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The hard part is

finding solid materials
transparent at optical
wavelengths that can

be made into thin,

Jeff Hecht, Contributing Editor

uniform, durable fibers.

he fundamental requirements for Glagding

making optical fibers sound decep-

tively simple. All that is needed is

a suitable transparent material

capable of being drawn into thin,
durable fibers, each with a uniform
core/cladding structure along its length.
However meeting these requirements is a
challenge.

Few solids are transparent at optical
wavelengths, and some, such as salt,
sugar, and ice, fail the durability test. Over
the years, silica-based glass and plastics
have proven to be the best fiber materials,
although only highly purified silica is suit-
able for low-loss communication fibers.
These materials are most transparent at
wavelengths between about 0.4 and 2 pm.
Silica glass is clearest in the near-infrared,
with communication windows at 1.3 and
1.55 pm. Plastic fibers are most transpar-
ent in the visible and cannot match the
low loss of silica-glass fibers. Transmis-
sion at wavelengths longer than about 2
pm requires other materials.

Making the transparent fibers thin and
uniform is another problem. The usual
approach is to heat one end of a cylinder,
or preform, of suitable material until it soft-
ens, then draw the softened material into a thin fila-
ment. Glass is ideal, because thick, viscous molten
glass quickly solidifies into a fiber as it is stretched in
air. Some plastics also work well, but many materials
melt to form thin, watery liquids that won’t hold
together to form thin filaments even when cooled
below their melting point. Water is a good example.

Core

Defining glass

“Glass” is a familiar term with many meanings. From a materi-
als-science standpoint, a glass is a nonerystalline solid with its

Tube (low-index glass)

Meeting the manufacturing
challenge of optical fiber

atoms arranged randomly rather than in

FIGURE 1. A low-index tube is collapsed onto a
high-index rod to make a preform, which then is
drawn into a clad fiber.
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Furnace
| (softens glass)

a crystalline lattice. A glass resembles a
liquid with its atoms frozen in place.
Many liquids do not form glasses
because they always crystallize when
cooled. Even compounds such as silica
(510,), which readily forms a glass, may
crystallize when cooled slowly.

Most ordinary glasses are based on
silica, with other materials added to
modify their properties. Calcium oxide
(CaO) and sodium oxide (Na,O) reduce
the melting temperature for window
glass. Optical glasses contain other com-
pounds to improve their optical unifor-
mity and raise the refractive index above
the low value of pure silica, which is 1.45
at 1.0 pm, to values as high as 1.8.

Fabrication of standard optical glass-
es inevitably leaves traces of impurities
such as copper and iron, which absorb
some visible light. This absorption rais-
es the attenuation of fibers made from
these glasses to about one decibel per
meter, which is acceptable for noncom-
munication applications such as med-
ical endoscopes, but not for communi-
cations. Preforms for high-loss step-
index multimode fibers can be made
simply by inserting a fire-polished rod of high-
index core glass inside a tube of lower-index
cladding glass and melting the tube so it collapses
onto the rod (see Fig. 1).

Communication fibers are made differently. A
process called flame hydrolysis burns silicon tetra-
chloride (5iCl,) vapor in an oxy-hydrogen flame to
yield extremely pure fused silica. Flame hydrolysis

generates extremely pure material because the chlorides of

troublesome impurities evaporate at temperatures far above
the 58°C boiling point of 5iCl, and thus remain in the liquid.
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FIGURE 2. In inside vapar depasition, soot is deposited inside a fused silica tube, then collapsed to

make a preform for low-loss fiber.

The process reduces concentrations of
critical impurities that absorb light at 0.6
to 1.6 pm—including iron, copper,
cobalt, nickel, manganese, and chromi-
um—to about a part per billion, a level
impossible to achieve in conventional
glass fabrication. Sometimes fibers
made from this highly purified glass are
called “silica” rather than “glass” fibers,
but the terminology is not consistent.

