
Chapter 16 

Dielectrics for Insulators, 

and for Electronic 

and Optical Applications 

Among the early demands upon the newly formed Bell Laboratories was the 
need to improve the electric properties of materials used as insulators for wire, 
cable, and vacuum tubes, and as dielectrics in capacitors. The small electrical 
currents and the spectrum of frequencies characteristic of telephony imposed 
new challenges to the technology of dielectrics and insulators. Radio com
munication and long distance telephony emerged together in the 1920s and 
1930s, with requirements for materials that respond with minimum energy 
loss to the spectra of alternating voltages. These requirements were seen to go 
far beyond the problems of simple resistive attenuation. 

Interest in the theory of the dielectric behavior of matter was being 
developed in Germany, through the research of P. J. W. Debye, and in the 
United States by J. H. Van Vleck. These studies developed concepts of the 
electric dipolar character of molecules and of the polarizability of electric 
charge in matter. This fundamental work was appreciated early by scientists 
at Bell Laboratories, who applied the concepts to research on cable and capaci
tors. Interest in dielectric behavior continued actively as the electromagnetic 
frequencies used in communication have increased, until now they occupy the 
spectra of light. Although the optical behavior of matter is an old subject, the 
research entered new arenas through discoveries·of nonlinear effects in matter 
found with the intense optical excitation by lasers. 

Principal authors: G. Y. Chin, R. A. Laudise, G. T. Kohman, R. C. Miller, S. 0. Morgan, M. 

D. Rigterink, W. P. Slichter, F. J. Stillinger, J. H. Wernick, A. H. White, and J. C. 

Williams 
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I. RUBBIER 

1.1 Ins11lation for Submarine Cables 

One of the early activities in materials research was related to sub
marine cables. Shortly after World War I, an attempt to use telegraph 
cables for the telephone had failed. F. B. Jewett (president of Bell 
Laboratories from 1925 to 1940) realized that the trouble lay in the 
dielectrk material gutta··percha, which had been used as insulation for 
undersE~a telegraphic cable ever since the pioneering installations of 
the 1860s. Part of the problem lay in the severity of the demands of 
telephony compared with those of telegraphy: inte!lligible transmis
sion of complex signals at the frequencies of speech is affected by the 
capacitance of the cable to a much greater degree than is transmission 
of the simpler current and voltage alternations encountered in 
telegraphy. 

A group of chemists under R. R. Williams and A. R. Kemp studied 
the elE!Ctrical and mechanical characteristics of gutta-percha and 
rubber. 1 H. H. Lowry and G. T. Kohman, who had been recruited by 
Williams, carried out extensive studies on how wat,er is absorbed by 
rubber and gutta-percha.2 They showed that impurities inherent in 
the natu:ral hydrocarbons are particularly sensitive to the presence of 
water. These impuritie8 were found to be proteins, originating in the 
trees from which the rubber was extracted. A process for washing 
rubber at elevated temperature and pressure was developed to remove 
the proteins and other electrolytic impurities. The processed rubber 
was found to be electrkally stable in the presence of water. Further, 
Kemp .and his colleagues discovered a substance that offered the 
dimensional stability and flexibility necessary at the cold temperatures 
of the ocean floor.3 This substance, a blend of the two purified hydro
carbon isomers, rubber and gutta-percha, was called paragutta and was 
successfully used in cables between Key West, Florida, and Havana, 
Cuba, and between the California mainland and Catalina Island. 

1.2 Continuous Vulcaniza1tion Process 

Another major advance' occurred in the improved vulcanization of 
rubber. Ever since 1839, when Charles Goodyear learned how to 
change gum rubber into a strong, permanently elastic material, the 
conversion of this hydrocarbon into useful objects had largely been 
done on a batch basis. Thus, coils of wire insulated with raw rubber 
to which sulfur had been added were batch cured in a steam chamber. 
This process took an hour or more for each batch of wire. Kemp, in 
separah~ studies with A. N. Gray and J. H. Ingmanson, developed a 
chemical termed an ultra-accelerator that greatly speeded the curing 
process .. 4 Thus, the batch process was eliminated. Instead, the rubber 
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insulation was continuously extruded onto the conductor, and the 
wire passed immediately through a long steam chamber. Curing took 
only a minute, and the finished wire was continuously wound on 
drums. This "continuous vulcanization" process revolutionized the 
wire industry and has been licensed widely. 

1.3 Rubber for National Defense 

A national crisis arose when war in the Pacific cut off shipments of 
natural rubber from the Far East. Chemistry had to fill the gap in the 
United States supply of this basic material, but the technology had 
never been tested in this country. German chemists, on the other 
hand, had long been active in finding ways to synthesize materials of 
natural origin, such as dyes and rubber. Toward the end of World 
War I, they had produced an unsatisfactory ersatz rubber. But by 
1934, the German chemical firm I. G. Farben had successfully syn
thesized a useful rubber. 

