate analysis of adamantane using a valence force
field has been done by Snyder and Schachtschneider [1] by recording the
infrared spectrum of adamantane at —190 °C (below the transition tempera-
ture) while the mechanism of phase transition has been studied by V u et al [2]
by recording the infrared spectra at 150 and 225 K. Above this temperature
values of the infrared bands of adamantane have been published recentlyby Lee
and Stutsky [3] and some lattice properties have also been studied by these

* A Summary of this paper was presented at the ‘National Conference on Molecular
Spectroscopy and Lasers’ held at the Banaras Hindu University, Varanasi, India, January
29-31, 1979.
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276 S. P. SRIVASTAVA and I. D. SINGH

authors. The temperature-dependence of the cohesive energy and Grilineisen
parameter of adamantane have been studied recently by us [4].

In this communication we report our measurements of the infrared
spectra of adamantane at high temperatures. Besides the fundamental bands
at the centre of the Brillouin zone, a few more bands involving the interaction
of infrared radiation with more than one phonon have been observed. An
attempt has been made to explain the occurrence of these multiphonon bands
and also of the shifts observed in the fundamental bands due to temperature
in terms of volume-dependence of the vibrational frequencies and enharmonic
effects.

Experimental

The infrared spectra of adamantane at 298, 355, 435 and 468 K have
been recorded on a Beckman IB-12 double beam grating spectrophotometer
equipped with a “Heatable Vertical Liquid Cell”. The spectra were recorded
both in thin film and KBr pellet and were found to be identical. The whole
spectrum was calibrated using a thin film of polystyrene and spectroscopically
pure indene.

Under the experimental conditions the spectral resolution was 0.25 cm- 1
at 1000 cm-1 and frequency accuracy was +0.5 cm-1.

wavenumber cm-1

Fig. 1. Infrared absorption spectra of adamantane.------ 298, K -—-—-- 435 K
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The spectra recorded at 298 and 435 K have been reproduced in Fig. 1.
Some of the results have also been verified on a Perkin-Elmer 577 model
at 298 K in the low frequency region.

Results and discussion

The frequency values observed in Fig. 1 at 298 K are listed in Table |
where these have been compared with those obtained’from valence force field
calculations and from measurements of other workers [1, 3].

Unlike previous studies, in the present investigation we have observed
all the eleven infrared active F2vibrations as predicted by normal coordinate
analysis. In the work of Snyder et al [1], where they have measured the infra-
red spectra of adamantane in tetragonal phase (—196 °C), many more bands
have been observed. Some of these bands are due to splittings of the funda-
mental vibrations, each vibration showing its triply degenerate character [2].

Table |

Infrared active fundamental and subsidiary bands (in cm-1) of adamantane at 298 K

Observed Calculated
Present Lee and Snyder et al Snyder et al Cyvin et al
study Slutsky [3] id id [6]
442.5 - - 423 440
640 — 632 649 635
801.5 796 880 800 795
951 —_ — — —
971 967 966 971 965
1105 1102.8 1101 1100 1100
1314 — 1289 1285 1305
1355 1351 1354 1354 1350
1415 — — — —
14515 1447.5 1452 1459 1450
2020 — — — —
2120 —_ — — —
2120 —_ — — —
2670 —_ — — —
2700 — — — —
2742 —_ — — —
2848.5 2853.5 — 2856 2855
2911 — — 2904 2910
2927 29235 — 2932 2935
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278 S. P. SRIVASTAVA and 1. D. SINGH

Table IT
Temperature dependence of fundamental bands of adamantane
298 K
= SR Tl 355 K 435 K 468 K
study Srursky [3]**
442.5 — 439 " =
640 —— * L *
801.5 796 799.5 799 798.5
971 967 970.5 969 s
1105 1102.8 1103 1100 1100
1314 - - * ‘ .
1355 1351 1354 1352 1352
1451.5 1447.5 1452.5 1452 1450.5
2848.5 |  2853.5 2848 | 2847 | 2847
2911 - 2908 ' 2906 [ 2906
2928 2923.5 2928 ‘ 2927 ] 2926

* The band becomes so broad that it is difficult to assign a proper frequency value.
** These authors have also made temperature-dependent studies. Since their measure-
ments are not consistent with the present study and the conditions and accuracy of these
measurements are not known either, a comparison with the present study is not possible.

However, two fundamental bands at 442.5 em~! and 640 ¢cm~!, which were
predicted by the valence force field calculations, have also been observed in the
present study. The band at 640 cm~! (not shown in Fig. 1) was observed in
CS, solution.

In Table II we have listed the values of the fundamental vibrations ob-
served at different temperatures. In some of these cases, the observed bands
become so broad with the rise in temperature that it was felt difficult to
assign a proper value.

The effect of raising the temperature on the spectra is to shift the entire
curve to low frequencies. It is generally believed [5] that the change in the
peak position and width of the infrared active lattice band are caused by
anharmonic forces in the crystal lattice. The thermal expansion of solids has
also the same effect. Surprisingly, for the molecular crystal of adamantane
with strong chemical bonds within a molecular group and with loose bindings
such as the Van der Waal’s type between the molecules, the lattice bands do
not change much with temperature. Such an observation has also been made
by LEE and Srursky [3]. We may attribute this phenomenon to the fact
that often the directions of shifts arising from the volume dependence and
anharmonic effect are opposite, which resultsin a smaller temperature depend-
ence [5]. The amount of shift due to these two effects can be separately cal-
culated from the equations developed by MiTRrA [5] for ionic solids, but unfor-

Acta Physica Academiae Scientiarum Hungaricae 47, 1979



TEMPERATURE DEPENDENCE 279

tunately for adamantane, the data on thermal expansion coefficient at differ-
ent temperatures are not available.

However, an indirect study on the volume dependence of the vibration-
al frequencies can be made by evaluating the Griineisen parameters from the
temperature dependence of the fundamental modes. For the i mode and K
wave-vector vibration, we can define the mode Griineisen parameter as

1 (9v(K) )

v(K) | oT
where « is the volume expansion coefficient and v/(K) the frequency of the
i'" mode. Using the average value of  [4] and the temperature dependence of
the fundamental modes as have been observed in Table II, we find the average
value of y,(K) as 0.4. The experimental value, obtained from the consideration
of 3N , modes (N 4 being the Avogadro’s number) is 6.3 [4]. Such a small value
of the average y,(K) thus indicated that the main contribution to y is not from
the fundamental vibrations but from the acoustic torsional modes.

Besides the fundamental modes, some more bands have been observed
in the infrared spectrum of adamantane. The fundamental modes of vibration
generally belong to the centre of the Brillouin zone. The symmetry classifi-
cation and selection rules are derived from the factor group analysis and these
constitute the K = 0 modes of optical branches. The acoustic modes have
zero frequencies in the factor group approximation and will have non-vanish-
ing values at the zone boundary and thus may take part in the combinations
and overtones. For the molecular modes, internal -} internal, internal -
external and internal 4 acoustic combinations are possible whereas the com-
binations external 4 external, external | acoustic and acoustic -+ acoustic
give rise to the multiphonon combinations. In all these interactions the energy
and wave vectors must be conserved.

The occurrence of the combination and overtones can be explained to be
due to the interaction of two or more phonons with the radiation, through terms
in the electric moment of second or higher ordersin the molecular displacements.
The combinations should give rise to continuous spectrum but the absorption
peaks are found to occur because of the singularities in the phonon frequency
distribution. These singularities arise from critical points in the Brillouin
zone where the curves of frequency as a function of wave vector for the indi-
vidual branches are flat. Such points are expected to occur at or near the edge
of the Brillouin zone. For a given phonon branch this flattening of frequency
as a function of phonon wave vector makes it possible to characterise that
branch by a single frequency. The infrared spectrum can then be completely
understood in terms of critical point phonons if these are known either from
neutron scattering data or from a reliable theoretical calculation. Unfortuna-
tely, to our knowledge, no such data are available for adamantane.

i) = — (% (1)
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In the absence of detailed dispersion curves, Wu et al [2] have made
a tentative assignment of an extra band observed in their studies at 1104 cm-1.
Similar assignments could be done for the bands observed in the present case
as well. For example, the band occurring at 2670 cm-1 could be assigned to
be due to atwo-phonon-process involving 1314 cm-1 and 1355 cm-1 fundamen-
tal vibrations (summation band) and that at 2700 as an overtone of 1355 cm-1
fundamental. The band at 2120 cm-1 appearsto be due to the combination of
801.5 cm-1 and 1314 cm-1 fundamentals. The bands at 2020 and 2742 cm-1
probably appear to be due tointeractions of external and acoustic modes because
they could not be explained with the present set of fundamentals. However,
in any case, a unique assignment is not possible because the combinations of
other fundamentals might also become infrared active whereas these funda-
mentals themselves were not infrared active.
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STATIONARY BRANS-DICKE VACUUM SOLUTIONS
FROM STATIC CYLINDRICALLY SYMMETRIC
ZERO-MASS FIELDS

By
P. P. RAO and R. N. TIWARI

DEPARTMENT OF MATHEMATICS, INDIAN INSTITUTE OF TECHNOEOGY, KHARAGPUR 721302, (W. B.) INDIA
(Received 21. V1. 1979)

Stationary Brans-Dicke (BD) vacuum fields when the BD coupling constant w & —3/2
is obtained from static cylindrically symmetric zero-mass fields in three stages. The solution
so obtained, in a way, can be said to belong to Majumdar—Papapetrou (MP) class.

Introduction

Perjés [1] has givena method for constructing stationary Einstein va-
cuum solutions from static axially symmetric Einstein —Maxwell solutions when
both the electric and magnetic potentials are simultaneously present. This was
later extended by Rao, Tiwari and Rao [2] to the case wherein stationary
BD vacuum solutions for the coupling constant <o = 0 can be obtained from
those of static axially symmetric BD Maxwell solutions for coc = —3/2. The
present attempt is to extend the above result for the case when oo™ —3/2.
We may mention that in our approach we have always kept MP class of
solutions in the background. The solution generated here also, in a way, can
be said to belong to this class.

In view of the above we have first obtained, using Perjés [3] result
(derived here afresh), a generalized MP relation (in the sense that the metric
component g4 is a function of both the electric and magnetic components of
the four potential instead of only electrostatic potential as obtained by
Majumdar [4] and Papapetrou [5] for static cylindrically symmetric coupled
zero-mass and electromagnetic fields. The relation so obtained enables oneto
generate the so called MP class of solutions from the static cylindrically sym -
metric zero-mass fields. Next as an extension of Perjés [1] result, we have
obtained a theorem which converts any static cylindrically symmetric coupled
zero-mass and electromagnetic fields to stationary zero mass fields. This
technique thus takes over the MP classof solution obtained above to station-
ary zero mass field. In the third stage we have used a wellknown transform -
ation by Tabensky and Taub [6] that has enabled us to take over the
above stationary zero-mass solution to stationary solutions of BD vacuum
fields for the BD coupling constant co —3/2.
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282 P. P. RAO and R. N. TIWARI

The present solution, in addition to having its origin in the cylindrically
symmetric MP class of solutions (physical importance of which is rigorously
discussed by HarRTLE and Hawkine [7], also belongs to Kerr family (being
stationary) and hence has a well established physical background.

1. MP class of coupled zero-mass and electromagnetic fields solution

The Einstein field equations for coupled zero-mass and electromagnetic
field are:

R, = — kT;;— 0k v, (1)
4
with 1 1
T"]': _E gSP Fsi ij _Zgij FsPFsp) ’ (2)
Fij=A;;— 4, (3)
Fi=o0, (4)
g””;lj: 0, (5)

876G w3 :
where k =( z ) is the gravitational constant, A4; the electromagnetic four
c

potential and v is the zero-mass scalar. Here and in what follows a subscript
comma or a semi-colon after the unknown variable denotes partial differentia-
tion or covariant differentiation, respectively.

We now solve the field equations (1)—(5) for the cylindrically symmetric
Weyl’s metric

ds? = ¥ di> — e~ [e¥(dg® | d2?) + o*dD], (6)

where «, B are functions of pandz only and (p, z, @, t) correspond to (x%, 22, x3, x)
co-ordinates, respectively.

The axial symmetry together with (3)implies thatthe only surviving
components of F;; are F\3, F\,, Fy; and F,,, respectively.These can be express-
ed only in terms of the components 4, and A, of the four potential 4,. For
convenience we denote A, and 4, by & and 7, respectively.

The field equations (1)—(5) with respect to the metric (6) are:

A 5 2 __Rp2 _kg_fi 3 1 gy eugpsisg il
% = e(B1 5,z)+8n e (Bi— 69— e~Nni =aR] &

(7)
ko

2@ (vi—9d),
= 87 (vi—v3)
ko [ ¢ k
%y =208,B, + —gl:—}' §162— ¥, 7].2] e 2 Vav2. (8)
4z | ¢ 47
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Oud Bp bl * ©
9 o7
«4i+f.u--9"= —23,ifi. — 26212, (10
Y11+ 2+ —9 = 28,1 ¥n + 2/32y,2, (n)
Y252 5= ®’ (12
®ll + V2 + 0. (13)

Substituting (Tauber [8])

en 023
5 — v2i 52 — Wi (14)

in (10), we get

Vu+ Voo + — = 2/31Ya+ 232 2. (15)
Q

We now assume r]to be functionally dependent on vy, viz.,

y=yWw) m (16)

Using (16) in (11) and (15), we obtain

Y= ay -)-b, (17)

where a and b are arbitrary constants of integration. Eq. (17), is a linear rela-
tion between electric and magnetic potentials already obtained by Perjés
[3]. In view of this, Eqs. (11) and (5) become identically the same.

Using (14) and (17) in (7) —(13) we get:

(('CI' =

* 2 =

311 +

511 +

Vi

- - - 2 - T1-
e03.f- 31 + on 1 a2 &{ ,?- 51+ on («I ri), (18)
N PR tA
2aS,j/lS,.+ — (1 + ad— g l,2+ *nv 2, (19)
an; g an:
B2+ Ar=JL (1 + a2-C (ij + 11), (20)
q on gl
52 - -Au= -2/3p|p- Ral,2, (21)
9
V2 H-—-—---= 0. (22)
9
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which again can be expressed in an equivalent form:

k k
m=M%ﬁ%ﬁﬂ+W”M—w+ﬁw%@,@$

k k
ay= 208,80 — =L (1 + a?)e? Yiyo 1 =2 VV,, (24)
47 4n
k
Bt Ba+ P — B 14 ) ep2 —p3), (25)
0 8z
Y+ P+ % = 2ﬂ,1 Y, + 2.3,2 Yoo (26)
v
Vit Vg +——= 0. (27)
0

We denote Eqs. (18)—(22) as set 4 and Eqs. (23)—(27) as set B.
To arrive at the MP relation we assume f to be function of v and y, viz.,
B = Bv, ), (28)
where v and y are independent of each other. In view of the assumption (28).

Eqgs. (26) and (27) when used in (25) give the following differential equation:

k
282 _
[+ 28—

7

e a’l)e‘”] (pi+wd+ (29)

A 2(ﬂ,v ﬂ,p = ﬂ,yt)(v,l Y1+ v, '/’,2) e ﬂ,w(”,% -+ ”,g) = 0.

Since Eq. (29) is highly non linear and difficult to solve we assume the follow-
ing differential conditions to satisfy it:

Bep + 285 — 3 (1 + a?)e~2% =0, (a)

8n (30)
:B,v.B,v s ﬂ,vv =0, (b) -
ﬁ,vv =0 (C)

It may be remarked here that there can be various other possibilities to satisfy
Eq. (29), a detailed discussion regarding which is given by Rao and Trwarz
[9]. The case considered here, however, in a sense can be said to be more
general as compared to other cases. Consistency of the above Eqs. (30) demands
that # must be independent of the scalar field v*. Thus the Egs. (30b) and

* Dependence of § on both v and yleads to its imaginary value. Hence § depends only
on y. For detailed discussion refer to TrwaArr [10].
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STATIONARY BRANS-DICKE VACUUM SOLUTIONS 285
(30c) are identically satisfied whereas (30a) integrates to
u=~" = — il+ a2 V2+ bip+c)\, (31)
9 5. i1+ a2 P

where band Care arbitrary constants of integration. It maybenoted herethat
in the relation obtained by Majumdar [4] and Papapetrou [5], gU is a func-
tion of electrostatic potential y>only and is obtained as a special case of (31)
when d= 0. Hence Eq. (31) may be called a generalized MP relation between
the metric coefficient gJ and the electromagnetic potential Ip

Making use of (31) and then substituting

dp P2 )
1+ WJr m-f-c ]HQ dec(l -T P’

where a is a new variable, the set B (viz., Eqs. (23)—(27)) reduces to:

= d)(rl_“,!) + m (Vl—v,i) » (33)
s= QQ(urz—kQV!Vz, (34)
4jt
+ X2t g7 (35)
B
+ V2 o (36)
Q
On integration Eq. (32) leads to
b Y62 - 4c(l + a2 coth 37)
X,
W . 2(1 + 83 ~2(1 + a2
which when substituted in (31) gives
R log K {tﬂ 4c (1 + a2} e21 (38)
81 (1 + a2 (e2x — 1)2

It can be verified that the field equations (33)—(36) correspond to the
zero-mass field equations for the Weyl’s metric:

(B2: e2x d2— e 2X [e2i(do2 -f- dZZ -]- q?(m (39)

Thus given any solution of zero-mass field for (39) one can always construct
a corresponding coupled zero-mass and electromagnetic field solution for the
metric (6) under the conditions (37) and (38).