Dopants, cores, and claddings
Dopants are added to the silica to
increase the refractive index of core
glass or reduce the index of the cladding
glass. The most common core dopant is
germanium. It has very low absorption,
and germania (GeO,), like silica, forms a
glass. The most widely used cladding
dopant is fluorine, one of the few mate-
rials that reduce the refractive index of
silica, allowing the use of pure-silica
cores. Doping either the core or
cladding can make a step-index fiber, as
can cladding a pure-silica core with a
lower-index plastic. Another variation is
the depressed-clad fiber, in which the
inner part of the cladding is doped with
fluorine to reduce its refractive index so
the core need not be doped as heavily.
Many communication fibers have
more-complex refractive-index profiles.
In simple graded-index multimode
fibers, glass composition changes grad-
ually from the core to the cladding to
provide the desired refractive-index
gradient. Single-mode dispersion-shift-
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ed fibers typically have four layers—a
core, inner cladding, outer core, and
outer cladding—and glass composi-
tions often grade from one layer into
the other.

Silica preform manufacture

The crucial common feature in silica
preforms for low-loss fibers is the for-
mation of fluffy fused-silica “soot” by
reacting 5iCl, (and GeCl, when it is
used as a dopant) with oxygen to gener-
ate a fine soot of SiO, (which includes
GeO, if the silica is doped). Heating
melts the soot, condensing it into a glass
preform. The crucial variations are in
how the soot is deposited and melted
into the final preform.

One approach is to deposit the soot
on the inside wall of a fused-silica tube
(see Fig. 2). The tube serves as the outer
cladding, onto which an inner cladding
layer and the core material are deposit-
ed. Moving the reaction zone along the
tube deposits soot along its length. Vari-
ations on the approach are inside vapor
deposition, modified chemical-vapor
deposition, plasma chemical-vapor
deposition, and plasma-enhanced
chemical-vapor deposition.

In general, the inner glass is deposit-
ed as a series of thin layers. When mak-
ing graded-index fibers, the doping of
input gases can be changed slightly for
each deposition step, to produce the
desired refractive-index profile. The
process also can produce step-index or




complex-core
fibers. When depo-
sition is completed,

Cladding
material

 Soot deposits
 built up on red

a final heating step

collapses the tube

into a preform.

Another impor-
tant approach is
outside vapor deposi-
tion, which de- Core

g material
posits soot on the
outside of a rotat-
ing ceramic rod
(see Fig. 3). The
process first de-
posits core glass,
then the cladding
layers. The thermal
expansion coeffi-
cient of the ceramic
substrate differs from that of the glass,
so it slips out easily when the finished
assembly is heated to form a preform. A
central hole typically remains in the pre-
form but disappears as fiber is drawn.

The third main approach, vapor axial
deposition, deposits glass soot onto a rod
of pure silica (see Fig. 4). The rod serves
as a “seed,” with soot deposited on its
end becoming the core and soot deposit-
ed radially outward becoming the
cladding. Nothing must be removed
from the center, so vapor axial deposi-
tion leaves no central hole.

Finished preforms are mounted verti-
cally in a draw tower, where a furnace
heats the bottom. Then hot, soft glass is
pulled from the bottom, solidifying
almost instantly into a fiber as it is ex-
posed to the air. The manufacturer moni-
tors fiber diameter, applies a protective
plastic coating, and winds it onto a spool.

Large-core silica fibers
Silica fibers made for laser power trans-
mission are made differently, with large
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FIGURE 3. Outside vapor deposition lays glass soct onto a ceramic rod that
is removed when sintering the preform.

cores of pure silica (to avoid the need
for dopants) and only a thin cladding.
The oldest type is plastic-clad silica
(PCS), in which the cladding is a soft sil-
icone plastic. The silicone cladding is
fairly easy to strip from the silica core,
which is a problem in some applications
but an advantage in others. Hard-clad
silica fibers have a tougher plastic
cladding. Glass-clad silica fibers have
doped-silica claddings; they can handle
the highest laser power levels. Glass-
clad fibers can have graded-index pro-
files; plastic-clad versions always have
step-index profiles.