While rubber companies in the United States had been experiment
ing with synthetic substitutes for natural rubber for some time, they 
had not advanced very far with problems of raw materials and 
finished properties. In 1942, a large program was laid out by the 
government, under the sponsorship of the Reconstruction Finance 
Corporation, Office of Rubber Reserve. A number of industrial and 
academic laboratories took part in the research. Bell Laboratories, 
through the work of W. 0. Baker, C. S. Fuller, and J. H. Heiss, made 
essential contributions to the characterization and control of experi
mental compounds.5 

In surprisingly short order, the emergency program under the 
Office of Rubber Reserve produced a product that, although made 
from the same ingredients as the Germans' artificial rubber, was 
clearly different and superior. The American product was given the 
general name GR-S, an abbreviation of Government Rubber-Styrene. 
Efficient manufacturing required knowledge of the intimate details of 
its structure. The rate of chemical combination of the key ingredients, 
butadiene and styrene, differed from the rate at which each combined 
with itself. The composition of the product therefore differed from 
that of the ingredients. Baker and Fuller developed an optical method 
of measuring the styrene content of GR-S, thus permitting close con
trol over the average composition.6 They also developed tests of 
viscosity and of gel content to monitor the compounding of the 
rubber. The term "compounding" embraces the various mechanical 
operations that are carried out on a rubber, such as mixing in fillers 
and pigments, prior to vulcanization. Control of the starting material 
and the processing was shown to be essential to successful manufac
ture of the product. 
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The program, in which Bell Labs chemists played a central part, 
produced the first GR-S in December 1943, just 16 months after the 
planne:rs first met. By 1945, the annual production of GR-S exceeded 
700,000 tons. This achi«~vement was a vital element in the prosecution 
of the war. Moreover, the science and technology developed with 
such urgency formed the basis of much of the postwar rubber 
industry. 

II. CERAMICS FOR HIGH-FREQUENCY INSULATION 

The increasing use of higher frequencies in communications before 
and during World War II required the development of improved insu
lating materials because the electrical porcelains used for insulation at 
low frequencies, such as those used with power and lighting systems, 
were inadequate for high frequencies. In particular, such materials 
dissipated excessive amounts of energy at high temperatures and even 
suffered breakdown. In addition, the demand for increased precision 
of electronic components required substantial improvement in the 
control of composition and processing in ceramics. 

2.1 High-Performance Ceramic Steatite 

M. D. Rigterink [FiJ~· 16-1] and his colleagues discovered many 
high-performance ceramics, and improved the process for manufacture 
of others, particularly the steatites? [Fig. 16-2] These materials take 
their name from the mineral steatite, also known as soapstone in its 
more impure form, but more widely known as talc. Rigterink 
prepared synthetic steatites from mixtures of about 60 percent talc, 30 
percent day, and 10 pe·rcent alkaline earth oxides. Under controlled 
heat trE~atment at 1200°C to 1400°C, the alkaline earth oxides melt and 
combine with part of the magnesia, alumina, and silica contained in 
the tak and clay. Upon cooling, crystalline transformations occurs, 
causing; the material to shrink and to become dense and hard. Rigter
ink and his colleagues also experimented with the grinding and mix
ing of the raw materialls, the times and temperatures of the heating, 
and the program of <:ooling. The close attention to the process 
resulted in a family of ceramics possessing superior electrical proper
ties and mechanical strength. 

2.2 High-Alumina Ceramics 

Since! about 1955, the growth of the electronics industry has led to 
greater use of high-alumina compositions (those containing more than 
85 percent by weight of aluminum oxide or alumina, Al203) as insu
lating materials rather than porcelain or steatite. High-alumina 
ceramics have excellEmt dielectric properties, great mechanical 
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Fig. 16-1. M. D. Rigterink was a leader in the studies and 
the development of ceramic materials for electrical insulators 
at high frequencies. 
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strength, high thermal conductivity, and ease of metallization (joining 
ceramics to metal components by means of high-temperature 
processes). They were particularly useful in miniaturized vacuum 
tubes and in hermetically sealed terminals that served as leadout 
bushings for oil-filled transformer housings. 

However, one of the major applications for alumina in electronics 
has been as substrate material for thin-film circuits. The history of the 
development of alumina substrates is recounted by J. C. Williams, who 
was intimately associated with the project.8 A major requirement of a 
substrate, especially for use with thin-film capacitors, is an extremely 
smooth [less than 0.03 micrometer (JJ.rn)] surface texture. At first, dur
ing the development of tantalum-film technology, soft glass (corn
posed of soda, lime, and silica) served as the substrate. Unfortunately, 
the high alkali (sodium) content of such glasses degraded the insula
tion resistance and promoted corrosion of the tantalum film . With the 
availability of fine-grain and low-soda aluminum oxide powders from 
commercial producers, the Bell Labs group developed high-alumina 
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Fig. 16-2. Variations with temperature of the dielectric losses at 100 kHz of 
clear fused quartz and a steatite ceramic. 

substrates with smooth as-fired surface finish, improved mechanical 
strength, and inertness to tantalum corrosion. A notable achievement 
during this period was the development, first by H. W. Stetson and 
W. Gyurk and later by R. Mistler and D. Shanefield of the Western 
Electric Engineering Research Center, of 0.05 11-m surface-finish sub
strates using a combination of ultrafine powders and improved firing 
technology to maintain a fine-grain size with high density. 

2.2.1 Substrate Glazes 

While as-fired surface finishes of 0.05 11-m on alumina substrates had 
become practical, they were still inadequate for use beneath thin-film 
capacitors. Consequently, a smoother surface was achieved by selec
tively glazing the substrate in the areas where the capacitors were 
located. In 1969, F. V. DiMarcello and collaborators obtained a patent 
for a series of lead-bismuth borosilicate glaze compositions for use 
with high-alumina substrates that provided a unique combination of 
properties capable of satisfying a stringent set of requirements.9 In 
addition to providing a surface finish of less than 0.025 ~tm, and with
standing the environments associated with the processing and applica
tion of tantalum thin-film circuitry, these glazes were especially 
designed to be applied at thicknesses of less than 10 ~tm to minimize 
the effect of the step between the glazed and unglazed portions of the 
substrate. 
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During the late 1960s and early 1970s, the technology of glaze 
preparation was transferred to a commercial supplier and the applica
tion technique was developed and put into production at the Allen
town, PA, site of Western Electric. Since that time, several Western 
Electric locations have used these glazed substrates in the manufacture 
of tantalum thin-film circuits for a variety of Bell System applications. 

