
Chapter 19 

Crystal Growth and 

Other Processing Techniques 

The preparation of materials of desired specification and the discovery of 

new techniques play key roles in any research program in the physical sci
ences. Indeed, a fortunate synergism has developed at Bell Laboratories in the 

fields of solid state science and in research on the growth of crystals. These 
mutually supporting ventures have in turn led to new basic science in the 

understanding of defects, dislocations, and impurities, and to new technologies 
for the processing of materials. The successes have been especially fruitful 
with semiconductors, for which methods of preparation are tightly linked to 
physical understanding. 

Assembled in this chapter are processing techniques that Bell Laboratories 

scientists have either invented or to which they have contributed in a major 
way. Most of the techniques have also found their way into important tech
nological applications, as in the case of crystal growth, zone refining, diffusion 
of impurities in semiconductors, molecular beam epitaxy, ion implantation, or 
oxide masking. Techniques for the fabrication of low-loss glass fibers as opti
cal waveguides are described in Chapter 13. 

I. CRYSTAL GROWTH 

The importance of single crystals is apparent throughout the discus

sion of the modern history of crystalline materials. The first advan

tage is the elimination of grain boundaries, which represent serious 

flaws in materials such as silicon or germanium. Impurities diffuse 

much more rapidly along grain boundaries than through the volume 

of a crystal, which makes it difficult to control diffusion profiles. 

Impurities also tend to collect at grain boundaries and form precipi

tates that can short out devices or otherwise ruin their characteristics. 

Principal authors: K. A. Jackson, R. A. Laudise, H. J. Leamy, D. W. McCall, M. B. 

Panish, W. G. Pfann, L. F. Thompson, C. D. Thurmond, and J. H. Wernick 
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Modern devices are therefore made of single crystals and are free of 
grain boundaries. Even dislocations have been virtually eliminated, 
and point defects are increasingly being brought under control. 

Another advantage of materials in monocrystalline form stems from 
the anisotropy of their properties. For example, the frequency of a 
quartz oscillator depends on the orientation of the crystal as well as 
on dimensions. Quartz oscillators are made from precisely oriented 
single crystals. They are used extensively in the Bell System for mul
tiplexing and demultiple•xing signals, and even more commonly in 
watches and clocks for pr·ecise time control. 

Single crystals are also advantageous when excellent optical quality 
is required, as in lasers, nonlinear optic, and optical modulator appli
cations. Various aspects of single crystal growth have been summar
ized by R. A. Laudise.1 

1.1 Growth from Solution--Ammonium Dihydrogen Phosphate, Quartz, 
and Garnets for Bubble Memory 

Early crystal-growth efforts at Bell Laboratories invollved the growth 
of crystals from aqueous solution containing seed crystals, that is, by 
feeding a solution saturated at one temperature into a vessel contain
ing seed crystals held at a slightly lower temperature. [Fig. 19-1] For 
good cryBtal growth, the nutrient solution must be uniformly supplied 
to the growing face of the crystals, and the degree of supersaturation 
of the solution must be carefully controlled through precise regulation 
of the temperature. The circulation of the solution around the grow
ing crystal must also be controlled. Failure to exercise these controls 
can cause multitudes of extraneous small crystals to form spontane
ously in the solution and to settle out as waste on the bottom of the 
tank. Such seeds can also attach themselves to the faces of the desired 
crystals, thus disrupting their orderly growth. The knowledge of cry
stal growth gained in laboratory studies was successfully applied by 
G. T. Kohrnan, A. C. Walker, and A. N. Holden to the production of 
synthetic ammonium dihydrogen phosphate (ADP) crystals.2 (See sec
tion IV of Chapter 16.) 

Anothe!r notable achievement at Bell Labs in the field of crystal 
growth was the development of the hydrothermal growth process for 
producing large, optical quality, high purity synthetic quartz crystals. 
[Fig. 19-2] This work, begun in 1945, was motivated initially by the 
need for a reliable domt~stic supply of this strategic material. The 
work expanded greatly in the mid-1950s and involved Walker, Koh
man, E. Buehler, and Laudise. [Fig. 19-3] The efforts of Walker and 
coworkers continued the work done in Germany during World War II 
in which quartz crystals were grown in an isothermal system from a 
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Fig. 19-1. The radial crystallizer tank for the synthetic crystal 

structure. The stainless steel gyrator has arms with methacrylate 

frames on which the seed plates are held as shown. 
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vitreous silica nutrient.3 The German process was too slow to be com

mercially feasible. 
The growth of large flawless crystals having high mechanical Q, 

suitable for piezoelectric devices, was first achieved in 1948 by 

Buehler and Walker.4 Their procedure involved a vertical autoclave, a 

crystalline quartz nutrient, a temperature gradient between the seeds 

and nutrient, and pressures of the order of 1,700 atmospheres. 

Buehler and Walker also found that sodium hydroxide solutions were 

excellent solvents at higher pressures. The high yields of large cry

stals that they obtained were, in large measure, caused by the intro

duction of a baffle, which effectively divided the autoclave into two 

nearly isothermal regions, one for dissolution and the other for cry-
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stallization.5 The large isothermal-crystallization zone permitted the 
growth of many large crystals at a nearly uniform rate. This research 
helped to establish Western Electric's outstanding position in the pro
duction f synthetic quartz crystals. 

Single crystals were also used for studying the structure of materials 
using X-ray diffraction (see section 2.1 of Chapter 8). Single crystals, 
even small ones, are preferred for such studies, especially if the struc
ture is complex. Crystal growth from solution was extensively inves
tigated by Holden (see section 4.3 of Chapter 16) . Water-soluble cry
stals are not w idely used in practical applications because they tend to 
be attacked by moisture in the atmosphere . Growth of water-insoluble 
crystals from molten fluxes was initiated by J. P. Remeika in 1952.6 

The use of fluxes for the growth of single crystals sometimes produced 
new compounds with unique physical properties. For example, in 
1960 Remeika discovered a GaFe03 single crystal which exhibited 
piezoelectricity and ferromagnetism simultaneously? Much later, 
working with metal solvents, he found a new family of ternary 

l cm 
1-----1 

Fig. : 9-2. Synthetic quartz crysta l. 
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Fig. 19-3 . E. Buehler, R. A. Laudise, a nd G. T . Kohma n (left to right) 

standing near a steel tank used in the production of large, optical quality , 

high-purity synthetic quartz crystals by hydrothermic growth. 
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intermetallic compounds (rare-earth rhodium stannides), some of 

which exhibited superconductivity and magnetic ordering sequen

tially.8 Another use of the flux method was made by L. G. Van Uitert 

for the growth of garnet single crystals.9 In this application a molten 

mixture of PbO, B20 3, and PbF2 in a platinum crucible was used as the 

growth medium. The first crystals grown for possible application to 

bubble memory devices were the orthoferrites (see section III of 

Chapter 12). However, detailed magnetic and device studies with the 

orthoferrites showed that these materials were unattractive for mass

storage devices, but that the rare-earth iron garnets (Re3Fe50 12) , con

taining appropriate substitutions on the rare-earth and iron sites, 
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would yield a uniaxial anisotropy of proper magnitude and an 
optimum saturation moment. Previous work by S. Geller, M. A. Gil
leo, and coworkers had shown that the crystal chemistry of the gar
nets offered wide latitude for the control (and adjustment) of magnetic 
properties through such substitutions. (For more on this topic see sec
tion 1.3.2 of Chapter 1.) 

The first large, nonmagnetostrictive, uniaxial garnets suitable for 
bubble devices were grown from PbO-PbF2-B20 3 fluxes by 
Van Uitert and had such compositions as Er2TbAluFe3.90 12 and other 
multielement garnets containing 12 oxygen atoms, up to 5 atoms of 
iron, and two or three rare earth atoms. In 1970, A. H. Bobeck and 
Van Uitert discovered that the appropriate departure from cubic sym
metries required for uniaxial behavior existed under a particular 
growth facet of the large crystals.10 

As a result of this work, Western Electric began manufacture of 
mass memories in the early 1970s, based on single-crystal garnet films 
epitaxially grown from fluxes by a technique developed by H. J. 
Levinstein and coworkers.11 The films are grown onto large, nonmag
netic, gadolinium gallium garnet (GGG), single-crystal substrates 
grown by C. D. Brandle and A. J. Valentino.12 W. A. Bonner and Van 
Uitert showed that substitutions of Ca2+ ions on the rare earth sites, 
together with substitutions of Ge4+ or Si4+ ions on the tetrahedral iron 
sites, resulted in single-crystal films whose lattices matched that of 
GGG and reduced temperature sensitivity while retaining high bubble 
mobilities.13 At the time of this writing magnetic garnet compositions 
used in bubble-domain device technology in production at 
Western Electric,l4 optimized for mobility and speed, have the for
mula Y 1.25 Luo.45 Smo.4 Cao.9 Feu Geo.9 012· 

1.2 Growth from the Melt 

In the early days of the transistor, the semiconductors available 
were impure and polycrystalline. In addition to developing methods 
for purifying the materials, it was necessary to solve the problems 
associated with melting these materials at high temperatures (for 
example, 1412°C for silicon). A new high-purity grade of fused silica 
had to be developed as the crucible for holding the silicon. Gas atmo
spheres that would not contaminate the material had to be found. 
The timely invention of zone refining by W. G. Pfann was a major 
contribution that helped bring the impurities in germanium and sili
con under control. (See section 5.2 of Chapter 11.) 
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Two methods of growing single crystals from the melt were in use 
in a few laboratories at that time. One was the method used by P. W. 
Bridgman at Harvard University.l5 It consisted of putting the material 
in a container with a pointed tip, melting the contents in a furnace, 
and then slowly lowering the container and melt out of the furnace so 
that it gradually froze from the lower end. This method had the 
disadvantage that it was difficult to seed the melt to obtain a single 
crystal with a predetermined orientation. Usually, crystals grown by 
this method had a random axial orientation. 