Hence the theorem:
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Theorem.

Given any (x0, x0, v0) as the zero-mass solutions for the metric (39), one
can always generate the corresponding coupled zero-mass and electromagne-
tic solutions (a, x, v, ip, rj) for the same metric as:

a = a0,

1, [ k Ib2- 4c(l + a2} e 1

2 L8sa 1+ a2 (BA- 1)2

- (40)
\b2- 4c(l + a2 coth X0,

w 2(1 + a2 2(1 + a2
n=ap+ b,
vV = Vvo.

Example

When x0, 80 and vO are considered to be functions of g only, it can be
readily seen that the static cylindrically symmetric zero-mass fields for the
metric (6), will have a solution set as:

«w = — A2+ BZIOgQ+ C,
8n
41
RO— B log Q, (41)
v0= A log Q,

where A, B, C are arbitrary constants of integration. Now applying the theo-
rem stated above, one can easily obtain the coupled zero-mass and electro-
magnetic fields solution for the metric (6) as:

A2+ B2log € + C,

8n
kK {b2- 4c(l + a2} ¥
? =
PEY0 o ds A~ ~(0n - 1)2
l= —m 1ener -)- constant (42)
K{b2- 4c(l + a2)12
ab a\b2—4c(1 a2) f~1 b
N==— 20+ a2 2(1 + a2 - 1 :

v=Alogq.
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2. Stationary zero-mass field

287

Perjés [1] has generated the stationary source free gravitational field
solutions from the static cylindrically symmetric Einstein—Maxwell fields.
Using the same technique we, in this Section, have constructed the solutions
of stationary zero-mass field from those of static cylindrically symmetric

coupled zero-mass and electromagnetic fields.
The most general stationary symmetric line element is

ds2 — —el(dp2 -\- dz2) — (rydO2 -|— — [dt — MXSJ2
Yy

where /i, Y and Ware functions of Qand Zonly.
The zero-mass field equations for the metric (43) are:

= LA = e = o il e

1 y K
F2= —Q'F No yny,2 —*“p*“.;;] + 7y + A Grivz2>

7n 4 7.2H 71 7,1+ 71 Mi+w i _ d‘l
B 7 GY
M, + , U - -Si - - M+ »»fA = 0,
€ y
vin + v.2 ——= Q-
B

where v' defines the zero-mass field.
It may be verified that if we substitute

a= 2y —2logy,

BR= —logy,
8n 112
-------------- w e
with k(l -f-aZ)\]
v = 2v’,
k<0,

(43)

(44)
(45)

@éj

(48)

(49)

the static cylindrically symmetric coupled zero-mass and electromagnetic field
equations of the set A (viz.,Eqs. (18)—(22) of Section I)go overto the station-
ary symmetric field equations for the metric (43) (viz., EqQs. (44)—(48)).

Thus the theorem:
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Theorem

Given any static cylindrically symmetric coupled zero-mass and electro-
magnetic solutions (x, 3, &, 7, v) for the metric (6), one can always construct
a corresponding stationary zero-mass solutions (u,y,w,v’) for the metric
(43) where:

o -
H—?—ﬂ’
y=e",
2\ 11/2 50
o[ Ll (50)
8x
j 1
v =—uv,
B J

(of course with a change in gravitational constant k). The reverse process also
holds good but it is unphysical.

Example

Using the solution (42) in the above stated theorem (viz., Eq. (50)) we
get the stationary zero-mass solution for the metric (43) as:

[k {P—4c(l+a)}Te¥—1 g
y‘[fzn 1+ @) ] 7 1

2 (8=

w5 k_ {6 — 4c(1 + az)}i i
i [ 8z (L+a) (¥ —1p ] &
R A 16782
- [ 8x ] Vb — 4c(1 + a?)

1
vv=—A4logop.
2 go

3. BD stationary fields from the zero-mass stationary fields

TABENSKY and TAuB [6] have shown that, under the equation of state
o’ = p’ (viz., ZELDOVICH fluid [11]), an irrotational perfect fluid can always
be replaced by an equivalent zero-mass field (by a suitable relation between
o', p’ and scalar field v') which, under a particular transformation, will go over
to the BD vacuum fields when BD coupling constant w = —3/2 and vice-
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versa. These transformations thus enable one to generate the solutions for
the BD vacuum field equations when co —3/2 from those of Zeldovich
fluids via zero-mass fields. One can use these results even partially, namely,
given any zero-mass field solution it will always he possible to generate the
corresponding BD vacuum solution for to —3/2 by using only part of
the transformations relating zero-mass and BD scalar fields. This result of
Tabensky and Taub [6] is independent of any symmetry imposed on the
physical fields and hence the stationary zero-mass solution of the previous Sec-
tion can be used to generate a corresponding stationary BD vacuum solution.

The transformation relations of Tabensky and Taub [6] are given as

follows:

) 2 17 @>+32)1
ViBD) = e

T(.BD) S/jv(BD) #fif(zero-mass) ¢

Using these for the solution (51) obtained in Section 2, we get the stationary
BD vacuum solution when oo 44 —3/2 as:

oA+ - ,
g 16 c'(af —1) <A log /Y2 (w+3,2/)>/*
& — 88 — K {o2- 4c(l +> 12
8jt 1 -f a2
K {b2- 4c(1 + a2} I-]/2X
%ﬁ o 8n 1+ a2
Alogely2(«>+3/2)4*
x k - fley-i) + ¥zV (52)
e* - 1
K [b2—4c (1 -f- a2)} ]12 o - Aiogely2(tu+3/2)
E1334|51_[8re 1+ a2 g2 - 1
282 QR - A log e/Y2(w+3/2)%
834 —8i3 — ~—iB ~ e
BD BD 922 — 1
A loge/yr (aj+3/2)1*
<$Fbd — e

It has been verified by direct substitution that the solution (52) satisfies the
stationary BD vacuum field equations for the line element

ds2= — e l(dQ2+ dz2)— p2ydd2 ---------- [dt — wd0]2. (53)

4. Conclusions

Combining the result of Sections 1, 2 and 3, we have the following final
theorem:
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Theorem

Given any static cylindrically symmetric zero-mass solutions one can
always generate a corresponding stationary symmetric BD vacuum solution
when v  —3/2 in three steps as follows:

Step 1. Generate static cylindrically symmetric coupled zero-mass and
electromagnetic solutions from the corresponding static cylindrically symmetric
zero-mass solutions using MP relation.

Step 2. Generate stationary zero-mass solutions from the static cylindri
cally symmetric coupled zero-mass and electromagnetic solutions obtained
in Step 1.

Step 3. Generate BD stationary vacuum solutions from the stationary
zero-mass solutions obtained in Step 2 using Tabensky and Taub’s result.
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Appendix

The BD stationary vacuum field equations for the metric (53) are:

vl v | vrh2 vaici LML w1l mInl A2AT) |
2y?2 2yh g g 2h
+ . (»;-»1) + A (i - fid). + - ft«) =
2f g 2h ) 4 h2 2 h
Y2~ ¥Ynj_ (aYyq M.ry.r) v,2 ff.n)
2 Yy Yy

(M2h,i + Mgkn) + Y,1y2 (YIh2 + Y2h,i) _ ™2 + J\2_+
4n 2y?2 4yh 29 2gy
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FLOW OF ‘DIPOLAR FLUIDS’ THROUGH
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Dipolar fluids have been discussed by Bireustein and Green in quite a recent paper
[1]. They have obtained explicit constitutive equations for homogeneous incompressible linear
dipolar fluids. An application of this theory is made here to the problem of flow of dipolar
fluids through a circular pipe with constant temperature gradient. It is found that the tempe-
rature distribution depends strongly on the ratio of the radius of the tube to the value of a
material parameter I, with dimension of length. Numerical values for temperature for different
values of radius in the pipe are given. Graphs are also drawn to compare our results with the
classical ones. It is found that the temperature increases inside the pipe and is maximum at
its axis.

1. Introduction

In their paper Green and Rivlin [2] presented a theory of continuum
in which stress multipoles of various orders were introduced. The theory of
dipolar fluids is the simplest of multipolar fluids. It seems to be consistent to
include dipolar stresses while considering fluids for which velocity gradients
of higher orders than first are present in the constitutive equations. Also the
boundary conditions follow in a natural way. Using this theory, Shirkot [3]
has analysed the problem of Couette flow of dipolar fluids.

In the present paper, this theory of dipolar fluids is used to investigate
the temperature distribution in a circular pipe with all at constant temperature
gradient by using Bleustein and Green’s [l] constitutive equations for
homogeneous incompressible linear dipolar fluids when the fluid is flowing
with the Poiseuille velocity distribution. Numerical values of the temperature
for different values of the radius inside the pipe are sketched in the form of
Tables. Graphs are drawn for showing the comparison with the classical case.

2. Basic equations

The constitutive equationSjhave been derived by Bleustein and Green
[1]. Here we mention only a brief outline. The constitutive equations for homo-
geneous incompressible linear dipolar fluids after some simplification can be
put as follows:

U)/+ qﬁl: 2p,d,j, (21)
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%‘ + 9 8ji + w0 = by 8y Ayji+hy Ayji+ ho(Aij + Aju) + 85T

(2.2)
where 7, is ordinary stress tensor,
Aije = vijx = Auj (23)
di —;—(v,-' ot o) el (2.4)
8y=1ifi—=jand 8,;=0if i»%j 2.5)

and 2 are the components of dipolar stress tensor with symmetry in the first

i)k
two suffixes. ¢ and y are unknown functions, which govern the pressure p.

hy, hy, hyy p, ¢, y and k are, in general, functions of temperature which are
limited by the inequalities

(2hy + hy) >0, (2hy + hg) >0, p>0,

(hg — hy) > 0, (5hy — 2hy + 2hg) >0, (2.6)

E b
Shy — hy + 2hg) — + —
( 1 2+ 3)T+4

The coefficients y and « provide thermomechanical coupling. The rate of work
equation is
or — oA + TS + ST) — q;; + Tyydji + 3 Ay = 0, (2.7)
ik
where dot stands for material differentiation. In (2.7) 4 is the Helmholtz

function and S the entropy, both per unit mass, (T' > 0) is the temperature,
r is the heat supply function per unit mass per unit time, and p is density

q; = aAyy + kT (2.8)

where ¢, are the heat fluxes across the coordinate planes, per unit area of the
planes per unit time. If the dipolar body forces per unit mass and the inertia
terms are absent, we have

T, =0t 2= Tjis (2.9)
Kijk
where o;; is the monopolar stress tensor. Now the equations of motion govern-
ing the non-symmetric monopolar stress-tensor o, are

oji; + ofi = ob:s (2.10)

where f; is the monopolar body force per unit mass and g is the mass density.
We suppose f; to be zero. Substituting for 4, and d;; from (2.3) and (2.4)
in (2.1) and (2.2) and using (2.9) we get the value of ¢,;. Substituting this in
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(2.10) (with monopolar body forces absent) we write the equation of motion
in the form

p(I — 12djdj)vkjj —p k= g(1 — d2didj) 4-
(2.11)
+ Qd2(vkijvu + vijjvki),
where 3 is a gradient operator, the symbol | is intended to be suggestive of
the fact that | has the dimension of length, and d is a material constant.
Also

12 fHgiy>0o and p — (p — 2jj.
t*
As we have considered a homogeneous incompressible fluid case, we further
have

vkk — dk'k — o . (2.12)

3. Solution of problem

We consider here the steady Poiseuille flow [1] of a homogeneous dipolar
fluid through a straight circular pipe with walls kept at a uniform temperature
gradient. We employ cylindrical coordinate system r, 0,z where ér, ée éz.
denote unit vectors in the coordinate directions. We suppose that the mono-
polar and dipolar body forces are zero and we look for the solutions of (2.11)
and (2.12) in the form

V= v(r)éz, p = p{r, z2). (3.1)
It is further assumed that
= <, 2), y»= y(r, z) &z, (3.2)
so that
p(r,z) = cp(r,z) —2-"—r1h(r, z). (3.3)
ds

The condition will be similar at each section of the pipe and we may put
T= Ak + g(r) , (3.4)
where AQis the prescribed temperature gradient. In (3.4), is a function to be

determined from the solution of the probem subject to the condition, g(r) —
= constant = g(R), at the boundary i.e.

g(r) = g(R) — constant. (3.5)
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From (2.2), (2.12), (3.1) and (3.2) we find that the non-zero physical components
of the dipolar stress tensor are

2 =2 = -V + Fry

zrr rzr (3.6),
2 =2 = -w+ ha'r :

zZee €ze

2 :{K'l'h:‘))\/"'l'v " T1+ rAO

rez

J? = hjv" + (ft, + h3v'r-1+ yAQ (3.6)2
eez
A + Kiv" + v'r1) + VAo

where the prime denotes differentiation with respect to r. Eq. (3.1) satisfies
(2.12) identically. Eq. (2.2) reduces to two scalar equations

ap _ .
dr
3.7
1- 12D2D?v = — § - 3.7)
H dz
where D2is the differential operator
d2 + ] d
D2= - (3.8)
dr2 rodr

The first equation of (3.7) shows that p = p(z). From the second equation of

(3.7) it then follows that g 1 —C,and thus the general solution to (3.7)2
z

is written as

v — — +C,logr+C2+C3I0f-f] + CsKO(r/l), (3.9)
4u I

where Jo and Xo are the modified Bessel’s functions of first and second Kkind,
respectively and C,, C2, C3 C4 are arbitrary constants.
Requiring the velocity to be finite at the centre of the tube, we obtain

C, = Csa=0 (3.10)
and (3.9) reduces to

®= - -/~ + Co+ Cs/oé-_f . (3.11)
\Y4 i
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The constants Czand Csare obtained with the help of boundary conditions as
given by Eqgs. (6.12) and (6.13) of Breustein and Green [1]:

v[R] = 0,
TMK) — Ma for X= 0,r,2; (3.12)

where Maare the prescribed dipolar tractions and R isthe radius of the circular
pipe. Since the only non-vanishing component of the dipolar traction Tiy
is Trz the solution for velocity finally becomes

VvV =
: ~Jw)
CR2 Viz (3.13)
(2h1-\-h3)c R K+ fes j /I? N
1 2h1-\-h3 ° (1 2hx-h3™ D)
where Nris given by nz= (Mz —yAQ0) . (3.14)

We assume heat supply function and internal energy to be zero and con-
stant, respectively. Now with the help of (3.6)2 (2.1), (2.3) and (2.8), (2.7)
reduces to

Kk d*g +J_~"L| = + (A + + v.r-y +
dr2 r dr
+ yAOV" + v'r-1) - 2h3v'v"r-\ (3.15)

putting the value of v given by (3.13) in (3.15), the differential equation deter-
mining g(r) becomes

R ORAE ARG lY

2 CCs
+ (K + AY +cg WO . {hm}
vV 12 gi2
As d A . hm 12 CC3 ;
2+ cCi +
r o dr  4u2 | J h WO
d2v J dv
- (3.16)
* VAo dr2 r dr

where C3is given by [using (3.12) in (3.11)]

CR2 . M |
4 ' - R
ca- g ST -f h3)C (3.17)
— hi+ -2m u ) ——-— — ii
/ 2hl+ h3 e SR
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The solution of (3.16) which is free from singularities and satisfies the boundary
conditions (3.5) is

K[g(r) — g(R)] — C’f [1- (EH by, & R‘[ y (_”

_Casﬂszlj: ]( J[l_( ”_YA" 6241:2 2+i2h4in;3)6]

-

- {L(RI) — LelD}

C*R! Ay,
- 2+
xi M) 1, (R/l) v, P I(R/) dp ( (2hy + hy) C) 3
1\ $h 1% 2h, + hy
I—I (R/1) ——I l)}———h—{IO(R/l )+ Io(r/1)}
THF o X
{ lzh1+h3] ;s g Rﬂ)}(Rﬂ)
_CR 1, 4pn, ‘ )
32u ( (2h, + hy)C

h
ARILUS B} +—T (BRI — B (i)}
o 8 el : (3.18)

1 “’ “3 |
{ l ‘2’! +h 0( : ) 2)!1 +h3 l( ; )} ( : )

where we have used the relation ul> = (h, + h;). Thus T = Az + g(r) is
determined.

4. Numerical values

We consider the motion for which 0 < r/R << 1, and M (R)=yA4,=
= CR?/4 = constant and thus 7, = 0.