An extension of this work during the 1970s by DiMarcello, led to a 
series of lead-free and bismuth-free glazes that could be used in appli
cations requiring resistance to chemically reducing atmospheres dur
ing high-temperature processing. 

2.3 Ceramic Processing 

In contrast to metal systems, ceramics must be fabricated without 
the use of extensive melting or deformation. Packed particles are typ
ically sintered together at high temperatures, with the minimization 
of total surface energy as the driving force. 

In early technical ceramics, naturally occurring minerals such as 
clay, potash, feldspar, and silica were generally ground and mixed. 
Early improvements were made by better grinding and by utilizing 
purified fine-particle alkaline earth carbonates as part of the raw 
materials. The trend toward refined raw materials continued with the 
use of pure alumina (Al20 3) fine powder for substrate and ferric oxide 
(Fe20 3) powder for ferrites. 

Rigterink, F. J. Schnettler, and their colleagues extended the chemi
cal refining techniques to include the chemical preparation of total 
compositions, thereby eliminating the normal mixing and grinding 
steps. Work done in the late 1960s and early 1970s on precipitation 
from solutions, freeze dryin&, and liquid-liquid drying of solutions 
may be cited as examples.1 •11 With these techniques, the ceramic 
powder largely retains the intimate mixing of the components in the 
liquid solution. Further advantages include very closely controlled 
compositions and fine particle sizes. A large array of solution
preparation processes became available. 

The need for better forming techniques led from simple, uniaxial 
die pressing of dried powders to the isostatic pressing technique in 
which the more uniformly pressed, unfired parts could be sintered to 
higher densities with less shape distortion. Better pressing was also 
achieved by using spray drying of powder slurries as a means of mak
ing dense free-flowing agglomerates of the powders for uniform die 
filling. Research on organic additives to the pressing powder for 
higher unfired strengths and densities also contributed to improve
ments in the forming technology. In the mid-1970s high sintered 
densities and improved ceramic microstructures were attained by the 
development of various hot-pressing techniques by M. F. Yan and D. 
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W. Johnson in sinterin;g ceramics with controlled amounts of low 
melting temperature composition.l2,13 

The use of these ceramic techniques led to the development of 
highly active oxide catalysts on ceramic supports.l4 These were 
prepared either by putting very fine oxide catalysts, made by freeze 
drying, onto corrugated ceramic supports, or by freeze drying solu
tions directly on porous supports for a very homogeneous distribution 
of catalyslt. 

III. DIElLECTRICS 

The dielectric behavior of materials received early attention in the 
chemical laboratory. In Germany during the period 1910-1930, P. J. 
W. Debye had developed theoretical models for the dielectric behavior 
of math!r. (Debye emigrated to the United States and joined the 
chemistry faculty of Cornell University. He served as a consultant to 
Bell Laboratories in the late 1940s.) Debye concluded that the response 
of matter to fluctuating electric fields must depend on the separation 
of charge in the molecules and on the constraints to motion that the 
molecules experience from their neighbors. He also saw that these 
constraints must vary with the temperature. He developed some 
inherently simple equations to describe dielectric behavior in molecu
lar terms. 15 Debye's treatment was directed primarily at understand
ing the response of polar molecules in gases or dilute solutions to 
fluctuating electric fields. In such media the dielectric behavior is 
ascribed to the rotation of molecules that have permanent electric 
dipole moments owing to the presence of polar groups. 

3.1 Electric Dipoles in Or~~anic Liquids 

Because of the importance to telephony of using insulating materi
als in the presence of alternating fields, a basic research program on 
dielectrics was undertaken by Bell Labs chemists in the late 1920s. 
Extensive experiments examined the relationships of molecular struc
ture and polarity to dielectric behavior. S. 0. Morgan [Fig. 16-3] and 
Lowry studied the diele!Ctric constants and densities of a number of 
organic compounds, such as the methyl and ethyl halides, as liquids, 
as solids, and in solution.16 Organic halides were dissolved in nonpo
lar solvents at successivE!ly greater dilution, and the measured dielec
tric constants were extrapolated to infinite dilution. In this manner, 
the dissolved molecules were represented as being arbitrarily far from 
each other and, therefore, free of the strong dipole-dipole forces 
characteristic of the pure liquid and especially the crystalline lattice. 
The dipole moments were then calculated from the measured dielec
tric constants and wer1i! found to agree satisfactorily with values 
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Fig. 16-3. S. 0 . Morgan conducted fundamental studies on 

the effect of molecular motion on the dielectric properties of 

organic molecules. 
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obtained by other investigators who had studied the same compounds 

in the gaseous state. This finding enhanced the understanding of the 

constraints on rotational motion of polar molecules in the liquid state. 

3.2 Dielectric Properties of Organic Solids 

In most atomic and molecular crystals, the atoms or molecules are 

virtually devoid of motion through the lattice. However, molecules 

that are sufficiently symmetrical may be able to undergo rotation 

about one or more axes in their lattice positions. When such 

molecules contain polar groups that experience motion, the dielectric 

constant of the solid resembles that of the corresponding liquid. 

