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Preface

The purposes of this book are to provide in a single reference the properties of
silicon important to those who would use it as a semiconductor and to discuss at
length several of the more important semiconductor technologies, such as crystal
growing and diffusion. It had its beginning in a set of notes I began compiling
shortly after starting work in the semiconductor industry. Since most of my activ-
ities were with silicon, these notes were restricted to information pertaining to that
material. A few years later, while teaching a graduate course in semiconductor
technology at Southern Methodist University, the notes were expanded from a col-
lection of data to a unified coverage of topics relating to semiconductor material
technology and were used as an adjunct to a general text. However, because of
my interest in silicon, after the semiconductor material technology was presented
in some depth it was then applied specifically to silicon. This in no sense restricts
the book’s use to those interested only in silicon since the majority of each of those
chapters not relating to specific silicon properties discusses each technology inde-
pendent of the material.

While this book will be of most interest to device designers and those working
as semiconductor technologists, it should also prove of considerable interest to
those using devices, both circuit designers and systems engineers, in that it will
supply background information and material properties helpful in understanding
device performance.

An attempt was made to cover all aspects of the technology except those relating
to the surface itself. The complexity of surface behavior would warrant a separate
volume and is beyond the scope of this book. In addition, where there are books
covering some phase of the technology in great detail, e.g., Pfann’s “Zone Melting,”
only a cursory treatment is given.

The author would like to thank Harry L. Owens for his continued interest and
support, Dr. Lyndon Taylor of the University of Texas and Dr. W. E. Phillips of
Texas Technology College for a critical reading of the manuscript, John R. Miller
for editorial advice, Virginia Belshaw for typing, Stacy B. Watelski for the photo-
micrographs, Earl W. Scott of Scott’s Studio for the crystal photographs of Chap. 4,
and the photographic staff of Texas Instruments Incorporated for all other photog-
raphy. In addition, the help of the many other members of the Semiconductor
Research and Development Laboratory of Texas Instruments Incorporated is
gratefully acknowledged.

W. R. Runyan



Foreword

It is particularly timely for a book to appear on the subject of silicon semicon-
ductor technology. Until the past few years the semiconductor device industry
was based largely on germanium technology, with silicon being restricted chiefly
to military and power applications.

During recent years silicon technology has been developed so that silicon now
promises, along with germanium, to have broad usage. Integrated circuits have
been developed almost exclusively around silicon technology. While these were
developed first for military applications, they will be applied broadly to industrial
and consumer markets. It is also evident that future generations of devices will be
far more sophisticated than those now in use, and that a much better understand-
ing and blending of material properties with device functions will be required.

Dr. Runyan has written a book which should prove to be a useful addition to
the literature on semiconductor technology and an aid in this blending process.
He is especially well qualified to author such a book since much of his professional
career has been devoted to research and development on silicon materials and
devices. At present he leads the materials research program in the Semiconductor
Research and Development Laboratory at Texas Instruments.

This book is a part of the new Texas Instruments Electronics Series, through
which we hope to make readily available to the technical community important
research findings which will further the progress of the electronics industry.

Richard L. Petritz, DIRECTOR
SEMICONDUCTOR RESEARCH AND
DEVELOPMENT LABORATORY
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An Historical Note

Silicon, from the Latin silex, meaning flint,>-* is the second most abundant ele-
ment and comprises over 20 per cent of the earth’s crust. It occurs in nature never
as the element, but chiefly as silica (SiO;) and silicates. Silica forms beautiful
crystals of clear quartz{ (rock crystal), amethyst (blue, due to manganese), rose
quartz (colored by the presence of small quantities of titanium), and smoky quartz
(organics). Occasionally crystals of tridymite and crystobalite, which are the
high-temperature modifications of silicas, may be found in volcanic deposits. SiO,
abounds in massive form as quartzite, agate, jasper, carnelian, opal, and flint. The
worldwide use of flint for the first-formed tools of man (Paleolithic Age) was
probably the result of its abundance, hardness, and relative ease of working. Flint
again figured in the development of civilization when it was used as a spark gen-
erator for firing gunpowder and thus made lightweight, portable firearms practical.
Silica is a constituent of igneous rocks such as granite, syenite, and rhyolite and
occasionally is found in basalt and diorite. In addition, it is present in nearly all
metamorphic rocks and is the major component of sandstone.

The silicates are exceedingly common and include such minerals as the micas,
feldspars, zeolites, and garnets. Clay is primarily a collection of silicates and has
been used in pottery construction since time immemorial. Likewise, the silicates
are a major constituent of glass. It is not clear just when or how “glass” first came
to be made, but it was probably somewhere in Asia Minor, before 12,000 B.c.2

Compounds of silicon are found in all natural waters, in the atmosphere as dust,
in many plants, and in the skeletons and tissues of animals. Diatomaceous earth,
sometimes called kieselguhr, is an opal composed of the siliceous shells of diatoms
(unicelled aquatic plants) and is found in thick beds resembling chalk.

Until 1787 it was assumed that silica was an element, but in that year Lavoisier
suggested that it was the oxide of some unknown element. Apparently, Gay-
Lussac and Thénard first produced silicon in 1811 by reducing silicon fluoride with
potassium, but did not recognize it as such. Berzelius reported evidence of the
new element as a precipitate in cast iron in 1817. He succeeded in isolating it in

* Superscript numbers indicate items listed in References at the end of the chapter.
1 The word “quartz” appears to have originated in provincial Germany sometime in the Mid-
dle Ages.3
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1823 by reacting potassium fluosilicate with metallic potassium. Silicon was
obtained in reproducible form in 1854 by Sainte-Claire Deville, who crystallized it
from an electrolyzed melt of mixed chlorides.#23 It was originally thought that
there were two varieties of amorphous silicon. One, quite active chemically, was
called silicon «, while the other, relatively inert, was silicon 8. Likewise, there
have been occasional reports of both a cubic and a graphitic or hexagonal form.?
Apparently, the active amorphous silicon was caused by impurities remaining after
manufacture. The early reference to hexagonal silicon arose from a misinterpreta-
tion of the hexagonal platelets that sometimes occur. The more recent work
describing a high-temperature hexagonal modification has not been substantiated.

The early findings not withstanding, silicon is indeed a very inert material,
so efforts were made around the turn of the century to use it for chemical ware.6
These were never very successful because of its brittleness and the difficulties asso-
ciated with working it. Several years ago there was some hope that high-purity
silicon would be ductile at room temperature, but there is now no evidence that
this is to be expected.

Silicon is widely used in the steel industry to combine with and remove iron
carbide and dissolved oxygen. Added in larger quantities (=15 per cent), a steel
is produced which is hard and corrosion-resistant. The total quantity of silicon
involved is quite large since it is estimated that 1 Ib of silicon is needed for every
350 1b of steel produced. For this purpose ferrosilicon, a low-purity iron-silicon
alloy, is used because it can be relatively cheaply prepared by the reaction of iron
or iron oxide, silicon dioxide, and coke.> The aluminum industry consumes large
quantities of low-grade silicon in the making of aluminum-silicon alloys Within
recent years, the expanding silicone industry has also become a major user of
sﬂlcon compounds
has been suggested as arsﬂ)rage element for heat. energy in solar-energy—conversmn
systems which use heat engines.

The infrared transmissivity of silicon is very high in the 1 to 8 micron range.?
This, coupled with its hardness, chemical inertness, and ability to take an optical
finish, has contributed to its wide usage in infrared optical elements. Originally it
was believed that single crystals were required for optical components, so silicon
crystal-growing capabilities were extended to diameters of several inches.8 Later
work, however, showed that the optical-image quality of polycrystalline silicon was
quite satisfactory and allowed casting techniques to supplant crystal growing.

Because of the fine polish possible, both silicon and high-silicon-content iron-
silicon alloys have been suggested as a material for jewelry and sculpture. Unfor-
tunately, however, the hardness of silicon is close to that of sand particles, so its
abrasion resistance is fairly low.

In 1901, 11 years after the invention of the coherer, a patent was filed by
J. C. Bose for a detector using galena.® By 1906, both Pickard0:11 and Austin!2
had described detectors using a silicon-metal point contact, and Dunwoody!3 had
proposed a carbon-silicon combination for the same purpose. By the mid-thirties,
silicon was being widely used in the laboratory as a microwave detector. During
World War II great advances were made in the purification and handling of silicon
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and in diode-fabrication techniques. The original diodes used a very low-purity
commercial-grade silicon with no intentional doping. In the early forties, the situ-
ation was improved by powdering the silicon, leaching it with various acids, and
then casting it into an ingot. This increased purity allowed deliberate doping, e.g.,
the addition of aluminum and beryllium* as used by the General Electric Co., Ltd.
Shortly thereafter Du Pont developed a method of making semiconductor-grade
silicon by the zinc reduction of silicon tetrachloride, which decreased the impurity
concentration by orders of magnitude. Simultaneously with this work, Scaff and
Theuerer at Bell Telephone Laboratories were using gradient freezing to segregate
the impurities in one end of an ingot.14.15

In 1950 an experimental silicon transistor was announced, 16 but it was not until
1954 that they were available in any quantity.1” All the silicon diodes and early
transistors were made on either polycrystalline chips or small pieces of single crys-
tal cut from polycrystalline ingots. However, in 1952 Teal and Buehler!® grew sin-
gle crystals of silicon from a melt in an apparatus previously developed by Teal
and Little for germanium crystal growing. Still further purification of silicon
became possible with the introduction of float zoning, which was developed inde-
pendently by Keck, Theuerer, and Emeis.?® In 1957 a vapor-phase method of
growing silicon single crystals was proposed by Sangster,2? although it was 1960
before such a technique was used in device construction. At that time Bell Tele-
phone Laboratories announced a method of transistor fabrication that started with
single-crystal slices that were partially grown epitaxially{ from a vapor.22

In 1955 the Bureau of Mines began separating the production figures of
semiconductor-grade silicon from lesser purity forms, and gave the total U.S.
usage for the year as 35,000 Ib. The estimated number of silicon transistors pro-
duced that year was about 93,000. In 1964, when silicon production had only
increased to about 90,000 1b, approximately 400 million silicon devices were
manufactured.

REFERENCES

—

. Colliers Encyclopedia, vol. 17, 1957.

2. Phillips, C. J.: “Glass: The Miracle Maker,” Pitman Publishing Corporation, New
York, 1941.
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Silicon-manufacturing Processes

Silicon is a very abundant element of the earth’s crust, but always occurs as a
compound, and almost exclusively either as the oxide or as a silicate. Because of
its availability, most large-scale silicon-manufacturing processes start with the
oxide. The order of steps determines the final purity, not only by determining the
ease with which impurities in the original silica can be separated, but also by the
available quality of chemicals used in the various stages.

The actual level of allowable purities varies somewhat with the devices to
be made from the silicon and also with the specific impurity. It is important to
have the normal doping elements (Groups IIL4 and VA) reduced to the parts-per-
billion range, and, similarly, such elements as gold, copper, and iron. The roles of
others, such as sodium, calcium, zinc, tin, and lead, are not well understood and
apparently can be tolerated in somewhat higher levels in the manufactured silicon.
However, because of their very low segregation coefficients, the final concentra-
tions of these elements in the grown crystal are probably comparable to those of
the III4’s and VA’s. The discussion of the probable impurity concentrations leads
to the realization that the ranges involved are almost always below the limits
of detectability of standard analytical methods, and that the electrical behavior of
either the bulk silicon, or devices made from it, are the primary ways by which
impurity content is estimated. Some of these latter methods are considered in
Chap. 8, but no attempt will be made to discuss the various chemical, specto-
graphic, and neutron activation procedures which are used during the various
stages of semiconductor-grade silicon manufacturing.