Here it may be observed that the values of M, will depend on the nature
of the interaction of the fluid with the wall of the cylinder and is not necessa-
rily zero. In this case (3.18) takes the form

CR | 3 _( r)? 2hy + hy

ot e ) e e -
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ht + h3 1
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1 1 2h+ n1 2/ij + h3
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R
|
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h hs
2hy =3

{
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w 0 -

U m

him

Ji(Ri)

- h Ne)}

(@103

{WO - W)} + Lhi, {wo - W)}

fii §- "3
2 fii

um

2 Itj -

Table 1

Ji(R 1o

(w2

Temperature as a function of R/l for hi/h3— 0.5 (fixed) r/R -+

0 (axis)

0.0193
0.0649
0.1056
0.1223
0.1488
0.1875

02

0.0184
0.0612
0.0994
0.1244
0.1401
0.1776

04 0.6
0.0155 0.0117
0.0524 0.0356
0.0819 0.0561
0.1025 0.0699
0.1156 0.0790
0.1491 0.1056
Table 11

0.8

0.0065
0.0174
0.0267
0.0330
0.0377
0.0531

Temperature as a function of hl/h3for R/l = 2 (fixed) r/R “m

0 (axis)

0.0451
0.0649
0.0791
0.1066
0.1035

02

0.0427
0.0612
0.0747
0.1013
0.1233

04 0.6
0.0358 0.0251
0.0424 0.0356
0.0623 0.0345
0.0841 0.0591
0.1032 0.0728

0.8

0.0123
0.0114
0.0215
0.0294
0-0365

299

(4.1)

1 (Wall)

O O O O o o

1 (Wall)

O O O o o
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Fig. 1

Fig. 2

Taking UOto be the mean velocity of flow and setting

CB? .
R = - ) (modified Reynolds number),
2/xU0
*~ea. (Brinkman number),
KgIRj

Q 9(N—9(R) (dimensionless temperature).
9(R)
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From (3.1) we notice that B is directly proportional to the Brinkman
number and square of the modified Reynolds number. This also depends on
R/l and hj,h3.Corresponding to the different values of Rjl and hjh3the values
of Q are given for R — 1, Br= 1and 0 r/R 1, in Table | and Table II,
respectively.

5. Conclusion

In Fig. 1 temperature profiles are drawn for different values of R/I,
keeping R = 1, Br=1 and hjh3= 0.5, (fixed).The temperature profile is seen
to vary sensitively to changes in R/l within the range 0 <CR/I <[ 5. As Rjl
tends to infinity, the classical solution is recovered.

In Fig. 2 the temperature profiles are drawn as a function of the ratio
h¥Vh3for R/l fixed, at the value 2. The temperature profile is seen to be insensi-
tive to change in hjhy.
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The Coulomb (J), the exchange (K) and the total (2J —K) interaction energy contribu-
tions between localized orbitals have been studied for molecules HF, H20, NH3 and CH4,
respectively. Different basis sets (one of (sp/s) and another of (spd/s) type) were used for the
calculations, which were carried out at the experimental and at the theoretical equilibrium
geometries. Several regularities were found which could be related to the results obtained in
earlier works for the localizability as well as for the spatial distributions of localized charge
densities.

1. Introduction

Several localization criteria have been proposed recently for obtaining
“separated” molecular orbitals [1—4]. The separation is implemented by the
use of energetic or spatial criteria. In spite of the localization methods and
procedures so different, no remarkable deviations were found between the
localized charge densities determined for a large number of molecules [5].
There are certain questions, however, which havenotyetbeen analyzed concern-
ing the localizability of molecular orbital densities. In the present paper we
discuss the Coulomb, the exchange and the total interaction energy contri-
butions between localized orbitals. The molecules studied are the following:
HF, H20, NHs and CH4. Experimental and calculated equilibrium geometries
were used: all details can be found in Part | of this series [¢]. The HF—SCF
calculations were carried out by the use of the basis sets 6-31G and 6-31G/d.
A detailed description of the method, the geometries and total energies etc.
are given in Part |I.

2. Preliminary studies

Before analysing the results, we ought to mention some studies and
conclusions for purposes similar to that of the present work.

The first paper dealing with the limits of the localized interpretation of
molecular orbitals was published in 1976 [7]. The new measures proposed there
for the localizability clearly show that the absolute and density overlaps of
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even “well-localized” systems (e.g. CH4) remain still large after localization.
In this paper we discuss whether these overlaps could be related to the inter-
action energy contributions, using different geometry data and basis sets
with and without polarization functions.

Table 1
Interaction energies between core and bond pair localized orbitals (in hartree)
Guab
Basis 6-31G Basis 6-31G/d
HF exp 1.03833 1.04076
calc 1.03695 1.04344
H2 exp 0.89440 0.89580
calc 0.89938 0.90017
NHs exp 0.76563 0.76572
calc 0.77726 0.76902
CHs4 exp 0.64391 0.64398
calc 0.64743 0.64622
Bdee
Basis 6-31G Basis 6-31G/d
HF exp 0.01929 0.01925
calc 0.01926 0.01931
H &0 exp 0.01471 0.01470
calc 0.01481 0.01480
NH3 exp 0.01120 0.01118
calc 0.01140 0.01126
CHs4 exp 0.00824 0.00818
calc 0.00832 0.00823
Interadion
Basis 6-31G Basis 6-31G/d
HF exp 2.05737 2.06227
calc 2.05464 2.06749
HjO exp 1.77409 1.77690
calc 1.78395 1.78554
NH3 exp 1.52006 1.52026
calc 1.54312 1.52678
CH4 exp 1.27958 1.27978
calc 1.28654 1.28421
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Secondly, the spatial distribution of localized orbitals has also been
analyzed [8]. Several interesting results were found. Namely, the tail popu-
lations remain quite large after localization and the principal lobe contains
a charge density whose extent depends on the type of localized orbitals (bond
or lone pair). The present study investigates whether there are relationships
between the interaction energy contributions and the spatial distributions
obtained for the individual localized molecular orbitals.

A detailed study published on the basis set dependence of localized
orbital densities for molecule H,O has shown that there are systematic changes
in the localized orbitals by enlarging the basis set [9]. The interaction energies
obtained between localized orbitals have also been analyzed. In this paper
we investigate how the conclusions found for H,O can be extended for other
systems as well.

3. Interaction energies between core and valence shell orbitals

The Coulomb, the exchange and the total interaction energies obtained
for interactions between the cores and the bond pair localized orbitals are
given in Table I. The same quantities resulting for the interactions between
the cores and the lone pair orbitals are presented in Table II. It is remarkable
that the core/bond pair interaction energies (all of Coulomb, exchange and
the total ones) are larger at the calculated than at the experimental geometries
for each molecule using the more relevant basis 6-31G/d. These results are in
agreement with earlier studies [10], i.e. the increasing nuclear potential (as
going from the experimental to the calculated equilibria) is followed by the
increase of the total electron charge density. It is interesting, however, that
while the core/lone pair exchange interaction energies are also slightly larger
at the theoretical than at the experimental equilibrium geometries for each
molecule studied (using basis 6-31G/d), it does not apply to the Coulomb and
the total interaction energy contributions. These latter quantities are syste-
matically smaller at the calculated than at the experimental equilibrium posi-
tion of nuclei for HF, H,0 and NH,. The results show that the increasing total
electron charge density as going from the experimental to the calculated
equilibrium geometries is not followed by the increase of each localized orbital
energy contribution. The decrease of the core/lone pair interaction energies
suggests that although the bond lengths are found to be shorteratthe calcul-
ated than at the experimental equilibrium geometries of molecules by the
use of basis sets near (or approaching) the Hartree —Fock limit, the lone pair
localized charge densities (more precisely the centres of the charge distri-
butions) are certainly displaced farther away from the cores at the calculated
than at the experimental equilibrium positions of the nuclei. It should be noted,
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Table 11

Interaction energies between core and lone pair localized orbitals (in hartree)

HF

NH3

HF

NH3

HF

NH3

exp
calc
exp
calc
exp
calc

exp
calc
exp
calc
exp
calc

exp
calc
exp
calc
exp
calc

Coulomb

Basis 6-31G

1.21914
1.21915
1.03902
1.03813
0.86969
0.86352

Exchange

Basis 6-31G

0.02585
0.02584
0.01984
0.01995
0.01507
0.01605

Interaction

Basis 6-31G

2.41243
2.41246
2.05820
2.05631
1.72431
1.71099

Basis 6-31G/d

1.21838
1.21836
1.03873
1.03847
0.87183
0.87133

Basis 6-31G/d

0.02590
0.02591
0.01996
0.02000
0.01521
0.01527

Basis 6-31G/d

2.41086
2.41081
2.05750
2.05694
1.72845
1.72739

however, that these smaller or larger energy contributions obtained for the
core/lone pair interactions may also be due to the different extent of lone
pair charge densities at the theoretical and the experimental equilibrium geo-
metries. It is expected that a further analysis including the first and second
order electric moments of localized orbitals will also provide information
about the behaviour of localized charge densities at different geometries (see
Parts 11l and 1Y of this scries to be published later).

Comparing the results obtained by basis sets 6-31G and 6-31G/d at the
experimental geometries, several regularities can be found. As to the values
of core/lbond Coulomb interaction energies, they are always larger obtained
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by basis sets with than without polarization functions. The deviation, however,
is systematically decreasing as going from molecule HF (about 0.0024 a.u.,
0.2%) to molecule CH4 (only 0.00007 a.u., 0.01%). These results suggest that
the inclusion of d-type polarization function is more important on that heavy
atom which contains more and more lone pair orbitals. The results obtained
for the exchange interaction energies between cores and bond orbitals, however,
do not suggest a similar conclusion: the largest deviations between the values
resulting by basis 6-31G and 6-31G/d are found for molecules HF and CHa.
and the smallest ones for H20 and NH3. All deviations, however, obtained for
the exchange terms are less than 0.00006 a.u. (about 0.1 —1.0 %), and these
discrepancies may be due to different effects. The exchange interactions, on
the other hand, have been found to be rather sensitive also to the molecular
environment by another study of localized molecular orbitals [11].

Investigating the same quantities at the calculated equilibrium geo-
metries, larger differences have been found than at the experimental ones for
the values obtained by the use of basis sets 6-31G and 6-31G/d. This is expect-
ed because the theoretically determined equilibrium bond lengths and both
angles by an (sp/s) type basis set are rather far from the Hartree —Fock
limiting values [:2].

The interaction energies between core and lone pair localized orbitals do
not differ much at the experimental equilibrium geometries whether they have
been calculated by the 6-31G or the 6-31G/d basis sets (see Table Il). It is
interesting, however, that these deviations do not show the regularities similar
to those found for the core/bond interactions. As to the Coulomb terms, their
deviations obtained by the two basis sets used are less than o.002 a.u. (about
0.25%). The differences obtained for the exchange parts of core/lone pair
interaction are found to be about 0.00005—0.0014 a.u. (0.2—1.0%), and the
values obtained by the use of 6-31G basis are always smaller than by using
the 6-31G/d basis set.

It is remarkable that the core/lone pair interaction energies obtained
at the calculated equilibrium geometries by basis sets of (sp/s and spd/s)
types show smaller deviations than the core/bond interactions do for mole-
cules HF and H20 (see Table | and Table 11, respectively). The opposite result
was found, however, for the localized orbital interaction energies for NH3.
These results suggest that the statement *“lone pairs have a more atomic
nature” [3] depends strongly on the molecular system.

4. Interaction energies between valence shell localized orbitals

The Coulomb, the exchange and the total interaction energy contribu-
tions between two bond orbitals are presented in Table Ill. The same quan-
tities between bond and lone pair orbitals are given in Table IV, while those
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Table 111
Interaction energies between bond pair localized orbitals (in hartree)
Guab
Basis 6-31G Basis 6-31G/d
H2 exp 0.56495 0.56867
calc 0.56596 0.57158
NH, exp 0.48309 0.48320
calc 0.48473 0.48533
CHa exp 0.40519 0.40282
calc 0.40786 0.40453
Basis 6-31G Basis 6-31G/d
HjoO exp 0.03441 0.03412
calc 0.03516 0.03432
NH3 exp 0.02626 0.02486
calc 0.02669 0.02496
CHa4 exp 0.01871 0.01670
calc 0.01836 0.01679
Interadtion
Basis 6-31G Basis 6-31G/d
HD exp 1.09549 1.10322
calc 1.09676 1.10884
NH3 exp 0.93992 0.94154
calc 0.94277 0.94570
CHa exp 0.79167 0.78894
calc 0.79686 0.79227

obtained between two lone pair orbitals are summarized in Table V. The
values are given both at the experimental and the calculated equilibrium mole-
cular geometries, determined by basis sets 6-31G and 6-31G/d. The regularities
found can be summarized as follows.

Investigating the Coulomb interaction energies, it can be seen that
those found for all of the valence shell orbital interactions are larger at the
calculated than at the experimental geometries of each molecule studied
(using basis 6-31G/d). A similar conclusion holds for the exchange as well as
for the total interaction energy contributions. These results confirm that the
increasing nuclear potential as going from the experimental to the theoretical
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equilibrium geometries is followed by a remarkable and well-defined increase
of electron charge density in the valence shell. The Coulomb parts of the bond/
bond and bond/lone pair interaction energies are less sensitive to the enlarge-
ment of the basis set than are the exchange terms of the interaction energy
contribution. The Coulomb and the exchange parts determined for the bond/
lone pair interactions have a similar sensitivity to the increase of basis set size.
It is interesting that, while the total interaction energy contributions obtained
for the bond/lone pair interactions are always increased by the inclusion of the
d-type functions into the basis, those between two lone pair orbitals decrease
both for HF and H:0. The same quantities, on the other hand, obtained for

Table TV
Interaction energies between bond and lone pair localized orbitals (in hartree)
Cuarb
Basis 6-31G Basis 6-31G/d
HF exp 0.71782 0.72130
calc 0.71720 0.72259
HD exp 0.61237 0.61463
calc 0.61455 0.16667
NH3 exp 0.51669 0.51714
calc 0.53023 0.51900
Basis 6-31G Basis 6-31G/d
HF exp 0.05617 0.05624
calc 0.05616 0.05632
H2D exp 0.04534 0.04519
calc 0.04546 0.04536
NH3 exp 0.03539 0.03485
calc 0.03995 0.03512
Interadion
Basis 6-31G Basis 6*31G/d
HF exp 1.37947 1.38636
calc 1.37824 1.38886
HD exp 1.17940 1.18407
calc 1.18364 1.18798
NH3 exp 0.99799 0.99943
calc 1.02051 0.00288
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Table V
Interaction energies between lone pair localized orbitals (in hartree)
Guab
Basis 6-31G Basis 6-31G/d
HF exp 0.79143 0.79098
calc 0.79136 0.79109
H2 exp 0.66808 0.66633
calc 0.76051 0.66701
Basis 6-31G Basis 6-31G/d
HF exp 0.07011 0.07059
calc 0.07008 0.07064
H2 exp 0.05681 0.05791
calc 0.05826 0.05830
Interadion
Basis 6-31G Basis 6-31G/d
HF exp 1.51275 1.51137
calc 1.51264 1.51154
H2 exp 1.27935 1.27475
calc 1.28276 1.27572

the bond/bond interactions do depend on the molecular system: they are larger
for H20 by the use of basis 6-31G/d than by that of basis 6-31G by about
0.008 a.u., for NHs by only about 0.002 a.u., but a smaller value was found
for CH« by basis 6-31G/d than by basis 6-31G, by about 0.03 a.u. (see
Table I11). These results suggest that the bond/bond interaction energies
are the most sensitive to the molecular system.

The interaction energy contributions obtained for the bond/bond and
lone pair/lone pair interactions do not differ much whether the basis 6-31G or
6-31G/d was used: the discrepancies found are similar at the experimental
and the calculated equilibrium geometries (see Table Ill. and Table IV, respec-
tively). This does not apply to the bond/lone pairinteraction energies: the devia-
tions between the results obtained by the use of basis sets with and without
d-type polarization functions are larger at the theoretically determined total
energy minima than at the experimental equilibrium geometries. These
results thus also suggest that the bond and lone pair charge densities change
in the opposite direction by enlarging the basis set.
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5. Conclusion

The behaviour of localized charge distributions at the experimentally
and theoretically determined molecular equilibrium geometries was investigat-
ed. Several regularities were found due also to the different basis sets used.
The results obtained can be related to those of some earlier works. The ques-
tion is, however, whether the conclusions resulting from this study are in a
total agreement with the earlier ones or we should modify the picture obtained
so far on the localized charge densities of molecules.

As to the results obtained in the study of the localizability, the regula-
rities found there (in [7]) are in agreement with those of this work: the abso-
lute and the density overlaps and the interaction energies between the localiz-
ed orbitals do characterize suitably the individual type of interactions. It
should be noted, however, that these overlaps are expected to have a slightly
different extent at the calculated than at the experimental geometries. Thus
the absolute as well as the density overlaps, e.g., are certainly smaller between
cores and lone pairs but larger between cores and bond orbitals at the calcu-
lated than at the experimental equilibrium geometries.

As to the correlation with the spatial distributions of localized orbitals
[9], it seems that the tail populations can be related to the exchange interac-
tion terms while the Coulomb interaction energies certainly depend rather
on the principal lobes (see, e.g., the similar sensitivities for the molecular system
or those of the individual type of interactions). A study on the spatial distribu-
tion of localized orbital densities including also polarization functions would
be of interest.

The conclusions obtained on the basis set dependence of H20 localized
orbitals [9] are in general valid even for other systems, as it has been found in
this work. Two regularities are worth mentioning. The core/bond and core/lone
pair interactions do change always into the opposite direction: whether the
basis set is enlarged or the geometry is changed for any system investigated.
It is also remarkable that in the valence shell the bond/lone pair interaction
energies were found to be the less sensitive to the molecular system, to the
basis set as well as to the geometry variations.
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An exact analysis of free convection flow past a vertical infinite porous plate in a rotat-
ing fluid is presented. The plate and the fluid are assumed to rotate in a solid body
rotation in a steady state. Exact solutions for the velocity and temperature fields have been
derived. The effects of E, the Ekman number, on the flow characteristics are discussed.