Indeed, early work by W. A. Yager, A. H . White, and Morgan on 

camphor (which is a nearly spherical molecule with an attached 

hydroxyl group) established the presence of molecular rotation in that 

substance many degrees below the melting point. 17 Similarly, White 
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and Morgan found a fremelting rotational transition in some polar 
derivatives of ethane.1 Other studies by White, B. S. Biggs, and Mor
gan showed that molecular rotation may occur in the crystalline form 
of benzene derivatives, provided certain requirements of symmetry 
are met. 19 Such motion was detected in molecules that are geometri
cally symmetrical about one axis but are electrically asymmetrical. A 
simple example is methylpentachlorobenzene. Here, the CH3 group 
and the five chlorine atoms are sufficiently similar in size that the 
molecule can be regarded as geometrically symmetrical, but 
sufficiently dissimilar in polarity that the whole molecule has a net 
dipole moment. 

Work of this sort led to the realization that polar organic molecules 
could be useful replacements for paraffinic waxes as dielectric materi
als in capacitors. The large increase in dielectric constant brought 
about by this substitution permitted a substantial decrease in the size 
of capacitors. Halowax, a chlorinated naphthalene, was developed for 
this purpose by Kohman. The key to his success was the 
identification and removal of certain impurities that caused instability 
in the electrical behavior. These studies of relatively simple dielec
trics formed the basis for meeting the highly demanding requirements 
imposed by later advances in communications. 

3.3 Theoretical Studies of Molecular Behavior of Liquid Water 

It was inevitable that research attention would eventually turn to 
that most important of polar dielectrics, liquid water. The Bell System 
has always had scientific and technological concern with this sub
stance and its solutions for both its constructive as well as destructive 
properties. On the constructive side, many of Western Electric's 
manufacturing processes require water as a medium, as illustrated in 
its electroplating activities. On the destructive side, of course, corro
sion is an unwelcome concommitant of telephone equipment in high
humidity field locations. However, in spite of the obvious fundamen
tal importance of water in virtually all areas of materials science, 
chemistry, and biology, the situation, even as late as the mid-1960s, 
was one of ignorance about the molecular nature of this substance. 

With these factors providing a powerful inducement, F. H. Stil
linger initiated a theoretical program designed to fill the knowledge 
gap.20-25 [Fig. 16-4] Using established methods of quantum mechanics 
and statistical mechanics, he first studied the complex intermolecular 
forces operating between water molecules, and then assembled that 
knowledge into predictions about the way the water molecules 
arrange themselves and move about in the liquid phase. This process 
had become feasible because of the increasing power and availability 
of digital computers. 
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Fig. 16-4. F. H. Stillinger created a fundamental theory for 

the statistical mechanics of liquid water, which has been 

applied to physical, biological, geological, and meteorlogical 

phenomena. 
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One of the more vivid products of this theoretical study of water 

was a set of stereoscopic pictures of submicroscopic regions in the 

liquid comprising a few hundred molecules. These three-dimensional 

views showed for the first time how the hydrogen bonds linking 

neighbor molecules are spatially arranged, particularly in comparison 

with their orderly arrangement in the ice crystal. As a result it was 

learned that water consists of a random hydrogen-bond network with 

frequent strained and broken bonds, and with the participating 

molecules constantly moving to restructure the network. Insights 

gained in this manner have been used to explain the unusual physical 

properties of liquid water in pure form and as a solvent, and to show 

how it operates in maintaining the native form of large biological 

molecules through "hydrophobic interactions." 
By coincidence, this research on the molecular behavior of water 

began at about the time that "polywater" burst onto the scene, thanks 

to a group of imaginative physical chemists in the Soviet Union, rais-
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ing the possibility tha~ a drop of this substance would eventually 
rigidify the Earth's oceans. Stillinger's theoretical work helped to 
allay such fears by showing that pure water would not polymerize. 
At the same time, D. L. Rousseau at Bell Labs repeated the polywater 
"experiments" and showed that they were artifacts caused by impuri
ties.26 (For more on this topic, see section 5.2 of Chapter 20.) 

3.4 Microwave Ceramic Dielectrics 

In conventional microwave transmission, resonating metal 
waveguide cavities are used as filters while the control frequencies are 
obtained either by multiplying the output of a quartz-crystal resonator 
or by using the output of Invar cavity-stabilized diode oscillators. 
Until the 1970s, ceramic resonators were not useful because of their 
poor temperature stability and large dielectric losses. In 1973, H. M. 
O'Bryan, J. K. Plourde, and coworkers developed a new barium 
titanate compound (Ba2Ti90 20) that combined low dielectric loss (Q > 
8000) with excellent temperature stability (frequency change of 
approximately 2 parts per million per degree centigrade).27 The crys
talline structure of Ba2 Ti90 20 allowed its oxygen octahedra to shift 
with temperature so that decreases in dielectric constant caused by 
thermal expansion were nearly compensated for by increases in polar
ization. Processing controls prevented dielectric loss caused by 
aliovalent impurities, oxygen deficiency, second phase, and/or micro
cracks. 

The resonators are used in the form of unmetallized disks that, 
because of a relatively high dielectric constant (approximately 40), are 
able to confine most of the electromagnetic fields within the ceramic. 
The geometry and size of the resonator determine which resonance 
frequency between 1 and 8 gigahertz (GHz) is selected. Cost, size, 
and performance advantages accompany the use of dielectric resona
tors in filters and oscillators. Also, unlike waveguide resonators, the 
reduced size of ceramic resonators permits their easy incorporation 
into microwave integrated circuits. [Fig. 16-5] 

The. titanate microwave dielectric resonator was first used in 1976 in 
the TD-2 radio system (4 GHz), which helped expand its capacity from 
1200 voice channels to 1500 channels. Subsequent improvements, 
which included further use of dielectric resonators and GaAs FET 
solid state amplifiers, boosted the capacity to 1800 voice channels. In 
the early 1980s, new digital radio systems such as DR6-30 (6 GHz) and 
DRll-40 (11 GHz) made extensive use of dielectric resonators. Dielec
tric resonators have also been designed as part of the channel com
biner in AMPS (advanced mobile phone service), the cellular radio 
system developed by the Bell System. 
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Fig. 16-5. Ceramic resonator filter Oeft) 
compared with a copper cavity waveguide 
filter for 4-GHz application. The reduction 
in size made possible by the new ceramic 
resonators is significant. 