2-1. EARLY METHODS OF MANUFACTUREL *

About 1808 Berzelius heated a mixture of silica, carbon, and iron and obtained
what he called “silicon,” though it was apparently an iron silicide, or what would
now be called “ferrosilicon.” Soon after, Gay-Lussac and Thénard reduced silicon
tetrafluoride with potassium and formed “amorphous” silicon. In the following
years a variety of other reactions were studied. Sodium and magnesium were used

* Superscript numbers indicate items listed in References at the end of the chapter.
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to reduce silicon tetrafluoride. Silicon tetrachloride was reduced with the potas-
sium, sodium, magnesium, beryllium, aluminum, zinc, and sodium amide. It was
suggested that hydrogen would reduce silica and was shown that magnesium, cal-
cium, and aluminum certainly would. In 1880 silicon was obtained by an electric
discharge in silane. Shortly thereafter, the thermal decomposition of silane and
trichlorosilane was observed. The hydrolysis of silicon sulfide was reported to
yield silicon. Silicon has been prepared by the electrolysis of a molten mixture of
potassium fluosilicate and potassium fluoride, and can apparently be similarly pre-
pared from other alkali fluorides. Likewise, silicon may be obtained from the
reduction of silicofluorides by sodium? or aluminum.3

Copper has also been used to obtain silicon from silica, but in this case it is a
two-stage process. First, SiO, and copper react to form some free silicon, but pre-
dominantly CupSi. The latter is then heated with sulfur to form CuS and silicon.

The most common method of producing silicon is very similar to the first one
used, i.e., by the reduction of silica with carbon, though it is now usually done in
an electric furnace.>-10

In an effort to increase the yield of silicon by preventing its vaporization and by
minimizing the formation of silicon carbide, several per cent of various silicates
have been added to the silica carbon charge.1!

Assuming that the rapid formation of CO carried away excessive amounts of the
vaporized silicon, another approach to yield improvement involved first partially
reducing the silica, then adding an excess of silica, and heating further.12

In order to remove carbon from low-grade silicon, one suggestion was to melt it
in a crucible which had a layer of alkaline earth carbonate on the bottom. The
carbonate decomposed, the CO, bubbled up through the silicon and reacted with
carbon to form CO. With this process, silicon with resistivities of the order
of %2 ohm-cm were reported (1909).13

Another procedure involved remelting the silicon under a layer of fused sili-
cate.l4 The molten glass protects the silicon from oxidation and getters various
impurities as is evidenced by the gradual darkening of the glass.

Rather than starting with silica, several processes started with silicates, which
are also readily available, and used carbon or aluminum to reduce them.15.16
Unfortunately, most of these methods as originally conceived gave a very impure
grade of silicon, so a variety of leaching systems were used for several years in an
effort to upgrade it.

One such process used in the early forties to prepare silicon suitable for micro-
wave diodes consisted in crushing the silicon to about 200 mesh; letting it soak in
a water-HCl-HNOj3 mixture for several hours; washing with distilled water; adding
H2SO, and HF; boiling, washing, and treating with an HF-water mixture; and
then giving a final washing.1” A similar system, adapted to larger-scale operation,
has been described in a recent U.S. patent.’® In 1905 the reduction of silicon
monoxide with silicon carbide was proposed,'® and in 1961 a more sophisticated
system using hydrogen as the reducing agent was patented.2® The latter claimed to
obtain high purity by distilling the silicon monoxide prior to reduction.

It has been proposed to make semiconductor-grade silicon by reducing the sili-
cates in low-temperature glasses with molten aluminum, and then precipitating the
silicon from the excess aluminum.2! The silicon, thus prepared, is saturated with
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aluminum, but presumably the majority of other impurities are separable by leach-
ing processes. Another approach using aluminum is to first react SiO, with
aluminum to form Si + Al;O3. After all free aluminum is removed by an HCI
leach, the silicon is dissolved by molten tin. Since tin is much less soluble in sili-
con than is aluminum, a higher-purity silicon is then obtained after precipitating
it from the tin.22 In addition, this process is said to be very efficient (up to 90 per
cent) and could be of use, for example, in reducing isotope-enriched silica where
the starting material costs are extremely high.

2-2. SUMMARY OF APPLICABLE METHODS

The processes successfully used include the reduction of silicon tetrachloride
with zinc, cadmium, or hydrogen;23 the reduction of trichlorosilane (SiHCl;) with
hydrogen;2# the pyrolytic decomposition of silane (SiH4);2526 and the reduction
of silicon tetraiodide?? and silicon tetrabromide with hydrogen.2® In each case,
the starting materials must be carefully purified and great care exercised in the
selection of storage and reaction-chamber materials. For detailed discussion
of silicon chemistry the reader is referred to Refs. 1, 25, and 26.

The usual sequence is to make a low-grade silicon or ferrosilicon, chlorinate the
impure silicon, carefully purify the resulting halogen, and then reduce it. If some
silicon compound other than silicon tetrachloride is to be used, it may also be pre-
pared directly, e.g., the bromide, or by further reactions involving the tetrachloride.
Huge quantities of silicon tetrachloride and trichlorosilane are produced for use in
silicone manufacture so a ready source of feedstock for the semiconductor industry
is available.

Halides are most often purified by direct distillation, but occasionally other
methods are used with, or in addition to, the distillation. If purities in the range
of 50 to 100 ohm-cm are desired, pyrex or steel columns are adequate, and indeed
high-purity silicon tetrachloride and trichlorosilane are normally shipped in steel
tanks. However, for higher purity it appears advantageous to use quartz columns.
There is considerable difficulty in separating some of the Group I114 and VA4 halides
from those of silicon, so the addition of complexing agents prior to distillation
has sometimes been used. One group of compounds suggested for this pur-
pose is some of the aliphatic and aromatic dinitriles such as succinonitrile, adiponi-
trile and acetonitrile.2 Liquid-extraction systems using some of these same com-
pounds have also been proposed.?? Likewise, liquid- and gas-absorption columns
have been used. One of these contained activated alumina,3? while another used
a column containing an absorbent, e.g., activated charcoal, charged with com-
pounds such as CNBr or C;H5CN.31 A process has also been reported in which
electrodes were immersed in a halide-methyl alcohol mixture, and various impuri-
ties deposited at the electrodes.32

2-3. ZINC-SILICON TETRACHLORIDE

The first commercial process for the production of semiconductor-grade silicon
used zinc to reduce silicon tetrachloride.23:33 Zinc is an acceptable reducer since
it is available in reasonable purity, does not form a silicide, is relatively noncorro-
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sive, and is not explosive in the presence of air. Since the solubility of zinc in sili-
con is quite low, and the reaction produces zinc chloride, and since zinc itself
is quite soluble in many solvents which do not attack silicon, contamination by
zinc or zinc compounds is minimal. A sketch of early equipment is shown in
Fig. 2-1. In this process, the zinc and silicon tetrachloride are separately vapor-
ized and metered and are then introduced into the reaction chamber in approxi-
mately stoichiometric proportions. Because silicon tetrachloride is liquid at room
temperature, the flow rates can be monitored and controlled by standard flow-
meters and valves. Zinc with its much higher melting point poses more problems.
One solution, described in U.S. Patent 2,912,313,34 consists in melting the zinc in one
container, then feeding the liquid to a flash evaporator. The reaction-chamber
temperatures are kept high enough for the reduction to be reasonably efficient, and
yet low enough to minimize side reactions with the container. Temperatures
of 900 to 1100°C are satisfactory, with 950 to 1000°C being preferred. The reactor
and associated plumbing are of fused silica. The silicon grows out in dendrites, or
needles, from the walls of the container. The reaction products and unreacted
components are condensed and the zinc reclaimed. The silicon needles can be
leached with HCl to remove any zinc which might remain.

Some operating numbers given in Ref. 33 are as follows: (1) reaction-chamber
diameter, 8 in.; (2) reaction-chamber length, 6 ft; (3) reaction-chamber tempera-
ture, =950°C; (4) temperature of incoming SiCls and zinc, =950°C; (5) length
of run, 40 hr; (6) amount of zinc used, 147 1b; (7) amount of SiCly used, 285 1b;
and (8) amount of silicon produced, 15.5 Ib. When the run is to end, the boilers
and lines can be freed of zinc by purging with nitrogen. Since the silicon thus pro-
duced is needlelike and has a high volume-to-weight ratio, some form of densifica-
tion must be used prior to charging into a crystal puller.

It has also been suggested that one contributor to low-process yields is the reduc-
tion which may take place in the gas stream and not on the furnace walls. When
this occurs, the silicon is finely divided and is carried out with the exit gases and is

Exit
Globar furnace

Quartz L
i@ Reaction tube I

— D)

Zinc chloride
collector Fig. 2-1. Early high-purity silicon-
manufacturing process.

Zinc
boiler
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lost. One solution to this problem is to introduce the two reactants in such a
manner that there is a minimum of turbulence, and so that they are initially
directed toward the hot walls.35

Even though the starting materials are carefully purified before feeding into the
reactor, trace impurities still remain and appear in the deposited silicon. However,
by making use of the fact that many of the chlorides either can be reduced or ther-
mally decompose at lower temperatures than the silicon, various predeposition
furnace arrangements have been proposed.

In one of these, the deposition furnace is simply separated into two furnaces,
with the geometries and temperatures being such that about 10 per cent of the sili-
con deposits in the first chamber. As a variation, the reactants can first be fed into
two parallel predeposition furnaces in which there is a stoichiometric excess of zinc
in one and of silicon tetrachloride in the other.36 Other suggestions include pass-
ing the silicon tetrachloride over hot silicon 37 and over a pool of molten zinc.38

The zinc process has apparently been completely supplanted in the United States
by various hydrogen-reduction methods.

2-4. SILANE DECOMPOSITION

This process, in principle is very simple, involving only the pyrolytic decomposi-
tion of silane. It has not been widely used, however, because of the difficulty of
making silane, and because of its instability. Silane will ignite and explode in air
and is decomposed by water containing traces of alkali. Also, it reacts explosively
with halogens to give silicon halides, and in the absence of air it decomposes
to silicon and hydrogen at 400°C.26:39 Two variations have been used: (1) the
silane is made and then decomposed in the next step; (2) the silane is prepared
separately and stored in cylinders until needed.

Silane (SiH4) can be prepared by the reaction of a metal hydride with some sili-
con compound containing silicon bound to fluorine, chlorine, bromine, iodine,
cyanide, oxygen, sulfur, or nitrogen. The hydride (most commonly lithium alumi-
num hydride) is dissolved in an ether and the silicon compound bubbled through
the solution.40

One specific choice is 41

with the ether being tetraethylene glycol dimethyl ether. Another combination
uses silicon tetrachloride plus a mixture of sodium aluminum hydride and calcium
aluminum hydride in tetrahydrofuran to generate the silane.#2 The addition of the
calcium aluminum hydride in very small amounts presumably reduces the amount
of boron appearing after reduction of the silane. Possible contaminants to the
silane leaving the system are solvent vapor, unreduced silicon tetrachloride or some
intermediates such as SiHCl3, and impurities in the original silicon tetrachloride
which also form volatile hydrides. Synthetic zeolite beds at —78°C have been
used to remove any arsenic and phosphorus compounds which may be present at
this point.43 Figure 2-2 shows a sketch of the equipment.
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SiClg + tetraethylene glycol dimethyl ether (TGDE)

To remove entrained liquid

Furnace

Activated

Lithium aluminum Dryice charcoal

hydride + TGDE acetone Cold trap

To vacuum
pump

Fig. 2-2. Silane-generation and decomposition apparatus.

Silane begins to decompose at about 400°C. The reaction products may include
appreciable quantities of higher silanes, as well as silicon and hydrogen. As might
be expected, low pressure favors decomposition, and most processes operate at a
few torrs. Likewise, the decomposition efficiency increases with increasing tem-
perature. It has been reported 41 that at pressures less than 8 torrs, 100 per cent
decomposition occurs from 777°C up to at least the melting point of silicon.
While deposition can occur on the walls of a hot tube, it is preferable to use
a heated silicon seed or filament and deposit directly on it. This prevents contami-
nation from the tube, as well as eliminating the necessity for leaching away or
otherwise separating the tube from the silicon. One method of accomplishing this
is to heat the tip of a silicon bar inductively and then, as deposition occurs,
to keep the growing ingot moving so that the tip remains in the r-f field.4445
Another variation 4546 is to keep the silicon tip molten, and again, as the silicon
forms and enters the molten pool, to continuously lower the seed. In order
to speed up the deposition process, a number of systems using high-frequency
radio waves to assist in decomposition have been proposed.47-49 This process can
produce a very high-grade silicon, but has not been widely used commercially.

2-5. IODIDE PROCESS

The decomposition of silicon tetraiodide to form silicon is a straightforward
process, and apparently because of the ease of purification, the iodide has been
used to produce extremely high-purity silicon.27:50.51  Because of the high cost of
iodine, a recovery process is necessary. In order to obtain reasonable deposition
rates, low pressures are required, so that a combination of vacuum pumps and
iodine traps is required. It is presumably because of these additional requirements
that the process has thus far not proved commercially feasible, even though some
companies have operated iodide plants on a limited basis. One process#9-52:53 con-
sisted of these five operations.
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1. Reaction of iodine with commercial-grade silicon.
2. Filtration of the silicon tetraiodide.