1. Introduction

Rotating fluids received the attention of many research workers because
of their applications in cosmical and geophysical sciences. It is well-known
that in arotating fluid near a flat plate Ekman layer exists wherein the viscous
and Coriolis forces are of the same order of magnitude. Batchelor [1] studied
the Ekman layer flow on a horizontal plate. The effect of suction on such a
flow was studied by Gupta [2], Soundalgekar and Pop [3], etc. On the
other hand Greenspan and Howard [4], Soundalgekar and Pop [5], Pop
and Soundalgekar [6], Gupta and Pop [7] and others have analysed an
unsteady rotating flow past an impermeable or permeable plate under the
assumption of a rigid body rotation. The spin-up phenomenon was discussed
by Greenspan and Howard [4]. If now, a vertical porous infinite plate is
made to rotate with the fluid in a state of rigid rotation, how do the free con-
vection effects affect the flow? As we are aware this problem has not been
studied in the literature. Such a phenomenon has many applications in the
technological field. Hence it is now proposed to study the free convection
effects on the flow past an infinite vertical porous plate rotating in a fluid in
rigid body rotation. In Section 2the mathematical analysis is presented
followed by a discussion in Section 3.2

2. Mathematical analysis

Consider a Cartesian co-ordinate system rotating uniformly with a fluid
in a rigid state of rotation with angular velocity Q about 2-axis taken posi-
tive in the direction normal to the plate. The vertical plate is assumed to coin-
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cide with the plane 2 = 0. Then the flow is governed by the following equa-

tions:
DY :
+ 2BkXV + V Ppje Q2(x? -f-y2) = vY2+ gB(T -T mi, (1)
Dt
VeVv=0, )
VZTH-—- N— . 3)
Dt Lp gCp

Here ¥ isthevelocityvector with components (u, v,iv) inthe (x,y,2)direc-
tions, respectively, iand «k are the unit vectors along x and z axes,pis the
pressure, p is th( dynamic viscosity, vis the kinematic viscosity, g isthe accel-
eration due to gravity, B is the coefficient of volume expansion, T is the tem -
perature of the fluid, I'. is the ambient temperature,

d . d
ai,+ "™ J+

o is the density, Cpisthe specificheat at constantpressure, D/Dtisthe convective
derivative, x is the thermal conductivity of the fluid and ® is the viscous
dissipation term defined in Schlichtung [8]. Let 0 be a fixed point in the
plane 2 = 0 and Ox, Oy be measured along the plate in two perpendicular
directions to 2-axis. As the plate is infinite in extent and the flow is steady,
the physical variables are functions of 2 only. Hence

s -~ o= 0 .
HX by dt
Then from Eq. (2) it follows:

r~=0, 4)

and for constant suction it yields
iv —wo0, (5)

where w0is the constant suction velocity and the negative sign indicates that
the suction is towards the plate. If the flow of the fluid is slow, viscous dissi-
pation effects can be neglected. Hence in view of these assumptions and
Eq. (5), Egs. (1) and (3) reduce to the following set of equations:

d -~
_Wo_-.lf----zQV =y Ty gBR(T - T.), (6
dz dz:
—wn b zuu = V32 (n
dz dz2
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daT X a2T
dz qCp dz2 6)
The boundary conditions of the problem are
m=0 V—0, T= Twat 2= o,
u 0, v—»0, T —»T, as : =00, ©

where is the temperature of the plate.
Introducing the dimensionless quantities

Z = w0z/lv, t/= — + i— ,0 = (T- T)H(TW- T.),
wo wo
P = gCplx, G = vgB(Tw — To)li<jj, E = RBv/wg, (10y
where i = y— 1, P is the Prandtl number, G is the Grashoff number and 2?

is the Ekman number, the Eqs. (s), (7) and (s) become

d2uU du B
2IEU = —GO, (n)
dz2 dz
d26»
- N = 12
dz. © € dzT % (34

subject to the boundary conditions:
[/=0,0=1 at Z2 =0,

17—»0, 0 —»0 as Z —»o00, (13)

The solutions of Egs. (11) and (12) under the boundary conditions (13)’
are the following:

— ljv = ~*7 — e~PZ
Ma J\/\h P(P-1) - 2iE (e ° ) (4
o = e~PZ, (15)

where

A= 5 [1+ @1+ «TEY)Y .

On separating the real and imaginary part in (14) we get

N

— = [P(P - 1)e~XZcos (A,Z) +
wO P2(P- 1)2+ 4P

+ 2Ee~kriZsin (A’Z) - P(P - le~pz], (16)
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[2Ee~*rZ cos (A Z) -
Wn PUP - 1)+ 4E>

- P(P - 1)e~XZsin (A,Z) - 2Ee-pz], (17)

where
112

-(1 + (1 + 64E212

A = —
2

+

12
—((1 + 64EQI2- 1)

3. Results

Fig. 1. shows the velocity components ujGwOand v/GiVgfor different values
of E, the Ekman number, in case of air (P = 0.71) and water (P = 7). We
observe from this Figure that the axial velocity ujGw(for air is negative at small
values of E, whereas at large values of E it is positive for both air and water.
Contrary the transverse velocity v/GwO0is always positive.

Knowing the velocity field we can now calculate the skin friction at the
plate which is given by
du dv

T+= X — +

- (18)
dz dz ,

Fig. 1. Velocity profiles, P = 071 — — — P = 7

Acla Physica Academiae Scientiarum Hungaricae 47, 1979



FREE CONVECTION FLOW 317

Table |
Values of rxJG and TyJG

Tio/C -rm/c
p E 0 02 0.4 0 0.2 0.4
0.71 1.5082 1.0555 0.7949 0 0.4334 0.4549
7 0.1428 0.1405 0.3140 0 0.0065 0.0103

and in dimensionless form we have
r+ du J

M2 tyz .
PLLL, dZ jz=o

(19)
From (19) we obtain the components of the skin friction at the plate in the x
and y directions of the form:

¢c P(P- 1)P - 4+ 2EA-

™ P2(P —1)2+ 4P2 ’ (20)
T g2P(P-4,)-P(P-1)4,
yr PAP - 1)2+ 4P2

The numerical values of rxJG and ryJG are entered in Table I. From this Table
we conclude that rxJG decreases due to increase of P, the Ekman number
for both air and water. But Ty,/G increases with increasing E for both air
and water.
The rate of heat transfer is given by
aT
9+ (21
dz 7=0
and in view of the relations (10) it reduces to
v
q Aasy (22)
X (Tw— T.) wo dzZ |z=o0
From (15) and (22) it follows:

9 =

4= P (23)

and hence the rate of heat transfer is equal to the Prandtl number of the fluid.
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The optical properties of thin bismuth films have been investigated in the near IR
region. The results are compared with those obtained elsewhere on various bismuth samples
and the value of the lattice dielectric constant was found to be 90 = 5.

1. Introduction

Measurements of the optical properties of bismuth films in the infrared
range of spectrum allow to obtain information concerning the electronic energy
band structure as well as the carrier independent part ofthe dielectric constant
and the relaxation mechanisms of charge carriers. The data available [1—4]
on the optical properties of bismuth films are insufficient and could not be
satisfactorily interpreted, since they contain contradictions. It is well estab-
lished that the electrical and optical properties of bismuth films are sensitive
and change substantially in the presence of very small metallic impurities
(0.1 —1%). This indicates that, in some respects, bismuth films are analogous
to semiconductors, even though their electrical conductivity is higher than
that of the majority of semiconducting materials.

In the present contribution measurements of the optical properties of
evaporated bismuth films were carried out in the infrared range (2.5—40 pm)
and the values of the optical and electrical constants are calculated.2

2. Experimental

Bismuth films of different thicknesses (20—300 nm ) were prepared by
vacuum evaporation of highly pure bismuth (99.999%) in a vacuum of ~/10-4
Pa at an evaporation of about 2 nm/s, onto KBr discs as substrate. Film thick-
ness was measured byToLANSKY interference method [s]. Transmission measu-
rements were carried out using a double beam infrared spectrophotometer type
Beckmann 4220, which gives values of transmission accurate to about 4 1%.
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3. Results and discussion
a) Optical properties

The results of mesurements of the transmission of bismuth films of diffe-
rent thicknesses are shown in Fig. 1. All samples show a transmittance maxi-
mum which shifts towards longer wavelengths on increasing film thickness.
For thick films (d > 150 nm) the maximum occurs near 30 um.

The problem of a plane monochromatic wave, of wavelength 1 passing
at normal incidence from vacuum into a homogeneous plane parallel specimen
ofindexn —ik and thicknessd, on a substrate of index n,, was treated by classi-
cal electromagnetic theory. According to Tusss [7] and BrarTaIN [8], for
thick absorbing film (4zkd - 1), the equations for the reflected and trans-
mitted intensities are

R_n—1p+m (1)

(n+12+ K’
- 16n,(n® + k%) oo [ _dmkd ) 2)
[(n 4+ 1)* + ] [(n, + n)® + K?] l A '

Eq. (2) allows to calculate the value of the extinction coefficient k and the
refractive index can be estimated from the preexponential factor by using the
experimental values of T, d, n, and k.

Fig. 2 shows the dependence of the calculated values of k and n for thick
bismuth films (d > 150 nm) on the wavelength, compared with the data of
MARrkov and LiNDSTREM [2] for an evaporated bismuth layer about 1 um
thick (deposited onto rock salt substrate), the data of MarRkov and KHAIKIN
[3] for electrolytically polished bismuth and Hopcson’s data [1] on mechani-
cally polished bismuth. It is readily seen that the results differ considerably
from each other, however, our result for 260 nm film is close to that for electro-
polished bismuth. These differences can be explained by the differences in
surface structure. Mechanical polishing of bismuth produces a cold-worked
surface layer of varying structure, while electropolishing does not leave a sur-
face layer of different structure. Evaporated bismuth layers have a structure
different from that of bulk bismuth. Moreover, the observed increase in the
refractive index for thinner film (160 nm) with decreasing wavelength is in
agreement with the observations of ALEKSEEVSKI and PoraPov [9] and ScHULZ’s
data [10], who found that n has a maximum value at 2 = 2 um where it
reaches 20.

The absorbance (energy absorbed) A can be calculated using the well
known expression [11]

4n

d (3)
(n+172+k
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Fig. 1. The dependence of the transmittance of evaporated bismuth films on the wavelength

Fig. 2. The dependence of the extinction coefficient and the refractive index on the wavelength:
1. Markov and Lindstrem [3],nand K for 890 nm film; 2. Markov and Lindstrem [2], foOr
560 nm film; 3. Markov and Knhaikin [3], for electrolytically polished Bi; 4. Hodgson [1],
for mechanically polished Bi; 5. Markov and Lindstrem [2], n for (a) 220 nm, (b) 560 nm,
(c) 690 nm; 6. Markov and Lindstrem [2] n for different temperatures: (a) —90 °C, (b) 20 °C,
(c) 200 °C. Present measurements; <-Om: k and n for 160 nm film; O, X; k and n for 260 nm film
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Fig. 3. The variation of the absorbance (energy absorbed) with the wavelength

The curve A(X) in Fig. 3 shows an evident drop at low wavelengths X< 2 ym,
which corresponds to the short wavelength edge of the absorption band. For
longer wavelengths A remains nearly constant which shows that the band gap
Egliesin the long wavelength range, in contradiction with Hodgson’s measure-
ments [1], who suggests that Eg”™ 0.3 eV (corresponding to X 3.5 fim),
which is doubtful. Nanney [12] had shown that for bismuth crystal the band
gap corresponds to a wavelength 265 ftm,

b) The lattice dielectric constant

On the assumption that conduction within bismuth is by different groups
of electrons and holes, the contribution of free carriers to the optical constants
is given by Drude theory

Ne

k2= r,- 2 (4)
r 1+ 2T

when <(cor2 1, then

®)

4n.c e, m

where e; is the lattice dielectric constant or the carrier independent part of
the dielectric constant, r is the relaxation time, e is the charge of the electron,
eo is the permittivity of free space, N is the concentration of the charge car-
riers in the metal, m* is the effective mass, X is the wavelength and c is the
velocity of radiation. Thus for that part of infrared where <(con 2 1, graphs
of e versus X2should be represented by a straight line if (N/m*) does not change
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Fig. 4. The dependence of the real part of dielectric constant e — n2— k2on the wavelength (A2

with thickness. Fig. 4 shows the variation of e = n. — k2 with A for d = 160
and 260 nm. The change of s with A is seen to approach linearity as A = 0.
The intercept on the ordinate axis gives et = 90 + 5, which is in agreement
with the value calculated by Boyle and Braitsford [13] (e, = 100).
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CORRECTION TO LATTICE THERMAL
CONDUCTIVITY DUE TO THREE PHONON
NORMAL PROCESSES IN THE PRESENCE OF
DISLOCATIONS IN THE FRAME OF THE
GENERALIZED CALLAWAY INTEGRAL*
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The contribution of the correction term due to the three phonon normal processes to
the total lattice thermal conductivity of an insulator having dislocations, has been studied in
the frame of the Generalized Callaway integral by obtaining for it an analytical expression,
for the first time. To test the applicability of the expression obtained, the contribution of the
correction term to the total lattice thermal conductivity has been calculated for the sample
of NaF having dislocations in the entire temperature range 1—5 °K.

I. Introduction

Phonon-phonon scattering processes play a very important role in the
study of the lattice thermal conductivity of an insulator at low as well as at
high temperatures. Phonon-phonon scattering processes can be divided into
two processes: normal processes (N-processes) in which momentum is con-
served and umklapp processes (U-processes) in which momentum does not
conserve. Callaway [1] was the first to distinguish the role of the three
phonon normal processes from the three phonon umklapp processes in the
study ofthe lattice thermal conductivity of an insulator. Considering the special
role of the three phonon N-processes and assigning a displaced Planck distri-
bution function [1] for it, Caltaway [1] obtained an expression for the
lattice thermal conductivity of an insulator which can be expressed as a sum
of two parts. The first part is due to the combined scattering relaxation rate
while the second part is very complicated and is known as the correction term
[:] (AK) due to the three phonon normal processes, which reduces to zero in
the absence of the three phonon N-processes. It is found that the contribution
of the correction term (AK) is usually small enough compared to the total
lattice thermal conductivity.

The contribution of the correction term (AK) due to the three phonon
N-processes to the total lattice thermal conductivity has been calculated by
several authors [2—11] to study the role of the three phonon N-processes at
low as well as at high temperatures. But their studies are confined to a sample

* Part of M. Sc research thesis which will be submitted by the first author Miss Saleh.
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having perfect structure only, i.e. the previous workers studied AK for a
sample having boundary scattering, point defect scattering and phonon-
phonon scattering processes only. Recently, the authors [12] have studied the
contribution of AK for a sample having dislocations. They calculated the
contribution of the correction term (AK) to the total phonon conductivity of
NaF in the temperature range 1—10 °K and it was found that to calculate
the value of AK one has to go through the numerical integration of several
complicated integrals at each temperature. Therefore, a simple analytical
expression is necessary.

The aim of the present work is to study AK for a sample having disloca-
tions by obtaining for it an analytical expression in the frame ofthe generalized
[13] Callaway integral. To test the applicability of the expression obtained,
the contribution of the correction term has also been calculated for NaF in
the temperature range 1—5 °K in the frame of the expression reported in the
present work.