IV. PIEZOELECTRICS 

529 

Crystalline dielectrics that lack a center of symmetry (acentric crys
tals) can possess the important electrical property of piezoelectricity, 
that is, the generation of an electrical polarization upon application of 
mechanical stress. An outstanding example is a quartz crystal. 

After the discovery of piezoelectricity in quartz by Pierre and 
Jacques Curie in 1880, the property remained essentially a scientific 
curiosity until World War I. In 1917, P. Langevin of France and A.M. 
Nicolson, then in the research department of Western Electric, ini
tiated studies to use piezoelectric devices for submarine detection. 

Many individuals at Bell Labs contributed to establishing quartz as 
the material for filters, oscillators, and frequency standards during the 
1920s and 1930s. W. P. Mason investigated the elastic, dielectric, and 
piezoelectric properties of a number of piezoelectric materials and was 
instrumental in the design of many quartz crystal devices.28

-
30 He was 

responsible for the design of ethylene diamine tartrate (EDT) and 
ammonium dihydrogen phosphate (ADP) underwater sound devices.31 
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Mason was awarded more than 190 patents during his career at Bell 
Labs; his book, Piezoelectric Crystals and Their Afplication to Ultrasonics, 
published in 1950, remains a bible in the field.3 

4.1 Ammonium Dihydrogen Phosphate (ADP)- A Quartz Substitute 

Submarine attacks on shipping during World War II caused sharp 
cuts in many imports-especially natural quartz, which came chiefly 
from Brazil. In the 1950s, this dependence on Brazilian quartz was 
relieved by a process for making synthetic quartz of high quality. 
However, in the immediacy of the wartime need, Bell Labs chemists 
sought other natural materials. 

A satisfactory quartz substitute must be strongly piezoelectric. 
Piezoelectricity had long been known to originate in detailed aspects 
of the crystal structure. However, to recognize that a substance can be 
piezoelectric is not to say how strongly it is piezoelectric, or that it 
has other qualities needed for large-scale manufacture and use. Apart 
from natural quartz, only Rochelle salt was widely known in the early 
1940s as a piezoelectric material, and its erratic behavior cast doubt 
upon the usefulness of a crystal grown from aqueous solution. A 
major advance was made at Bell Labs with the discovery of the 
effectiveness of ammonium dihydrogen phosphate as a piezoelectric 
substance by W. L. Bond and A. N. Holden. 

Bond surveyed the five volumes of P~ Groth's Chemische Kristallogra
phie and selected for closer study those species whose crystal class 
lacked a center of inversion and could therefore exhibit a piezoelectric 
effect. This in turn led A. N. Holden to grow small crystals of some 
of these species. Holden and Bond verified that materials that were 
crystallographically compatible with the piezoelectric effect always 
exhibited the effect. In particular, they discovered this effect in ADP. 

The work of A. C. Walker and Kohman led to the growth of large 
crystals of ADP in the laboratory.33 These crystals were big enough so 
that plates with the desired orientation and dimensions for use in 
electrical measurements could be cut from them. Crystals were grown 
from solutions containing seed crystals, or by feeding a solution 
saturated at one temperature into a vessel containing seed crystals 
held at a slightly lower temperature. (This technique is described in 
more detail in section 1.1 of Chapter 19.) 

4.2 Synthetic Quartz Crystals 

The development of the hydrothermal growth process for produc
ing large, optical quality, high-purity synthetic quartz crystals for 
piezoelectric applications is another success story in crystal growth 
(see section 1.1 of Chapter 19). [Fig. 16-6] Following closely upon the 
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Fig. 16-6. Cylindrical autoclave for growing quartz crystals 

synthetically: (a) quartz seeds; (b) quartz mass serving as 

nutrient; (c) aqueous alkaline solution serving as transport 

medium; (d) G. T. Kohman's baffle. The baffle-shown in 

perspective on the right with a portion of its wire support

restricts the convective flow of the aqueous medium between the 

area of dissolution (below) and deposition (above) and keeps the 

two regions functionally distinct. [Adapted from G. T. Kohman, 

U.S. Patent No. 2,895,8121. 

531 
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announcement of results obtained by Walker and E. Buehler on the 
growth of large quartz crystals,34 other institutions adopted their 
method for the commercial production of quartz. Western Electric's 
success in quartz production is also due in part to the work of R. A. 
Laudise and R. A. Sullivan, the Western Electric engineer who 
directed the initial commercial production.35 Laudise's contribution, 
based upon systematic studies of the growth kinetics, resulted in an 
optimum process that doubled the growth rate.36 

The mechanical Q, which is inversely proportional to loss, is a 
measure of the sharpness of the resonance of a quartz oscillator. High 
Qs are d'esirable for drivE!rS or resonators. Beginning in 1958, Laudise, 
A. A. Ballman, D. W. Rudd, and E. D. Kolb made steady improve
ments in Q (greater than 106) for commercial crystals by adding 
lithium and nitrite ions to the growth solution. By choice of growth 
conditions and by choice of seed orientation and perfection, Qs 
equivalent to natural quartz at commercially useful growth rates were 
ultimatelly attained. Untiil about 1974, the high-purity quartz nutrient 
used for the commercial process was obtained from Brazil. Driven by 
the possllbility that Brazil, in concert with other potential foreign sup
pliers of high-purity nutrient, might try to manipulate the source of 
supply, new North American sources were found by Bell Laboratories 
materials scientists.37 