3. Distillation of the iodide.

4. Decomposition to form silicon and iodine.

5. Iodine recovery.

This is illustrated schematically in Fig. 2-3. A somewhat more elaborate process
has been described;>* it employs an additional purification step consisting of zone
refining the silicon-tetraiodide before distillation.

The Sil, is formed by reacting commercial silicon with iodine at about 600°C;
this may be done in either a fixed or a fluid bed. The reaction is exothermic and
requires no additional external heat once the bed is brought to operating tempera-
ture. In order to remove any unreacted silicon dust that comes from the reaction
bed, the iodide can be filtered before distillation. Since Sil, freezes at 124°C, all
transfer lines must be kept heated. Both quartz and tantalum have been used for
the distillation unit, with quartz being preferred. Forecuts of 10 to 30 per cent,
and pot residues of from 10 to 30 per cent of the total charge have been used.
The deposition surface may be a quartz tube, tantalum rod, or silicon rod. The
temperature of the surface should be in the order of 1000°C for good decomposi-
tion efficiency, and the pressure in the deposition chamber should be in the order
of 1 torr or less.

Silg condensor
and storage

Storage
Deposition furnace
Silg
° A
% | Crude silicon
.o | charge )
°o Distillation
°] | Furnace
b,
Silg
~

Lodine boiler LL Ip

Fig. 2-3. The iodide process.

To vacuum pump
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Another process has been developed which makes use of a film-boiling technique
to simultaneously maintain high efficiency and deposition rate.?> The heated wire
vaporizes the liquid in the vicinity and supplies heat for decomposition so that sili-
con is deposited on it. An arc has also been used for supplying the heat for
decomposition,56 but does not appear applicable for high-purity silicon.

2-6. SILICON TETRACHLORIDE AND TRICHLOROSILANE PROCESSES

Both SiCly and trichlorosilane (SiHCl3) are now used in the manufacturing of
silicon. Trichlorosilane will thermally decompose at a slow rate to give silicon.
Silicon tetrachloride is apparently stable up to at least 1200°C. With hydrogen,
however, either of them react and produce silicon with reasonable efficiencies and
rates. While the overall reactions can be written as

o SiCly + 2H; — 4HCI + Si
) 2SiHCl; 4+ 2H, —> 6HCI + 2Si

these are gross simplifications. For example, in reaction (1) considerable SiHCls,
SiCl; and long chain polymers occur as well as HCl and silicon, and reaction (2)
probably proceeds as

2SiHCl; + heat — SiCly + Hs + Si
SiCly + Ho — Si + HCI + polymers

In either the hydrogen-reduction or thermal-decomposition process, lower tempera-
tures favor the production of very small, brownish particles. For example, at
800°C most of the SiCl, reduction output will be powder. SiHCl; decomposition
at 830°C gives aggregates of fine powder. At 1230°C the silicon begins to have a
nodular appearance.>” Hydrogen reduction of either SiCly or SiHCl; above the
1000°C range produces a distinctly crystalline looking deposit which may vary
from dendrites to large, well-defined crystals such as shown in Fig. 2-4.

(@) (%)

Fig. 2-4. Photograph of different forms of silicon from trichlorosilane deposition (each piece
approximately 1.5 in. long).
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Fig. 2-5. The silicontetra-
chloride reduction process.

The use of trichlorosilane is favored over silicon tetrachloride because of faster
deposition rates and because it is apparently easier to remove phosphorus and
boron compounds from it. Figure 2-5 is a schematic of a typical SiCly or SiHCl;
silicon-production process. Numbers given in Ref. 58 for trichlorosilane are:
(1) temperature of main deposition zone, 950°C; (2) initial hydrogen rate, 100
liters/hr; (3) final hydrogen rate; 300 liters/hr; (4) all hydrogen bubbled through
SiHCl;3 initially at —9°C; (5) as hydrogen rate is raised to 300 liters/hr, SiHCl;
temperature is raised to —5°C; (6) length of run, 100 hr; (7) amount of silicon,
~1000 g.

As might be expected, there have been almost as many reactors designed as
there are investigators; these reactors vary from a simple heated quartz tube,
through silicon-particle fluid beds®® and hot tantalum wires upon which deposition
occurs, to deposition on high-purity silicon rods (for the highest-purity silicon).
The quartz tube is very simple, may be resistance-heated, and produces predomi-
nantly dense silicon with some protuberances on the inside. The silicon bonds to
the quartz, which must be removed by leaching in hydrofluoric acid. The loss of a
quartz tube each run raises the processing costs, and the etching usually introduces
contamination, as does the quartz tube itself. Various methods of preventing
sticking and contamination have been proposed. One of these deposited a thin
layer of carbon on the inside of the tube by the thermal decomposition of CH4.%°
A better scheme consists of depositing an additional layer of SiO; on the tube by
the reaction of SiCly or SiHCl; with high-purity water,51 or by the burning of Sily
and hydrogen in very pure air.62 The use of a tantalum tube for a combination
heater and support for deposition reduces quartz costs and contamination, but still
requires removal of the tantalum. Silicon-rod heaters eliminate these difficulties
but do require a source of long, high-purity silicon rods.63:6¢ A photograph of a
section of 4-ft by 4-in.-diameter silicon rod deposited in this fashion may be seen
in Fig. 2-6.
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Fig. 2-6. Section of a 4-in.-diameter
deposited silicon rod.

Various other gas-decomposition or reduction processes using SiBry,27-65 and
SiCl2%¢ have been used, but apparently none of them have ever passed the labora-
tory stage, probably for economic reasons.
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Silicon-casting Processes

Several methods for the casting of silicon have been used in the past 60 years,
and the articles cast have covered the range from dental mirrors’* to pipes
for highly reactive chemicals? to precision infrared optics.34 The need for the lat-
ter put more emphasis on the perfection of casting techniques than any other
application, but casting can also be used for silicon lot homogenization, prepara-
tion of rods for float zoning and the making of individual charges for crystal grow-
ing. Most of the work to date has been directed toward massive castings (optical-
quality castings up to 30 Ib in weight have been made)> but in the future, emphasis
will probably shift to methods of producing thin sheets for device fabrication. The
requirements for various end uses are somewhat different, so rather than consider
processes for a specific application, the processes will be considered separately and
their limitations discussed.

3-1. MELTING IN MOLD

In principle, melting the silicon directly in a mold should be the simplest method
of all. There are, however, some fundamental difficulties. The mold material is
usually slightly soluble in molten silicon and thus introduces unwanted impurities.
The silicon bonds to many mold materials as it cools so that differential thermal
contraction causes the silicon to shatter. It is also inconvenient to heat a mold for
some shapes, e.g., a rod % in. in diameter by 3 ft long.

Casting Perfection. The formation of sound castings must also be considered.
This problem is, unfortunately, not independent of the mold material, since
whether or not the silicon adheres to the container has a great influence on the
casting integrity. However, for the present assume that the mold has been chosen
so that either the silicon does not stick, the coefficient of expansion of the container
and silicon are well matched, or that the container is weak enough to fracture
before the silicon. The methods of attaining these conditions will be discussed
later.

If the free surface of the silicon is allowed to freeze first, the expansion of the

* Superscript numbers indicate items listed in References at the end of the chapters.
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remainder as it freezes will cause the ingot to crack. To prevent this, cooling must
begin at the bottom and move upward so that the last liquid to freeze is at the gas
interface. A heater over the top of the mold may be used, or the mold may
be moved slowly downward out of the hot zone, somewhat in the manner of
a Bridgeman furnace. Care must be taken not to cool the ingot so fast that the
thermal gradient between the center of the casting and the outside causes the
breaking stress to be reached.

Another type of flaw encountered is voids in the interior of the casting. These
can be eliminated by casting in a vacuum; but, again, if freezing is allowed to pro-
gress in one direction only, any bubbles in the liquid will be moved along by the
solid-liquid interface to the surface.

A similar type of void can occur if high-temperature liquid is trapped and cooled
(see Sec. 3-2) since it can occupy a greater volume at high temperatures than
it does after freezing, even though there is a volume increase on freezing. Freezing
to a free surface will also eliminate this difficulty.

If the container has an expansion coefficient less than that of silicon, the silicon,
after it is cooled, will have contracted more than the mold and, if it has not bonded
to the container, will release. Likewise, if a plug were to be put into the mold, e.g.,
to cast a hollow dome, then the plug should have a higher coefficient so it can in
turn shrink away from the silicon. In principle, this inner plug could be dispensed
with entirely if the outer mold were rotated. Centrifugal force would then force
the silicon to pile up on the outer walls of the mold and would produce a parabolic
inner cross section.

Fused Silica. Molten silicon reacts with fused silica to form silicon monoxide
(which vaporizes) and oxygen.® If the reaction progresses long enough, the
molten silicon becomes saturated with oxygen (about 3 X 1018 atoms/cm? of
melt),* and then only silicon monoxide is liberated, but with no apparent change
in reaction rate. In addition, since the fused silica is being dissolved, any impuri-
ties in it are also being added to the melt along with the oxygen. For optical
castings, the impurities added from the container are insignificant, but if the goal
is to densify, or homogenize, a silicon lot, then the contaminants can downgrade
the silicon quality. Boron is the worst offender (1 to 2 ppb can easily be added to
the melt) though aluminum is apparently present in many cases.t In any event,
the quantities are so small that they are detectable only by the more sophisticated

* This number is based on Kaiser and Keck’s (J. Appl. Phys., vol. 28, pp. 882-887, 1959) value
of approximately 2 x 1018 atoms/cm? of oxygen in the crystal, and a segregation coefficient of
somewhere between 1, as they estimated, and 0.5 as given by F. A. Trumbore (Bell System
Tech. J., vol. 39, pp. 205-231, 1960).

1t is known that aluminum can be incorporated into a growing quartz crystal in appreciable
quantities. Most fused silica is made from natural quartz, so it is quite possible that aluminum
would be found in some or all such fused-silica ware. It has also been observed that fused silica
made from the reaction of oxygen with very pure silicon tetrachloride softens at a somewhat
lower temperature than that made from natural quartz. This has led to the speculation that the
increased softening point of the natural fused silica is due to the inclusion of aluminum. Experi-
ments have shown that the addition of a fraction of a per cent of aluminum to the chemically
prepared fused silica does indeed increase the softening point to a value close to that of the natu-
ral product.
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analytical methods such as neutron activation analysis or solids mass spectrometry.
Since the amount of silica dissolved is a function of exposed surface, then in prin-
ciple larger-diameter containers, preferably spherical, would reduce the melt
volume-to-surface ratio and reduce overall contamination. The larger the diame-
ter, the hotter the outside must be in order to melt-in in a reasonable time, and if
the silicon-fused silica reaction rate increases with the temperature, it is quite pos-
sible to introduce more impurities by this method. If the melt-in temperature is
kept lower, then the reaction rate is slowed down, but it also takes longer to com-
pletely melt the charge, so that again the final impurities level could be higher
than that produced in a smaller container.

Molten silicon apparently does not wet clean fused silica since the silicon will
not leak out through small holes in the silica liners. However, as silicon freezes
it bonds to fused silica and, because of the great difference in thermal expansion
coefficients, both silicon and container usually fracture during cooling. This occurs
only below about 650°C. Above that temperature the silicon will flow plastically
enough to strain relieve itself. Breaking occurs, not because of thermal shock, but
because of the stress between the silica and the silicon so that slow cooling will not
prevent it. One method which will prevent breakage is to use such a thin-walled
fused-silica container that it will stretch elastically enough to prevent the breaking
strength of the silicon from being reached.” The thickness varies somewhat with
the ingot cross section, but for l-in. diameter, the maximum wall thickness is
about 0.004 in. Such thin-walled containers are very fragile and this process is not
recommended although it was used for silicon zone-refining experiments before the
advent of the float-zone technique. If a mechanically sound ingot is not required,
then the above method is very convenient. Such a use would be the densification
of silicon from needles to chunks.

Fused silica gradually devitrifies and becomes structurally quite weak as thermal
cycling proceeds. It has been suggested to make use of this weakened form as a
casting container so that it, rather than the silicon, would shatter during cooling.®
The devitrification product is cristobolite, which has an expansion coefficient much
closer to silicon than has the original fused silica. This process is difficult but was
used extensively during World War II for producing material to be used in micro-
wave diodes.

