
Chapter 13 

Glasses- Fiber Light Guides 

The making of glass is almost as old as civilization, but the use of glasses 
for vessels, ornaments, and windows remained largely an art until the 17th 
century. At that time and later, the demand for optical glass grew rapidly 
and stimulated the development of improved recipes and processes. In the 
late 19th century, the development of chemical control and mechanical 
methods of manufacture changed glassmaking from a craft to a technology. 

The Bell System has always been interested in the electrical properties of 
glasses. Early research and development work concentrated on glass requiring 
special properties, as in the application for capacitor dielectrics, close-spaced 
vacuum triodes, traveling wave tubes, and glass for bonding metals to ceramic 
systems. In the 1950s and 1960s, much work was done on glasses for acoustic 
delay lines having zero temperature coefficient of acoustic velocity, on glasses 
for encapsulants for semiconductor devices, on silica for helium diffusion, and 
on glasses for other applications. In the 1970s, research at Bell Laboratories 
turned vigorously to the optical qualities of glass for lightwave transmission 
systems and brought about marked improvements in transparency. 

I. EARLY RESEARCH AND DEVELOPMENT 

Glass has always been an important material in the Bell System, and 
its use in significant applications predated the organization of Bell 
Laboratories in 1925. In the early days, glass was used as the insula
ting material on telephone poles, as glass envelopes to enclose 
vacuum tubes, and in glass-to-metal seals in the bases of vacuum 
tubes. In more mundane applications, glass was used in panels, rein
forced with wire mesh, in telephone booths, and for battery jars in 
central offices. In the telephone instrument itself, vitreous enameled 
number plates were used for telephone dials. 

Investigations of new glass compositions and efforts to improve the 
properties of older products began in the early 1940s. Usually these 
activities involved uses of glass where the quantity of material or 
number of piece parts was too small to be of interest to traditional, 
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large scale, outside suppliers. Examples include the development of 
glasses that are stable at high temperatures and reducing atmospheres 
for use as adhesives and capacitor dielectrics in close-spaced triode 
and traveling wave tubes, as well as the glass protective coating 
applied to thermistors. Somewhat later, but falling into the same 
category, came the work by A. W. Treptow and L. A. Finneran on 
glass bonding for silver, copper, and other metal pastes.1 This work 
involved the development of pastes containing powdered glass that 
were used to screenprint and fireprint wiring directly onto ceramic 
surfaces. The metal, glass, and ceramic system was engineered so that 
the glass effectively bonded the metal to the ceramic: substrate, but 
also allowed sufficient elE~ctrical conductivity for the metal paths to 
function. 

At the same time, there was considerable interest in applications 
where glass was present in a multiphase medium, but still performed 
an impor1tant function. An example of this is the low-loss steatites 
and alkaHne-earth porcelatin ceramics developed by M. D. Rigterink 
and R. 0. Grisdale. These materials are composed of a mixture of 
polycrystatlline and glass phases, the latter playing a dominant role in 
determinin,g the electrical properties of these materials.2 

1.1 Glasse1~ for Acoustic Deliily Lines and as Encapsulants fo•r 
Semic•:mductor Devices 

During the 1950s and into the 1960s, a considerable amount of work 
was done on acoustic delay lines. Fused silica, with a high degree of 
optical pE!rfection and low acoustic loss, was one of the principal 
materials studied. In addlltion, multicomponent glasses were investi
gated in the mid-1960s by J. T. Krause. Although the acoustic losses 
of multicomponent glasse•s were higher, certain compositions were 
found that could be fabrkated with a zero-temperature coefficient of 
acoustic velocity. Thus, a delay line could be developed whose 
acoustical delay was immune to changes in temperature, at least 
within reasonable limits. These developments proved to be of value, 
mainly in military systems. 

Toward the end of the 1950s, chalcogenide glasses, which soften 
and melt at low temperatures, were investigated as an encapsulant for 
semiconduc:tor devices. A1t that time, the active device chip had to be 
sealed within a metal can to protect it from the deleterious effects of 
the ambient environment. This situation, where a relatively inexpen
sive chip of silicon or germanium had to be enclosed in a relatively 
expensive metal can, was obviously undesirable. Chalcogenide glasses 
based on the parent system, arsenic trisulfide, were discovered by S. S. 
Flaschen, A. D. Pearson, W. R. Northover, and I. L. Kalnins. These 
glasses WI;!I'e successfully used to encapsulate silicon diodes that had 
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remarkably stable and reproducible properties.3 However, with the 
advent of planar technology in semiconductor devices, the need for 
such encapsulants disappeared. 