Il. Theory

According to Dubey [13], the contribution of the correction term (AK)
in the frame of the generalized Caltaway integral can be expressed as

AK = C[2(7\+ T2+ (L, + L212[2(T(+ n) + (L[ + LQ] @)
where
Sx = M p /Teopn (ea + C"s)-41+ R,*2)W (e* - 1)~2dx, (2)
N'sjJo
. T
Si = : CnkCrls ("nls + £r%) 1 (1 + KjX24X
VE, 130
X @ -j- 3Rj x2) xaex (ex — 1)-2 dx , 3)
. JT
T, = Cn\t (Cn\t+ £rt)-1 (1 + R2x22x4e*(ex - 1)~2dx , (4)
V8, uejT
_ KB KBT 2
C= (5)
OTr2 h
S represents T and L, i = 1 and 3 for S — T and L, respectively, KB is the

Boltzmann constant, h is the Planck constant divided by 2n, V’s are the velo-
cities of phonons, o’s are the characteristic temperatures, R’s are the constants
depending on the dispersion curve of the sample, suffixes T and L are used to
differentiate transverse and longitudinal phonons, respectively, *s the scat-
tering relaxation rate [14] due to the three phonon normal processes and

is the same due to all momentum non-conserving processes. A similar expres-
sion can also be written for L2 T. and L'2 (For more details, see [s].)
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Since our study is limited to low temperatures only, the expression used
for an*f C”"1can be expressed as
CjifT — BiicT1,
CN\L= B3w2T3,

Crl — (?Bl + Cptl4~Cul+ Cdist
Cpt: = Aw4,
Cd,l = aiv,

= B2wT4e~&aT ,

CuX = B AT'e-0i'T ,

where C~g\ CZ1 C*l and C”™1larethe scattering relaxation rates dueto boundary
[15], point defect [16], dislocation [16] and the three phonon umklapp proces-
ses, respectively, L' is the Casimir [14] length of the crystal, A is the point
defect scattering strength, Bland B 2are the three phonon normal and umklapp
processes, scattering strengths, respectively, for transverse phonons, B3 and
B« are the same for longitudinal phonons, 9 is the Debye temperature of the
sample, a is a constant [16] and a is the dislocation scattering strength. Thus
Czland Cs: can be expressed as

Cn)t = BlwT4= byX, (s)
Cilj = B3w2T3= b3x2, (7)
Cr]Jt — Cbl+ Aw4-f- B2wT4e~@T -\- aw

= Cbvl+ Dx4+ b2x + yXx, (s)
CrJt — Cb:i+ Aw4-f- Biw2T3e~e/IT -f aw

= Cz1+ D x4+ bix2+ xy. 9)

At low temperatures, the contributions of T2 L2 T2 L'2are negligibly small
compared to the contributions of T1?Lv T[ and L[ due to their limits of integ-
ration and one can neglect their contributions. At the same time, it is necessary
to mention here that through the numerical analysis of the above expression

forC~R\ it is found that at low temperatures, either dominates over”g:
or is dominated by C~gl Therefore, the analytical expressions are obtained
under two different approximations, i.e. A~p an,l CM1N ACTis-
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(A)ifC sécsii

Underthe above approximation, the expression for T, can be approximat-

ed as
L F X e bIX* X* Dx9
A= . CbA22J0 e ) baX X
tb: Ub: Ti: Tb1J
X (@1 + R1x?)3ex(ex - 1)~2dx, (10)

which reduces to
Ti —blCB/s V4, [XI(RJ-DCBFIXIER,) (bl+ b2+ y)TBFIXI(RD} (11)

where )
Xj"(R,) = 1+ 3Ri F™ + 3rf FM+2+ I? F" +4,

— 1) 2dx, m, n and r integers .

In a similar way, one can also simplify Lv T[ and L{ as stated in the Appendix
through Eqgs. (A1—A3).
Hence, the expression AK can be expressed as

2G1 2Go

AK = C + + ] (12
Vi Vh T: VLI
where
G, = A,Ib[XI(RJ - D, FIXIER,) - (A, + Aa+ ¥Y]) Fgxg(R1)JI,(13)
G2= A3le[X?(R3 - D, Froxy (R3) - (A3+ A4 Fg X|«(HJ) -
-y 1FAX?2(R3], (14)
G3= A, 1,[Y5(R,) - A,F9Yg(RJ - D\F? Y$ (R, -
- DAL+ 2A2+ yi)Ff YIKR,)) - A2A2+ A)) FIY?(*,) -
-y, (A, + 2A, + yi) FIYYR,))], (15)
Gs= A3, [BLO) - (A, + Y)FIYI°(Ry - 0,(2A, + A3 x
X FL2YT*- (RY) - 2y,D, FITYH(R) - D\FJ* YH(RJ -
- A4A3+ A4 FI» YikrR,) - Yy, (A3+ 2AIF9Y"R )] , (16)
where
A-=i3cB, D, -DCB, y, = yCB
and where

YARtY = 1+ 7Ri F? -f 18012 F?242+ 22Rf FM+i + 71?2 FM+«+ 3Hf FI?7+8.
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At low temperature, C”xis very small compared to CGrXand one can neglect its
contribution compared to other scattering relaxation rates. On further simpli-
fication of Eq. (12) the expression for AK reduces to

AK=3CblI5CB(Z1+22 ji+VY VY3

(17)
where
PsFi°
Zx= M M - 2D1FI 1-f ° oA Bl 14 2aFS
Pas FlI
- 2y Fl 14- (18)
a3PC'Fl
Z:= sA FI 1+ ) DIFVWI+FIF1D+ -2 fF| X
lj3pc: 3212 pio
X (1 4 F™FLi) + e 4+ FIFD+ aPx n X

X (14 FI0) - AxFl¢u + FfFI) + aPFla + C')/2 4- s P2ULI2 X
X (1+ CFuwFB + aeP:.C'Ff(l + Fg°Fg)/4} - "Ff (14-Fifd+

Pa3C F I, . . Pa3Fl | | q«P:C'FfFf
——(14-B p )+ — -
z z

x (1 + F’Fflj,

(19)
Poas Fl :
73= Mo —watri 14a- 2P L gp b 4 CPASF
PrasC'F
- A FI P e (20)
b
p=nr-,c=h" ,a= T Af=z 14 PFf
bi A LI

Afj = (1 4- &PFj/2) and Fsis the average phonon velocity based on the two
mode conduction of phonons proposed by Holland [17]. In the absence of
dislocations, i.e. a — 0, the expression for AK stated in Eq. (17) reduces to

AK = 2C" 13CM T Zi+ z2 21
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= M — 2D1FI P2a3Fl 22
ZX= M - 1+ Pal o)~ 2Ai*1ji+ 5 (£2)

. . . Pas FIfC’
Z2—6RI 1+ PayfC-)- DiF?jl + FIFIj+

p2,6 P6

p.3 P6
X1+ F|Fl)+ ~a-f5 (1 +F&MN) + ——1Fn X

X (1 + Fg° Fi? A 1+ F« FJ+ ~ (4 + C') +
p3n6r' F8 P2n8 F7
+ ac 50+ FI°F|) + 51 + FIOFfCY (23)
2
3PE T\ iET Pzas F8
A= P ETIPIA_AIFRT e R
A
PasC'Fs P2as C'Fi°
X 1+ -mM 2 1+ (24)

which is the same as obtained by Dubey [9] for a sample having perfect
structure, i.e. a sample having no dislocations. At the same time, if one does

not consider the dispersion of phonons, i.e.

A—F3—Q Fti—rf1i —V,

(in the frame of the Callaway integral), the expression for AK stated in

Eq. (17) reduces to

Ch CI
AK = 98 X 102- ILB [1- 8.78 X 103DCB -
Vs
1.23 X 1026ies - 13.3 CBa], (25)

w hich is the same as obtained by the authors [18] for a sample having dislo-
cations in the frame of the Callaway theory.
Neglecting the dispersion of phonons, the expression obtained for AK

reduces to

Cch C1
AK = 9.8 x 102 1 B [1- 878 x 10sDCB—1.23 x 10\C B] (26)
Vs

for a sample having no dislocations, which is the same as obtained by Dubey

[10] for a pure sample in the frame of the Callaway integral.
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(B) if en > <V

For this case, the simplified forms or Tv Lv T[ and L[ are given in
the Appendix through Eqgs. (A«—A?). Using these equations, the expression
for AK can be expressed as

AK = & Cy~rFf 1 + Ao @7)
(I + al2)F,
where
Pa3FI P2a3FI
Z, = M2 M2-2C B{FI 1+ 2C,
Pa3Ff
2D, F\ 1+ (28)
Pa3FIC Pa3C' Ft
Z>= sR, Ff 1+ 1+ F3Ft-j ______ axt - X
Pa* ) PnNGrfF6
X1+ F3FI) + 24(1+ FiFt) + 4' "(1+ F'FI)
p.3 pr> rner-p”
Cij2 + (1+CFIFt)+A1 (i o+ pbFI)+
P2,3 p6 . Pn3plop"
4U + Fific)\~d2fi 1+ F|Fi)+
X L+ FIoOFs)+ AUU (1+ FIFS)+ ~ aCFtFadC’ (1+p7pso)  (29)
Z:= M, + TAXF'(l - Cj)+ — Y 101 - Cipen)
PV F?
-cx 1+ (30)
where
C = b , 11— 1,2,3, and 4, D2= Djy, Cbl= Csily .
Y»

Neglecting the dispersion of phonons i.e. in the frame of the Callaway expres-
sion, Eq. (27) reduces to

Ch!
AK = 31.862 1 _ 0.458 - 342k . 57255 — (3]_)

r Yy Yy

which is same as obtained by the authors [18] for a sample having dislocation
(Cjis CR1 in the frame of the Callaway expression.
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III. Results and discussion

To test the applicability of the expression obtained, the contribution
of the correction term AK (due to the three phonon normal processes in the
presence of dislocations) has been calculated in the temperature range 1 —5 °K
for NaF in the frame of the expression reported in the present work using the
constants listed in Table I. The results obtained are reported in Table II.
To have a comparative study between the results obtained in the frame of the
expression reported and the frame of Eq. (1) i.e. numerical integration of the
generalized form of the CALLAWAY integral), the value of 4K is also reported

Table I

Constants used in the calculation of the phonon conductivity correction term AK for MaF
in the temperature range 1—5 °K

Col= 6.2 X 10° sec—! VL‘ = 3.39 X 10° cm/sec
A = 6.4 X 104 sec?® VT, = 6.29 X 10°% cm/sec
a =1L17x%10-8 7, = 1I54"X 10—% geet
B, = 1.0 X 10-12gec deg—* ty =18 % 107" gpct
By = 1.0 X 1024 gec deg ™3 6, = 158°K
@3 = 256 °K 0O =425°K

Table II

Phonon conductivity correction term 4K for NaF sample having dislocations. K is the total

lattice thermal conductivity, (4K)gen, can, is the value of 4K based on numerical integration,

(4K)present is the value of AK obtained in the frame of the expression reported in the present
work. K and 4K are expressed in watt/deg/cm

T (°K) K (4K)gen. Call. (4K)pregent
1 1.62x10-1 1.385%10~7 1.382x10-7
2 1.27 3.393x10-5 3.370 X105
3 4.21 8.266 x 104 8.107x 104
4 9.75 7.740x 103 7.355%10-3
5 18.43 4.240x 102 3.705x10-2

in the frame of Eq. (1). With the help of Table II, one can see that the value of
AK in the frame of expression obtained is very close to those obtained in the
frame of numerical integration of the generalized CALLAWAY integral. Thus, it
can be concluded that the analytical expression reported in the present work
gives good response to the phonon conductivity correction term. At the same
time, it should be stated here that one can have the value of 4K without
going through the numerical integration of the complicated integrals.
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W ith the help of Eq. (18), it can be seen that forf?/1"» AK is pro-
portional to the product of the three phonon normal processes scattering
strength and square ofthe boundary scattering relaxation time i.e. AKxBj*"C"2,
which indicates that for CB: mainly depends on Cg: and
Cipj, - At the same time, with the help of Eq. (27), it is very clear that for
CR1-M <diss "K proportional to the the three phonon normal processes
scattering strength and inversely proportional to the square of the dislocation
scattering strength, i.e.AKxBJa2which shows that for i “1 AK depends
mainly on CjphNand C " 1-It is interesting to note that under special conditions,
the expression obtained reduced to an expression which is similar to previous
findings of the earlier workers which can be seenin Eqgs. (21), (25), (26) and (31).

The entire work can be summarized as follows:

(@) The phonon conductivity correction term AK due to the three phonon
normal processes in the presence of dislocation has been studied in the frame
of the generalized Callaway integral by obtaining analytical expression for
the first time.

(b) The phonon conductivity correction term AK has been calculated
in the temperature range 1—5°K for NaF in the frame of the expression
obtained and it is found to give very good response to the AK.

(c) For C~"x AK depends mainly on C”™h and whereas for
CR1 C jig it depends mainly on C kN and CRi1 ¢

(d) In the limiting cases, the expression obtained shows similarity with
expressions reported by previous workers for AK.
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Appendix

Similar to Tx (a stated in Eq. (11)), the terms Lv T[ and L[ can also be
simplified for CB: > Cda as

Li = b3CBI6Vi\ [X|(R3) - DCBF™XIQR3 - (53 + bd) CB X

X FIX\°{R3) - aCs FI X? (R3], (A1)
T{= b, I. Vrf[Yf(R4) - b}CBFI Y%(Rj) - D2C%F? YE (R4 x

- DC%FfYg(jy b2+ b, + 2a) - b2b2+ bj C%FI Y?2(RY) -

- a(2b2+ bj) CI FIY?(jy - aC\ Fl Y?(R))], (A2)
Ei= b3leVil[YI(R3 - b3CBFI Yf»(R3) - D2C% FJ* Y$(R?J) -

- D(b3+ 264)Ff2Yff(R3) - 2DaFai Y2(R3) - s4(63 + bl X

XFI° YI2AR3C% -a(b3+2b4Cl F? Yfi(R3) - B[ FgB [ ]. (A3)
Similarly for Cb: ,

Kh  X«R) - FfXf(Rj) - (el + &) Xf (R4 -
vil y L J y

— FJXI(R)) (A4)
y

L ,- g7« . Cv- FAX\{R3) - 0>Al"__M‘ Ff Xf(R3) -
&Ely 11'7( ?) y

y
-— FIX& (A3 (AS)
Yy
T{=h 1 [AA - FfYf(RY 20 et
Ffj J y y
262+ k& b1 . D2 )
Yf(Ri) Ff , FliYgfiy -
y J T
2b2+3x1 A Ffy|°(Rj) - 6363+ y + b Y7(01)5 (A6)
y y y
Ei " Yf(RI - ¥ IpRf ¥HRY—-0 FfY2(RI
LI y2 y
L A A ErveRry Pt e 1B yiRy - APPA 2 VH(RI -
y y y J J
— 254 + 63 Ff» YIf(R3) - 64(63+ 6¢) Ff Yg°(R3II . (AT)
J I
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NEUERE UNTERSUCHUNGEN IM PROBLEMENKREIS
DES HAGEN-POISEUILLESCHEN
STROMUNGSGESETZES

Von

M. Mikolas und L. Bardoécz

LEHRSTUHL FUR MATHEMATIK, FAKULTAT FUR BAUWESEN DER TECHNISCHEN UNIVERSITAT
BUDAPEST UND ABTEILUNG FUR ISOLATIONSTECHNIK DES FORSCHUNGSINSTITUTES FUR
ELEKTROINDUSTRIE IN BUDAPEST

(Eingegangen 25. V1. 1979)

Mit einer neuartigen geometrischen und analytischen Begriindung wird eine Verall-
gemeinerung des Hagen-Poiseuille-Gesetzes behandelt, die bei vielen, in der Physik und Technik
vorkommenden Kanalformen bzw. Flussigkeitstypen eine feinere Beschreibung des Strémungs-
vorganges ermdglicht.

1. Einleitung

Wie bekannt, ist das Gesetz von Hagen und Poiseuille, das seit seiner
Entdeckung (1839) auf verschiedenen Gebieten der Physik, Chemie und Biolo-
gie oft benutzt wurde, wdhrend der letzten Jahrzehnte auch in der Technik zu
einer wesentlichen Unterstiitzung geworden. (Vgl. z. B. [1]—[3], [16], [17].)
Man muss aber beachten, dass die genannte Regel nur den elementarsten Fall:
Newtonsche Flissigkeiten und zylindrische Kandle mit Kreisdurchschnitt
betrifft, wogegen die ubrigen Fdalle in der Fachliteratur meistens mit Hilfe
unzuverldssiger Approximationsformeln behandelt werden. (S. [16], 120 und
137-138; [17], 200.)

Im Folgenden soll nun eine derartige starke Erweiterung des Hagen-
Poiseuille-Gesetzes abgeleitet werden, die aller Wahrscheinlichkeit nach geeig-
net ist, den Strémungsvorgang in den praktisch wichtigsten Féllen exakter
widerzuspiegeln. Die Resultate entstanden im Laufe einer im Jahre 1977
begonnenen Kooperation zwischen den, im Titel angegebenen zwei Institutio-
nen, welche u.a. zum Ziele hatte, eine unldngst erfundene Isolationstechnologie
fur Anker gewisser Elektromotoren, wobei die Isolierschichten durch Spritz-
guss und unter Verwendung spezieller Kunststoffe hergestellt werden, mathe-
matisch zu begrinden.

Bemerkt sei noch, dass viele Mitteilungen der neueren Fachliteratur die
W eiterentwicklung des Problemenkreises in anderen Richtungen, ndmlich die
Untersuchung von Hagen-Poiseuille-Stromungen (in Rohren mit kreisférmigen
oder annularen Durchschnitten) bei temperaturabhéngiger Viskositat, zeit-
abhé&ngiger Druckverteilung, fir einige Gasgemische, oder in Bezug auf
Stabilitdt zum Gegenstand haben. (Vgl. z. B. [4]—[7], [9] —[10], [13]—[15],
(18],
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2. Richtung der Verallgemeinerung, geometrische Grundlage

Das nach Hagen und Poiseuille benannte klassische Gesetz fiir stationire
Rohrstrémungen und Newtonsche Fliissigkeiten lautet:

Y w R4
V= (Pr— P2 » (1)
8nl

wobei ¥ den »Volumenstrom«, d.h. das pro Zeiteinheit durch einen Rohr-
querschnitt stromende Fliissigkeitsvolumen, p, — p, den Druckabfall entlang
des ganzen Rohres, R und I den Radius bzw. die Linge des zylindrischen Roh-
res, 1 aber die dynamische Viskositit der Fliissigkeit bezeichnet. Dass die
Flissigkeit «Newtonsch« ist, bedeutet bekanntlich folgende Beziehung zwi-
schen der Schubspannung 7 und dem Geschwindigkeitsgradienten dv/dr
(Os<tmi= R):

)
Wir méchten gleich hervorheben, dass man — unter Beibehaltung der
Rohrform — relativ einfach auf den Fall Nicht-Newtonscher Fliissigkeiten

iibergehen kann. Wir haben nidmlich nur ¥ als Integral der Geschwindigkeit
auf dem Rohrquerschnitt zu betrachten, dann nach passender Teilintegration
in Bezug auf die Variable r den Gradienten dv/dr mit seinem aus dem beliebig
vorgegebenen Fliessgesetz gewonnenen Ausdruck (als Funktion von 7) zu
ersetzen, und schliesslich anstatt r nach 7 zu integrieren. (Die Schubspannung
ist in unserem Fall einfach proportional r; vgl. z. B. [1], 104—105). Von diesem
Grundgedanken werden wir auch im weiteren Gebrauch machen; da aber die
Hauptschwierigkeit einer Ausdehnung von (1) in der komplizierten Abhingig-
keit der Strémungsparameter von der Kanalform liegt, so wollen wir uns vor
allem auf die Untersuchung der Schubspannung bei gewissen allgemeineren
Kanaltypen konzentrieren.