The possibility of making containers of pressed or lightly sintered fused-silica
powder presents itself, but the temperatures required to melt silicon causes the
powder to fuse together.

A possible method of obtaining large ingots of simple shape is the “ice cube” pro-
cedure.®10 In this method the silicon is melted in the fused-silica container, and
allowed to cool until the ingot and container are only slightly above the tempera-
ture at which cracking occurs. Then high-intensity heating is used to raise the
temperature of the container walls sufficiently fast to melt the ingot free; thus it
will slide from the container much in the manner an ice cube is removed from its
freezing compartment. Such a process has been demonstrated to be feasible on a
small scale (buttons remaining in the bottom of a 2-in.-diameter container after a
normal crystal-growing operation can be easily melted free) but presumably has
not been scaled up any larger. Another method of eliminating cracking is to use
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an additive to prevent the silicon from bonding to the fused silica. For example,
1 per cent gold in the silicon will prevent sticking, although the ingot itself will
usually crack. The beryllium added to silicon used for microwave diodes in the
early 1940s apparently performed a similar function.

Other Oxides. Other refractory oxides have been studied, but it has been shown
that theoretically they are all somewhat soluble in molten silicon.!* In spite
of these predictions, beryllium oxide and aluminum oxide have been tried and, as
expected, were soluble enough to raise the impurity content above that which could
be tolerated for optical use (>2 X 101¢/cm? of Group III4 or VA4). It has been
suggested that single-crystal aluminum oxide (sapphire) might be more slowly
attacked than the sintered variety,!2 but its inability to withstand appreciable ther-
mal shock has hampered experiments.

Metals. All metals on which there are data dissolve in molten silicon, and
a great number of them form eutectics at a much lower temperature. They are,
therefore, useful only if kept cool.

Silicon Carbide. Silicon carbide is wet by molten silicon and is also slightly
soluble in it. This solubility is determined by the carbon solubility in silicon, which
is shown in Fig. 3-1 as a function of temperature.13

If a silicon-carbide crucible containing silicon is heated well above the melting
point of silicon and then cooled, the excess carbon dissolved at higher temperatures
precipitates on the crucible wall in the form of small, yellow, 3 silicon-carbide crys-
tals as cooling occurs. The segregation coefficient of carbon in silicon is probably
less than 10~4* so, if casting is done in such a container, most of the carbon will

* Based on a radioactive carbon analysis done by Graydon Larrabee, private communication.
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be rejected by the freezing silicon, and there will be little contamination of the sili-
con unless it were to precipitate along grain boundaries.

The problem of obtaining a silicon-carbide crucible is a little involved. The
usual variety of sintered silicon carbide is too porous; in addition, since apprecia-
ble silicon and carbon is removed from the container, any included impurities will
be added to the melt. Probably most of the offenders come from the commercial-
grade silicon (98 per cent silicon) used to make the silicon carbide.

It is possible to start with a graphite crucible and let the molten silicon react with
it to form a silicon-carbide layer. Though not interpreted in this manner, appar-
ently such a process was used as early as 1911 since mention is made in a patent
of melting silicon in a graphite crucible.14

Unfortunately, the majority of the high-purity graphite available today is some-
what porous, so the silicon will penetrate the cracks and form silicon carbide there,
as well as on the surface. There is a volume increase during the silicon-carbide for-
mation so that the cracks expand and extend until catastrophic failure occurs.
Some graphites are suitably dense to be usable, although it has been reported that
if the melt is taken up to 1900°C all available grades fail.1> Rather than make the
whole crucible of a dense graphite, it is possible to use any convenient variety and
deposit an impervious pyrolytic graphite coating over the surface. Thin layers of
nonporous high-purity silicon carbide can be vapor-deposited directly on graphite
and eliminate most of the problems just mentioned.

The expansion coefficient of graphite is similar to that of silicon; in addi-
tion graphite is relatively weak in tension (approximately 1,000 psi) so that a sili-
con ingot should not be broken during cooling. As far as is known, 2-in.-diameter
castings are the largest that have been made by this process, but there seems to be
no reason why diameters could not be scaled up at least one order of magnitude.

Silicon Nitride. Silicon nitride makes an acceptable mold for silicon and is
_ sometimes used in the casting of optical components.?6 Usually any of the silicon
nitride which adheres to the silicon will flake away from the body of the mold to
affect release. It is possible that the bonding that does occur is due not to the sili-
con adhering to silicon nitride, but rather to the thin layer of silicon dioxide which
is quite often present on the surface of the silicon nitride. If some of the nitride
dissolves, the only impurity (other than those in the silicon nitride) would be
nitrogen, which is either electrically inactive in silicon or else has an extremely low
segregation coefficient.

Silicon nitride molds are normally made by slip-casting powdered silicon and
then nitriding in either a nitrogen or an ammonia atmosphere at about 1300°C.17
Containers lined with a thin layer of silicon nitride are also used and are made by
coating the inside of a fused-silica or graphite crucible with a thin slurry of high-
purity semiconductor-quality silicon and then nitriding.18

Boron Nitride. Silicon ingots do not stick to boron-nitride molds,® but p-type
contamination invariably occurs.

Liquid Molds. Another unique method of mold construction consists in con-
fining the molten silicon in another liquid which does not react with it.20 This can
be accomplished by floating the silicon on top of a liquid of higher density. Sur-
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Molten salt

Outer container such as graphite

Fig. 3-2. Liquid mold for molten silicon.

face tension will keep it intact if there is only a small quantity of silicon, or the
assembly may be rotated so that centrifugal force keeps the two liquids separate
and forces the silicon to the center of the container. The first method would be
appropriate for long, small cross-section rods being zone-refined, the latter for
larger quantities such as required for crystal growing. These methods are illus-
trated in cross section in Fig. 3-2.

The containing liquid, besides having a higher density than silicon, must melt at
a lower temperature, not react with it, be virtually insoluble in it, and boil at
a temperature considerably above 1400°C. Likewise, when the containing liquid
does freeze, it must not bond so tightly to the silicon that differential contraction
breaks the whole assembly, and it must be readily soluble in something that does
not attack silicon.

Strontium chloride has been suggested as a suitable material, though it is not
clear how much strontium and chlorine can be dissolved in silicon nor what effect
these have on the electrical properties of silicon.

This process was described only shortly before the advent of the float-zone
method of refining silicon, so there has apparently been little effort spent search-
ing for liquids that will meet all the requirements just listed.

Cold Molds. By heating the silicon inductively and using a water-cooled work
coil to contain it and act as a mold, melting and subsequent cooling can be
affected.21-23 Both silver and copper have been successfully used. It is not clear
whether levitation lifts the molten silicon free of the container or whether the high
thermal gradient across normally present oxides keeps the metal surface at a low
enough temperature to prevent alloying. This process has been used for both
zone-refining silicon and casting into ingots.

3-2. POURING INTO MOLD

One of the first molds suggested for silicon was dry sand coated with talc to dis-
courage sticking.1* For chemical ware, where high purity is not required, this is
acceptable, but not for the majority of present day usage.

If a hot mold is used, sound castings are more easily obtained, but because of
the high reactivity of silicon, mold contamination can be quite severe. If a cold
mold is used, so that the silicon freezes on contact, the contamination can be vir-
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tually eliminated, but crack-free castings are difficult to achieve. The problems
associated with hot-mold casting differ little from those of melting in mold, so the
remainder of this section will be devoted to cold molds.

Recent cold-mold castings have been used primarily for small sizes, in applica-
tions where cracks or bubbles are not necessarily detrimental, and where the utmost
in purity is desired.

Rods % in. and larger in diameter are used as starting material for float zoning,
and are often cast (though more often the silicon is manufactured directly in rod
form). This casting is usually done by transferring molten silicon to a fused-silica
tube surrounded by a water-jacketed metal tube. The fused silica is then kept cold
enough to immediately freeze the silicon that comes in contact with it, so that little
contamination or sticking occurs. There are, however, other problems to be
considered.

1. Fused-silica tubing is of nonuniform bore, so that the cast rod is pinned in
position. The tube must be broken to free the rod, and this broken tube
represents an appreciable portion of the casting cost.

2. Because of volume changes associated with cooling silicon, it is difficult to
obtain sound casting. This change of volume is depicted schematically in
Fig. 3-3.

If the temperature of the melt, just before pouring into mold, were T4,
then immediately after freezing it would occupy the same volume it did
when poured and there would be no voids or excess. Deviations in tem-
perature would then either produce a casting with holes or else one that
would break the mold and possibly itself as well. Normally, one or the
other of these two undesirable circumstances happens, so the temperature
is usually deliberately chosen to give voids, but nevertheless the rods are
intact and can thus be readily used in the zone refiner.

3. With the larger cross sections, the thermal gradients are very severe and
usually cause casting failure, even if all other conditions are optimum.

The tubes may be filled either by direct pouring or by pumping a vacuum on the
tube and sucking in the molten silicon.24

For silicon lot homogenization, and dope and charge making, similar techniques
can be used, though the tube diameters are usually larger. Here the voids are
detrimental because saw debris collects in them and is virtually impossible to com-
pletely remove. A more satisfactory method is to substitute a long trough for the
tube so that again, as was described in Sec. 3-1, the freezing interface can move in
the direction of a free surface.

Volume

Fig. 3-3. Silicon change in volume versus
temperature.

Melting point T
Temperature ——>—



24 Silicon Semiconductor Technology

Well-cooled metal tubes may be substituted for the fused silica, but care must be
taken to insure that no hot spots occur (such as localized boiling of the coolant)
which will allow the metal to reach a temperature high enough to react with
the silicon.

Cool fused-silica molds have been investigated for use in casting optical-quality
ingots. In this application, the mold temperature needs to be high in order
to reduce the likelihood of breaking the ingot due to thermal shock, and yet must
not be hot enough for the silicon to stick to the fused silica. Limited success has
been reported when the mold was held at about 1050°C.25

3-3. AMBIT CASTING

The better parts of the cold-mold and the casting-in-mold techniques have been
combined in ambit casting.45-26 1In this process a cold plug (corresponding to the
cold mold) is immersed in a container of molten silicon. The first silicon in con-
tact with the plug will freeze around it and prevent melt contamination. Further
freezing will progress outward from the plug so that there is always an unconfined
liquid-solid interface. This process is illustrated in Fig. 3-4. The freezing rate can
be controlled by the melt and plug temperature so that thermal shock will not be
severe enough to cause cracking. Ideally, the plug material should have a thermal
expansion coefficient greater than that of silicon so that as the assembly cools, the
silicon shell will drop off. Figure 3-5 is a graph of temperature versus time for the
plug and casting.

At the time 0, the plug, initially at some temperature below the melting point of
Spin shaft Graphite plyg  Siicom, is plunged into the melt. From then

, \ ) until the time for removal from the melt, the
Rim ﬁ Quartz, liner . o . .
y freezing silicon will cool slowly while the aver-

N— N age plug temperature goes up. During this
time the silicon will be contracting and the
plug expanding. If the silicon temperature is
above that at which plastic flow occurs, and if
the rate of strain is not enough to cause work
& 7 hardening, no failure of the shell will occur.
When removed from the melt, both the silicon
and plug start cooling, but at different rates.
The silicon, being on the outside, will cool
Spin shaft Graphite plug much more rapidly than the plug. Unless the

.i" thermal expansion coefficient is much larger
for the plug than for the silicon, the silicon
must strain relieve itself by plastic flow. When
the silicon temperature drops below its plas-
tic region, no more strain relief can occur.
However, as the temperature gets lower, the
cooling rate decreases since cooling is primar-
ily by radiation, which varies as the fourth
Fig. 3-4. Ambit casting. power of temperature. The plug is still ata

Siticon melt  Cast-silicon shell

Cast silicon
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Silicon

Temperature ———>—

f

1 1
Removal from melt Plastic flow stops Removal of casting from plug

Time

Fig. 3-5. Cooling curves for silicon and plug.

higher temperature and may now be cooling at a much higher rate than the silicon.
Thus in the region between the cessation of plastic flow and the removal of the
casting from the plug, it is possible for the plug volume to reduce more than the shell
volume even if its coefficient of expansion is considerably less than that of silicon.

It is then, in principle, possible to choose a temperature cycle so that crack-free
castings can still be produced even if the thermal expansion of the plug is less than
that of the silicon. It is also possible to choose plugs and cycles that will cause
the silicon shells to break quite violently.