At Bell Labs the work on chalcogenide glasses was followed by 
Pearson's discovery of switching phenomena and memory phenomena 
in semiconducting glasses.4'5 The effects were unusual and exciting in 
the laboratory, but detailed studies showed that the stability and relia
bility of devices based on these phenomena did not satisfy Bell Sys
tem requirements. Nevertheless, the work helped to stimulate a large 
number of practical and fundamental studies on amorphous semicon
ductors. Some of the higher-melting chalcogenide glass compositions 
were studied by C. R. Kurkjian and Krause in the early 1970s and 
remained of interest for possible use as acoustic delay lines when 
fashioned in fiber form. [Fig. 13-1] 
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Fig. 13-l. Acoustic loss of various glasses as a function 
of temperature at 20 MHz. This behavior is 
characteristic of frequencies in the 5- to 20-MHz range, 
which are commonly used in acoustic delay lines. Note 
the low loss and the absence of a specific loss peak in the 
Ge30As5S65 glass. [Krause et al., Appl. Phys. Lett. 17 

(1970): 3671. 
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1.2 Fused Silica for Helium Separation by Diffusion 

In the mid-1950s, in the course of investigating the effect of helium 
diffusion in glass seals of the transatlantic cable, K. B. McAfee 
discoverE!dl that helium can be separated from a mixture of gases by 
diffusion in fused silica.6 The helium atoms rapidly diffuse through 
the molecular structure of this glass, which cannot readily be 
penetrated by other atomic and molecular species. The helium
containing; gas mixture is passed at elevated pressure through thin sil
ica glass tubes. The helium diffuses preferentially through the tube 
wall and is recovered from the other side, while the rest of the gases 
in the mixture remain e·ndosed within the tube. The process pro
duces extremely pure hE!lium with impurity content of only a few 
parts per million. This process has been adopted commercially in 
applications requiring very pure helium. 

1.3 Glazes for High-Alumina Ceramic Substrates 

A particularly successful development, resulting from the work of F. 
V. DiMarcello, Treptow, and L. A. Baker, has been the high-quality 
glaze compositions for high-alumina ceramic substrates? These glazes 
are coatings applied to substrates to improve their properties and offer 
a number of noteworthy features not previously available, including 
thermal expansion coefficients to match that of the substrate, better 
wetting characteristics to allow the application of thinner glaze coat
ings to :substrates, high insulation resistance, and superior chemical 
stability. Subsequently, the selective glazing technique was realized 
that allows a glaze to be applied to specific areas of a substrate. This 
was particularly important for the development of integrated circuits. 
In an integrated circuit, the smooth surface provided by the glaze is 
necessary for capacitors, but is undesirable where resistors are to be 
fabricated because the glaze forms a thermal barrier that hinders the 
rapid dissipation of the heat developed by the resistors. These glaze 
compositions and selective glazing techniques are now widely used 
throughout the Bell SystE!m in integrated circuit technology. 

1.4 Glass:.el!i for Other Applications 

Other glass products r•~alized during the 1950s and 1960s in which 
the contributions of Bell Labs scientists played an important role 
include compositions produced by Treptow and Rigterink for por
celain and enamel finishes for the side panels and shelves of tele
phone booths,8 and tempered glass panels capable of withstanding 
considerable shock without breaking. Glass plane boards for elec
tronic switching memories,9 submerged glass floats for underwater 
sound systems for military applications, and glass-to-metal seals for 
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submarine cable repeaters were also developed. The adequate 
specification of the necessary performance characteristics of all these 
products allowed a high level of trouble-free performance to be main
tained in actual use. 