The second method for forming crystals by growth from a melt was 
by the Czochralski technique.16 This method could produce a large 
boule with a predetermined orientation by using a seed crystal and 
careful control. In the original process, metal was fused in an oxide 
crucible using a resistance furnace and held at a temperature just 
above the melting point. A small seed crystal was then dipped into 
the melt and slowly pulled out. 

G. K. Teal and J. B. Little greatly improved the Czochralski method 
for silicon growth by introducing a radio-frequency heating source 
and a carbon susceptor. The latter was fitted to and heated a fused sil
ica crucible that contained the metalloid. Later, Van Uitert converted 
the process to the growth of oxide crystals, such as sodium-doped 
yttrium aluminum garnet and many electro-optic and acousto-optic 
materials, by the direct radio-frequency heating of a noble metal, cru
cible susceptor that contained an oxide melt. This process has proven 
to be of great advantage for the growth ·of large oxide crystals of opti
cal quality and has supplanted the flame-fusion technique for the 
preparation of crystals for lasers and for substrates for silicon on sap
phire and garnet bubble-domain films. 17 

Modern production methods of growing single crystals evolved 
from the early work. Induction heating became the common method 
of applying the heat necessary to melt these materials and maintain 
them at a carefully controlled temperature. The crystals, and some
times the crucibles, are rotated to improve radial thermal symmetry, 
resulting in better uniformity. The pullers, as refined over the years, 
bear little resemblance to those used in the early years for making 
laboratory crystals and produce routinely crystals 30 to 90 centimeters 
long and over 10 centimeters in diameter. [Fig. 19-4] 

At the time of this writing, variations of these two basic methods 
are in use. GaAs used as substrate material (for example, in hetero
structure lasers) is grown in a horizontal crucible, using a seed. InP 
is grown by liquid phase encapsulation, which is a variation of Czo
chralski growth in which the melt is covered with a layer of flux, 
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Fig. 19-4. Lead molybdate single crystal being grown from the melt. 

such as molten boron oxide, which serves to inhibit, to a large extent, 
the evaporation of phosphorus from the melt. 

1.2.1 Growth of Silicon Crystals by Float Zoning 

In 1956, H . C. Theuerer [Fig. 19-5] invented another important 
method of melt growth, known as float zoning.18 In this method, only 
a small zone in a vertical bar of the material is heated by a radio fre
quency coil and melted. The liquid is held in place by surface ten
sion. This method can be used to produce high-resistivity silicon 
because it is relatively free from oxygen contamination, which is 
present in the Czochralski method because of the dissolution of the 
Si02 crucible. In 1972, J. R. Carruthers performed experiments to 
simulate a floating zone in zero gravity and to study convection in the 
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Fig. 19-5. H. C . Theuerer prepares to place a thin film 
substrate into "getter sputtering" equipment. Theuerer 
devised getter sputtering - a technique which improves on 

high-vacuum cathode sputtering for depositing thin metal films 
of high quality. 
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floating zone by using two immiscible liquids of the same density .19 

Both Czochralski and floating-zone crystals are rotated during growth 
to improve the thermal symmetry. By 1980, the floating zone method 
had become widely used to produce silicon single crystals for elec
tronic applications. 

1.2.2 Growth of Fluoride Crystals 

In the early 1960s, much interest in fluoride compounds was gen
erated by the availability of single crystals with high optical quality 
produced by H . J. Guggenheim.20 Guggenheim devised techniques to 
overcome the corrosion problems encountered in using the 
Stockbarger-Bridgman method of growing fluoride crystals from the 
melt. The corrosion arose from the high reactivity of the molten 
fluoride and the hydrogen fluoride gas. Using a platinum crucible 
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and an ambient containing a partial pressure of hydrogen fluoride, he 
was able to grow fluoride crystals with oriented-seed nucleation. 
Incongruently melting compounds such as Rb2MnF4 were pulled from 
a nonstoichiometric melt.21 It was found that an excess of the alkali 
fluoride could shift the phase equilibria sufficiently to permit the 
desired compound to crystallize on an oriented-seed crystal. The tech
nique was used for growing MgF2 and MnF2 crystals doped with v2+, 
Ni2+, and Co2+ for tunable phonon-terminated lasers, and for the 
rare-earth doped BaY2F8 lasers.22 It has also been used for the family 
of antiferromagnetic, piezoelectric crystals BaMF4,23 where M is man
ganese, iron, cobalt, or nickel, as well as for neutron and optical 
investigation of magnons in NiF2.24 

1.3 Epitaxial Growth and Thin Films 

1.3.1 Chemical Vapor Deposition 

Chemical vapor deposition (CVD) is a method of growing epitaxial 
layers of, for example, silicon on silicon, by the use of a volatile 
molecule such as SiC14, which is reduced by H2, to deposit silicon on 
the sample. This process has the advantage of high deposition 
rates-up to 2 micrometers (p:m) per minute-and has been an impor
tant part of silicon technology since it was introduced by Theuerer in 
1960.25 This process was explored in several laboratories as part of a 
search for the best method of growing epitaxial silicon. One of the 
first studies was reported by Theuerer, who investigated doping of the 
epitaxial layers to produce p-n junctions.26 

By 1962, CVD had emerged as the method of choice for producing 
epitaxial silicon layers at Western Electric, where it is in widespread 
use in semiconductor production. 

1.3.2 Liquid Phase Epitaxy 

The technique of liquid phase epitaxy (LPE) for the growth of crys
talline layers became important during the 1960s in connection with 
the research then being carried out on light-emitting devices based on 
GaAs. The technique, which is the growth of an oriented crystalline 
layer of material from a saturated or supersaturated liquid solution 
onto a crystalline substrate, was first initiated by H. Nelson at RCA}7 

who grew layers of germanium from germanium dissolved in indium 
and GaAs from GaAs dissolved in tin. 

The growth of GaAs from solutions of arsenic in gallium was under
taken at Bell Labs by M. B. Panish in 1965. Panish, H. J. Queisser, and 
others demonstrated that GaAs grown from gallium-rich solution had 
high luminescence efficiency.28,29 [Fig. 19-6] The LPE studies were 
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extended in 1966 to include the Al-Ga-As ternary system to permit 
phase studies and epitaxial layer growth of AlxGa1-xAs on GaAs. 
During the mid-1960s, it became clear that multi-epitaxial layers 
(called heterostructures by Panish and I. Hayashi) would be needed 
for heterostructure lasers and light-emitting diodes. The feasibility of 
such devices was demonstrated in the late 1960s,30-32 and the success 
of the LPE technique for multilayer semiconductor epitaxy led to a 
worldwide effort on the growth of heterostructures. 

During the 1970s, a large variety of III-V and II-VI layered struc
tures for semiconductor devices were grown by the LPE technique in 
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Fig. 19-6. Typical apparatus for liquid phase epitaxy for multiple layers of 'III-V compounds. 
Solutions containing the appropriate concentrations of the required elements (e.g., gallium, 
aluminum, arsenic, tin) as dopants are inserted in the chambers of the graphite barrel as 
indicated. Each solution composition is chosen to yield a desired layer composition and 
doping. By the use of a slider within the barrel, a precursor seed and a substrate seed (e.g. 
GaAS) may be brought into contact with each solution. The precursor seed tends to bring 
each solution to saturation relative to the group V element. Growth is on the substrate seed, 
which is successively translated under each solution while cooling at O.l'C to 0.5'C per 
minute. The relative seed positions for growth of successive layers are illustrated. Other 
versions of the LPE apparatus permit the use of thin solutions and intentional supersaturation. 
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spite of the fact that it is inherently difficult to obtain a high degree 
of reproducibility or a highly uniform growth of large areas, as is 
desirable in semiconductor technology. Most of the layered structures 
were used for the fabrkation of light emitters in a large range of 
wavelengths. By the early 1980s, the LPE technique was still the 
major method used for the growth of semiconductor heterostructures 
for light emitting diodes. 