Large-core silica fibers have some-
what higher attenuation levels than
communication fibers, but typically
their attenuation at 0.82 pm is under
20 dB/km. Attenuation depends on
both the cladding type and the composi-
tion of the core. Fibers containing low
levels of OH are more transparent in the
near-infrared, but those with high OH
levels are more transparent in the ultra-
violet. Fibers with thicker cores can han-

e
Rod gradually
pulled back

FIGURE 4. Vapor axial deposition grows a fiber preform on the end of a seed rod of fused silica.
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dle higher laser powers. For example,
rated continuous-wave power capacity
in one family of fibers increases from
0.2 kW for 200-pum-core fibers to 1.5 kW
for 550-pm-core fibers.

Plastic fibers
Plastic optical fibers are light, inexpen-

sive, flexible, and easy to handle. How-
ever, these advantages have long been
outweighed—especially for communi-
cations—by attenuation much higher
than that of silica. Years of research
have reduced plastic loss considerably,
but the best laboratory fibers still have
loss around 50 dB/km. Commercial
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plastic fibers have loss as low as 70 dB
in the visible range, but loss increases to
about 150 dB/km at the 650-nm wave-
length of inexpensive red LEDs. This
high loss has limited their applications
to short-distance communications and
to flexible bundles for image transmis-
sion and illumination.

Another important concern is high-
temperature degradation that typically
limits plastic fibers to use below 85°C.
This may sound safely above normal
room temperature, but it leaves little
margin in many environments. The
engine compartment of cars, for exam-
ple, can get considerably hotter. Newer
plastics can withstand temperatures to
125°C, but their attenuation is higher.

Standard step-index plastic fibers
have a core of polymethyl methacrylate
(PMMA) and a cladding of a lower-
index polymer, which usually contains
fluorine. The core-cladding index dif-
ference is larger than in glass fibers, so
their numerical aperture is larger. Typi-
cal core diameters range upwards from
85 pm to more than 3 mm. Thicker light-
guiding rods made of flexible plastic
sometimes are called fibers, but it’s hard
to think of something as thick as a pen-
cil as a “fiber.”

Graded-index fibers with losses below
50 dB/km have been made in the labo-
ratory by heat treating to diffuse high-
index materials from a fluorinated plas-
tic preform core into the lower-index
cladding material. The preform then is
drawn into a fiber, as with glass fibers.

Liquid-core fibers
In the early days of fiberoptic communi-
cation, developers desperate for low-
loss fibers filled thin silica tubes with
tetrachloroethylene, an extremely trans-
parent dry-cleaning fluid with a refrac-
tive index higher than silica. They even-
tually reduced loss to several decibels
per kilometer, but differences in thermal
expansion and the difficulty of filling
tiny capillary tubes made kilometer-
scale liquid-core fibers impractical.
Now 2- to 8-mm-diameter liquid-
core light guides are finding a new life
transmitting visible light short dis-
tances for illumination. Using suitable
fluids, they have lower attenuation in
the blue and green than standard bun-
dled fibers. Use of plastic tubes makes




the liquid waveguide flexible, and use
of modest lengths—typically only a
few meters—avoids problems with
thermal expansion.

Mid-infrared fibers

Because scattering losses drop with the
inverse fourth power of wavelength
(1/A%), communications researchers
made a major search for mid-infrared
fiber materials in the 1980s. Silica absorp-
tion rises rapidly at wavelengths longer
than 1.6 pm, so materials researchers
investigated nonoxide glasses, hoping to
achieve losses well below 0.1 dB/km.
They encountered serious problems both
in purifying infrared-transparent materi-
als and in drawing strong, durable fibers
from them. However, mid-infrared fibers
meet the requirements of specialized
applications such as infrared instrumen-
tation or fiber amplifiers

Fluorozirconate fibers transmit light
between 0.4 and 5 pm, They are made
primarily of zirconium fluoride (ZrF,)
and barium fluoride (BaF,), with some
other components added to form a
glass. The lowest losses for commercial
fluorozirconate fibers are about
25 dB/km at 2.6 pm, but loss as low as
about 1 dB/km has been reported in the
laboratory,

Fibers made from sulfur and selenium
compounds, called chalcogenide glasses,
transmit at 3.3 to 11 pm, but their overall
loss is much higher. Attenuation is
greater than 1 dB/m for most of their
range, with a minimum of 0.7 dB/m at
5.5 pm. The compounds resist water but
are attacked by strong bases. 3

Next month, Back to Basics will discuss
special-purpose fibers.
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