Among the more fundamental investigations carried out during the 
1960s were the studies of rare-earth-containing ~lasses in optical Fara
day rotators10 and in energy transfer processes.1 

In the early part of 1970, very thin, precise, fused-silica disks were 
fabricated by J. C. Williams and his colleagues for use in low-pass 
filters for the millimeter waveguide system. The dimensional toler
ances and quality required for the successful implementation of these 
achievements demanded adherence to much closer tolerances than 
had previously been necessary in the industry. The interaction of Bell 
Labs scientists with the outside suppliers helped establish reliable 
sources of supply for these components. 

II. GLASS FOR OPTICAL COMMUNICATIONS 

Perhaps the most important achievement of the 30 years of work in 
glass research at Bell Laboratories was laying the groundwork and 
assembling a group of people with broad expertise in the field of glass 
science and technology. These individuals, with their own broad 
backgrounds in glass science and their familiarity with the work of 
others in the field, were ready when the challenge of optical com
munications came along. 

With the advent of the laser in the early 1960s, numerous possibili
ties for practical applications became apparent. The most exciting of 
these was the use of light to transmit information-optical communi
cations.12 As a basic idea, optical communications was not new. Alex
ander Graham Bell had demonstrated his photophone shortly after he 
invented the telephone. However, the practical application of optical 
communications and its integration into a nationwide network 
required more sophisticated techniques than were available to Bell in 
his pioneering work. Paramount among these was the need for an 
appropriate transmission medium. While optical signals can be sent 
through the atmosphere for considerable periods, interruptions inevi
tably occur during rainstorms, fog, and other atmospheric distur
bances. A number of waveguiding methods were explored to avoid 
the shortcomings of the atmosphere. Laser beams were successfully 
guided within conduits by periodically refocusing the lightwave with 
mirror-pairs or with thermal-gradient gas lensesi both were demon
strated to have losses in the vicinity of 1 dB/km prior to 1970. (For 
more on this topic, see the section on lightwave transmission in the 
"Lightwave Communication" chapter of a subsequent volume in this 
series, entitled "Communications Sciences.") However, a technological 
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competitor, the glass fibeJr, was demonstrated in 1970 ll:o have a loss of 
16 dB/km. The structural simplicity and mechanical flexibility of the 
fiber as well as its broadE~r prospective field of applicc1tion resulted in 
immediate concentration on this form of transmission medium. 

2.1 Low-lLoss Fiber as OpUcal Waveguides 

Opticall fiber waveguides are not new. The principle of the 
transmission and guidance of light by a high-index medium sur
rounded by a lower-index medium was demonstrated by J. Tyndall at 
the end of the 19th century. For light guidance in a fiber waveguide, 
a core olf material with a given refractive index is fabricated. This 
core is surrounded by a cladding material of lower 11~efractive index. 
For some years, optical fiber bundles have been used in medical endo
scopes and in other applications requiring that light be transmitted 
for a few feet. However .. for a communications system relying upon 
optical signals to be successful, light must be transmitted for many 
kilometers. Herein lay the research challenge. The) glass must be 
extremely transparent so that a detectable signal emerges at the far 
end of a particular fiber. 

The effort to develop a successful optical waveguide began at vari
ous laboratories around the world in the mid-1960s. K. C. Kao and G. 
A. Hockman of Standard Communications Laboratories in England 
reported measurements on commercially available bulk ~lasses with 
losses as low as a few decibels per kilometer (dB/km). 3 The first 
really low··loss glass fibers were prepared at Corning Glass Works in 
New York in 1970. As r1eported by R. D. Maurer, these single-mode 
fibers had a loss of about 20 dB/km for light with a wavelength of 
0.6328 mkrometer (JLm).14 In the technique developed at Corning, 
called the "soot process,"' vapor chlorides (for example, silicon tetra
chloride) are converted t:o oxide soot by flame hydrolysis and then 
deposited on the outside· of a cylindrical mandrel. The mandrel is 
subsequently removed, l'eaving a tube of compacted soot which is 
then consolidated at high temperature to a clear glass. Fiber is later 
drawn from the consolidated preform tube when the tube is heated. 
The soot process was important for establishing the feasibility of mak
ing low-loss fibers and has been developed into a viable manufactur
ing proce·ss. 