Graphite has been found to work very well as a plug material, though some care
must be taken in the cycle since the total expansion of graphite is somewhat less
over the temperature range below plastic flow than the expansion of silicon.

Fig. 3-6. Ambit-cast silicon domes.



Fig. 3-7. Ambit-cast silicon plate 13 in. in diameter.

|v22222]

Fig. 3-8. Silicon-casting machine which has provisions for intermittent feed and a lock for the
removal of cast plates.

26
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This process was originally conceived to manufacture domes, though, by using
flat-faced plugs, plates can also be produced. Domes up to 8 in. in diameter and
plates 13 in. in diameter and 2 in. thick have been made in this fashion. Figures
3-6 and 3-7 are photographs of such items. Figure 3-8 is a sketch of the machine.
This version is capable of continuous operation since silicon can be added through
a tube at the side, and the domes or plates can be removed through a lock on top
of the chamber without disturbing the melt.
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Crystal Growth

Since most semiconductor devices require single-crystal material, a vast amount of
effort has been spent over the past several years in perfecting growing techniques.
Just the growing of crystals has not been enough, however, because in general, a
specific doping level within the crystal is desired. Therefore, not only the condi-
tions for proper crystal growth, but also the behavior of small amounts of impurity
atoms originally distributed in the melt must be understood.

4-1. CRYSTAL-GROWING ENVIRONMENT

Crystal growth can be divided into four broad categories,-* each of which has
several subdivisions.

1. Crystallization from a one-component system. (Note that small amounts
of impurity may shift growth from this type to growth from a multicom-
ponent system.)

a. Crystallization from liquid of same composition.

b. Crystallization from a vapor of the same composition. Evaporation and
subsequent regrowth in a vacuum is an example of this.

c. Crystallization in the solid state from other crystals. This could include
growth of larger crystallites from small ones during heat treatment
(applicable to silicon), and polymorphic transitions such as that of gray
to white tin.

2. Crystallization from a multicomponent system in which the material to be
grown is already present. This one can be divided into the same three sub-
divisions as the one-component system, but in addition, each of those can
be further divided into two more subdivisions.

a. The “solvent” is only slightly soluble in the solidifying component. An
example of this would be a silicon crystal grown from a silicon-gold
mixture. The growth of crystals from aqueous solutions would likewise
be included. It should also be noted that the lion’s share of literature on
crystal growing deals with crystallization from water.

* Superscript numbers indicate items listed in References at the end of the chapter.
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b. Large quantities of two or more of the components are incorporated
into the crystal, e.g., the growth of gallium-arsenide crystals from a
gallium-arsenic melt.

. Crystallization from a multicomponent system in which the material is

formed as the crystal grows.

a. The reaction occurs throughout the volume in which the reactants are
present. This can include both combinations and decomposition. Very
likely the reaction rate will exceed the limits of crystal growth so that
very small crystallites may result. An example of this is the formation
of silicon “fluff” from the decomposition of silane when the whole gas
stream is heated above about 400°C.

b. The reaction takes place only at the surface of the crystal. This occurs,
for example, when silicon is deposited on a hot substrate from the
hydrogen reduction of silicon tetrachloride.

. Growth from the crystal of another compound. For example, phosphorus

can be diffused into gallium arsenide to form gallium phosphide.2

4-2. TYPES OF CRYSTAL GROWTH

In addition to the various categories just discussed which describe the chemical
environment of the growing crystal, there are two physical modes of interest.

1. Crystallization in which the whole mass can be single crystal and the faces

are developed according to the relative growth rates. In most cases this
ideal shape is modified by externally imposed conditions such as thermal
or concentration gradients, container boundaries, or continued withdrawal
from the melt. These crystals may vary in size from microscopic flecks to
some weighing many pounds. Figure 4-1 shows some tiny octahedral
crystals of silicon grown from the vapor. Their dimensions are on the
order of a few thousandths of an inch. Figure 4-2 is a photograph of a sili-
con crystal which weighs in excess of 6 1b and was grown from the melt.

. Crystallization in which the shape is determined primarily by specific crys-

tal imperfections. Examples of this are the dendritic, blade, and whisker
growths of silicon.

Fig. 4-1. Octahedral silicon crystals grown
from the vapor. Magnification is approxi-
mately 200 % .
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Fig. 4-2. Six-inch-diameter silicon crystal grown by the Teal-Little method.

Dendrites* are very rapidly growing crystals containing a series of twin planes
which make nucleation easiest in one particular direction ([211] for silicon).3
Such growths are often observed shooting across the otherwise molten surface of
silicon immediately after reducing power in a crystal puller. Figure 4-3 is a photo-
graph of a maze of dendrites pulled from a supercooled melt. Figure 4-4 shows a
single dendrite deliberately grown under more controlled conditions.

Blade growth, first observed at Bell Telephone Laboratories,* appears to be the
vapor-phase analog of dendrite growth in a melt. These crystals are normally very
small (a few millimeters long, a few hundred angstroms thick) and again grown
very rapidly in the [211] direction. Apparently however, only one twin plane is
present in them, compared to two or more in the dendrites.

* Treelike structure.

Fig. 4-3. Silicon dendrite maze pulled from
the melt. The overall length is 4-in.
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Fig. 4-4. Silicon dendrite.

Fig. 4-5. Mass of silicon whiskers grown
from the vapor.

Whiskers of silicon are also grown from the vapor. They grow rapidly in the
[111] direction, are hexagonal in cross section, and have a screw dislocation
running lengthwise. Figure 4-5 is a photograph of a mass of silicon whiskers.

4-3. CRYSTALLIZATION FROM A ONE—COMPONENT SYSTEM

The simplest form of crystal growing from a single-component system consists
merely of melting and subsequent uncontrolled freezing. This gives rise to the
familiar “cast structure” which consists of myriads of randomly oriented single-

Fig. 4-6. Silicon crystal which grew in “spill-
over” of a casting.
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Fig. 4-7. Top of a silicon-cast ingot showing
well-developed octahedral crystal faces.

crystal grains. The size of the grains depends on the rate of cooling and may
range from microscopic for a rapid quench, to quite large crystals if the cooling is
slow. Silicon expands when it freezes, so instead of there being voids in the cast-
ing, there will usually be some spillover. Often this final bit of molten silicon
freezing will generate single crystals which have well-defined faces. Figure 4-6
shows one such crystal chipped from the top of a silicon casting. Figure 4-7is a
photograph of a complete ingot with some faces defined in the spillover.

Because trusting to luck usually does yield small crystals of random orientation,
numerous methods have been devised to weight the odds in favor of given orienta-
tions and predetermined sizes of crystals.

Tammann® discovered that if a molten metal is confined in a capillary tube, and
allowed to slowly freeze from one end, only a few crystallites would form, and that
since there is usually some preferred growth direction, if the tube were long enough,
a single crystal would survive. This concept was next extended to a larger tube
pointed on one end so that by the time freezing had proceeded to the main body
of the container, only a single crystal remained. Refinements of this process, such
as those by Bridgeman and Stockbarger, have led to the equipment illustrated in
Fig. 4-8. In this arrangement, a two-zone furnace is normally used. The bottom
part of the furnace is held just below the freezing point of the material to be crys-
tallized. Thus, when a crucible containing the material is
gradually lowered through the furnace, freezing occurs firebrick
selectively from the bottom. An additional refinement Refractory
can be obtained by placing a single-crystal seed in the bot- _ Tub¢
tom of the container, and never allowing it to become 123[,??\)
completely melted. In this manner preoriented crystals rjngce
may be grown. Such methods are widely used to grow  winding
crystals of metals and alkali halides.5 They are particu- ™" e =
larly applicable where inert container tubes can be found, Ceramic or
and where the material to be grown contracts upon freez- ™ PPt
ing, or at least does not stick to the crucible walls. Unfor- Fig. 4-8. Bridgeman
tunately, silicon falls in neither category and so has not crystal-growing  appa-
been successfully grown by this relatively simple process. ratus.
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Cooling

Ry

Fig. 4-9. Nacken’s method of
growing crystals from the melt.

vy

Nacken® conceived the idea of causing freezing,
not by changing the heat input to the melt, but by
heat flow to a continuously cooled seed. His
equipment was somewhat complicated and is
shown in Fig. 4-9.

Kyropoulas® simplified the process to that shown
in Fig. 4-10. In its original form, a metal plug
was first plunged into the melt, and then, after
some suitable size polycrystalline boule had fro-
zen onto it, was withdrawn until only a small area
of the frozen mass touched the melt. In principle
only one or two crystals would then be in contact
with the surface and could serve as seeds as the
remainder of the melt froze. This method was
later modified to allow a single-crystal seed to be
substituted for the metal plug, and thus one step
in the process was eliminated. Then, except for
the simplicity, it is essentially that of Nacken.

Czochralski® further improved on the system
by making provisions for continuously withdraw-

ing the seed from the melt. A sketch of such equipment is shown in Fig. 4-11.
Teal and others” have applied this system very effectively to the growing of silicon
and germanium, and indeed, most of the discussion concerning silicon crystal growth
from a melt will revolve about the Teal-Little modification of the Czochralski method.

1

(b)

(a)

Fig. 4-10. The Kyropoulas crys-
tal-growing method. Insert (b)
shows the method of seeding a
single crystal from a polycrystal-
line growth.

Verneuil,? in the 1890s, originated a system for
growing single crystals of refractory oxides. In this
system, shown in Fig. 4-12, the top of a seed is
heated to somewhat above the melting point and
then powdered feedstock slowly added. Simulta-
neously with the addition of material to the melt,
the seed is lowered so that there is continuous
freezing, and so that the level of the top of the seed
remains fixed. The original version of this process
used an oxyhydrogen torch to melt the seed; this
would not be applicable to silicon since even with
a reducing flame there would be enough oxygen
present to form an oxide layer and prevent single-
crystal growth. A modern version of this process
which used electron beam heating has been tried
however, but was not particularly successful.8

In 1952 Pfann originated a combination purifica-
tion, crystal-growing process in which a charge
placed in a horizontal boat has a narrow zone
melted in it by localized heaters surrounding the
boat.® The molten zone is then slowly moved
from one end of the boat to the other so that,
as melting occurs on the forward end of the zone,
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freezing takes place at the trailing end. This is illustrated J
in Fig. 4-13. If the original zone is allowed to partially ~ ¢*91
melt a single-crystal seed, as the zone moves the single -~
crystal will propagate down the boat. Such an arrange-
ment works very well for semiconductors like germanium
and indium antimonide, but as described in Chap. 2, all
presently known crucible materials stick to the silicon and
cause cracking.

Keck and others!© took the zone-leveling process, turned
it on end, threw away the boat, and used surface tension to
hold the molten zone in place. This is shown in Fig. 4-14.
It is referred to as the “float-zone method” and is very well
suited for growing single crystals of highly reactive mate- Fig- 4-11. Czochralski
rials like silicon. crystal-growing equip-

All the systems described thus far are predicated on no ment.
phase change between the melting point and room tempera-
ture and on no decomposition of the melt. In the case of
silicon, both these requirements are met. In the event that
they are not fulfilled, then growing from a multicomponent
system may be appropriate, or in the case of possible decom-
position, growing under pressure may suffice. For exam-
ple, good crystals of cadmium sulfide can be grown by the
Stockbarger process if the container atmosphere is main-
tained at about 100 atm.11

Crystals may also be grown from a vapor-phase single-
component system. The most common of these is shown
in Fig. 4-15. In this method polycrystalline material is
placed at one end of an evacuated tube which is in turn
placed in a temperature gradient. If the feedstock is in the
hot end, then it will be slowly transported to the cold end
and may grow large single crystals. Silicon may be grown
in this fashion, but its low vapor pressure combined with
the inability to properly contain itself at high temperatures
limits the growth rate. On the other hand, elements like  Fig. 4-12. Verneuil
zinc which have a high vapor pressure can be successfully ~ <Ystal-growing equip-
grown by this method.12 ment.

The limitation of a low source temperature may be
removed by having a larger vacuum chamber in which the
feed material can be isolated and heated to any desired
temperature by induction, radiation, or an electron beam.