4.3 Other Piezoelectric Crystals 

Holden undertook intEmsive development of procedures for grow
ing largE• crystals. He designed an apparatus in which seeds mounted 
on a spindle revolved back and forth to circulate the supersaturated 
aqueous solution past the growing surfaces.38 The availability of this 
technique made it very attractive to return to the search for quartz 
substitubes after World War II. This search was guided by the princi
ple that if a molecular species lacks certain specified symmetry ele
ments (one example of which is a center of inversion), any crystal 
made of this species willl lack that symmetry element too, and can 
therefore be piezoelectric. By following this rule, Holden prepared a 
number of materials unknown to the crystallographic literature, every 
one of which was piezoellectric. 

Another piezoelectric material of interest, even though it was not 
used commercially, was developed by Holden and coworkers. This 
material was a modified Rochelle salt crystal, obtained by substituting 
heavy water (D20) for ordinary water of hydration.39 This substitution 
raised the useful operating temperature of the material from 23.5°C to 
34.5°C, and reduced its dielectric constant and its lower critical tem
perature .. ]leaving it otherwise unchanged. 
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One very gratifying byproduct of Holden's work on piezoelectric 

crystals was the writing of a popular book on crystals and crystal 

growing by Holden and P. Singer-the most widely read book to 

come out of Bell Laboratories in the 20 years following its publica
tion.40 

The piezoelectric material lithium tantalate (LiTa03) was also stud

ied. It was first grown in single-crystal form by B. T. Matthias and J. 
P. Remeika.41 It was later grown in large high-quality form bt Ball

man,42 and its properties were characterized by A. W. Warner. 3 This 

material has a large coupling between applied electric fields and 

mechanical motions (electromechanical coupling coefficient). Further

more, it is possible to cut plates of lithium tantalate with crystal orien

tations such that their resonant vibrational frequency has a zero

temperature coefficient, a property that is essential for many applica

tions (only in quartz and lithium tantalate is this possible). Two early 

applications for this material recently initiated at Western Electric 

were a testing circuit for mobile radios and a filter for the Data Under 

Voice (DUV) system. 

4.4 Piezoelectric Ceramics 

4.4.1 Sodium Potassium Niobate 

In the early 1950s, Remeika used improved crystal-preparation tech

niques to grow crystals of many binary oxide compounds, some of 

which Matthias and coworkers discovered to be ferroelectric. Among 

the ferroelectric compounds were sodium niobate and potassium 

niobate. Later, as ceramic transducers were sought for ultrasonic 

delay-line applications, a mixed niobate with the composition 

K0.5Na0.5Nb03 was found by L. Egerton and D. M. Dillon to be attrac

tive for its combination of relatively low dielectric constant (approxi

mately 400), high electromechanical coupling, and large frequency 

constant (resonant frequency times thickness).44 The alternative 

material, lead zirconate/lead titanate, had too large a dielectric con

stant (approximately 1,700). 
The preparation of the niobate as a ceramic proved difficult, how

ever, because the high sintering temperature needed for densification 

also reduced the niobium ion (causing high dielectric loss) and pro

moted grain growth (causing low mechanical strength). These 

difficulties were successfully overcome by Egerton and C. A. Bieling, 

who introduced an acid leaching to define the metal stoichiometry 

(that is, the niobium to alkali ratio). Hot pressing provided 

densification without excessive grain growth, while annealing tech

niques replaced the oxygen lost at high temperature. When the delay 

lines required larger transducer sections (up to 15 centimeters long), a 
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technique called hot isostatic pressing was successfully applied to 
niobate.45 In this process .. preformed rods are sealed in thin-walled 
platinum vessels, heated to an appropriate temperature, and the whole 
assembly collapsed under controlled helium-gas pressure. Within the 
vessel, an oxygen source such as barium peroxide, whkh decomposes 
at elevated temperatures, prevents reduction of the niobate. This pro
cess was used to prepare transducers for dispersive delay lines in the 
Nike-X missile defense system. Such transducers found wide applica
tion in manufacture outside Bell Laboratories for military applications. 

4.4.2 Le,ad Zirconate/ Lead Titanate Compositions 

Piezoelectric materials exhibit high electromechanical coupling 
efficiencies and are therefore very useful as transducers for the 
conversion of electrical to mechanical energy and vice versa. The 
early piezoelectric ceramics used for this purpose were based on 
barium titanate,46 but its piezoelectric properties degraded over time. 
In 1955, i:nlterest turned from barium-titanate-based transducers to the 
more stable, higher-output lead zirconate/lead titanate (PZT) composi
tions developed at the National Bureau of Standards. Ceramic compo
sitions wilth good thermal stability, slow aging, better mechanical 
strength, and higher coupling were developed for piezoelectric dev
ices. Poled ceramics of these compounds have been investigated at 
Bell Labs for use in microphones, receivers, channel bank filters, key 
pads, and more recently, as acoustic signal devices. For example, a 
coin sensor consisting of three lead zirconate/lead titanate pads is 
being used in the signal unit of the dial-tone-first coin telephone. 
The impact of a coin falling on the ceramic generates a voltage that is 
used in the logic circuit of the totalizer to sum the coins deposited. 

V. FERROELECTRICS 

Another important property of some acentrk crystals is 
ferroelectridty-the presence of a spontaneous electric dipole moment 
that is electrically reversible. A substantial fraction of the known fer
roelectric crystals were discovered at Bell Labs, largely by Matthias 
and Remeilka in collaboration with Holden and E. A. Wood. 