Es wird wieder die in einem zylindrischen Rohr der Linge [ stationir
ablaufende Strémung einer Newtonschen Fliissigkeit gepriift, aber der Rohr-
querschnitt B ist ein Bereich allgemeiner Art, dessen Rand aus folgenden
Teilen besteht: (I) aus einem Stiick einer geschlossenen, abteilungsweise glat-
ten ebenen Kurve C, welche ein Symmetriezentrum O besitzt und in einem,
O als Anfangspunkt enthaltenden Polarsystem die Gleichung r = f(p) mit
r > 0 hat;* (II) aus einer anderen Kurve C,, welche aus € durch eine Ahnlich-
keitstransformation mit dem Verhiltnis 1 : ¢ und mit O als Ahnlichkeitszent-

* Somit wird die Funktion f(p) eindeutig und abteilungsweise stetig-differenzierbar
vorausgesetzt.
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Fig. 1. Durch Affinitdt erzeugter allgemeiner Rohrquerschnitt und zugehdriges Polarsystem

Fig. 2. Einem festen Polarwinkel zugehdriger Kanalquerschnitt in Strémungsrichtung

rum erzeugt wird; ferner (I11) aus gewissen Strecken = qr (konst.), @= tp2
(konst.) (siehe Fig. 1). Wir betrachten nebst dem rg¢>-Polarsystem auch ein
rechtwinkliges £y-Koordinatensystem mit dem gleichen Anfangspunkt und
ergédnzen letzteres mit einer in Strémungsrichtung liegenden z-Achse zu einem
rdumlichen Descartessystem. Wenn man das Rohr durch eine die z-Achse
enthaltende, mit einem festen Wert von @ gekennzeichnete Ebene schneidet,
so entspringt ein Rechteck der Ldnge | und Breite (1—e)R, wobei R diesmal
eine Abklrzung fur r(<) ist. (Vgl. Fig. 2))

Wir setzen noch voraus, dass die Stromlinien zur z-Achse parallel sind,
und der Druck p nur von z abhéngt, ferner linear ldngs des Rohres abnimmt;
der Anfangswert von p wird mit px sein Endwert (Minimum) mit p2bezeich-
net. Denkt man sich nun den Strémungsraum mittels geeigneter, aus der zu
<2 gehdrigen Grenzflache durch Affinitdten erzeugten Flachen, sowie zur xy-
Ebene paralleler und die z-Achse enthaltender Ebenen in Volumenelemente
zerlegt (in den Figuren 1—2 sind die den Rand eines solchen Elements charak-
terisierenden Polarkoordinaten und z-Koordinaten der Reihe nach mitr = iJR
[c <T &< 1], r + Ar = (# -|- Aé)R, cp,p f- Acp bzw. mit zund z + Az bezeich-
net, ferner bedeutet ABCD den entsprechenden elementaren Teil des Quer-
schnittes o6 in der ny-Ebene), dann greifen Schubspannungen entlang der
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Randfldchen eines jeden Volumenelements an. Es erhebt sich die Frage: wie
hdngt die entlang eines zur ay-Ebene senkrechten Stromfadens § auftretende
Schubspannung* von den diesen Faden kennzeichenden Polarkoordinaten ab?

3. Generalisierte Schubspannungsformel

Um die Antwort zu finden, betrachten wir zunachst einen verdanderlichen
Punkt Q der durch die Gleichung r = 'Dfcp) (i < $< ¢2) dargestellten ebenen
Kurve und schreiben wir fir den Wert von r entlang des zu Q gehdrigen Strom -
fadens kurz tor (R = f(cp)). Setzt man voraus, dass rd/? eine stetige Ortsfunk-
tion ist und sogar stetige Ableitungen nach den Polarkoordinaten besitzt, so
ist diese Grdsse beziuglich eines kurzen Kurvenstickes anndhernd konstant.
Daher ergibt die Gleichgewichtsbedingung fir die an ein beliebiges Volumen-
element wirkenden gesamten Kréfte:

Ap < (Inhalt von ABCD) ~
©)

r : ~ ,
A Az [(Bogenldnge von CD) e« r(B+ng)H — (Bogenlédnge von AB) etwJ ,

wo Ap = p(z + Az) — p{z) ist. Die dabei implizit gemachte Annahme, dass
die zu AD und BC gehdrigen »Seitenflaichen« schubspannungsfrei sind, ist
offenbar berechtigt; denn die innere Reibung tritt erfahrungsgemaéss nur
zwischen solchen Stromfaden auf, die sich nebeneinander nicht mit der gleichen
Geschwindigkeit bewegen, die also verschiedene Abstdnde vom Rande des
Stromungsraumes haben.

Es ist nun wesentlich, dass die Bogenldnge eines durch ebene Polar-
koordinaten gekennzeichneten, stickweise glatten Kurvenstiickes, oder der
Inhalt einer Flachengestalt des Types ABCD in der Form einfacher Integrale
ausgedrickt werden koénnen. (Vgl. z. B. [11], 203 und 227—228.) Mithin
erhdlt man fur die Bogenlédnge zls des mit gound @  Acp bestimmten Stiickes
von <2 die Formel:

ax = | Y[/(P)]2 + (4)
Jo

wéhrend der Inhalt Al des zum Zentriwinkel Acp gehdrigen Teilgebietes (Sek-
tors) von cB die Darstellung

: > (5)

* Hierunter versteht man natirlich den Grenzwert der auf eine den & enthaltende
Flache © bezogenen Schubspannung fur den Fall, wo © auf § zusammenschrumpft.
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zulé&sst (Fig. 1). Da aber die erste Polarkoordinate eines beliebigen Punktes
von AB bzw. CD aus derjenigen des entsprechenden Punktes von < durch
Multiplizieren mit fl bzw. mit fl + Ad entsteht (vgl. Fig. 2), so ergeben sich:

Bogenldnge von AB = dAs,
Bogenldnge von CD — (A + A&)As,
Inhalt von ABCD = Ad{2d + Ad)AlI,

womit (3) der Beziehung

(fl + A&)T@&B)K - dx(R 7 Ap ' AL 6
Ad . Az ' As )

dquivalent wird.

Wenn man in (s) die Grenziibergdnge zIfl —»0 und Acp— 0 ausfihrt
und beachtet, dass die vorausgesetzte lineare Beziehung des Druckes mit z
die Formel

4L = - b,—b .« o) )
Az | '

zur Folge hat, dann entsteht

A(AT<M) off Pi - Pi dl
3d | ds
d. h. wegen

< =V [>m ~ =Xm2+um)2,
dl__ dI ' ds 1 R2
ds dep dp 2 YR2-\-(R")2
die Differentialgleichung

d{ordR) = # Pi— Pi R2 e< fl< 8
" (9)
3d | fR2+ (A R=fw)

Die Auflésung von (s) liefert:

fl. Pi—Pi Jig:
2 | YR? + (R")2

At«? =

wobei K von fl nicht abh&ngt; diese Grdsse muss sogar 0 sein, wie es fir
fl =+ 0 unmittelbar ersichtlich ist. (Genauer: K —-0 als e—=+0.)
Wird noch r = I)R gesetzt und anstatt xr einfach r geschrieben, so folgt
schliesslich die gesuchte Darstellung der Schubspannung :
Pi  Pi R*T leR<r <,R

T = 1 9
2 "R Ao=/(<p). <, fi ©
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Wir bemerken, dass (9) im Falle R = konstant, ¢ = 0 in die Formel
% = —Pl%l“r (0<r<R),

d. h. in eine wohlbekannte elementare Relation aus der Theorie laminarer
Rohrstromungen iibergeht. (Vgl. z. B. [1], 97.]

4. Erweitertes Stromungsgesetz fiir Newtonsche Fliissigkeiten

Im Besitz von (9) ist es schon nicht schwer, denjenigen Zusammenhang
zwischen dem Volumenstrom J und dem »Druckabfallc p, — p, abzuleiten,
der im vorliegenden Fall der Hagen-Poiseuilleschen Regel (1) entspricht. Wir
haben nur eine bekannte Formel der Vektoranalysis, sowie die in der Ein-
leitung erwihnte Grundidee zu verwenden.

Tatsdchlich gilt die Darstellung

(10)

bei welcher ¢ den Durchschnitt des behandelten zylindrischen Rohres, v =
= v(x, y) die Stromungsgeschwindigkeit bezeichnet.
Auf Grund der Koordinatentransformation

X =TCOBQ ,
¥= T8N ,

deren Funktionaldeterminante einfach r betriagt, geht (10) iiber in:

7= U r¢),dr]d¢, 1)

und das innere Integral ldsst sich mit partieller Integration, sowie unter
Beniitzung von (2) und (9) auf folgende Weise umformen:

J rvdr = [ rzv]= ~~J\ r2
R r V27172 e 4
T PRV X A1 2 o Ry
27 2n 21 4

Demnach gelangt man aus (11) unmittelbar zur gehofften Verallgemeine-
rung von (1) fiir Durchschnitte vom in Fig. 1 angedeuteten Typus:

rompu o wf (5T e o
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Wird hierin R = konstant gewé&hlt und eR = Rq]> 0 gesetzt (Kreis-
bogengrenzen), so entspringt die Beziehung:

V=PI~ f (Rx- Rifa- <fU, (13)
lorjt

welche im Falle eines Vollkreises (RO= 0, gd = 0, 2 = 2n) genau (1) liefert.
Der andere wichtigste Spezialfall von (12) ist derjenige eines Rechtecks
mit den Seiten 2a 26 (Fig. 3). Dann hat man offensichtlich e = 0 zu setzen,

Fig. 3. Fall eines rechteckférmigen Durchschnittes

und es ist zweckmadssig den Neigungswinkel gD als Hilfsgrésse einzufiihren, den
die l&ngere Symmetrieachse mit der Diagonale einschliesst.
Es gilt fir diesen Winkel:

©0 = arctg 2 = arc ctg 2 , '(14)
a b
und mit Hilfe der Polardarstellungen der vier Rechtecksseiten:

f= cosdo(_dzb noro) T= —Sin—(p(<Fb<;9? n—q0);

r= -———- — (0 —gd<; < n+ 9?); r= - N— (n+ (O<cep< 2 T— )
cos P sm @
ldsst sich das Integral in (12) explizit ausrechnen.
Zundachst erhdlt man:

A d
v= P_P2 P, b ® (15)

4l 4.]0 COS3 P . gins@

und beide letzten Integrale kénnen durch die Substitution n = tg (<p/2) in ge-
schlossener Form dargestellt werden. So ergeben sich:

rp g
P Ctg2-2- _ tg2% 1-i-b g Tt (16)
J< Sin-Q) 2 2, 2 2
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[ - AR R

T Po
t i e s—
i

1
— —In ’ 17
5 (17)

ferner lassen sich die Werte (16)—(17) — hinsichtlich von (14) — einfach mit
a, b ausdricken. Mithin resultiert die in den Seitenldngen vollig symmetrische,
elegante Formel:
A« Sl | aqy(i] +b4W[iJ], (18)
8nl a b
wo
W(x) =xVa*+ 1+ In(x + Va2 + 1) (19)
zu verstehen ist.

Insbesondere fiir a = b, d.h. wenn der Durchschnitt ein Quadrat ist, geht
(18) iiber in

palBrilet DI o — (20)

das als ein eigentiimliches Gegenstiick von (1) aufgefasst werden kann.

Weitere Beispiele zeigen, dass (12) auch im Falle von nicht-zentralsym-
metrischen Durchschnitten mit & = 0, bzw. fiir Rohrquerschnitte, bei welchen
das Symmetriezentrum von € mit dem Ahnlichkeitszentrum nicht zusammen-
fillt, unter passenden Einschrinkungen zur approximativen Beschreibung des
Stromungsvorganges geeignet ist.

5. Fall von Nicht-Newtenschen Fliissigkeiten,
Weiterentwicklung der Resultate

Die Methode der Ableitung von (12) gestattet uns offenbar, das gefun-
dene Stromungsgesetz auch auf gewisse Nicht-Newtonsche Fliissigkeiten aus-
zudehnen. Der Kern dieser Methode besteht namlich darin, dass der gewiinschte
Ausdruck von ¥ nicht durch die vorliufige Bestimmung der Geschwindigkeit
aus ihrem radialen Gradienten, wie es in der Fachliteratur allgemein iiblich
ist (vgl. z. B. [8], 189—190), sondern mittels der direkten Beniitzung des
Fliessgesetzes fiir dv/gr und der Schubspannungsformel (9), auf Grund einer
passenden Umformung der Integraldarstellung (10) gewonnen wird.

Nehmen wir nun anstatt (2) die Giltigkeit eines sog. (zweigliedrigen)
Potenzgesetzes

N (21)
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mit vorgegebenen Konstanten x, #, N an, das bekanntlich fir eine breite
Klasse von Nicht-Newtonschen Flussigkeiten zutrifft (»pseudoplastische Me-
diax mit X= 0O, 4>0, IV> 1; »dilatante Mediaxk mit x — o, 9> o, N < 1),
so bekommen wir durch Einsetzen von (21) in die Formel [vgl. (11)]:

rR 1 rR
vrd r = - -\ rodr, (22)
JeR * JeR or

ferner durch Anwendung von (9) und Ausfiihrung der Integration nach r die
Darstellung:
12

y: 41 cq) (FI-P 2?!;W1+ . dtp

-N/2

AL - eN+3) p 1~ P2\NT “K,, +5 ’ dop
2(N + 3) 21 1 g M R

(R=f(<p)).(23)

Es ist eindeutig, dass (12) dem Spezialfall A= 0 und der Bezeichnung x — l/rj
entspricht; im Nicht-Newtonschen Fall 4 0 ist (23) wieder als eine Approxi-

niationsformel anzusehen.

Auf die Diskussion des Labilwerdens hzw. der Turbulenz der Strémung,
sowie des Begriffs der Reynoldszahl und eines instationdren Strémungsablaufs
fiir nicht kreisformige Rohrdurchschnitte, welche nebst mathematischen Uber-
legungen auch experimentelle Nachweise erfordert, werden wir an anderer
Stelle eingehen. Schliesslich sei erwdhnt, dass sich eine vorldufige Ankindigung
in englischer Sprache Uber die obigen Ergebnisse in [12] befindet.

LITERATUR

1. E. Becker, Technische Stromungslehre, 2. Auflage, Teubner Verlag, Stuttgart 1970.

2. F. R. Eirich, Rheology-Theory and Applications, Vol. —I11., Academic Press, New York,
1956.

3.J. D. Ferry, Viscoelastic Properties of Polymers, Wiley, New York, 1961.

4. W. D. George und J. D. Heltums, J. Fluid Mech., 51, 687, 1972.

5. D. F. Hays, Int. J. Heat Mass Transfer, 9, 165, 1966.

6. D. K. Hennecke, Warme- u. Stoffubertr., 1, 177, 1968.

7.T. C. Ho und M. M. Denn, J. Non-Newtonian Fluid Mech., 3, 179, 1977.

8. G. Joos, Theoretische Physik, 7. Auflage, Akad. Verlagsgesellschaft, Leipzig 1950.

9. P.-A. Mackrodt, Z. Angew. Math. Mech., 53, Till, 1973.

10. H. Maki, Phys. Fluids, 22, 203, 1979.

11. H. Mangoldt und K. Knopp, Einfihrung in die hohere Mathematik, Bd. Ill., 9. Auflage,

Hirzel Verlag, Leipzig 1951.

12. M. Mikolas und L. Bardécz, Z. Angew. Math. Mech., 59, T 120, 1979.

13.V. Panaitescu, Stud. Cercet. Mec. Apl., 35, 187, 1976.

14. S. Prakash, J. Appl. Mech., 36, 309, 1969.

15. H. Satwen und Ch. E. Grosch, J. Fluid Mech., 54, 93, 1972.

16. G. Schenkel, Kunststoff-Extrudertechnik, 2. Auflage, Hanser Verlag, Minchen, 1963.

17. L. Sors, L. Bardécz und I. Radnéti, M(ianyagalakitd szerszdmok (ung.), 2. Auflage,
M(iszaki Kényvkiadé, Budapest, 1977.