1.3.3 Molecular Beam Epilaxy 

In the mid-1960s, J. R. Arthur initiated a study of the interaction of 
beams of gallium atoms and arsenic molecules on heated GaAs sur
faces.33 Utilizing modulated beams, he observed that while the stick
ing coefficient for gallium on a GaAs crystal surface was unity, the 
sticking coefficient of arsenic (from As2 molecules) was small, and 
highly dependent on the gallium coverage of the surface. By making 
the arsenic beam intensity higher than that of gallium, he was able to 
achieve a deposit of one arsenic atom on the surface for each added 
gallium atom. This obs•~rvation provided the basis for an epitaxial 
growth technique for stoichiometric GaAs that did not require precise 
control over the As/Ga beam intensity ratios provided the arsenic 
beam was significantly more intense than the gallium beam. 

Although there had b·~en a previous history of thin-film epitaxial 
growth in semiconductors with evaporative techniques, the layers 
were of poor or undetermined semiconductor quality.. Arthur and A. 
Y. Cho recognized that thermal molecular and atomic beams were 
potentially useful for epitaxial growth of high-quality compound 
semiconductor layers of desirable thickness. The very versatile 
vacuum 'epitaxial-growth technique subsequently developed largely by 
Cho is called molecular beam epitaxy (MBE).34 

In 1969, Cho began a detailed series of studies of MBE growth of 
GaAs. These included studies of surface structure and morphology, 
doping, transport and optical properties, and possible~ device applica
tions. The use of glancing incidence, high-energy electron diffraction 
(HEED) techniques produced patterns from diffraction from recon
structed surface structures on the growing crystal surfaces. These 
studies showed that extremely smooth layers could be grown, and that 
both the surface structures and the properties of the epitaxial material 
could be modified by changing the ratio of the constituents in the 
beams.35 Additional molE~cular beams of selected impurity atoms were 
used to dope the epitaxial layers during growth.36 The mobility and 
optical properties of dop•;!d layers revealed that with suitable care the 
MBE layers of GaAs could be as high in crystal quality as the best 
material grown by other techniques.37 In addition, a precision was 
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attained in dimensional control over the layer thickness and doping 
profile that was previously not available. [Fig. 19-7] 

The apglication of MBE GaAs for varactor diodes,38 impatt 
diodes,39A and field effect transistors41 ,42 were explored in the mid-

1970s. It is particularly attractive for GaAs devices that take advantage 
of its suitability for their layer growth. A striking example of this is a 
GaAs millimeter-wave-mixer diode that makes possible extremely low 
noise receivers (300K at 80 GHz) for radio astronomy and satellite 
communications experiments.43 

One of the early objectives of MBE studies was the achievement of 
multilayered semiconductor structures for semiconductor injection 
lasers (see section III of Chapter 5) and the demonstration that more 
complex structures for integration of the laser with other components 

Fig. 19-7. Monolayer structures - so called because each layer consists of a small integer 

number of atomic monolayers - represent the ultimate in layer-thickness dimensional control 

achieved by molecular beam epitaxy. The structure illustrated consists of alternating layers of 

GaAs and AlAs, each two monolayers thick. For comparison, the tobacco mosaic virus is 

shown in the inset at the same magnification. [Inset from Finch , J. Mol. Bioi. 8 (1964): 

872.) 
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could be made. Cho's early studies of MBE in AlxGa1-xAs showed 
that the addition of an aluminum beam with suitable shuttering pro
cedures yielded epitaxial structur~s of GaAs/AlxGa1-xAs with more 
than adequate dimensional control.44 In the mid-1970s, W. T. Tsang 
used MBE to grow double heterostructure wafers from which double 
heterostructure lasers with exceptionally low threshold current den
sity and high uniformity have been fabricated. In addition, Cho, 
Tsang, and M. Ilegems demonstrated that shadow masking can be 
used to produce complex three-dimensional GaAs/AlxGa1-xAs struc
tures with excellent lateral and vertical dimensional control as a possi
ble technology for the preparation of wafers for integrated-optics 
structures. 45•4"b 

1.3.4 Vapor-Liquid-Solid Growth 

In the early 1960s, R. S. Wagner and W. C. Ellis discovered the 
vapor-liquid-solid (VLS) growth mechanism for whisker-like or 
needle-like crystals.47 The discovery was the culmination of many 
years of study of whisker growth at Bell Labs. As noted in section 
1.1.1 of Chapter 17, in the early 1950s, it was found that tiny whiskers 
of zinc shorted out closely spaced, electroplated circuit components. 
After extensive experiments, practical means were found to alleviate 
this problem, as described by S.M. Arnold.48 In 1952, C. Herring and 
J. K. Galt guessed that very thin whiskers, because they contained no 
or few dislocations, should exhibit the theoretical strength of a perfect 
crystal, and they demonstrated this convincingly by bending whiskers 
of tin, grown from an electroplate.49 (This is discussed further in sec
tion 1.1.1 of Chapter 17.) 

Wagner and Ellis studied the growth of silicon whiskers from the 
vapor, using a procedure described by E. S. Greiner and coworkers.50 

Silicon and iodine were sealed in a reaction tube in a two-zone fur
nace. Uncontrolled whisker growth from the disproportionation of 
Sih vapor was found. At that time, it was thought that a single screw 
dislocation running up the center of the whisker (an axial screw dislo
cation) and providing an active growth site at the tip, was responsible 
for the growth of whiskers. Two main facts emerged from these stu
dies: an impurity, such as gold, had to be present and the whiskers 
were perfect crystals without an axial screw dislocation, as demon
strated by K. A. Jackson and Wagner.51 These whiskers were not 
growing by the accepted mechanism. 

Wagner and Ellis then demonstrated that the impurity was forming 
a molten alloy droplet on the silicon. [Fig. 19-8] This liquid droplet 
had a higher sticking coefficient for the silicon atoms arriving from 
the gas phase than did the solid silicon, so the whiskers grew with 
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the droplet riding on top. Silicon atoms deposited on a droplet, 
diffused through the droplet, and adsorbed on the solid whisker. 
Understanding the process made it possible to grow vertical arrays of 
silicon whiskers or needles by depositing a patterned array of gold 
dots on a suitably oriented silicon crystal as the substrate. The VLS 
process provided a novel mechanism for the growth of whiskers52 

such that even trace amounts of impurity can cause uncontrolled 
whisker growth from the vapor. The VLS method is a very general 
method of controlled whisker growth applicable to many materials. 

(a) 

f----i 
0.31-'-

1-------i 
0.5MM 

Fig. 19-8. Silicon whisker and silicon needle grown by the vapor-liquid-solid 

mechanism. (a) Electron transmission photograph of whisker grown by iodide 

disproportionation. The growth was interrupted suddenly by quenching to 

freeze the gold-rich silicon alloy at the tip. (b) Optical photograph of needle 

with gold-rich tip grown from a (Ill) silicon crystal substrate by the hydrogen 

reduction of SiCI4 for one hour, with a gold particle used as the alloying agent. 
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1.3.5 Splat Cooling 

In 1960, a new method for rapidly quenching materials from the 
liquid state to obtain metastable phases was reported by P. Duwez, R. 
H. Willens, and W. Klement at the California Institute of Technol
ogy.53 At Bell Labs, this technique, called splat cooling, was advanced 
by Willens and Buehler and applied to the quenching of reactive and 
refractory alloys.54 

Solid-state rapid quenching is a technique that has been used exten
sively to produce metastable phases. However, the techniques com
monly used for quenching solids, that is, quenching by immersion in 
liquids or gas blasts, do not usually cool the material rapidly enough 
to produce metastable alloys from molten material. To achieve the 
high quench rates required, it is necessary to have intimate contact 
between a thin molten film and a solid heat sink that extracts the heat 
by conduction cooling. A molten drop of material is propelled at 
high velocity by means of a shock tube against a curved copper strip 
at grazing incidence. The drop is spread into a thin foil, and the cur
vature of the strip ensures intimate contact between the copper strip 
and the molten material. This technique has resulted in quenching
rate values as high as 109 kelvins per second (K/sec). The technique 
was further advanced when Willens and Buehler devised a radio
frequency heating technique where the sample was supported on a 
water-cooled silver hearth with the radio-frequency energy coupled 
into the sample by a radio-frequency concentrator. The concentration 
of energy was large enough to melt the most refractory materials 
known (melting temperature >4000K) in about 1 second. 