Bell Laboratories has become known as one of the leaders in 
research and development in this field since its entry in 1967. Early 
studies by Pearson and W. G. French involved meHing multicom
ponent glasses in a fairly conventional but very clean fashion to 
exclude impurities and to reduce absorption losses drastically (com
pared to glass then manufactured in the ordinary way). After obtain
ing appropriately purified chemicals, these workers eventually 
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prepared some very low-loss glass compositions.15 (Advances in 

purification and analysis of raw materials for production of glasses by 

melting are reviewed in Section 5.2 of Chapter 10.) The first low-loss 

fibers prepared at Bell Labs by deposition from the vapor phase were 

reported by French and coworkers in 1973.16 The fused silica core and 

borosilicate cladding were deposited by chemical vapor deposition 

(CVD) inside a silica tube using silane, diborane, and oxygen as the 

starting materials. The tube was then collapsed into a solid rod from 

which the fiber was drawn. The lowest loss was about 6.5 dB/km at 

0.8 JLm. In 197 4, this technique produced fiber losses of less than 2 

dB/km, which represented the first time this low level had been 

achieved. 17 However, the deposition rates were too low to be feasible 

as a commercial process. 

2.1.1 The Modified Chemical Vapor Deposition (MCVD) Technique 

A dramatic improvement in process rates was realized in 1974 with 

the disclosure of a new process for forming glass fiber lightguides, 

invented by J. B. MacChesney and P. B. O'Connor.18 [Fig. 13-2] The 

new process, Modified Chemical Vapor Deposition (MCVD) overcame 

j 
Fig. 13-2. J. B. MacChesney (left) and P. B. O'Connor, co-inventors of the MCVD 

technique in the process of making low-loss optical fibers. The si lica tube and its contents 

are heated until they collapse into a solid glass rod, from which about 10 miles of fiber can 

be drawn. 
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the rate limitations of CVD techniques by using greatly increased 
reactant concentrations at high temperatures, resulting in the forma
tion of particles which were deposited and simultaneously fused to 
form a glassy film; a two-order-of-magnitude increase in glass 
fabrication rate was realized. The technique is based on the high tem
perature oxidation of reagents within a rotating tube, typically fused 
silica, mounted in a glass working lathe and heated by a traversing 
oxyhydrogen burner. The reactants, such as SiC14, GeCl4, POC13, 
CChF2 and BC13 are entrained in an oxygen gas stream, and because 
their vapor pressures are very high relative to those of any transition 
metal impurities, very high purity glass results. Because the system is 
closed to room atmosphere, special clean room requirements are 
unnecessary. Layer by layer of core and/or cladding material is depo
sited until sufficient material is accumulated; the composite tube is 
then heated to a higher temperature, causing it to collapse into a solid 
rod called a preform. The refractive index structure built into the pre
form is maintained when it is drawn into fiber. The technique can be 
used to realize virtually any desired refractive index profile required 
for either single mode or multimode lightguides by simply control
ling the ratio of chemical reactants on each layer. Thus graded index 
cores were readily achieved for production of multimode fibers with 
low model dispersion. Moreover, the technique has allowed the fabri
cation of a wide variety of fiber types on the same equipment by sim
ply changing the chemical delivery program. 

Since the MCVD invention, subsequent studies focused on under
standing the physics and chemistry of the process in order to obtain 
the best optical, dimensional, and mechanical properties of both the 
preform and the fiber drawn from it. The culmination of such work 
has been the successful implementation of this process into large 
scale, economic manufacture of lightguides by Western Electric begin
ning in 1979. By the early 1980s, this MCVD process had been widely 
adopted and accounted for the dominant fraction of lightguide fiber 
produced throughout the world. 