5.1 New F1~rroelectric Crystals 

Matthias initiated a search for new ferroelectric materials. He 
began with crystals having the so-called perovskite structure, of which 
BaTi03 is a prototype. With the aid of optical instrumentation 
designed by Bond, Matthias and Remeika examined crystals optically 
at temperatures above room temperature and came to the realization 
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that BaTi03 is not unique, but that many crystals have structures that 
can be made to exhibit ferroelectricity with appropriate atomic substi
tutions such as strontium for barium and zirconium for titanium in 
BaTi03. Ferroelectricity could also be achieved by changing valence 
but maintaining the perovskite structure as in potassium niobate or 
sodium tantalate. Without such changes the crystal may be antifer
roelectric (adjacent unit cells oppositely charged). 

Matthias started looking for ferroelectricity in piezoelectric materi
als that do not have the perovskite structure. While examining a col
lection of piezoelectric crystals that Holden had accumulated in the 
course of a search for a quartz substitute, Matthias discovered fer
roelectricity in guanidine aluminum sulfate hexahydrate, one of a new 
class of materials havin~ trigonal crystal structure, with interesting 
ferroelectric properties.4 This was soon followed by the discovery of 
ferroelectricity in ammonium sulfate,48 and in glycine sulfate49 and its 
isomorphous selenate, and in still another class of materials character
ized by dicalcium strontium propionate. While these discoveries did 
not result in a ferroelectric material with properties superior to BaTi03 

for memory and switching applications (for example, high transition 
temperatures or better resistivity), it did demonstrate that ferroelectri
city is far from being a rare phenomenon. 

The lead zirconate/lead titanate ceramics, which have been dis
cussed above in connection with their piezoelectric properties, are also 
ferroelectric. In 1965, G. H. Haertling of Sandia Laboratories showed 
that hot-pressing compositions containing small amounts of lantha
num produced a transparent ceramic with interesting electro-optic 
properties. The application of an electric field to selected areas in 
thin sections of this ceramic altered the domain structure in those 
areas and hence their birefringence. Thus, this ceramic could be used 
as a memory or as a light gate. Research at Bell Laboratories on novel 
processing techniques made important contributions to improving 
optical quality of the material. D. B. Fraser, H. M. O'Bryan, and J. 
Thomson improved the homogeneity by adding lanthanum as an 
aqueous solution and enhanced pore removal by using oxygen as the 
hot-pressing atmosphere.50 

VI. PYROELECTRICS 

The class of acentric crystals that shows a temperature dependent, 
spontaneous, electric dipole moment includes, but is larger than, the 
ferroelectrics; such crystals are pyroelectric, that is, exhibit a voltage 
upon a change of temperature. Examples of materials discovered at 
Bell Laboratories that are ferroelectric and have pyroelectric properties 
of technical interest are triglycene sulfate (TGS) discovered by 
Matthias, C. E. Miller, and Remeika,51 strontium barium niobate 
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grown by Ballman52 and characterized by A. M. Glass,53 and polyvi
nyl fluoride (PVF2) films discovered by J. G. Bergman, J. H. McFee, 
and G. R. Crane.54 Thermal pyroelectric detectors mad'e from TGS are 
manufactured by a number of different companies and, at the time of 
this writing, are more sensitive than any other thermal detector 
operating at room temp,erature. Strontium barium niobate is of 
interest as a detector of laser beams because of its rugged character 
and high responsivity. PVF2 has a somewhat lower figure of merit as 
a detector of radiation than the others, but films of it are readily avail
able in large areas, it is ch4~ap, and it can be fabricated into almost any 
form. 

VII. OPTICAL AND NONUNEAR OPTICAL MATERIALS 

The invention of the laser by A. L. Schawlow and C. H. Townes 
stimulated L. G. Van Uit;ert to set up a laboratory devoted to the 
growth of large optical-quality crystals, some of whkh require the 
addition of controlled amounts of optically active impurities. Of the 
vast number of materials prepared in single-crystal form by Van 
Uitert [Fig. 16-7] and his associates, those relevant to telecommunica
tions include laser crystals that can be optically pumped to emit 
coherent radiation at optical frequencies, nonlinear optical crystals for 
generating: other coherent carrier frequencies, crystals of materials 
possessing optical properties (exhibiting a large electro-optic effect, for 
example) fo:r modulating, or impressing information on the carrier fre
quency, and crystals of magnetic materials for new memory devices. 
(For more on this topic, see· section 1.1 of Chapter 19.) 

7.1 Laser Crystals 

The first low-threshold laser crystal, grown by L. F. Johnson and K. 
Nassau, was calcium tungstate doped with trivalent neodymium 
(Nd3+)ions.55 In the initial experiments, doping with Nd3+ ions 
without charge compensation with 1 + ions gave rise to the formation 
of Ca2+ ion vacancies, and resulted · in a broadened fluorescent 
linewidth. If the Nd3+ ions are charge compensated by codoping with 
Nal+ ions at Ca2+ sites, then all the Nd3+ ions experience a similar 
local crystalline electric field, the fluorescent linewidth is narrowed, 
and the las,er threshold is lowered. By proper choice of Nd3+ and 
Nal+ concentration, the first continuous-wave (cw), room-temperature 
solid state laser was made.56 

An even lower threshold resulted when Nd3+ was substituted for 
yJ+ in yttrium aluminum garnet (YAG), where no chatge compensa
tion was r1equired.57 In this material, the transition from the ground 
state to the broad absorption band (corresponding to the optimum 
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Fig. 16-7. L. G. Va n Uitert invented processes for growing novel 

nonlinea r crystals. 
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pump frequencies) in YAG:Nd corresponds to a region of high output 

in ordinary tungsten lamps. Thus, YAG:Nd can be pumped with an 

incandescent lamp, eliminating the need for flash lamps and capacitor 

banks in the pump. The first continuous-wave YAG:Nd crystals were 

grown from a flux by Van Uitert and his associates. 