At some sacrifice of cooling rate, other techniques that used quench
ing principles, such as the roller ~uenching process used at Bell Labs 
by H. S. Chen and C. E. Miller,5 allowed strip materials to be pro
duced continuously. The cooling rates were of the order of 105 to 106 

K/sec, which were high enough to yield metastable phases in many 
alloy systems. 

When molten alloys are subjected to these cooling rates, it is possi
ble to increase the solubility of elements in each other (even some
times to the limit of complete solubility), to change the stoichiometry 
and order in existing phases, to create new intermediate crystalline 
phases, and in some alloy systems, to create metallic or semiconduct
ing glasses. The resulting rapidly quenched alloys are found to have 
unique electronic, magnetic, and mechanical properties in many 
instances. Using splat-cooling techniques, Willens, B. T. Matthias, and 
their coworkers demonstrated the effect of rapid cooling on the 
stoichiometry, order, and the Nb3Ge superconductin~ transition tem
perature, Tc, which was increased from 6K to 17K. 6 They also suc
ceeded in producing a stoichiometric NaCI-type structure in MoC 
with a Tc of 14.3K, the highest of the transition-metal carbides. 
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E. A. Nesbitt and coworkers demonstrated that the magnetic proper
ties of some iron-cobalt-vanadium alloys could be modified by splat 
cooling to produce a collection of superparamagnetic particles that 
continually and reversibly transformed to single-domain ferromag
netic particles.57 This property permitted the fabrication of a high
sensitivity inductance thermometer by Willens, Buehler, and Nes
bitt.58 Using this technique, the coercive force of Vicalloy was 
increased59 from 400 to 600 oersteds (Oe) and the coercive force of the 
MnAl magnetic alloy from 600 to 2100 Oe with a corresponding 
increase in the energy product from 0.4 to 1.6 x 106 gauss-oersteds. 

The most unique structures produced by this quenching technique 
are the metallic glasses with their ultra-soft magnetic properties (see 
section IV of Chapter 12). 

1.3.6 Sputter Deposition of Thin Films 

Sputtering is the ejection of atoms from a solid as a result of a cas
cade of collisions initiated by an incident energetic particle striking 
the solid surface. The rudiments of this phenomenon were under
stood very early, and it was recognized that the process could be used 
either to erode a solid or to deposit the eroded material on another 
substrate. Sputtering has played an important role in Bell System 
technology from the very early years, with two applications dating 
from the 1930s: the manufacture of diaphragms for carbon broadcast
ing transmitters,60 and the deposition of a conducting gold layer on 
the wax surface of an original phonograph record as a first step in 
making a master. 

Sputtering by direct-current or radio-frequency discharge in argon 
gas was first considered in 1956 by H. Basseches as a possible deposi
tion technique for producing metal films for resistor applications. The 
desirability of examining materials other than carbon and additives to 
carbon became evident after studies by Basseches and others pointed 
to basic long-term instabilities of borocarbon films used for resistors. 
Sputtering appeared to provide a method for preparing materials that 
had desirable resistor properties such as high stability, low tempera
ture coefficient of resistance, and good adherence. It also seemed that 
sputtering could be developed to be a controlled and reproducible 
process. 

In 1957, Basseches designed a system that had the versatility and 
flexibility to explore a wide variety of materials and process parame
ters. In the initial studies a variety of materials were sputtered on 
many substrates, including semiconductors, and it became clear that 
the potentialities of sputtered films extended well beyond that of 
resistive films for discrete resistors.61 Effort soon focused on tantalum 
because it could be used for both resistors and capacitors. In 1959, D. 
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A. McLean demonstrated the use of tantalum for microcircuits,62 and 
R. W. Berry and D. J. Sloan developed tantalum printed capacitors.63,64 
In 1961 and 1962, Bassec:hes studied the sputtering process and f-er
formed the first oxidation and stability studies on tantalum films.6 - 67 

Further work by D. Gerstenberg and C. J. Calbick indicated some of 
the influence of impurity elements such as nitrogen, carbon, and oxy
gen.68 This led to the development of tantalum-nitride by Gersten
berg.69 By mid-1959, the development of a production sputtering capa
bility was initiated at the Engineering Research Center of Western 
Electric in Princeton, New Jersey, which resulted in an inline machine 
for the continuous sputtering of tantalum-nitride film. This facility 
was put into oJ>eration by Western Electric at Allentown, Pennsyl
vania, in 1964,7 and by 1980, tantalum-nitride was b•~ing used as the 
major resistive film in the technology. 

1.3.7 Getter Sputtering 

Theuerer and J. J. Hauser developed a novel sputtering technique 
that eliminated the need for ultrahigh vacuum in preparing thin films 
of materials sensitive to gaseous impurities?1 This new technique, 
called "getter sputtering," differed from conventional sputtering in 
that it utilized the gettering action of sputtering material to purify the 
gaseous argon used in th·~ discharge before it reached the specimen to 
be coated. This gettering· action of part of the sputtered atoms pro
duces an atmosphere within the anode cylinder surrounding the 
cathode, from which the· sputtered atoms are ejected, which is very 
low in reactive gases such as oxygen, hydrogen, nitrogen, and carbon 
monoxide. A mass-spectrometer analysis performed within a few 
minutes of sputtering showed that the concentration of these gaseous 
impurities drops below detection, and in consequence, contamination 
by such interstitial impurities is prevented when deposition of the 
desired sputtered atoms on the specimen to be coated takes place. 

Getter sputtering has been used successfully for the deposition of a 
wide variety of materials, such as superconductors, semiconductors, 
and magnetic alloys. Theuerer and Hauser demonstrated the power of 
getter sputtering by depositing superconducting tantalum films in a 
vacuum of 5 x 10-6 Ton-a vacuum of 10-to Torr was required to 
obtain similar results by evaporation. Getter sputtering is also an 
extremely powerful technique when it is necessary to achieve a clean 
interface between various films, as for example, in the superconduc
ting proximity effect.72 (See section 1.4 in Chapter 9.) 
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1.4 Theoretical Contributions 

Crystal growth involves processes which take place on at least three 

quite different length scales. On the smallest scale, it involves atomic 

or molecular rearrangement; on a microscopic scale, it involves segre

gation and diffusion of atoms or molecules rejected by the growing 

crystal; and on a macroscopic scale, heat flow and convection couple 
the growing crystal to its environment. The cDntainer, ambient gas, 

and furnace walls provide potential sources of contamination. 
Because of the complex interactions between these processes, crystal 
growth is still an art, and the high-quality crystals that are grown 

attest to the skill of the practitioners of this art. There has been, and 
there continues to be, considerable effort devoted to understanding 
these various processes, both individually, and how they interact dur
ing growth. 

An important contribution was the analysis by J. A. Burton, R. C. 
Prim, and W. P. Slichtel3 of the role of thermally driven convective 

mass transport on the spatial distribution of impurities. (See section 
5.3 of Chapter 11.) Earlier analyses had assumed that the liquid was 

well-mixed, and of uniform composition. The Burton-Prim-Slichter 
analysis showed that the impurities rejected by the growing crystal 

accumulate in a boundary layer near the growing crystal, and that the 
distribution of the impurities incorporated into the crystal depends on 
the strength of the convective mixing. 

Impurities have a different equilibrium solubility in a crystal than 

in the matrix from which it is growing. The species rejected by a 
growing crystal accumulate in its vicinity and slow down the growth 
process by depressing the melting point of the interface. This results 
in a condition known as "constitutional supercooling"74 since the 
liquid far from the crystal is supercooled more than the liquid in the 

vicinity of the crystal. This condition can result in an instability of 
the interface since a part of the crystal can grow faster if it penetrates 
the boundary layer surrounding the crystal. It is possible, therefore, 

to have a stable planar interface, cellular growth morphology, result
ing from immoderate instability due to constitutional supercooling, 
and a dendritic growth due to a strong instability caused by several
percent impurity. These effects have been studied in considerable 

detail, both theoretically and experimentally, in order to delineate the 
growth patterns necessary to eliminate them. [Fig. 19-9] 

Carruthers examined liquid flow patterns that arise from horizontal 
temperature gradients during horizontal crystal growth and deter-
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Fig. 19-9. Crystal growth patterns obtained by varying the 
concentrations of impurities: (a) a stable planar interface; (b) 
cellular growth resulting from moderate interface instability; (c) 
dendritic growth resulting from extreme interface instability. 
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mined the effect of these liquid flows on solute transport at the grow
ing interface?5 These flow patterns greatly influence the microscopic 
and macroscopic impurity segregation during crystal growth. For 
Czochralski growth, Carruthers and K. Nassau studied the convection 
patterns that arise from thermal gradients and from simultaneous cry
stal and crucible rotation.76 For the latter case, a force field is pro
duced by the rotation that controls the convection. Convective mix
ing and instabilities play important roles in crystal growth from melts 
of oxides, metals, and semiconductors, and extensive experimental and 
theoretical studies of these processes have grown from this early 
work. [Fig. 19-10] 