Early multimode lightguides were designed for transmission in the 
0.8 p.m to 0.9 p.m wavelength region, and routinely showed losses of 3 
dB/km to 4 dB/km.l9 Bandwidths greater than 1 GHz were demon
strated by careful optimization of the chemical delivery program to 
grade the refractive index precisely.20 With the achievement of suc
cessful operation of lasers and LEOs at longer wavelengths (greater 
than 1 p.m), where the intrinsic fiber transmission losses were lower, 
further work focused on eliminating the hydroxl radical (OH) which 
causes strong absorption in this region. Chemical purification tech
niques for removing any source of hydrogen contamination were 
develofted, including the invention of a photochlorination tech
nique. l,22 Techniques for the analysis of residual impurities were 
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developed, including absorption spectrosco~y for trace metals23 and 
infrared spectroscopy for hydrogen species. 4 Multimode fibers with 
intrinsic losses of less than 0.5 dB/km at 1.3 ~tm were fabricated rou
tinely with only 10 part-per-billion OH, giving rise to a 0.5 dB/km 
OH absorption peak at 1.39 ~tm.25 With further chlorine drying this 
OH impuri~ was reduced to 1 part-per-billion and the OH peak to 
0.05 dB/km. 6~27 [Fig. 13-3] 

Improvements in lasers also made feasible the use of single mode 
fibers, which have lower losses and high bandwidths, especially for 
very long distance applications such as undersea systems. Single 
mode fiber designs with losses as low as 0.36 dB/km at 1.3 ~tm and 0.2 
dB/km at 1.55 ~tm, with 40 km lengths were demonstrated.28- 30 A 
further advance was realized in a novel single mode structure, 
designed and fabricated to allow very high bandwidth (low disper
sion) over the entire long wavelength region (1.3-1.6 ~tm).31 

Scale up and optimization of the MCVD process for manufacturing 
implementation required understanding of the process mechanisms. 
Predictive studies of the equilibrium chemistry during all phases of 
the processing led to precise compositional and thus refractive index 
control in MCVD fibers.32- 34 The demonstration of thermophoresis, 
the net movement of a suspended particle in the direction of decreas
ing temperature, as the particulate deposition mechanism in MCVD 
played a key role in realizing higher deposition rates.35- 37 Studies of 
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Fig. 13·3. Improvement in multimode fiber loss. Early fiber (1973) had a 
relatively high OH impurity concentration and contained boron. Improvement 
in water control further reduced fiber loss (1976). The 1979 fiber, which 
substituted phosphorus for boron and reduced the OH content, led to the 
realization of losses close to the theoretical limits (X - 4 curve). 
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viscous sintering as the fusion mechanism allowed optimization of the 
consolidation of each deposited layer in MCVD, without a degradation 
in optical properties at high rates.38,39 Modelling of, and experiments 
on, the preform collapse rate and stability allowed further improve
ments i:n the total proc:ess time.40 This understanding allowed the 
realization of MCVD fibers with optimized properties at deposition 
rates 20 times higher than the initial studies.41,42 

A modification of the· MCVD process, invented in 1980 by J. W. 
Fleming, and O'Connor,43 utilizing a radio frequency plasma to 
enhance the MCVD process, resulted in even further improvements in 
process :rate. A 5 MHz well-centered oxygen plasma, at or near atmos
pheric pressure inside a water-cooled glass substrate tube, is utilized 
to drive the chemical reaction to enhance the thermophoretic deposi
tion of material. In this manner, reactant incorporation efficiencies of 
80-100 percent (as compared to 30-60 percent in conventional MCVD) 
are realized, even at v~ery high deposition rates. A separate heat 

99.9 

6 HIGH DRAW TENSION • • 0 LOW-QUALITY 
STARTING TUBE 

0 DUST IN DRAWING 
ENVIRONMENT 

E' • WE LL·CONTROLLED 
0 

MATERIALS AND " II PROCESSING :r: 
f-
t:J 
z 
UJ _, 

nE a: 
!: UJ 

8 en 6 88 :';; f UJ 
00 a: 6 

:::> 6 0 _, 
~ 6 0 

0 
f- I z 0 w 
u • a: • UJ 
"- • 

• 
• 

100 200 300 400 500 600 800 

TENSILE STRENGTH (kpsi) 

Fig. 13-4. Comparison of strengths of glass fiber drawn 
under well-controlled conditions with earlier fabri•:ation 
processes. [Schonhorn et al., Appl. Phys. Lett. 29 (1976): 
pp. 712-7141. 