This system then becomes essentially that of a standard
vacuum metallizer. Single-crystal silicon has been grown

Fig. 4-13. Zone-leveling apparatus of
Pfann. C
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in this fashion,!3.14 but the crystal perfection has in gen-
eral been poor. The reasons for this are not clear, but it

is possibly because of the inability to maintain a good
enough vacuum to have essentially a one-component

. . system.
of EH | When strained polycrystalline materials are heat-treated
i = Zoneheater there will usually be some grains that will grow at the
expense of others.> This process was first described by
%\\1”9‘” Sauveur in 1912 as a method of deliberately growing large
V) single crystals. Ithasbeen used successfully on metals such
@,/ Holder as aluminum, iron, and tungsten, and for many organics.

It is apparently this sort of mechanism that allows
. mechanically polished silicon to be used as seed stock for
Fig. 4-14. Float-zone . X
method. growing crystals from the vapor phase.- That is, when the
silicon is heated, the smeared outer surface regrows as a
continuation of the underlying single-crystal substrate.

4-4. GROWTH FROM MULTICOMPONENT SYSTEMS

Crystal growth from a liquid multicomponent system is of course somewhat
more complicated than that from a single-component system, but in return it usu-
ally allows growth at considerably reduced temperatures. The most widely dis-
cussed of all crystal-growing methods, i.e., growth from aqueous solutions, comes
under this category. This process may be described as follows: Consider that at
some temperature and volume a suitable solvent is saturated with the material to
be grown; then, if the temperature is reduced, or the volume of solvent decreased
by evaporation, the solution will become supersaturated; and finally a precipitate
will form. If the change in temperature or volume is slow enough, well-developed
single crystals can be grown. Thus silicon may be dissolved in some low-melting-
point metal such as indium or gallium and then regrown at temperatures consid-
erably below the melting point of silicon itself. Indeed, it is this type of crystal
growing that is used to produce the familiar alloy junctions found in many tran-
sistors and diodes.

Likewise, the addition of doping agents to a silicon melt changes it to a multi-
component system, but in general the growing procedures for this specific case are
very similar to those for growth from a single component since the dope is usually
a very small fraction of the total material supply. Conversely, as may be seen by
reference to the appropriate phase diagrams, when silicon crystallizes from most
metal solutions there is little of the solvent dissolved in the silicon. There are a

Fig. 4-15. Procedure for growing crystals from
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\\ Temperafure their vapor.
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few instances however where this is not the case. For example, silicon and
germanium form alloys with a continuous range of composition from 100 per cent
silicon to 100 per cent germanium.

Single crystals of many materials can be grown by electrolytic deposition from
a suitable bath.> Usually the baths are aqueous, but may be organic or even of
fused salts. There has been limited success in depositing single-crystal silicon from
low-temperature organic baths.

The vapor-phase growth of single crystals of metals dates back at least to 1923
when Van Arkel described a method of reducing a halide of tungsten with hydro-
gen on a hot single-crystal tungsten filament and continuing single-crystal growth.15
Polycrystalline silicon was being deposited in 194316 and single-crystal germanium
by 1951.17

Two multicomponent vapor-growth systems are now in use for silicon.!8:19

1. A closed tube in which the silicon is transported from a source to substrate
by a disproportionating reaction of
Si + Iz — 2Sil; — Si + Sily

High
temperature

Low
temperature

2. Reduction or pyrolytic decomposition, wherein the material is deposited on
a heated substrate by chemical reduction, e.g.,
b. SiCly + 2H, — Si + 4HCI
c. SiHCl3 + Ho — Si + 3HCI
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Fig. 4-16. Closed-tube silicon epitaxial deposition using the iodide disproportionation process.
(Wajda and Glang.18)
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Fig. 4-17. Dynamic silicon epitaxial deposition system using the hydrogen reduction of silicon
tetrachloride.

Simultaneously with the silicon deposition, appropriate dopants may be code-
posited by similar reactions. These two processes are shown schematically in
Figs. 4-16 and 4-17.

Of all these methods, the Teal-Little and float-zone methods, growth from low-
melting-point metals, and vapor-phase deposition are the ones most widely used
for silicon. Accordingly, each of these, except float zoning which is fully described
in Pfann’s book “Zone Refining,”® will now be examined in considerable detail.

4-5. TEAL-LITTLE

The normal crystal-growing procedure is to dip a seed into the melt, wait for
thermal equilibrium, slowly reduce the power input at the edge of the crucible until
the proper crystal diameter has been reached, and then slowly withdraw the crystal
from the melt. The radial temperature gradient along the surface of the melt must
then be large enough to prevent the usual random temperature fluctuations (due
to less than perfect temperature control) from causing the outer edge of the melt
to freeze while leaving the middle too hot to allow crystal growth.

A rough sketch of the equipment was shown in Fig. 4-11. However, Fig. 4-18 is
a much more detailed view of a “typical” crystal puller. There have been approxi-
mately as many modifications of the mechanical details as there have been investi-
gators, but they all incorporate a method of carefully controlling the temperature
of the silicon container and of smoothly withdrawing the crystal from the melt. In
addition, most designs have means of spinning the crystal as it grows, and many
also rotate the crucible.
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A crystal-puller operator then has at his disposal during the growing operation,
the ability to change the temperature of the crucible, the amount of stirring of the
melt (by speed of rotation of seed and/or crucible), and the rate of withdrawal of
the crystal. In addition, indirectly through the equipment designer, some control
may be exercised over thermal gradients within the melt-crystal system.

In growth from the melt there are two possible rate limiting steps. One is the
time required for atoms within the liquid to diffuse to an appropriate crystal site.
This time is usually very short, and in most systems will not be the mechanism
limiting growth rate, though it does have a considerable influence on impurity dis-
tribution. It will be discussed at some length a little later. The second rate limiter,
and the one normally of most importance, is the requirement that the latent heat
of fusion be removed from the crystal-melt system. There are in principle two
ways by which this heat may be removed: (1) It may be removed through the
body of the crystal itself as shown in Fig. 4-19a; (2) the liquid near the liquid-solid
interface may be supercooled by a heat sink other than the crystal. This possibility
is shown in Fig. 4-19h. Because of the high probability of spurious nucleation at
the highly supercooled liquid-container boundary, the geometry of Fig. 4-19b
is seldom used. (It is, however, a requirement for high-speed dendrite growth.)

r T 7
Spin drive ’
T = Pull mechanism
Gas in
A Bz
- Pull shaft
l<——«——Silico
growing chamber
J/Seed chuck
=< | Seed crystal
]
__F/Coolinq water
_8 8 Silca liner
Graphite susceptor ") 0= Heater coil
O
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d

Cooling-water

channels AN
Gos out === X»\

L’p
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Fig. 4-18. ‘‘Typical” crystal puller.
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Fig. 4-19. (a) Temperature gradients near crystal for normal crystal growing. () Tempera-
ture gradients near crystal for supercooled melt.
For the case of Fig. 4-19a, the heat balance equation can be written as follows:

Latent heat + heat transferred to crystal from melt =
heat conducted away from the interface by the crystal 4-1)

 dm dr ar ,
L kldlAl_k dz

where L = latent heat of fusion

(42)

dm/dt = amount freezing per unit time
T = temperature
ky = thermal conductivity of the liquid
dT/dx; = thermal gradient in the liquid at some point x; close to the interface
Ay = area of the isotherm which goes through xy
ks = thermal conductivity of the solid
dT/dx, = thermal gradient in the solid near the interface
Ay = area of the isotherm through x,, which will be approximately the area
of the crystal (exactly, if the isotherm is planar and perpendicular to the
growth direction)
ﬁfl'_?_ — vAS = (V, + Va)Ae (4-3)
where v is the growth velocity and is equal to the pull rate ¥V, plus the rate of drop
of the liquid surface Vg4, and A, is the area of the crystal at the liquid-solid inter-
face. If the interface is nearly flat, then 4. =~ #r2, where r is the radius of the
crystal at the interface. V; arises because as material is removed from the cruci-
ble, the level will drop unless the crucible is deliberately raised. The rate of fall is
given by Vg = V, A./A’” where A’ is the area of the liquid surface. Normally A./4’
is considerably less than 1, so that v = V), but there are circumstances where this
is not true, and V4 becomes an appreciable correction term. It is also possible to
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deliberately raise the level of the crucible at a rate equal to the calculated V4 and
keepv = V).

Since very close to the interface, 41 =~ 4., Eq. (4-2) can be written approxi-
mately as

dT

A (4-4)
Thus, if there were no interaction between A, dT/dx1, and dT/dx», there would

be no dependence of growth rate on diameter. There usually are some very drastic

interactions, however, and they are the things that must now be examined.

Effect of Crystal Radius on Growth Rate. The term k;(d7/dx;)A. in Eq. (4-4)
represents the amount of heat transferred into the crystal, so this must be balanced
by the heat lost from the crystal. These losses are illustrated in Fig. 4-20. The seed
isusually of very small cross section, and after the crystal has grown awhile Q
normally becomes considerably less than Q,. Both Q. and Q. are proportional to
surface area which is in turn proportional to the radius of crystal r, so as an
approximation

“§L%=®+@=Qr (4-5)
X2

where Q’ is a constant.
Thus Eq. (4-4) can be written as

LVy0mr2 + k1 —_ 7rr2 o'r (4-6)
dxy
or Vp+ oy = % (4-7)
ky dT
where a; = T8 dn, and az is a constant.
From this it is concluded that if the latent heat term is large compared to the
heat conduction from the melt, the growth rate is inversely Q
proportional to the crystal diameter. On the other hand if !

the term ky dT/dx is considerably larger than the latent heat

term, then the crystal diameter will be small and quite inde- <[ )=
pendent of pull rate. This condition is only rarely found Dl I
experimentally. Usually it is observed that an increase in ‘
growth rate causes the crystal diameter to reduce. Fig. 4-20. Crystal

Maximum Growth Rate.20 Again referring to Eq. (4-4), heat losses. Q; =
it can be seen that the maximum growth velocity is obtained heat conducted up
when the thermal gradients are arranged in the crucible so seed to chuck, O, =

that d7/dx, = 0, for which heat lost by radiation,
Q. = heat transferred
LVimax = ks ar (4-8) by conduction to at-

dx 2

mosphere.
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If the only loss from the crystal is assumed to be that due to radiation, the loss per
length of crystal dx is given by

dQ = 2moeT *rdx (4-9)

where ¢ is the emissivity and o is Stefan-Boltzmann’s constant. Heat transfer up
the crystal is given by

0= kswrz% (4-10)
40 _ oo d?T . dT dk, _
so that e ksar P + ar i (4-11)
Assuming the last term to be negligible, substituting Eq. (4-11) into Eq. (4-9)gives
d2T  2o¢
L _ 2% 14— 4-12
dx? kgr ' ( )

For silicon k, varies approximately inversely with temperatures up to about
1000°K, above which it is nearly temperature-independent.2t For purposes of
solving Eq. (4-12), assume it to vary as 1/7 over the whole range and to be given
as ks = knTm/T, where ky, is the thermal conductivity at the melting point, and
T, is the melting temperature. Equation (4-12) becomes

dz2T
dx?

—aT5=0 (4-13)

20¢

her ' —
where o T,

The boundary conditions are

atx =00, T=0
atx=0,T=T,

The solution of Eq. (4-13) is

_ _3—- 1/4 —-1/2 )
7= (a) " () (14
3\12 ]

where ¢ = (7) T2

From this

ar _ (2°€T n? )”2 (4-15)

dX2 - 3rkm

Substitution of the value for d7/dx, from Eq. (4-15) into Eq. (4-8) gives

1 oeknTh® )

Substitution of appropriate numbers for silicon into Eq. (4-16) gives a maximum
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rate for a Y-in.-diameter silicon rod of 70 in./hr. About the highest rate observed
is 60 in./hr.

Effect of Temperature Change on Crystal Diameter. Equation (4-7) can also
be used to get a crude idea of the temperature control required to maintain a given
diameter variation. Assume that the latent heat term is comparable to the conduc-
tion from the liquid term. Then

dr _ dey _ d(dT/dx,)
r T 2ay  2(dT)dxy)

(4-17)

Further assume that d7/dx, is proportional to the difference in temperature
between the edge of the crucible (where the temperature is normally sensed) and
the melting point. From this assumption and Eq. (4-17)

dr darT,

ST - T i
where T is the crucible temperature.

If it is desired to grow a l-in.-diameter crystal, controlled to within 0.05 in., and
if T, is normally 50° above the melting point, then the variation in 7. can be no
more than 5°. Normally, attempts are made to control short-term fluctuation to
about 2°.