Jackson developed a scheme by which materials can be grouped 
according to their growth morphologies, based on the concept of sur-
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Fig. 19-10. Convection patterns that can occur in the melt during Czochralski 

crystal growth, according to Carruthers and Nassau. The crystal, suspended 

on a thin seed crystal, is shown in contact with the top surface of the melt, 

which is contained in a crucible. The convection patterns depend on the 

rotation rate of the crystal (01) and of the crucible (02). [Carruthers and 

Nassau, J. Appl. Phys. 39 (1968): 5210.1 
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face roughening.77 The members of each group have a similar entropy 
change associated with crystallization. One group contains the metals 
and the rare gases growing from their melts. The entropy change is 
small and the interface is atomically rough. The members of this 
group exhibit a common set of growth features including planar 
growth, growth of rounded cells, and dendrite growth. In a second 
group, which includes melt growth of most organic materials and typ
ical vapor growth, the entropy of crystallization is large and the inter
face is atomically smooth, resulting in strongly anisotropic growth 
rates and faceted crystals. A third distinct group of materials with 
very large entropy of ctystallization, which include most polymers, 
grow spherulitically andl are difficult, if not impossible, to grow as 
large single crystals. In the mid-1960s, Jackson and J. D. Hunt sug
gested that the morphology of eutectics could be classified according 
to the same scheme, taking into account the morphology of each of 
the two phases?8 Extensive cataloging of eutectic morphologies have 
been made based on this scheme. 

Using the classification scheme based on the entropy of crystalliza
tion, several organic materials known as plastic crystals were 
identified. These materials have solidification characteristics identical 
to the metals and are also transparent, so that their growth can readily 
be observed by transmission microscopy. Using these materials as 
analogs various solidification processes were studied, including the 
onset of interface instabilities, segregation during cellular and dendri
tic growth, the development of structure of castings, and dendritic 
growth morphology?9 These studies led to the discovery of dendrite 
remelting, which is responsible for the grain structure observed in 
conventional castings. Jackson and Hunt made the first observations 
of the shape of a eutectic interface during lamellar growth, which 
occurs when two phases grow simultaneously from an alloy melt. 
They developed a theoretical model that was able to account in detail 
for observed interface shapes. They also studied the instabilities that 
permit changes in the lamellar spacing. The use of organic materials 
has been widely adopted by other laboratories to study solidification 
processes. The classification scheme for growth morphologies was 
based on a simple model of surface roughening and a qualitative 
understanding of the growth process. Its success suggested that cry
stal growth is a very complex cooperative process att the molecular 
level. The formation of new layers depends on the formation of clus
ters or islands on surface·s and this in turn depends implicitly on the 
adatom denoting, for example, how rough the surface is at the molec
ular level. 
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1.4.1 Impact of the Computer 

The statistical mechanical problem involved cannot be solved 
analytically, but a combination of computer simulation and the 
analysis of various approximate models have resulted in a clear and 
detailed understanding of how growth proceeds. Using Monte Carlo 
simulation techniques, G. H. Gilmer has been able to extract the struc
ture and the equilibrium properties of the surfaces as well as to make 
detailed predictions of growth rates: when the entropy of crystalliza
tion is small, the surface is rough on a molecular level and growth can 
occur very rapidly into an undercooled phase; when the entropy of 
crystallization is large, the surface is smooth on a molecular level and 
so new layers do not form readily.80 The smoothness of a surface 
depends also on the crystallographic packing in the planes parallel to 
the surface. This effect produces a large multiplying factor: a small 
difference in packing can result in a large difference in growth rate, 
the resulting growth rate anisotropy is responsible for the familar cry
stalline shapes of crystals. 

In the mid-1970s, analytical studies of surfaces in equilibrium led to 
the discovery by J.D. Weeks and coworkers of the surface roughening 
transition.81,82 A surface does not go continuously from a smooth 
configuration to a rough configuration. The surface tension is con
tinuous through this region, but the free energy of a step on a rough 
surface is zero, so that a rough surface is not locked onto the crystal 
planes. This accounts for the dramatic differences in morphology 
between, for example, the metals which "solidify" with rough sur
faces, and minerals which "crystallize" with smooth surfaces. 

Very far from equilibrium, spherulitic growth changes from "spi
key" to massive.83 In 1977, C. E. Miller demonstrated that this change 
in morphology could be explained by the prediction made by Gilmer, 
based on computer simulation, that the growth rate should become 
isotropic at large growth rates. In a computer simulation carried out 
in 1980, Gilmer also demonstrated the enhancement of surface nuclea
tion rates caused by impurities, the interaction of impurities with sur
face steps, and the presence of surface segregation, both at equili
brium and during growth.84 The computer has proved to be essential 
to elucidating the basic physical processes involved in crystal growth. 
[Fig. 19-11] 

II. ZONE REFINING AND ZONE LEVELING 

The recognition of the role that impurities play in determining the 
electrical properties of the semiconductors germanium and silicon in 
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Fig.19-ll. (Top) Computer simulation of crystal surface below roughening transition (KT/¢
the ratio of the thermal energy, KT, to the bond energy, ¢, is small.) Growth on this surface 
occurs by nucleation and spreading of islands. (Bottom) Computer simulation of crystal 
surface above roughening transition (KT/¢ is large.) Growth on this rough surface is random 
and does not depend on the nucleation of new layers. 

transistoJrs pointed to the need for obtaining materials of unpre
cedented purity and for developing techniques to control added 
impurities of specific and very low concentration. These problems 
were solved in a significant and timely way by Pfann with the inven
tion of zone refining and zone leveling in 1951.85 

The zone-refining process depends on the fact that the solubilities 
of impurities are different in the liquid and in the crystal, and that the 
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impurities tend to segregate in the phase in which they are most solu
ble. This segregation occurs in any freezing process, even in the nor

mal freezing of a crucible of liquid. However, the amount of segrega

tion or purification that can be obtained this way is limited by the 
solubility ratios. However, in the zone-refining process, as the short 

molten zone moves along the ingot, it moves the impurities to the 

end of the ingot boat. Repeated passes of the zones concentrate the 
impurities more and more, because the use of a narrow liquid zone 

does not allow the impurity segregated on earlier passes to remix 
throughout the ingot. [Fig. 19-12] 

The concept of moving a small molten zone through a solid led to 

Pfann's invention of other zone-melting processes. Zone leveling is a 
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Fig. 19-12. (A) Schematic representation of zone 
refining. (B) Plots of relative impurity content along 
ingot for numbers, n, of zone passes for a distribution 
coefficient of 0.5 in an ingot ten zone-lengths long. 
[Pfann, in Crystal Growth and Characterization (1975): 
54, 55.1 
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method for distributing a prescribed amount of impurity uniformly in 
a bulk solid. Temperatlllre-gradient zone melting is a method for 
incorporating an impurity into a microscopic region of a solid by 
movement of a small molten zone through it to provide deep-lying 
p-n junctions, for examph~. 

Pfann also made intensive analyses of the segregation effects during 
repeated zone passes and invented many configurations for the appli
cation of this method to a variety of materials. 

The zone-refining proc·ess, first applied to metals by J. H. Wernick, 
produced metal crystals of unprecedented purity.86 This made possible 
basic studies of the fundamental electric and magnetic properties of 
metals. The distribution of impurities between the solid and liquid 
phases in silicon and germanium were critically reviewed by F. A. 
Trumbore, C. D. Thurmond, and M. Kowalchik in work that was 
important to the controlh~d application of zone refining and zone lev
eling to these materials.87,88 

Zone Jrefining was thE! key to solving the purity problem in the 
early days of semicondu,ctors. This development brought the purity 
of the materials under control to the point where device manufacture 
became a reality. It also found widespread use beyond the semicon
ductor area. In addition to having been used to purify many metals to 
the highest levels of purity, it has also been used extensively to purify 
a variety of organic materials. Pfann, Miller, and Hunt designed a 
zone refiner for these materials that is capable of sustaining several 
short zones stabilized by rotating the tube, so that the zone length is 
smaller than the diametE~r of the tube.89 Zone refining also reduces 
the tendency of some organic materials to decompose during refining 
and has b<een used to produce many organic materials at the highest 
purity levels. 

Zone refining is an important purification method applicable to a 
wide variety of materials. Its use continues as an important generic 
refining method. The principles developed by Pfann that underlie 
the zone-refining procesEI have wide-ranging applicability in all cry
stal growth, casting, and segregation processes; they have added a 
new dimension to fundamental studies in materials science 
throughout the world. 

III. CRYSTAL IMPERFECTIONS 

The departure from the regular arrangement of atoms in crystals of 
various ideal structures (that is, cubic, hexagonal, and so on) is caused 
by a variety of imperfe<:tions that can be grouped into two broad 
categories: those arising from structural defects such as grain boun
daries, vacancies, and dislocations, and those caused by impurities. 