Glasses 475 

source is independently used to optimize the sintering. Very low 
losses (0.2 dB/km at 1.55 ,.,.m) have been achieved using this tech
nique, as well as preforms yielding 40-km fiber lengths.44 

2.1.2 Fiber Drawing, Coating, and Tensile Strength 

Drawing the preform into a lightguide fiber is the second critical 
step in preparing glasses for optical communications. The final fiber 
diameter, its variation, and the mechanical and transmission proper
ties were, to a large extent, determined on drawing. Fiber is drawn 
by feeding the preform into a very high temperature furnace 
(- 2200°C) causing its tip to soften; the drawing force to convert the 
glass into approximately 0.013 em diameter fiber is typically provided 
through a capstan. 

The tensile strength of the fibers is important to ensure their sur
vival through the rigors of cable manufacture and installation. The 
intrinsic strength of silica glass is high: tensile strengths well in 
excess of 1 million psi have been measured on short lengths of pris
tine fiber. However, this strength degrades through brittle fracture 
resulting from damage to the glass surface as microcracks form and 
grow when tensile loads are applied. A flaw only 2 ,.,.m in size will 
degrade the effective strength to 70,000 psi, a greater than ten-fold 
reduction. Thus, fiber drawing and coating techniques had to be 
developed to minimize such effects and to allow long lengths of high 
strength fiber to be fabricated. During 1975 and 1976, H. Schonhorn, 
Kurkjian, and coworkers demonstrated very high tensile strength sil
ica fibers, achieved by drawing fibers with near perfect surfaces by 
using "clean" C02 laser heating and coating the fiber "in-line" to pro
tect the pristine surface from damage.45 [Fig. 13-4] H. N. Vazirani 
introduced a specially formulated, ultraviolet-curable liquid resin 
which was applied to the fiber, then cross-linked to form a tough, 
abrasion resistant protective coating.46 Contactless, well-centered coat
ings were applied by employing a soft, flexible cone-shaped die 
developed by D. C. Hart and R. V. Albarino.47 The die responded to 
forces generated by the flowing resin within it, to achieve self
centering of the fiber on the coating. 

Long term aging or static fatigue effects in fibers have to be con
sidered for reliability of systems using lightguides. J. Krause and 
coworkers studied the deterioration of fiber strength, due principally 
to the interaction of water vapor at the fiber surface.48 This made it 
possible to define design criteria for guaranteeing reliability of fiber 
systems over time and in different environments. 

To obtain high strength fiber in long lengths, many factors must be 
precisely controlled, as demonstrated by F. DiMarcello and cowork
ers.49 Defect-free starting tubes are critical. The preform surface must 
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be kept dean and flaw-free during fiber drawing and this can be 
accomplished by etching and/ or firepolishing. A filtered, clean-air 
atmospht!re is used during drawing to avoid sources of particle con
tamination. A spec:ial high-temperature, radio-frequency, 
inductively-heated zirconia furnace was developed, allowing particle
free, high-strength fiber with very precisely controlled dimensions to 
be drawn and coated. Ch~an, particle-free coatings were also shown to 
be important in achieving long-length, high-strength fiber. Imple
mentation of proper drawing and coating operations have allowed 
production of optical waveguide fiber in kilometer lengths with ten
sile strengths in excess of 500,000 psi.50 

A second approach to obtaining long lengths of high strength fiber 
is to develop high-strength, low-loss splicing techniques to fuse 
shorter high-strength lengths together. Krause and coworkers 
developed a special torc:h using chlorine and hydrogen for flame 
fusion of fibers, which re·sulted in the first very-high-·strength splices 
simultaneously exhibiting: low losses.51 Hart and coworkers developed 
a practical recoating technique for such splices which did not damage 
the fiber and had approximately the same diameter as the original 
coating material. 52 

These steady improvements in fiber drawing, coating and splicing 
has allowed the practical attainment of very long lengths of high 
strength fiber. Such achievements made possible the fabrication of 
fiber for the first submarine lightguide sea trial in September, 1982, 
where high strength fibers passing a 200,000 psi prooftest level and 
splices with strengths in excess of 300,000 psi were utilized in long 
lengths successfully. 

By the~ early 1980s, optical communications systems, involving 
several hundred thousand kilometers of fiber, had already found 
worldwide commercial use. These systems, which were made possible 
by research advances in semiconductor lasers and diodes, as well as 
the glass. lightguide media described above, show promise for a 
rapidly expanding lightwave technology. 
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