Effect of Radiation on Top Growth.22 From the previous discussions concern-
ing the relation between growth rate and crystal diameter it might be assumed that
if after equilibrium is reached and the rate is reduced, the crystal diameter would
quickly increase to a new value determined by Eq. (4-4). Actually, however, it is
observed that in some instances the growth continues beyond that expected and at
a rate that increases as the diameter of the crystal increases. That this is reasona-
ble during top growth can be seen from the following analysis. Rewrite Eq. (4-2) as

am

L
dt

— K2 2 AT -

= Kir2 4+ do — Kor dx (4 19)
where K172 is the heat lost from a thin planar crystal of radius » by radiation from
its surface, go is the heat conducted up the seed, and Ksr2 d7/dx is the amount of
heat transported from the melt into the growing crystal due to a temperature
gradient dT/dx.

In order to derive an expression for dm/dt, consider first a crystal growing with
no pull. The crystal will grow primarily along the surface. The melt-liquid inter-
face will usually be somewhat curved, but for simplicity assume that the portion of
the crystal beneath the surface of the melt can be described as a right circular
cylinder having radius r (crystal radius), and length X. Assume that X is independ-
ent of time. Then

dm — dr
e 2w8xr—a—t- (4-20)
where 6 is the density of the solid.

Now, assume that over reasonable limits, X is independent of any pull rate that
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might be applied. Then, since only that portion of the crystal beneath the surface
can grow,

am _ dr 2 -
7 27dxr 7 + Sar2y (4-21)
where v = dx/dt = pull rate = a constant. Combining Eq. (4-19) and (4-21) gives
r% =G (4-22)

where C; and C; are constants. Solving Eq. (4-22) gives

r2 = Czexp 2Cyt — & (4-23)
G

where C;is a constant. This equation says that the top area can increase expo-
nentially with time.

Figure 4-21a is a photograph of a 4-in.-diameter crystal grown for several min-
utes at constant pull rates and with the temperature of the melt surface stabilized
only 1 or 2° above the point where it began to freeze. This illustrates the expo-
nential character of the diameter increase. It is usually observed that the crystal
will grow very slowly until it is perhaps 1.5 in. in diameter and will then grow very
rapidly. Figure 4-21b is a photograph of such a crystal grown with the same pull
rate as before (0.1 mil/sec), but with the amount of heat transferred up the seed
increased and the furnace changed somewhat to allow greater cooling of the crys-
tal by radiation. The latter is accomplished by having a minimum of heat shield-
ing and crucible above the surface of the melt at the beginning of the growing
operation. Considerable adjustment of the temperature gradients can also be
accomplished by changing the position of the crucible with respect to its heat
shield and to the work coil (or heater element).

(@) (®)

Fig. 4-21. Two crystals grown under similar spin and pull rates but under different conditions
of heat transfer.
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Fig. 4-22. Thermal gradients in a melt. The shape may be changed by changing the relative
amount of heat lost through the crucible support and by radiation.

Actually, the increased rate of growth as the crystal size increases is undoubtedly
due to both the radiation losses and the stirring effect, since cases have been
observed where the crystal would not grow until the spin was increased, and like-
wise, there have been crucible designs that would not allow crystal growth, irrespec-
tive of spin rate.

Shape and Position of the Melt-Solid Interface. During the growing operation
the melt-solid interface is seldom planar and in general will vary in curvature along
the length of the crystal. The problem now becomes one of determining the shape
and position of the 7' = T, isotherm as a function of crystal spin, diameter, length,
and growth rate; of crucible design; of input power level; and of upper-chamber
design (which affects the amount of radiation from the crystal).

Consider a crucible, such as shown in Fig. 4-22q4, without any crystal in it. The
radial temperature gradient in the melt will be approximately as shown in Fig. 4-22b,
while the axial gradient will be of the form shown in Fig. 4-22¢. If the melt tem-
perature is just above the melting point, then the immersion of a seed with a suita-
ble heat sink may extract enough heat to cause the melting isotherm to take up the
position shown in Fig. 4-23a. On the other hand, if the melt temperature is
considerably higher, a portion of the seed itself may melt and be held in place by
surface tension as shown in Fig. 4-23b. If the melt temperature is too high, then
the T, isotherm will be so far up the seed that surface tension cannot support the
molten column and the seed will separate from the melt. The position of the
freezing interface may be lowered by increasing the heat conduction up the seed,
increasing the heat loss down the crucible support, or by reducing the power input.

If the only source of heat input is the edge of the crucible, then the freezing inter-
face will always be cupped downward. However, as soon as growing commences,

Fig. 4-23. Position of freezing isotherm T=Tp T:Tm
for two different melt temperatures.

Melt Melt
(a) (b)
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Fig. 4-24. Heat-flow pattern for two crystals of different thickness.

there is an additional source L dm/dt distributed over the interface. This, in con-
junction with varying fractions of heat lost by radiation and by conduction up the
seed can change the shape to planar, and finally to one cupped upward. Without
attempting to mathematically solve the thermal problem it can be seen qualitatively
from Fig. 4-24 that the change in the nature of the heat-flow pattern from a thin
flat crystal to a very long one could produce such an effect because of the increased
heat-flow path in the latter case.

Figure 4-25 shows two crystals, each approximately 4 in. in diameter, grown
under as nearly identical conditions as possible except that one was grown consid-
erably longer than the other. The gradual decrease in bottom curvature is very
noticeable. If, however, the growing is continued until the melt is very shallow,
the relatively large radial thermal gradient of the bottom of the crucible may cause
sufficient cooling to again increase the bottom curvature.

Effect of Spin.22 As a crystal rotates, it causes the melt to circulate not only
around the crucible in the direction of rotation, but also with a component normal
to the surface. The greater the speed of rotation, the larger the diameter, or the
sharper the points on the growing crystal, the greater will be the circulation.

One of the most important advantages of stirring the melt by crystal spinning is
that it minimizes the radial gradients and also allows symmetrical crystals to
be grown even if there are severe asymmetric gradients in the melt. Figure 4-26a
illustrates the fashion in which a silicon crystal can grow if only pulled and not
rotated. Figure 4-26b shows the effect of rotation. The crystal has a “threaded”
look, but does not continue to grow toward the cooler portion of the crucible.
Nonsymmetric radial gradients can also be minimized by rotating the crucible, but
this complicates the heat sensing equipment. The latter method requires slip rings

Fig. 4-25. Two 4-in.-diameter crystals grown under as nearly identical conditions as possible
and illustrating the effect of radiation on bottom curvature as the crystal length increases.
(Runyan.??)
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Fig. 4-26. (a) Silicon crystal grown without rotation in an asymmetric temperature gradient.
(b) Silicon crystal grown with rotation in an asymmetric temperature gradient.

which may inject excessive noise into the control system. A radiation detector and
light pipe are sometimes used to circumvent these difficulties, but continually sense
temperatures from different portions of the crucible.

Spinning also causes cooler liquid from the bottom of the container to sweep by
the crystal and enhance the growth rate. Meanwhile, an adequate surface tempera-
ture can be maintained to prevent such things as circulating gas currents from
causing spurious surface freezing.

Experimental verification of the cooling effect of spinning can be observed by
arranging the temperature so that a straight-sided crystal is being grown at some
given spin rate. If the spin is stopped, the crystal diameter will start decreasing.
By suddenly increasing the temperature of the melt so that a growing crystal top
which had well-defined points is melted back just enough to make the crystal
round again (and thereby reduce the stirring action) and then quickly reducing the
temperature to its original value, top growth will proceed much slower than before.
This effect is particularly noticeable during the transition from a spreading top
growth to straight-side body growth. Stirring also tends to keep the temperature
more uniform along the bottom of the crystal and consequently will reduce the
curvature of the crystal-melt interface. Figure 4-27 shows the effect of spin on the
curvature of the interface of crystals about 1.2 in. in diameter which were grown
from 2-in.-diameter hemispherical liners.

In the case of small crystals (1 to 1% in. in diameter), it is possible to combine
the stirring effect with a crucible designed to enhance radiation and produce a per-
fectly straight interface at any desired time in the growth of the crystal.

Effect of Growth Rate on Interface Shape. Consider a crystal of diameter rp
being grown at a velocity v and with a curved crystal front such as shown in
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Fig. 4-27. Effect of spin stirring on crystal-melt interface curvature.

Fig. 4-28. Aslong as the diameter remains the same, one would expect the amount
of heat being conducted up the crystal to be independent of growth rate. Thus if
the growth rate (via pull rate) is increased and the d7/dx; of Eq. (4-4) adjusted
so that the diameter remains fixed at the original 7o, relatively more heat is being
generated at the surface and less conducted up from the melt. To analytically
determine the effect of this change on the crystallization front would be quite diffi-
cult, but as a rough approximation it has been assumed that if L dm/dt were
increased by an amount required to melt in unit time the shaded volume of the
crystal in Fig. 4-28, then the crystal would grow with a flat interface.23 Likewise,
if the interface were cupped upward, as shown by the dotted line, then the growth
velocity should be decreased in a similar fashion. It is then possible to grow
a fixed diameter crystal at some constant growth rate, determine the curvature pro-
file as a function of length, and calculate a new variable growth rate that will
maintain a flat interface throughout the crystal length.

Effect of Surface Tension. If the T = T,, isotherm is located as shown in
Fig. 4-23a, surface tension has little effect on the growing crystal. However, if it
is located so far above the main surface of the liquid that the melt is drawn in, as
shown in Fig. 4-29a, then the diameter of the crystal will continually decrease as it
is withdrawn because of the decreasing diameter of liquid available. Ideally if a
constant diameter is desired, the interface should be low enough that the contact
angle is essentially vertical, such as Fig. 4-295.2¢ Similarly,
if an expanding crystal is to be grown, the interface must be
even lower.

Effect of Gas Conduction on Growth. As indicated in
Fig. 4-20, both radiation and gas conduction can aid in the
Melt transport of heat from the crystal. Usually the conduction
term is small, e.g., some crystals are grown in a vacuum;

. most other systems have very low flow rates and large dis-
with a curved melt- -
solid interface. More LaflCes between the crystal and the chamber walls. It is pos-
rapid growth can pro-  Sible in principle to enhance the gas cooling, however, and
duce the shape indi- grow crystals at higher growth rates than otherwise possible.
cated by the dashed Consider an arrangement such as shown in Fig. 4-30. Gas
line. forced through the orifice can contribute heavily to heat

Crystal

-

Fig. 4-28. Crystal
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Fig. 4-29. Dependence of the melt-solid contact
angle on melt temperature.
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Fig. 4-30. Crystal growing with gas cooling to
help control the crystal diameter.

000000
O0O0000

conduction. In the event that the crystal diameter increases, the gas flow, and
accordingly the amount of heat removed by the gas, decreases so that the diameter
will decrease and thus impart some measure of diameter control to the system.2>

4-6. BEHAVIOR OF IMPURITIES DURING GROWTH FROM THE MELT

When small amounts of impurities are present during the crystal-growing
operation, two things are of interest: how the impurities affect crystal growth and
their final distribution in the crystal after it is grown. The latter is of particular
importance since most impurities deliberately introduced are for the purpose
of controlling resistivity, and usually there are fairly narrow limits imposed on
tolerable resistivity variations within the crystals. (The correlation between resis-
tivity and impurity concentration, along with other information necessary to dope
silicon crystals, is given in Chap. 6.)
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Distribution of Impurities in Grown Crystals.26  As a material freezes, the con-
centration of impurities incorporated into the solid is usually different from the
concentration in the liquid at the interface. The ratio of these two concentrations
is defined as the equilibrium segregation coefficient ko, i.e.,

N
Ny=koN;, or ky=—" (4-24)
N
where N; is the concentration in the solid and N; is the concentration in the liquid.