The high quality and purity of the crystals needed for semiconduc-
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tor devices made these defects important, and at the same time pro
vided a vehicle for studying them. Examples of structural defects dis
cussed in this section include the first direct observation of disloca
tions using etching, theoretical and experimental work on dislocations 
in small angle grain boundaries, and studies of dislocation multiplica
tion and motion. Impurities as intentional dopants are treated in the 
next section. In this section, work on oxygen as a major unintentional 
impurity is discussed. There have also been numerous studies aimed 
at identifying and eliminating other unwanted impurities and precipi
tates. 

3.1 Defects and Dislocations 

Defects in crystalline solids, including precipitates, that result from 
preparation and processing, may have pronounced effects on the 
electrical and optical properties of electronic materials. Since the 
mid-1930s, theoreticians had postulated that local regions of distor
tions or dislocations existed in crystals and that these could account 
for several crystal properties, particularly their relatively low values of 
mechanical strength. The local regions of distortion might selectively 
be attacked by special chemical etches. 

The discovery by F. L. Vogel, Pfann, and coworkers that etch pits 
appearing on polished and etched crystal planes were the sites of 
emerging edge dislocations was made in 1953 during a study of the 
growth of germanium single crystals by zone leveling.90 This was the 
first direct observation of dislocations, and it proved to be of enor
mous importance in further experimental and theoretical studies of 
dislocations and their behavior in crystals. A small-angle boundary 
separates two regions of a crystal or two crystals which are slightly 
misoriented with respect to each other. Geometrically, the boundary 
could consist of a parallel array of dislocations, with the angular 
misorientation between the crystals depending on the spacing 
between the dislocations. Pfann and his associates observed rows of 
etch pits, and measured the spacing between the pits. Then, using X
rays, they showed that there was an angular misorientation across a 
row of etch pitch. The angular misorientation which they measured 
agreed with the value calculated from the etch pit spacing. This 
demonstrated not only that the pits were at dislocations, but was the 
first direct evidence that small-angle grain boundaries are made up of 
dislocation arrays. 

Prior to the experimental observation of dislocations, W. Shockley 
and W. T. Read analyzed theoretically the energetics of dislocation 
boundaries. A small-angle grain boundary which consists of an array 
of dislocations has a smaller energy than the same dislocations would 
have if they were randomly distributed. This is because the long-
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range stress fields from the dislocations cancel when they form an 
ordered array. This effect causes "polygonization" o:f the grain struc
ture during post-deformation annealing.91 Their pr1edictions for the 
dependence of the grain boundary energy on misorientation were 
subsequently verified by several experimenters. 

During deformation, the number of dislocations in a crystal 
increases dramatically. Typically, the dislocation density in an 
annealed sample will start at 107 to 108 dislocations per cm2

, and 
increase to 109-1011 disloc/cm2 after heavy cold working. Dislocation 
interactions make it prol~ressively harder for the dislocations to move, 
resulting in the well-known phenomenon called work hardening (the 
strength of a material increases during deformation). The mechanism 
responsible for dislocation multiplication was suggested by F. C. 
Frank and Read.92 They demonstrated geometrically how a segment of 
a dislocation line could bow out and sweep around on the slip plane 
to produce a dislocation loop. Repetition of this process results in the 
generation of many dislocation loops, and a rapid increase in the 
dislocation density. This is known as a Frank-Read source. 

The geometry, interactions, stress fields, and ener,getics of disloca
tions and dislocation arrays were the subject of the book by Read 
which had an important impact on the development of this field. 93 

Several other important Bell Laboratories contributions regarding 
dislocations in solids followed the excitement of the first direct obser
vation of dislocations in germanium and silicon. The·rmal fluctuations 
in the melt during crystal growth were shown by A. J. Goss, K. E. 
Benson, and Pfann to produce impurity banding that led to the forma
tion of dislocations.94 As discussed in section 1.3.5 of this chapter, 
Jackson and Wagner, using extinction contours, demonstrated that sili
con whiiskers did not contain axial-screw dislocations, thus overturn
ing the prevalent belief of theorists. 

J. R. Patel made extensive measurements of the velocity of disloca
tions in silicon and germanium and the dependence of the velocity on 
applied stress and doping levels.95 An energy levell associated with 
dislocation motion was :identified in these studies. In the late 1970s, 
the energy level of the dislocation in silicon was identified by L. C. 
Kimerling and Patel using capacitance transient methods following 
careful deformation and annealing treatments.96 

In the mid-1950s, Wernick and his associates investigated further 
the phenomenon of die;locations and etch pits in metals.97 At that 
time, the consensus among materials scientists was that dislocations in 
metals must be marked with impurity atoms before etching reagents 
would be selective enough to reveal these defects. Wernick devised 
suitably sensitive etching reagents to expose fresh dislocations in 
several plastic metals and demonstrated that dislocations in metals do 
not have to be marked to be revealed as etch pits. The discovery that 
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fresh dislocations in metal can be revealed by etching provided a 
major stimulus for basic plasticity studies of metals. 

The motion of dislocations and other defects produces inelastic 
behavior in crystals. Displacement of these defects absorbs energy 
from an acoustic field and contributes to acoustic attenuation. This 
"internal friction" can be used to study the dynamic response of 
defects to an external stress. In addition to measuring the elastic con
stants of materials in single-crystal form, W. P. Mason and his associ
ates developed many of the techniques for measuring internal friction 
in clifsstals, which provided impetus to the development of this 
field. 8"103 Studies based on these experimental methods have played a 

key role in the understanding of the dynamic response of defects, as 
well as in the origins of acoustic attenuation. Dislocation motion in 
metals and in quartz/04"107 twinning in tin,108 and magnetic domain

wall motion in BaTi03 and nickel109 were investigated by Mason and 
coworkers using these techniques. 

3.2 Oxygen as an Impurity in Silicon 

Oxygen is present in silicon as an important impurity. In early 
work, J. R. Patel demonstrated that oxyft,en in silicon pinned the dislo
cations, much as carbon does in steel.1 The necessity to stabilize the 
oxygen donor concentration in silicon with a low temperature anneal 
was explained by W. Kaiser, H. L. Frisch, and H. Reiss as a complex
ing reaction.111 In dislocation-free silicon, the oxygen which is picked 
up from the Si02 crucible can precipitate out of solution during 
annealing. In the precipitate, Si02 occupies about the same volume as 
two silicon atoms, and so some silicon atoms are forced into intersti
tial positions (between the usual lattice sites) during precipitation. 
These interstitial silicon atoms collect in sheets, causing a local error 
in the packing sequence of the atoms known as a stacking fault. 
Further studies of this process by Patel, Jackson, and Reiss established 
controlled conditions so that the stacking faults did not form in the 
active regions of wafers where they could act as precipitate sites for 
heavy elements and thus destroy device performance, but rather the 
stacking faults could be made to grow only in inactive regions where 
they acted as gettering sites for unwanted heavy elements.U2 

[Fig. 19-13] 

IV. IMPURITY DOPING 

Precise control of the concentration of acceptor or donor impurities 
in the semiconductor crystalline materials is of paramount importance 
for the fabrication of p-n junctions, transistors, and other semiconduc
tor devices. The early p-n junctions were obtained by controlling the 
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Fig. 19-13. Stacking faults in silicon that result from oxygen 
precipitation shown by X-ray topography. 

concentration of the impurities during the pulling of the crystal from 
the melt and depended on the relative liquid-solid distribution 
coefficient of the impurities. This was followed by the alloy regrowth 
method discussed in Chapter 11. C. S. Fuller's pioneering studies in 
the 1950s of the diffusion of Group III and Group V elements in sili
con and germanium led to the development of the thermal diffusion 
process of impurity doping in the fabrication of semiconductor dev
ices. For many years, this process played a dominant role in semicon
ductor technology. The ion-implantation process was developed a 
decade later and involved the injection of high energy, charged atoms 
as dopants. This technique made possible the attainment of more pre
cise geometrical control of the depth of the injected impurities as well 
as the cross-sectional geometry. 