7.2 Nonlinear and Electro-Optic Crystals 

A property of dielectrics that was almost unobservable before the 

invention of the laser is nonlinearity, that is, variation of the effective 

dielectric constant with the amplitude of the applied optical electric 

field . The nonlinear effects make possible second harmonic genera

tion (SHG) of light and the production of sum and difference frequen

cies (modulation) as well as optical parametric oscillation. A tunable 

optical parametric oscillator (OPO) was first demonstrated by 

J. A. Giordmaine and R. C. Miller in 1965, using a LiNb03 oscillator 

crystal.58 This achievement was in part made possible through the 
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efforts of G. D. Boyd and coworkers who first realized that LiNb03 
had great potential for such a device.59 Ballman, 60 Nassau, and 
H. J. Levinstein61 were responsible for growing the crystals used in 
these initial experiments. Temperature-tuned LiNb03 crystals have 
been used in commercial optical parametric oscillators. An even 
better material for such oscillators, Ba2NaNb50 15, was grown by J. J. 
Rubin and used to demonstrate oscillation by R. G. Smith and cowork
ers.62 Its nonlinear optical properties were investigated by J. E. Geusic 
and coworkers.63 It is not used as widely as LiNb03 because of the 
difficulty encountered in growing good single crystals. Jodie acid was 
studied by S. K. Kurtz, T. T. Perry, and Bergman.64 A material with 
even larger nonlinearity, 2-methyl-4-nitroaniline, was studied by B. F. 
Levine and coworkers.65 Successful preparation of these materials in 
the form of high-quality single crystals has been the result of impor
tant improvements in crystal growth techniques and advances in 
materials science. 

Bell Labs scientists grew single crystals, studied their stoichiometry, 
and discovered the highly efficient nonlinear properties of the II-IV
V2 and I-III-VI2 semiconductors such as ZnGeP2 and AgGaSe2. These 
materials were used in frequency mixers and infrared-pumped OPOs 
in the wavelength range of 1 ~m to 12 ~m.66 

Laudise, Van Uitert, Ballman, and their colleagues devised a highly 
successful search strategy for nonlinear optical and modulator materi
als. For second-harmonic generation, the material should possess a 
crystal structure that lacks a center of symmetry and should exhibit a 
birefringence greater than the dispersion in indices of refraction. For 
a modulator material, their first requirement was the same, but they 
sought small or zero birefringence, plus a large electro-optic effect. In 
addition, they limited their search to materials capable of being grown 
as single crystals by the Czochralski technique. This program was 
quite successful and led to the discovery of such materials as lithium 
niobate, lithium tantalate, and barium sodium niobate. 

The discovery by Ballman and Nassau that LiNb03 could be pulled 
with comparative ease and that its large nonlinear optical coefficients 
and birefringence made it useful for harmonic generation and 
parametric experiments led to an intense interest in this material.67,68 
Crystal structure, dielectric, thermodynamic, and other studies by S. C. 
Abrahams, Nassau, and Levinstein provided a reasonably complete 
description of lithium niobate.69 Lack of stoichiometric uniformity 
seriously affected its properties. A great deal of work was then under
taken to understand the phase relationships in the lithium niobate 
system in order to grow large homogeneous crystals. It was shown 
that growth from a melt containing 48.6 mol percent lithium oxide 
virtually eliminates birefringence variations in the crystals. Although 
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poling procedures are complicated by the fact that the Curie tempera
ture is close to the melting temperature, single-domain material has 
become easy to obtain. 

Barium sodium niobate, like lithium niobate, was shown by Van 
Uitert and associates to be "pullable" with comparative ease.7° It had 
the additional advantage of a much higher resistance to laser damage 
than lithium niobate, which, coupled with its large coefficient of har
monic generation and birefringence, made it particularly attractive for 
optical parametric experiments.71 Barium sodium niobate is structur
ally similar to the tetragonal tungsten bronzes.72 At 260°C, it under
goes a transition from tetragonal to orthorhombic (transition tempera
ture is stoichiometry dependent) and twins when passed through this 
range. However, appropriate stress treatment can be used to produce 
untwinned specimens. 

Among the important results of studies of this material is an under
standing of the role of expansion in the destructive cracking that had 
been severely limiting the yields of useful crystals.73 Cracking occurs 
because the c-axis coefficient of expansion undergoes a rapid change 
in the vicinity of the Curie temperature. Thus, if crystals pass 
through this temperature region in a thermal gradient, the large 
mechanical stresses cause cracking. However, cracking can be avoided 
if the puller is arranged with an isothermal zone above the melt, so 
that the crystal temperature is kept above about 600°C until growth is 
complete. The entire crystal is then slowly cooled, through the fer
roelectric transition, to below 300°C. Work on the Na20-Ba0-Nb20 5 

phase diagram provided. a reasonably complete picture of the phase 
relationships in the region of Ba2NaNb50 15, and the problem of com
positional inhomogeneities was reduced by the proper choice of liquid 
composition for growth, as was done for lithium niobate. 

The achievements in the growth of high-quality single crystals, hav
ing the desired nonlinear optical properties, are excellent examples of 
the outcome of interaction between materials researchers and physi
cists involved in lightwave communications research. 
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