18. V. V. Struminskij, Prikl. Mat. Mekh., 39, 144, 1975.

Acta Physica Academiae Scientiarum Hungaricae 47, 1979






Acta Physica Academiae Scientiarum Hungaricae, Tomus 47 (4), pp. 345—352 (1979)

KINETICS OF CRYSTAL GROWTH IN AMORPHOUS
SOLID AND SUPERCOOLED LIQUID TeSe,,
USING DTA AND d.c. CONDUCTIVITY
MEASUREMENTS*
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Curves of reaction rate versus temperature for constant heating rates (? = 1—10 °C/min)
constructed by analytical methods have been used to demonstrate the crystallization
kinetics of amorphous solid TeSe,,. The devitrification process takes place with predominance
of random nucleation and one-dimensional growth, and is limited by combined switching and
splitting of the chemical bonds. The mean value for the activation energy of the amorphous-
crystal transformation, E, is found to be 64 Kcal/mole. While the quantity E calculated on
the basis of d.c. conductivity changes during different isothermal crystallization (120—175 °C)
in supercooled liquid TeSe,, amounts to 11.5 Kcal/mole and suggests the existence of mixed
chains in the liquid alloys.

I. Introduction

The binary chalcogenide system Se-Te is of particular interest because
the components are isomorphous and the phase diagram is very simple with
total miscibility [1]. To satisfy the local valence requirements in the Se-Te
alloys, any structural groupings other than rings or chains would appear to
be excluded. The atoms within the chains are connected to each other by cova-
lent bonds (main bonds), whereas the bonding between the chains shows cova-
lent as well as Van der Waals character (weak bonds). Raman studies [2] have
indicated that Te has a great effect in reducing the Seg-ring concentration.
Also, the viscosity of Se is increased by the addition of Te and is attributed
to an enhanced interaction between chains [3]. An analysis of Mossbauer
experimental data made by PooLcHAND and SurRANYI [4] suggests that the
binding of Se-Te bond is stronger than the average of the Se-Se and Te-Te
bonds. This means that doping of Te in Se shows the tendency to form as many
Se-Te bonds as possible [5], i.e. the weak bonds between the chains are
attenuated.

In the present article, an attempt has been made to assess the appli-
cability of using the DTA measurements to investigate the kinetics of devitri-

* Published in the ICTP Internal Report, Miramare-Trieste, 1C/79/66, July 1979.
** Permanent address: Physics Department, Faculty of Science, Ain Shams University,
Cairo, Egypt.
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fication of amorphous solid TeSe,, Also, kinetic calculations of the crystal
growth in supercooled liquid TeSe,, have been considered by continuously
following the changes in d.c. conductivity at different isotherms.

II. Experimental arrangements

1. Sample preparation

The exact proportions of high purity (99.9999;) Se and Te required for
preparing 6 gm of TeSe,, were enclosed in a vacuum-sealed (10 ~* Torr) quartz
tube about 12 mm in diameter. The tube was heated at 800 °C for 8 hours in
an electric oven and shaken several times during the heating to ensure complete
mixing. The molten material was then rapidly quenched in icy water. This
method of preparation leads to the formation of TeSe,, in the amorphous
state as verified by the presence of a halo pattern in the X-ray diffraction. To
increase the degree of order in the structure, annealing between T, and T,
is required. A comparison of the diffraction patterns of a particularly crystal-
lized TeSe,, and hexagonal Se revealed primarily a slight shift in the Bragg
angles of the characteristic diffraction peaks.

2. DT A measurements

The apparatus used for the differential-thermal-analysis (DTA) has been
made locally. It is provided with accurate equipment for controlling and
recording. The experimental conditions adopted were in accordance with the
recommendations made by MAcCKENzI [6]. The DTA sample tube, made of
pyrex glass of 3 mm in diameter, was filled with the amorphous material which
had been ground into powder form. The differential temperature has been
measured between the centres of the reference (x-aluminium oxide) and the
active (TeSe,,) sample tubes. The sample temperature and the differential
temperature have been recorded on the same chart using a two-channel
recorder.

Crystallization during heating, or cooling, results in an exothermic peak
and melting of crystalline material yields an endothermic peak. The glass
transition point T, for a freshly prepared sample, takes the from of a step in
the DTA trace. Such a step tends to a little peak if the sample has been aged.
A typical DTA trace, with a scan rate of ¢ = 11.3 °C/min, is shown in Fig. 1
for TeSe,, amorphous sample aged at room temperature for four weeks: the
glass transformation temperature 7, = 62 °C and the maximum crystalliza-
tion velocity is attained at 168 °C in contrast to pure Se, the beginning of
crystallization and the subsequent melting are displaced towards higher tem-
peratures (T, = 220 °C for Se and 240 °C for TeSe,,)).
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Fig. 1. A typical DTA trace obtained with scan rate of 11.3 °C/min for TeSe20 amorphous
sample aged four weeks at room temperature

3. d.c. conductivity measurements

For electrical conductivity measurements in supercooled liquid TeSe2),
the quenched material has been fabricated in the following way : i) About 2 gm
of the material was sealed under vecuum (10- Torr) in a pyrex glass tube
(-10 mm in diameter) provided with two tungsten electrodes near the base,
ii) The tube was heated at 300 °C + 2 °C for one hour, then quickly transferred
to a preheated oven adjusted to the required temperature of annealing.The
electrical conductivity has been measured accurately using an electrometer
with an error less than 2.5%, and applying small stable voltage (less than 5V)

I11. Kinetics of crystal growth in amorphous solid TeSezo

Fig. 2 shows exothermic curves of different scan rates, (p = 1—10 °C/min,
obtained on 0.1 gm powdered samples with non-aged amorphous TeSe2. It
is clearly seen that the position of the exotherm, which is associated with the
devitrification, shifts towards higher temperature with the increase of scan
rate. This suggests that the crystallization should be considered as a rate
process which cannot be characterized by a definite critical temperature inde-
pendent of scan rate.
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116°C 123°C 127°C U5°C 148°C 153°C

Fig. 2. Exothermic curves obtained with TeSe20 non-aged samples scanned at: a) 0.85, b) 1.6,
c) 2.2, d) 5.5, e) 8.5 and f) 9.8 °C/min, respectively

temperature. °C

Fig. 3. Fraction reacted, a, versus temperature as calculated from the relevant area under the
DTA peaks, for the various scan rates of Fig. 2

The complex process of devitrification of TeSezx can be described by
the following kinetic equation formally derived by Avrami [7]:

-In(l -a) = Ktn+ KOtnexp (-E/RT). 1)

The desired parameters to be determined are n and E. The order of the reac-
tion, n, has been calculated from the DTA trace by measuring the shape index
according to Kissinger [s] and the base line has been corrected by using
the Scott and Ramachandrarao method [9]. This gives a nearly constant
value for the power index ofn = 1 + 0.1. That is, the process of devitrifica-
tion of amorphous TeSe2o takes place with one-dimensional growth.

The transformed fraction, ¢ (the ratio of the new phase to the total
volume) in time t can be calculated from the part of the area under the DTA
curve up to the time t [10, 11]. Therefore, a is known as a function of tempera-
ture, and so the procedure of evaluation of kinetic data is the same as in the
case of thermogravimetric measurements described earlier by Satava [12].

The results of «x= f(T) are given in Fig. 3 for the different scan rates
studied. The obtained curves are sigmoid in shape, indicating an autocatalytic
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reaction which is often observed among various kinds of solid reactions. An
estimate of the complex activation energy of crystallization, E, can be made
by using Piloyan’s method [13]. This is based on the differential form of the
model relation for a,/(a), and on Borchard’s assumption [11] that the reac-
tion rate, doc/dt, is proportional to the temperature deflection, AT, as detected
by DTA. Thus, Eq. (1) can be differentiated to yield:

dx/dt = A(1 —a)[—In (1 —oc)lnexp (—E/nRT),
= A'l(a), ()

where A and A' are constants. Eq. (2) may be written in the form:

|_—— dx = f A'dt = g(x). (3)
Jo /(é) Jo
For a constant rate @ — dT/dt, during the DTA measurements, is
g(*) = [—In @ — <M= A rfr -exp — 1 E -\dT. 4
<P Jt. nRT

If TO Tv then

log g(x) = constant -f- log CRT (5)
To a first approximation, Sestak [14, 15] assumed that: P(EInRT) 7
exp (E/nRT). Thatisa, plotoflogg(a) versus I/T should give a straightline over
the whole range of a (o < a <C:) that corresponds to the correct mechanism
of the process. Therefore, the function logg(a) has been evaluated [12] and the
probable reaction mechanism is determined by comparing the experimental

° QO

Fig. 4. Plots of the function logg(a) versus temperature, where the fitting kinetic equation
is: —In(l —a) = Kt, for the scan rates investigated
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data with kinetic equations [16]. Fig. 4 shows the plot of log g(x) = f(I/T)
for the probable mechanism of devitrification of TeSe,, The fitting of the
lines in Fig. 4 corresponds to a kinetic equation of the type: —In (1 — a) = K,
for all values of ¢. That is, the rate-controlling process takes place with predo-
minance of random nucleation.

The activation energies E calculated from slopes of those lines in Fig. 4
are plotted as a function of ¢ and given in Fig. 5. It shows the dependence of

Fig. 5. Dependence of the activation energy for crystallization of amorphous solid TeSe,,
on the heating rate @. £ = 64 Kcal/mole

the activation energy of crystallization E on the heating rate ¢. However.
this is limited by combined switching and splitting of the chemical bonds
which are necessary to convert the complex structure of the initial amorphous
material (chains and rings of Se; and Se Te, [2]) to the chain structure of the
solid solution of TeSe,,. From the data of Fig. 5, an average value of E =
64 Kcal/mole has been calculated.

Comparison of the kinetic parameters computed from the DTA measure-
ments for the devitrification of amorphous solid TeSe,, with literature data
obtained for the same composition using other measurements (electrical con-
ductivity, thermal conductivity, or density [17]), shows the good applicability
of the method described.

IV. Kinetics of crystal growth in supercooled liquid TeSe,,

In Fig. 6 the d.c. conductivity o of TeSe,, is plotted versus the annealing
time, ¢, at different isotherms in the temperature range of 120—175°C. It
shows conductivity decrease due to the decrease in the temperature of the
sample from 300 °C to the temperature at which the crystallization starts
(part ab); then it increases by 3 or 4 orders till it attains a certain limiting value
characterizing the crystalline state at the temperature of the oven (part be).
The big change in ¢ during the part be is due mainly to the transformation
of the supercooled liquid TeSe,, to hexagonal structure as indicated by X-ray
diffraction. Fig. 7 shows the total time necessary for the completion of the
process, 7, as a function of the annealing temperature. It shows that 7 decreas-
es with increasing temperature up to 150 °C, then it increases.
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Hg. 6. The time-dependence of the electrical conductivity a during different isothermal
crystallization in supercooled liquid TeSezo

temperature,°C

Fig. 7. The temperature-dependence of the total time of transformation T

To determine the kinetics order, re, or the activation energy of liquid-
crystal transformation E, at isothermal annealings, the Avbami equation,
Eq.(l),isapplied.The fractionvolume,a,canbe evaluated onthe basis ofchanges
in electrical conductivity a during the part be of the curves in Fig. s [18].
At any intermediate point between b and c the measured value ofais a resul-
tant of the conductivities of two phases, liquid and crystalline.

Fig. s shows that the Avrami plots, In [—In (1 — a)] versus In (t), yield
straight line relationships for the different annealing temperatures. Values of
the kinetic parameter re, as calculated from the lines’ slopes are drawn in
the Figure. The changes of rein such a manner indicate that different crystalli-
zation mechanisms are dominant in various ranges of temperature. A plot of
In (K) = f(I/T) could be fitted with a straight line to give an activation energy
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175 160 150°C 140 130 120°C

Fig. 8. Avrami plots for different annealing temperatures in the range of 120—175 °C

of 11.5 Kcal/mole in the temperature range considered. This value is signifi,
cantly less than that for the crystallization from the amorphous solid phase-
E = 64 Kcal/mole, reflecting the existence of mixed chains in the liquid alloys.
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Measurements of the thermal conductivity of liquid selenium were carried out above
the melting point. The thermal conductivity increases with the temperature, which is attri-
buted to the photon component of thermal conductivity. Moreover, the effect of thallium and
sulphur on the thermal conductivity of selenium was investigated. It was found that the addi-
tion of thallium and sulphur increases the thermal conductivity.

1. Introduction

The temperature dependence of the thermal conductivity of selenium
has not been studied completely. Most of the available data refer mainly to
measurements at room temperature and lower [1—3]. Abdullaev et al [4]
had studied the variation of the thermal conductivity of selenium near the
softening (Tg~ 31 °C) and the melting points. They showed that for amor-
phous selenium near Tg there is a discontinuity in thermal conductivity
involving asharp increase of about 40%. Heat treatment and addition of cad-
mium remove this discontinuity. Moreover, in the crystalline state the ther-
mal conductivity increases with temperature up to the melting point where it
decreases abruptly.

The aim ofthe present contribution is to study the thermal conductivity
of pure selenium in the liquid state and the effect of thallium and sulphur
additives, since the introduction of admixtures changes the intermolecular
bonds and hence the magnitude of thermal conductivity.

2. Experimental

Selenium and Se—T1—S samples were prepared from highly pure ele-
ments (99.999%). Two Se—T1—S systems were prepared with the following
composition (atom. %):

Se Tl S
System 1 56.86 3.14 40
System 2 51.4 6.6 42
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The synthesis of the samples was carried out under high vacuum in silica tubes
at 450 °C for more than s hours. Then the tubes were quenched in air to obtain
the sample in a glassy state. The solid glassy material is then heated in inert
atmosphere until it melts, then transferred to the thermal conductivity measur-
ing system.

Measurements of the thermal conductivity were carried out using the
concentric cylinder method, where the material in liquid state was poured into
the cylindrical gap between two concentric graphite cylinders kept in nitrogen
atmosphere. The heater was inside the inner cylinder and the thermal conduc-
tivity was calculated using the formula

K = QlIn (d2dDI2nL(tl — t2),

where dl and d2 are the diameters of the inner and outer cylinders, tx and t.
are the temperatures on both sides of the sample, L is the length of the cylin-
ders and Q is the quantity of heat generated.

3. Results and discussion

The temperature dependence of the thermal conductivity of liquid sele-
nium and its admixtures with thallium and sulphur are shown in Fig. 1.
The thermal conductivity of selenium increases rapidly with temperature,
moreover, the addition of thallium and sulphur produces an additional rise of
thermal conductivity (curves b and c). When the concentration of thallium

Fig. 1. Temperature dependence of the thermal conductivity of liquid selenium and its ad-
mixtures with thallium and sulphur: (a) Liquid selenium (°); (b) Seosess Tloo03i4 So10 (*);
(c) Seos14 Tlooss So42 (A)
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increases from 3.14 atom. % to s.6 atom. %, the thermal conductivity increases
by about 50% at high temperatures.

The thermal conductivity in solid semiconductors can be adequately
explained by transport due to phonons and free electrons. In liquid semicon-
ductors, however, it is necessary to invoke an additional process involving pho-
ton transport [5]. The thermal conductivity of a liquid semiconductor can be
described in the form [s]

K = Ka-fKe-f~-Km+ Kr, (1)

where Kais the contribution of atomic motion and is given by

1a (2)
where a is the atomic radius, v is the vibration frequency ~3x 102 s-1, and
K is Boltzmann’s constant. The value of Kais about 1.5X 10-s Cal ecm.1 o
deg-: *s-1, Keis the electron contribution, Km is the bipolar contribution
and Kris the photon component of thermal conductivity.

In non-metallic materials like selenium the electronic and bipolar contri-
butions are relatively small, therefore, it is suitable to attribute the difference
between the measured values of thermal conductivity of liquid selenium
(curve a) and the sum (Ka -f-Ke -(-Km)to the radiation contribution to heat
transport. Drabble and Goldsmid [7] had shown that for pure selenium above
350 °K other mechanisms of thermal conduction cannot play an important
role. Czerny [8] and Genzel [9] had derived theoretically the equation of

Kr for the case where the optical absorption coefficient ce is small

16, Ols
©)

where n is the refractive index, a is the Stefan—Boltzmann’s constant. Dixon
and Ertl [10] had proved the utility of Eq. (3) to explain the increase of
thermal conductivity with temperature for liquid Tl.Te.

The increase of thermal conductivity with the concentration of thallium
and sulphur admixtures may be attributed to a change in intermolecular
bonds in the liquid system. Viscosity measurements of Keezer and Bailey
[+1] indicate that polymerization equilibrium of selenium is displaced by
thallium additive towards shorter chains. Moreover, liquid sulphur consists
essentially of long chains [12] (diradical Sx) beside S8.

REFERENCES
White, S. B. Wood and T. M. Ei1ford, Phys. Rev., 112, 1, 1958.

1. G. K.
2. A. V. loffe and A. F. l1offe, J. Tech. Phys. USSR, 22, 12, 1952.
3.J. C. Lasjaunias and R. Maynard, J. Non-Cryst. Solids, 6, 101, 1971.

6* Acta Physica Academiae Scientiarum Hungaricae 47, 1979



356 A.H. ABOU EL ELA et al.

N

. G. B. Abdullaev, S. |. Mekhtieva, D. Sh. Abdinov, G. M. Aliev and S. G. Alieva, Phys.
Stat. Solidi, 13, 315, 1966.