Consider a crystal being grown by the Teal-Little process at a time when some

fraction / of the original melt has solidified.* Let

Vo = initial volume of melt
V = volume frozen

/= —V, fraction frozen
0
Iy = total number of impurities in original melt (4-25)
I = number of impurities remaining in unfrozen portion

—{/3 = Ny, the initial impurity concentration
0
I
Ny=—"—
T V-V

If a small additional volume dv freezes, then it will remove from the melt an
amount of impurity

1

dl = koNidv = —ko—— dv (4-26)
Vo —
da _ 1dl
= koVO_V O N Vo— (4-27)
Integrating and substituting in limits gives
I _ _ Ve )
log - = log (1 Vo) (4-28)
V \ko
so that I1=1 (1 — —) (4-29)
Vo

but the concentration Ny in any incremental volume frozen is just the ratio of the
amount of impurity d removed from the melt when the volume dv froze, divided
by the volume dv. This is found by differentiating Eq. (4-29).

dl V \ko—1 ko—1
——— =N, = - = - 4-
=M= kgt (1 Vo) Nok(1 — 1) (4-30)

* The type of distribution to be discussed is referred to as normal freezing distribution and is
applicable in any type of crystal growth in which all of the material is initially melted and then
allowed to uniformly freeze from one direction.
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N calculated from Eq. (4-30) is plotted in Fig. 4-31 for various values of
k appropriate for silicon. In the event that k is very small, Eq. (4-30) reduces to

Noko
1 —1

so that the variation of concentration with length becomes independent of k&, (the
absolute magnitude, however, is still in direct proportion to ko).

The process described by Eq. (4-30) represents a purification of the material
being grown, so that if the last portion of the melt is discarded and another crys-
tal grown from the reduced amount of material remaining, the concentration N o
for the second growing is less than the initial Ny and is given by

Noko
ll
where [’ is the fraction of the original volume used in the second growing opera-
tion. In the early years of silicon-device manufacture it was quite common to
resort to a “double pulling” operation to upgrade the available silicon, but the
combination of better manufacturing methods and the use of float zoning, if

required, has made such an operation unnecessary.

Distribution of Impurities during Zone Melting.26° If instead of initially melt-
ing the whole charge, only a narrow zone is melted and then swept through the
charge, a distribution somewhat different from that of Eq. (4-30) is obtained.
Assume a rod of unit cross section and length x, has a molten zone of length L.
If the rod has an original concentration Ny, the melting of an additional length dx
on one end of the zone adds Nydx impurities to the melt. The freezing of an
additional length dx on the other end removes koN; dx from the melt.

N, = (4-31)

Noa = Noko [/ (1= D¥o=1dl = [1 — (1 — I')]

(4-32)

) &5 N=KNo(1-1)K]
{\\ No=1for all curves
2 {\ I
Average
10 concentration \\
0.9
06 )/ A
s = 0.5 \\ \‘>/ //
Fig. 4-31. Curves for normal freezing, showing *é 04 N
solute concentration in solid as a function of /, & & X( \
the fraction solidified. (Pfann.?6) g 02 o1 —
s L \
& 01 \\ \X
006 \ A\
004
002 /K'E‘/ \
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Let I = the number of impurities in the zone
dl = (No — koNl) dx (4-33)
Ny = % (4-34)
s0 that dI = (NO _ i‘}ii) dx (4-35)
X
dx = (T—dL___ -
o= =R (4-36)

where I is the number of impurities in the zone when it was first formed at the
front end of the rod.

= L jgeNo— (/L) 1o

= 4-37
ko No — (ko/L)1 (437)
k No — koly/L
exp 125 = Do = 2o ;//L (4-38)
Substituting o = NoL and Ny = kol/L into Eq. (4-38) gives
Ns(x) — _ _ “k()x _
Ne = 1 — (1 — ko) exp T (4-39)

This equation for various values of k is plotted in Fig. 4-32. A comparison with

Fig. 4-31 shows that a single pass does not produce as much purification as a sin-

gle normal freeze, but multiple passes can be made much more easily than a crystal

can be grown, cropped, and regrown, as was described in the previous section.
The distribution after an arbitrary number of passes is given by

dN
dv= [ (4-40)
N — kol/L
5
N/No=1-(1-k)e /L
k=3 No=1for all curves
2
2
10
/09 —‘—'\/ I
06 74 0.5 -
5 02 — | . i i
= 04 Fig. 4-32. Curves for zone melting, showing
;E’ / ) 0l solute concentration in solid as a function of
g 02 / x/L.  (Pfann.26)
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where N(x) is determined by the previous passes. The solution is somewhat
involved and the reader is referred to Pfann.? After repeated passes, the number
depending on such things as the segregation coefficient and the ratio of L to xo, the
purification or redistribution of impurity, reaches a limiting value. For this case
assume that the final concentration is Ny = F(x). The concentration in the molten
zone is given by

1 x+L
N=1 [T N ax (4-41)
The part that freezes has a concentration
N = koN; = F(x) (4-42)
Substituting Eq. (4-42) into Eq. (4-41) gives
kO x+L
Fx) =22 [ R ax (4-43)
Equation (4-43) has as its solution
Ns(x) = Aeb® (4-44)
where
BL
k= T
. N ()B)C()
4= eBro — 1

In the event that it is desired to dope the rod rather than purify it, consider the
case in which all the dope (/z) is introduced in the first zone and the initial
bar impurity concentration N is much less than ko/1/L. Equation (4-38) gives

Io = Texp Kox (4-45)
L
Since Ny = kol/L and the dope concentration Ng = 14/L,
koN; = N, expk%x (4-46)

If kox/L is small, N, will remain nearly constant with distance. Thus, for this sys-
tem, uniform doping is achieved by having a low segregation-coefficient impurity;
in contrast, recall that a high segregation is required for uniformity of concentra-
tion in a Teal-Little grown crystal.

The segregation coefficients of most silicon impurity elements used in float zoning
are neither very near 1 (except boron), nor very small, so there is difficulty
in obtaining a uniform resistivity along the rod. One method of combating these
effects of segregation is to saw a series of notches in the rod before zoning and fill
each of them with the required amount of dope. It also appears possible to get a
flat resistivity profile for k’s less than about 0.5 by doping in both the first and last
zones and then making repeated passes in both directions.?” This behavior is
illustrated in Fig. 4-33.
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Fig. 4-33. /=1 cm, k = 0.5. Graphical representation of the impurity distributions of ten
successive passes, which converge slowly to an ultimate impurity distribution. (Braun and
Wang.27)

Effective Segregation Coefficient. While the crystal is growing, impurities are
constantly being rejected into the melt. If the rejection rate is higher than that
which can be transported away by diffusion or stirring, then a concentration gra-
dient will develop at the interface. This is illustrated in Fig. 4-34. If an attempt
is made to calculate N, on the basis of an equilibrium kj as previously defined, and
the concentration N; in the main body of the liquid, the increased concentration
at the interface can cause serious error. This is normally corrected by considering
an “effective” k dependent on growth rate, stirring, geometry, and impurity species,
which is defined as the ratio of Ny to N well away from the crystal. ke is then
given by N//N, (of Fig. 4-34) times the actual ko, where N is the concentration
in the liquid at the interface.

A simplified analytical expression for k.¢; can be obtained as follows:28 Consider
that despite any stirring that may take place in the melt, there is a small virtually
stagnant layer of melt of width & in which the only flow is that required to replace
the crystal being withdrawn from the melt. Outside of this layer the concentra-
tion is considered constant (NV;). Inside, the concentration N is described by
Fick’s law. If the interface is essentially planar, and if § is much less than the
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lateral dimensions of the crystal, a one-dimension solution is acceptable. Under
equilibrium conditions

d2N AN _
U TV T

where D; = impurity diffusion coefficient in the liquid
v = crystal growth velocity
N = concentration at x

D 0 (4-47)

The requirements that the sum of the impurity fluxes at the boundary be zero
(conservation of the total number of impurities) imposes the boundary condition

dN _ p 4N _ (4-48)

N — N, D= —
(Ni e+ dx dx

where D is the impurity diffusion coefficient in the crystal and N is the concen-
tration of impurity in the crystal. Normally Dg dN/dx will be small and can be
disregarded. The other boundary condition is that N; = N; at x = §. The solu-
tion of Eq. (4-47) then becomes

N— Ny ¥8 — x

—_— = 4-4
N N, exp D (4-49)
At the interface
N — N, v
T s i 4-
N, —N, exp o) (4-50)
Solving for N,/N,, which is the effective k, gives
ki
kett = 0 (4-51)

ko + (1 — ko) exp (—v8/Dy)

Thus as v8/D increases from zero, kesr gradually changes from ko, and in the limit

Y

Fig. 4-34. Impurity distribution near crystal-
melt interface.
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as v8/D becomes much greater than 1, ks approaches 1. Figure 4-35 shows some
experimental data for the variation of k of silicon with spin and growth rate.?® An
alternate approach developed about the same time3? but including the effects of
impurity atoms adsorbed on crystal surface as well as solute buildup, predicted an
effective segregation coefficient of the form

—V;
Vv

ket = ko + (ks — ko) exp (4-52)
where k¢ and v; are constants. Equation (4-51) is most widely accepted and
Table 4-1 gives values of §/D and D calculated in this manner from the data
of Fig. 4-35.29

Faceting. When crystals are grown in or near the [111] direction, there is often
a well-defined (111) face formed on the bottom of the crystal. That is, rather than
a curved melt-liquid interface determined solely by thermal gradients, a large por-
tion of the interface may be bounded by a (111) plane. It has been experimen-
tally observed that for indium antimonide,3! germanium,3? and silicon,33 the
impurity concentration is higher in the faceted region than in the rest of the crys-
tal. Though not reported in silicon, ke in the faceted portion of some semicon-
ductors is often much greater than 1.

It can be assumed that nucleation is more difficult on (111) planes than on the
rest of the solid-liquid interface, and that considerable supercooling of the melt
adjacent to the facet is required before a layer does nucleate. Once a layer begins,

Table 4-1. Values of §/D for Silicon*

Impurit Rotation = Diffusion
lp 2’ rate. rom 8/Dt, s/cm coefficient
elemen , IP: DI, em?/s
B 10 170 = 19 (24 +0.7) x 107
60 84 + 37 (24+=07) x 10*
200 43 = 18 (24=+0.7) x 107
Al 10 86 = 34 (7.0 =3.1) x 10~¢
60 40 =17 (70 +=3.1) x 107¢
Ga 5 144 = 54 (4.8 =1.5) x 1074
55 71 =26 (48 = 1.5) x 10¢
200 24 =8 (48 +1.5) x 10¢
In 10 84+ 15 (69 +1.2) x 104
60 43 +5 (6.9 +12) x 10¢
P 5 127 = 36 (5.1 £1.7) x 10~¢
55 60 = 19 (51=%+=1.7) x 107¢
As 5 190 = 53 (3.3+0.9) x 107¢
55 79 =16 (33+09) x 10¢
Sb 5 283 = 55 (1.5+0.5) x 10¢
55 157 £ 57 (1.5 £0.5) x 10+
200 62 = 37 (1.5+£0.5) x 10~¢

* From Hiroshi Kodera, Diffusion Coefficients of Impurities in Silicon Melt, J. Appl. Phys. (Japan),

vol. 2, pp. 212-219, April, 1963.
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it can release its latent heat very quickly to the supercooled liquid and thus grow
laterally with a very high velocity determined not by Eq. (4-2), but rather by the
ability of atoms to move to an allowable lattice site.3* A derivation of an effective
k based on this concept gives

ko
T — Av(l — kots/m1)

where A is a function of the system and includes such items as the impurity diffu-
sion coefficient and concentration. 74/7; is the ratio of dwell times of the solvent
and impurity atoms. For small k¢7/7;

kets ~ T3/ (4-54)

Constitutional Supercooling. As was discussed in the section on effective seg-
regation coefficients, while a crystal grows there is a solute “pile-up” at the inter-
face (see Fig. 4-34) if any impurities are being rejected. These added impurities
reduce the freezing point of the mixture so that for crystal growth, the temperature at
the melt-crystal interface must be reduced below that required for growth from a
pure melt.3> For dilute solutions the temperature depression will be approximately
proportional to the concentration increase. Thus the temperature required for
freezing, as a function of distance from the interface, is the inverse of the concen-
tration curve of Fig. 4-34 and is shown as the solid curve of Fig. 4-36. The tem-
perature gradient in the melt is probably quite linear over the same region, with
the magnitude depending on such previously discussed parameters as the amount
of heat being radiated by the crystal and crucible designs. Several possible values
are shown by the dotted lines of Fig. 4-36. If the actual temperature is as shown
by line 1, the melt is always above the freezing point except at the solid-liquid
interface; but if it is as line 3, then that portion of the melt shown shaded is below
the melting point and is “constitutionally supercooled.”

(4-53)

keff =

T No constitutional supercooling can occur if
1 Ul
2 drT, dT,
/ actual e _ -
| / LT — > T atx =0 (4-55)
[/ s
P/ 7 Te_ where T, is the equilibrium liquidus temperature. The
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