4.1 Doping by Diffusion 

In the diffusion process for doping a semiconductor crystal with the 
appropriate impurity, the crystal (for example, silicon or germanium) 
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is heated in an inert atmosphere, such as helium, in the presence of a 

gas (for example, BC13 or phosphorus vapor) containing the impurity 

atoms to be diffused into the crystal. The temperature is sufficiently 

high, but is below the melting point of the crystal, to produce appre

ciable vapor pressure of the impurity to be injected by diffusion. Con

trol of the diffusion depth of the dopant is obtained by varying the 

temperature (by a range of about 1050°C to 1250°C for silicon) and 

the exposure time, which is usually on the order of a few hours. The 

penetration depth of the acceptor impurities inn-type semiconductors, 

or of donor impurities in p-type crystals, is determined by electrical 

measurements, such as locating the p-n barrier formed. An alternative 

method of diffusing the impurities is to place a film of the metal (for 

example, aluminum) on the semiconductor and heat treat the combi

nation at the desired temperature and for an appropriate length of 

time. 
Fuller and colleagues studied the diffusion properties of a large 

number of elements in germanium and silicon, particularly atoms of 

Group III (boron, aluminum, gallium, indium, and thallium) and 

Group V (phosphorus, arsenic, antimony, and bismuth) in silicon}l3 

as well as lithium and copper in silicon and germanium.114 

4.2 Ion Implantation 

Ion implantation is the process of injecting charged atoms into a 

solid. The materials research scientist uses this process to alter the 

electricat optical, chemical, magnetic, or mechanical properties of a 

solid. 
In contrast with the thermal diffusion processes, ion implantation 

involves injecting ionized impurity atoms into the material. Because 

the impurities are in the form of an ion beam, great control of the 

quantity of the implanted dose and of the spatial extent of the 

implanted region is possible. 
The implantation process found its first applications in the semicon

ductor field. In 1952, more than a decade before implantation was 

recognized as a technologically successful doping technique, R. S. Ohl 

reported perhaps the first ion bombardment experiment that improved 

device characteristics.115 Patents on the ion implantation technique 

were awarded to Ohl and to Shockley in 1956 and 1957, respec

tively.l16.117 The modern era of ion implantation in science and tech

nology began in the mid-1960s and was stimulated by interest and 

technical progress in a number of areas having to do with ion beams 

and solids. Of paramount importance in this development was the 

work of W. M. Gibson, as noted in Chapter 8 of this volume, who 

studied the phenomenon of ion channeling using the Rutgers 

University-Bell Labs tandem Van de Graaff accelerator.118 
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StimulaLted by the development of the channeling technique, ion 
implantation as a dopin1~ technique began to be studied in detail. In 
1968, Gibson reported on the modification of a number of semicon
ductors by ion implantation.119 A. U. MacRae and T. E. Seidel made 
some of the first devices at Bell Labs by implantation.l2° Usiny chan
neling techniques, L. C. Feldman, W. L. Brown, and Gibson, 12 along 
with researchers in many laboratories around the world, made contri
butions to understanding the implantation process in silicon. These 
studies yielded very successful prescriptions for the use of ion implan
tation in the production of devices. Direct device fabrication by 
implantation moved forward at a rapid pace through the efforts of R. 
A. Moline and many others, as noted in a review article by MacRae.122 
By 1980, ion implantation techniques were adopted widely in the sili
con integrated circuit technology for fabricating metal oxide semicon
ductor devices, high-power/high-frequency diodes, and bipolar 
integrated circuits. 

Although semiconductors have dominated the development of ion 
implantation because of their technologicali importance, some research 
has also been carried out with insulators and metals. In insulators, 
the principal interest in the early 1970s was in the alteration of the 
index of refraction of transparent solids (amorphous Si02, in particu
lar) by ion implantation in order to form optical waveguides of small 
dimensions in patterns that might be useful in optical circuits. R. D. 
Standley, Gibson, and J. W. Rodgers found that a wide variety of ions 
were effective, the major effect being caused by structural changes 
rather than by the presence of a specific impurity.123 Studies with 
light ions by H. M. Presby and Brown showed that both electronic 
excitation in Si02 and elastic collisions of ions with nuclei of the solid 
caused changes in the refractive index.124 In these e·arly studies the 
optical loss in guides formed by implantation was relaltively high. 

In metals, J. M. Poate and his colleagues started a series of experi
ments in 1973 to investigate the metallurgy of the implantation pro
cess.125 They studied copper binary alloys with implantation concen
trations up to about 30 percent and observed the formation of equili
brium solid solutions, metastable solid solutions, and amorphous 
alloys. These studies demonstrated the strong simillarities between 
implantation and the more conventional rapid quenching techniques. 
E. N. Kaufmann and collaborators chose beryllium as the host lattice 
for implantation studies because of the very low probability of 
dynamic replacement colllisions and low defect densities.126 The final 
impurity state within the solid should, therefore, represent the metal
lurgical or chemical propensities of the species involved. They 
implanted over 25 metallic elements into beryllium to form unique 
metastable substitutional and interstitial configurations, and in collab
oration with the theorists J. R. Chelikowsky and J. C. Phillips, corre-
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lated these configurations using an extension of existing theory of 

metallic alloying. 
These studies showed implantation to be a unique tool for produc

ing alloyed surfaces, generating interest at Bell Laboratories and else

where in evaluating other properties of these surface alloys, such as 

corrosion resistance and hardness.127 

Other new applications in the early 1970s included the work of R. 

Wolfe and J. C. North, who utilized ion im~lantation to control the 

properties of magnetic-bubble garnet films, 1 8 and the work of J. C. 

Dyment, North, and L. A. D' Asaro on modifications of GaAs.129 

V. MASKING 

The technique of masking in semiconductor devices dates back to 

the mid-1950s when the control of the geometry of impurity dopants 

in transistors and related semiconductor devices became important. 

Masking techniques were later applied more generally to the buildup 

of complex patterns of materials for the fabrication of integrated cir

cuits. 

5.1 Si02 Masks 

The use of Si02 masks for controlling the geometry of impurity 

dopants in silicon was invented by C. J. Frosch [Fig. 19-14] and L. Der

ick in 1955 while they were conducting studies of the diffusion of 

impurities into silicon from a carrier gas at 1 atmosphere pressure.130 

They found that thin, uniform layers of Si02 would form on silicon 

when an oxidizing carrier gas was used, and that the Si02 layer acted 

as a barrier to the entrance of certain donor and acceptor impurities 

into silicon. They demonstrated further that impurities in a carrier 

gas could enter silicon through windows etched in the Si02 layer. 

The oxide mask permitted the precise control of the position of 

impurities in silicon, which led to the high density of circuit elements 

obtained by technology. Oxide masking evolved as a key step in the 

manufacture of silicon integrated circuits, and underlies the entire sil

icon integrated circuit industry. 

5.2 Electron-Beam and X-Ray Resist Processed in Fine-Line Lithography 

At the time of this writing, the manufacture of modern integrated 

circuits, involving the buildup of complex patterns of materials layer 

by layer, has been made possible by the use of masks to produce a 

desired circuit geometry. Radiation (usually ultraviolet) is projected 

through the "open" parts of the mask onto the circuit surface that has 

been previously coated with a "resist," that is, a material that is sensi

tive to the radiation. A positive resist is made more soluble by the 
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Fig. 19- 14. C. J . Frosh, coinve ntor of the techn ique of us ing 
Si0 2 mask ing to con trol the geomet ry of impuri ty dopa nts in 
sili con. 

action of the radiation, and the exposed areas of the circuit can be sub
jected to the next step in preparation (for example, etching, metalliza
tion, diffusion, and so on). Negative resists are less soluble following 
exposure to radiation, and the unexposed areas are laid bare by the 
developer. Resist materials are typically polymeric organic com
pounds that are tailored for sensitivity to the radiation, processing 
characteristics, and protection of the device circuit during the fabrica
tion operation. 

Ultraviolet radiation of wavelength 0.35 to 0.45 J.Lm were employed 
in the manufacture of most microelectronic devices. As the technol
ogy progressed it became necessary to make patterns with ever 
smaller features, and diffraction effects become an important limita
tion. For dimensions in the range 1 to 2 J.Lm, electron-beam, X-ray, 
and deep-ultraviolet techniques were being developed, and in each 
case, new resists were required. 

5.2.1 Electron-Beam Resists 

Electron-beam lithography is employed extensively to make high
quality masks for conventional ultraviolet patterning and to a lesser 
extent for direct production of semiconductor circuits. It utilizes a 
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computer-driven beam of electrons that "draws" the required pattern. 

In 1970, R. D. Heidenreich developed a theoretical model of the 

electron-resist interaction and predicted the need for a high

sensitivity resist system.l31 In 1972, E. D. Feit, L. F. Thompson, and 

Heidenreich developed a negative-electron resist, COP, which is a 

copolymer of glycidyl methacrylate and ethyl acrylateP2 This 
material was used extensively in the manufacture of master chromium 

masks with commercially available electron-beam exposure equip
ment. A second negative material developed by Thompson in 1978 

proved to be particularly valuable because of its improved resolution 
and durability under plasma-etching conditions. This material is 

denoted GMC and is a copolymer of 3-chlorostyrene and glycidyl 

methacrylate.133 

In 1973, Thompson and M. J. Bowden showed that poly(olefin sul

fones) were useful for high-sensitivity, positive, electron-beam resists. 
Specifically, poly(butene-1-sulfone) (PBS) was developed and became 

used commercially in the manufacture of high-resolution chromium 
master masks.134 In 1978, Bowden and Thompson discovered a 
novolac-based, positive, electron-beam resist that utilized poly(2-
methylpentene-1-sulfone) as the irradiation-sensitive dissolution inhi
bitor. This material exhibited much improved plasma-etch resistance 
over PBS and proved to be capable of submicron pattern delinea
tion.135 

5.2.2 X-Ray Resists 

X-ray lithography is a method used to obtain a 1:1 X-ray shadow
graph of a mask and to record the image in an underlying resist. 