.Y. l. Fedorov and L. S. Stitbans, High Temp., 11, 206, 1967.

.M. Cutrer, Liquid Semiconductors, Academic Press, 1977.

.J. R. Drabble and H. J. Goldsmid, Thermal Conduction in Semiconductors, Pergamon
Press, 1961.

8.Y. M. Czerny and L. Genzer, Glass. Tech. Ber., 25, 387, 1952.

9.L. Genzer, Zeit. Phys., 135, 177, 1953.

10. A. J. Dixon and M. E. Ert1, J. Phys. D: Appl. Phys., 4, 83, 1971.

11. R. C. Keezer and M. W. Bailey, Mat. Res. Bull., 2, 185, 1967.

12. G. Gee, Trans. Faraday Soc., 48, 515, 1952.

~N oo

Acta Physica Academiae Scientiarum Hungaricae 47, 1979



Acta Physica Academiae Scientiarum Hungaricae, Tomus 47 (4), pp. 357—360 (1979)

NON EXISTENCE OF AXIALLY SYMMETRIC
FIELDS IN ROSEN’S BIMETRIC THEORY
OF RELATIVITY

By

T. M. Karade and Y. S. Dhoble*
DEPARTMENT OF MATHEMATICS, NAGPUR UNIVERSITY, NAGPUR-440 010, INDIA

(Received in revised form 3. IX. 1979)

In Rosen’s bimetric theory of gravitation the non existence of the axially symmetric
massive scalar meson field (together with electromagnetic field) is established.

I. Introduction

A new theory of gravitation proposed by Rosen [1] displays the attrac-
tive features of general relativity without singularity. This bimetric theory of
relativity is based on two metric tensors gtj (a Riemann tensor describing the
gravitational field) and yi; (a tensor of flat space-time which describes inertial
forces).

The field equations of bimetric relativity are

Kjj = —8nkTjj, )
where
Ku=NU-jNgu,
and
N (2)
where bar (]) stands for covariant differentiation with respect to and kK =

= (g/y)V¥2 and Ti,is the energy momentum tensor of matter or other non gravi-
tational fields. In an earlier work, the authors [2] have shown that nonexis-
tence of static plane symmetric massive scalar field is established in bimetric
relativity for a plane symmetric metric. This is not the case in respect of
Einstein’s general relativity. In this paper, we have pointed out that the
non existence of a cylindrically symmetric massive scalar field is valid both in
Einstein’s general relativity and Rosen’s bimetric relativity.

*Permanent address: Y. S. Dhoble, Department of Agriculture Engineering, College
of Agriculture, Nagpur-440100, India.
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Here we consider an axially symmetric Einstein—Rosen space-time
ds? = e>~% (dT? — dR?®) — R2e~2dgp® — ¥ dZ2, (3)
with the conventions
xti— IRON iy xR ]

The unknown variables o and § are functions of R and T only. For theimport-
ance of this metric (3), one may refer to KARADE [3]. The flat space-time
corresponding to (3) is

do® = dT? — dR? — Rd¢® — dZ? = y;;dx' dx/ . (4)
From (4), one finds easily that

Y= Vi3 = —Yu = —1 and y5, = —R*.
The y-Christoffel symbols of the second kind are defined as

i 1 07; 0 oY ji |
jk:_z_y )’Jh+ Yen __ 9% jk

oxk ox/ oxh

From (4), we then obtain the non vanishing I’-symbols as
il
D=1t g and I\ — —=R.

The straightforward calculations for the line element (3) yield
Kl =0, (5)
From (1) and (5), we derive
T — 04 (6)

II. Massive meson field coupled with an electromagnetic field

The matter tensor for the massive scalar meson field is given by

1 1
My = V¥ = e, v —miv),
dm 2

where ¥V, stands for 7 and the electromagnetic field isspecified by the stress

X
tensor

1

ot 4-7z

[ Fys Fs+ gl/F I“p] (7)
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where F(j is a Maxwell electromagnetic tensor given by
Hj = Ali]— asjit — Aj — Au, ®)

where Atis a four vector potential and (,) stands for partial differentiation.
The energy tensor, for a massive scalar field coupled with electromagnetic
field will be

1
Tn —FisF§ -f-— gij Fsp Fsp
4jt

1

Ve -8il(VsVv - 12N
4a Vi i}(Vs T 9)

Then from (6) and (9), we get
-gLV'2+ giiV2+m*V* + g"g*(F1X + g"g™(F13)*-
- gngu(Fu)*- g”gu (F2)2- g™g“[(F3i)*= 0, (10)

where V = dv/dR and Ve= dV/dt etc. All the terms on l.h.s. of (10) are
positive. Therefore to satisfy the identity (10), each of its terms must vanish
separately, implying that

V—-V’= 0, m-=0,
Fi2= F13= Fu= F24= F3i=0. (11)

It is seen that all the components of Ftj vanish except F23. But because
of the axial symmetry imposed, the four vector potential At will not depend
upon ® and Z, i.e.,

A,o0=0 Ao0».
Hence by (8)
Fo3 = 23 N32= @ (12)
The Maxwell electromagnetic tensor being zero, its contribution to Ttj is nil.
It is interesting to note that (from 11 and 12) the contribution of scalar meson
fields to Tjj is also nil. In short 7%,.turns out to be zero and consequently gives
an empty space-time. Therefore we arrive at a theorem:

“In Rosen’sbimetric relativity, the only possible solution of the axially
symmetric distribution-scalar meson, massive meson and Maxwell electro-
magnetic fields is a vacuum solution.” **

It has been observed that the above theorem does not hold good for the
axial symmetry revealed through Marder’s metric [4] which involves three
parameters.

*In bimetric theory ordinary differentiation of general relativity is replaced by y-
differentiation.

** Axially symmetric vacuum solutions for bimetric relativity are developed and their
significance etc. will appear in the next paper.
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In general relativity, the work of Roy and Rao [5] shows that the
axially symmetric massive scalar field (also coupled with electromagnetic
fields) is non existent. But it does admit scalar field and electromagnetic field.
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Suraj N. Gupta: Quantum Electrodynamics

Gordon and Breach Science Publishers, London —New York —Paris, 1977, p. 226.

The book contains a comprehensive treatment of the well established facts of quantum
electrodynamics in an extremely concise and coherent way. The first chapter describes the
classical theory of fields based on variational principles, discusses the derivation of the cano-
nical and symmetrical energy-momentum tensor. The second chapter summarizes the prin-
ciplesofquantum field theory (including indefinite metric problems), describes the properties
of the different pictures and presents as an example the quantization of a scalar field. Chapter
3 is devoted to the quantization of the photon and electron field, treats their interaction and
the C, T transformations. Chapter 4 deals with the properties of the scattering operator.
Chapter 5 describes some cross sections and lifetimes. The following 34 pages contain regulari-
zation and renormalization problems. Chapter 7 treats some special topics including damping
effects, two particle potentials, infrared divergences, etc. The orientation in these topics is
facilitated by means of a comprehensive index.

The book is highly recommended to interested students who have studied a preliminary
course of electrodynamics and quantum mechanics.

K. L. Nagy

Strongly Coupled Plasmas

Editors: G. Kalman and P. Carini, NATO Advanced Study Institutes Series; Series B : Physics,
Volume 36, Plenum Publishing Corp., New York—London, 1978

The Advanced Study Institute on Strongly Coupled Plasmas was held on the Campus
of the Université d’Orléans, Orléans-la-Source, France, from July eth to July 23rd, 1977.

15 invited speakers and 50 other participants attended the Institute.

The present volume contains the texts of most of the lectures and of some of the nume-
rous seminars held at the Institute.

Strongly coupled Coulomb systems occur in a great variety of physical situations:
stellar and planetary interiors, solid and liquid metals, semiconductors, laser—compressed
plasmas, and gas discharges. All these systems, however, resist analysis by traditional plasma
perturbation techniques because of their high potential energy — kinetic energy ratio.

The Volume presents an up-to-date review of the various methods designed to deal with
the strongly coupled plasma problem. The contributions reflect a full range of approaches
and points of view, from formal statistical mechanics and kinetic theory to applied solid state
and plasma physics. Numerous theoretical schemes addressing related equilibrium and non-
equilibrium problems are reviewed, along with the abundance of computer-generated data on
classical charged-particle behaviour.

The hook definitely is of high value, because not only is it almost unique in its coverage
of an important subject area, but it also contains a wealth of information that otherwise is
difficult to find.

J. Szabé
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Theoretical Methods in Medium-Energy and Heavy-Ion Physics

Editors: K. W. McVoy and W. A. Friedman, NATO Advanced Study Institutes Series; Series B:
Physics, Volume 38, Plenum Publishing Corp., New York—London, 1979

This volume contains the Proceedings of the NATO Advanced Institute on Theoretical
Nuclear Physics held at the University of Wisconsin, Madison, USA, June 12—23, 1978. It
was a topical Institute focusing attention to two up-to-date fields of theoretical nuclear physics:
heavy-ion (HI) reactions (Part I) and pion-nucleon reactions (Part II).

Part I begins with a thorough survey of the current experimental situation in HI reactions
(D. K.Scorr). Itisfollowed by alecture on semi-classical approximation for HI-s (R. SCHAEFFER)
in which it is shown that the objections against the semiclassical approximation do not
hold when complex contributions are included. Then a pedagogical lecture is presented on
the time-dependent meanfield approximation(J. W. NEGELE), which turns out to be a well moti-
vated and successful first approximation for a variety of problems of interest ranging from
HI collisions through fission to pion condensation. This is followed by a lecture on the transport
theory of deeply inelastic HI reactions (H. A. WEIDENMULLER) outlined in a compact and elegant
manner, giving some examples for transport equations, the general aspects of nuclear trans-
port theory, and a survey of theoretical approaches. The next lecture shows that the multiple
scattering theory is applicable as a theoretical tool for describing reactions between HI-s at
high energy (J. HUFNER). The last lecture of Part I discusses models of high energy nuclear
collisions (N. K. GLENDENNING) and by performing statistical mechanical calculations it
presents arguments that the study of the products of nuclear collisions at c.m. energies
=~ 5 GeV/nucleon will be able to make a statement concerning the asymptotic form of the
hadron spectrum.

Part II begins with a lecture on the non-relativistic multiple scattering theory
(W. R. GiBBs) presenting also results for the scatterings 7~ — ‘He at E = 110 MeV and
7t — 4He at E = 75 MeV, and for charge exchange reaction 13C/z+, 7°/13N. In the lecture on
the field theory aspects of meson-nucleus physics (L. S. KissLINGER) the differences between the
theory involved in pion-nucleus vs conventional nuclear physics are emphasized and some tools
for carrying out relativistic calculations are developed. The next lecture is on the pion-nucleus
scattering in the isobar formalism (E. J. Moniz) in which the isobar-hole formalism for pion
reactions is described and applied in detail to 7 — 10 scattering. The last lecture of Part II
makes us familiar with the application of three body techniques to pion-nucleus scattering
(A. W. TrOMAS).

All lecturers developed their subjects in a careful, coherent sequence. As a result, this
book is an excellent introduction into these two rapidly expanding fields of nuclear physics.

B. Aracyl

Highly Conducting One Dimensional Solids

Edited by Jozef T. Devreese, Roger P. Evrard and Victor E. von Doren
{ Plenum Publishing Corp.., New York—London, 1979

Research in the field of highly conducting quasi one dimensional materials has rapidly
developed in the last decade. The reasons for this are manifold. The discovery of organic charge
transfer salts in which donors and acceptors form segregated only weakly interacting chains
and the synthesis of platinum mixed valency complexes in which well separated chains of pla-
tinum occur, yielded model systems with properties approaching ideal one dimensional con-
ductors. Another impetus came from the suggestion of A. W. LITTLE in 1964 that such quasi
one-dimensional systems may show a new type of superconductivity which could lead to
superconductivity persisting to temperatures well above ambient. In 1973 a group at Penn-
sylvania (Philadelphia, USA) led by A. J. HEEGER found a large increase in the conductivity
around 60 K in the organic charge transfer salt TTF—TCNQ, which they attributed to super-
conducting fluctuations. Although the question whether high temperature superconductivity
may be obtained or not remains open, the enormous amount of both experimental and theore-
tical work which followed revealed a number of other phenomena particular to quasi one-
dimensional systems. Perhaps the most spectacular of these are the lattice instabilities predicted
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long ago by Peierts but for which clear evidence was only recently found in quasi one-dimen-
sional systems. These lattice instabilities lead to charge and supposedly spin density waves
which are not necessarily commensurate with the lattice periodicity.

The book contains eight reviews by the most prominent physicists of the field. A clear
introduction isgiven by A.J. Berlinsky. In a critical review H. Gutfreund and W. A. Little
conclude that although all superconductors known at present are believed to be determined by
the usual phonon mechanism all objections to the possibility to synthesize an excitonic type
of superconductor with possibly high transition temperature can be answered. Our know-
ledge on lattice instabilities is based to a great extent on the X-ray scattering experiments
performed at the Université Paris Sud Orsay in France and the neutron scattering experiments
at Brookhaven National Laboratory in the United States. The review by R. Comes and
G. Shirane gives a detailed description of this work. Despite the extensive experimental work
onTTF—TCNQ andrelated systems in which almost all tools available to solid state physicists
were used there is yet no agreement between different research groups on the nature of the
basic interactions. The review by A. J. Heeger gives a clear survey of the experimental situa-
tion on TTF—TCNQ and discusses the relation of theories developed for ideal systems to the
experimental findings. A chapter by T. Schultz and R. A. Craven summarizes the work
performed at the IBM Watson Research Center Yorktown Heights U.S. on a series of organic
alloys based on TTF—TCNQ. The two chapters discussing the theory of lattice instabilities
by L. I. Sham and the theory of a one-dimensional electron gas by Y. J. Emery are excellent
reviews. The final chapter by J. Bardeen gives a brief account of the most important problems
raised in the past few years and comments on some of the controversial points from the view-
point of a theoretician.

The book is of great value both to experts and those who intend to enter the field and is
highly recommended. We note, however, that the experimental sections deal almost exclusi-
vely with the KCP (a particular platinum complex) and TTF—TCNQ systems, although by
now a large number of other highly conducting quasi one-dimensional salts are known. This
concentration while having the advantage of a comprehensive treatment of these materials
masks somewhat the much larger scope of the field.

A. JANOSSY

D. M. Piset1o: Gravitation, Electromagnetism and Quantized Charge
Ann Arbor Sei. Publishers, 1979, $ 12

This book presents essentially an elaboration of some ideas putforward by D. Finkelstein
and others on the possible homotopic nature of electric charge. Simple examples are work-
ed out of the homotopy properties of certain complex-valued functions representing electri-
cally charged physical states. The effects of the work which has been obviously spent on the
preparation of the book are largely demolished by claims which are liable to be ridiculed by
many readers. On p. 83 one finds: “Quantum mechanics is not revolutionary”.

Once again, the publication of this book stirs the superficiality of our understanding
of quantized material properties. There remains a tantalizing need for a decisive development

towards a well-established theory of these properties.
Z. Perjés

Synergetics, Far from Equilibrium

Editors: A. Pacault and C. Vidal, Springer-Verlag, Berlin, Heidelberg, New Y ork, 1979. pp. 105,
109 figures

Synergetics is declared an interdisciplinary field of the particular parts of natural
sciences which is concerned with the cooperation of individual parts of a system that produces
macroscopic spatial, temporal and functional structures. We have learned already from the
two volumes of Hakjen’s (Synergetics: An Introduction; Synergetics: A Workshop, both
published by Springer-Verlag) that this interdisciplinary field deals with deterministic as well
as stochastic models of phenomena. This third volume gathers most of the lectures and commu-
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nications presented at the meeting on “Far from Equilibrium, Instabilities and Structures”
held in Bordeaux from 27th to 29th September, 1978. Since in the last decade Synergetics has
become the “latest fashion” of the interdisciplinary field of some macroscopic natural sciences,
the Bordeaux meeting was only part of a series of several other conferences such as Elmau
1972, London 1974, Dortmund 1976, EImau 1977 and Tokyo 1978.

Undoubtedly, the research fields of Synergetics (laser emission, chemical reactions, fluid
motion, etc.) are very important and interesting fields of natural sciences. However, by the
subtitle of this volume: “Far from Equilibrium” the nonequilibrium state of the investigated
systems is not uniquely and well defined, although most of the topics treated in this volume
belong to the well-known fields of physics and chemistry. Indeed, the examples given are related
mainly to thermohydrodynamics and chemistry, nevertheless on account of the given examples
the meaning of “far” cannot be uniquely defined, We are even sure, for example, that the
macroscopic evolution critérium of Prigogine and Glansdorff, which is undoubtedly the only
complete theory for the investigated properties of instabilities and dissipative structures, is
valid only for systems not so far from equilibrium. In fact, the characteristic matrix of the
second variation €S of the entropy S contains material coefficients (specific heats etc.) but in
this theory we consider them as constant quantities. However, there are several hundred expe-
rimental facts showing that this condition is not fulfilled but the system is not so far from the
adequate equilibrium state. On the other hand, theories other than Prigogine’s and Glans-
dorff’s are not complete but rather special ones.

Apart from the above, it is real pleasure to see such a volume containing very important
applications of interdisciplinary sciences in a well summarized way.
l. Gyarmati
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