Since X-rays have negligible scattering at wavelengths of only a few 
angstroms, this technique should, in principle, be able to reproduce 
submicron features. In 1977, G. N. Taylor developed a family of halo

genated acrylate and methacrylate polymers designed as high
resolution, high-sensitivity X-ray resist materials.136 The halogens, 
especially chlorine and bromine, were used as X-ray absorbers for pal
ladium and rhodium X-ray radiation, respectively. Specifically, a 

resist based on poly(2,3 dichloropropylacrylate) was used to fabricate 
high-performance devices with 1-~-tm minimum features. 

VI. PROCESSING OF MATERIALS WITH IONS, LASERS, AND PLASMAS 

6.1 Ion-Beam Processing 

In the late 1960s, ion-beam etching systems were in wide use for 

thinning samples for transmission electron microscopy. The ion 
sources in these systems were essentially the first stage of the proton 
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accelerator designed by Rutherford in the 1930s for lthe transmutation 
of the elements. P. H. Schmidt and E. G. Spencer at Bell Laboratories 
demonstrated that a damage-free polished surface could be obtained 
by impinging ion beams at a grazing angle on a soHd. For example, 
almost all the surface stresses were removed from thE~ surface of a thin 
magnetic oxide (orthof,errite) platelet.137 Schmidt and Spencer also 
demonstrated that ion-beam sputtering could be used to deposit thin 
films. Unlike conventional sputtering, ion beam deposition is carried 
out in a plasma-free vacuum environment and has been used for a 
wide range of materials. 138 

6.2 Ann1ealing with Laser:s 

During the summer of 1977, scientists in the SoviE!t Union reported 
the use of intense laser irradiation to remove the lattice damage pro
duced in silicon by ion implantation. Several scientists at Bell Labs 
conducted experiments to confirm the report and w'ere able to deter
mine the primary me,:hanism by which the annealing occurred. 
When the surface of a 'crystal is illuminated, the energy in the light 
beam is absorbed by electronic processes that rapidly transfer it to lat
tice vibrations, that is.. to heat. This heating effect can also be 
obtained with electron or ion beams, and if sufficiently intense, can 
result in flash melting of the surfal:e layer, which resolidifies when 
the pulse is extinguished. 

6.2.1 Application to Epit,rxial Growth and Control of Dopant Impurities 

The mechanism of melting and resolidification observed with laser 
irradiation was studied in late 1977 by G. K. Celler, Poate, and Kimer
ling,l39 and by H. J. Le·amy, G. A. Rozgonyi, and T. T. Sheng.140 In 
their work, pulsed irradiation in the 10-7 to 10-8 S<econd range was 
found to eliminate lattice damage from a surface layer with a thick
ness of a few thousand angstroms and, moreover, resulted in the 
placement of impurity atoms as dopants on regular sites in the silicon 
lattice by the epitaxial process. During liquification, impurities are 
redistributed by diffusion in the liquid, so that their final depth distri
bution is altered by pulsed-beam processing. This redistribution, 
along with the observation of imperfect regrowth where the melt did 
not penetrate through the damaged surface layer, provided the first 
clues to the mechanism of pulsed-beam processing. 

The melting mechanism of pulsed-beam processing was verified by 
D. H. Auston and coworkers, who observed the characteristic 
reflectivity of a liquid-silicon surface layer during its brief lifetime, 
approximately 1 microsecond (J,Lsec).141 They measured the duration of 
the liquid layer and compared the results with thermal computations 
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of the melting and freezing cycle.142 The excellent agreement 

achieved served to further strengthen the melting picture. Subse

quent work has verified and enriched the understanding of rapid 

solidification (approximately 1 m/sec at a quench rate of approxi

mately 1010 K/sec!) and has also led to the discovery of several 

interesting and useful phenomena. For example, high-speed 

solidification can result in the trapping of impurities within the sili

con in quantities that far exceed the equilibrium solubility. Epitaxial 

layers may be added to the crystal locally by processing vapor depos

ited polycrystalline layers of silicon. Alloy surface layers can be 

formed by processing metal thin films on silicon. These latter layers 

produce both Schottky and Ohmic contacts to the semiconductor and 

have been demonstrated for GaAs as well. 

6.2.2 Application to Removal of Damage Caused by Ion Implantation 

Laser irradiation for much longer periods, approximately 1 mil

lisecond (msec), can also be effective in removing ion-implantation 

damage. A continuous-wave laser beam is scanned over the surface of 

a crystal that has been rendered amorphous by heavy ion damage. 

This amorphous layer is a thermodynamically distinct phase of greater 

free energy than crystalline silicon and can be epitaxially regrown 

onto a crystalline substrate if sufficient thermal energy is supplied to 

break the covalent Si-Si bond and provide some atomic mobility. The 

process can be accelerated enormously by short-time, high

temperature conditions that are achieved by scanned laser processing. 

At Bell Labs a group under the leadership of W. L. Brown studied the 

time and temperature dependence of the rrogressive growth of the 

crystal through the amorphous overlayer.14 A second group used the 

reflectivity techniques mentioned previously to demonstrate the 

absence of melting during processing.144 Two attributes distinguish 

beam processing from furnace heating in this case. First, only the 

rapid heating and quick quench (approximately 106 K/sec) achieved in 

beam processing permit high temperatures to be reached without the 

onset of bulk nucleation of crystallites within the amporphous layer. 

Second, the process is completed so rapidly that dopant atoms cannot 

diffuse more than approximately lOA. Thus, the process is a favored 

candidate for device fabrication when precise control of shallow 

impurity layers is required. 
The experience with silicon has also led to experimentation with 

the semiconductors GaAs, germanium, InP, and with heterostructure 

materials as well. In addition, this experience has led to a general 

realization that very rapid thermal processing can produce not only 

improved materials, but also can serve as a useful experimental tool. 



612 Engineering and Science in the Bell System 

6.3 Plasma Processing of Materials 

The interaction of plasmas with semiconductor surfaces has proven 
to be of importance in preparation of certain materials. As early as 
the 1950s, rare-gas plasmas were used in ion sources to sputter-deposit 
and etch the surfaces of semiconductors. With the advent of radio
frequency sputtering in the 1960s, sputter deposition for the prepara
tion of thin films began to be used on a large scale for the fabrication 
of electrical components. In 1964, J. R. Ligenza demonstrated that 
high-quality Si02 could be grown on silicon wafers by oxidation in an 
oxygen plasma excited by microwave radiation.145 

In the 1970s, it was discovered that reactive plasmas could be 
efficient in etching the surface of silicon. Low-pressure discharges in 
NH3-SiH,1 mixtures were used to deposit insulating layers of SiN on 
silicon. Plasma-deposited SiN is used as an encapsulating top layer in 
integrated circuits. At about the same time it was recognized that 
plasma etching could he used to add, literally, a nt~w dimension to 
semiconductor processing. It was found that plasma etching is direc
tional, so that, for example, the sharp features of a mask could be 
maintained on an atomic scale even when removing hundreds of 
atomic layers.146"149 This discovery coincided with the drive for 
smaller-scale structures iin integrated-circuit fabrication and has been 
used to great advantage in this application. The introduction of vari
ous chemical species into the plasma permits selective etching of 
different materials, and this is the basis of the "reactive ion etching" 
technique that is in wide!spread use in semiconductor processing. 

In 1972, M. J. Vasile a:nd G. Smolinsky developed methods of depo
siting polymeric films for lightguides using reactive plasmas.150 They 
studied the reacting ion and neutral species and determined the 
underlying chemical processes in these and similar reactive plasmas 
which are useful for semiconductor processing.151 

Research on radio frequency discharges confined b~ a magnetic field 
was carried out in the late 1970s by R. P. H. Chang. s2 By varying the 
exciting frequency, Chang found that he could couple the power 
resonantly into the plasma to heat the electrons as well as to modify 
the plasma density. More significantly, however, he discovered that 
copious amounts of negatively charged oxygen spedes can be gen
erated on surfaces that are aligned in the plasma normal to the 
confining magnetic field. Using this fact, he demonstrated that at low 
temperatures thin oxide Jfilms can be grown on semiconductor surfaces 
(for example, Si02 on silicon). 

Plasma processing found an important place in the "Very Large 
Scale Integration" technology that became the backbone of the elec
tronics industry. 
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