Volume 13, number 4

OPTICS COMMUNICATIONS

April 1975

A BOROSILICATE-CLADDED PHOSPHOSILICATE-CORE OPTICAL FIBRE
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A new type of optical fibre waveguide is described having a graded phosphosilicate core in a borosilicate cladding. The
attenuation, which is independent of the supporting jacket made from commercial silica, is consistently low over the wide
wavelength range 0.75 to 1.25 um and the numerical aperture is 0.23. The pulse dispersion is 1.3 ns/km.

1. Introduction

A convenient method of making a low-loss optical
waveguide is to deposit a suitable glassy material of
high silica content on the inside of a silica tube which
is subsequently drawn into a fibre. The deposited lay-
er then becomes the core of the fibre and is contained
in the silica cladding. Unfortunately most commercial
silica tubing contains impurities and in particular the
presence of OH radicals can prove to be troublesome,
causing a number of peaks in the absorption curve of
the fibre, including one at 0.95 um. This arises because
some of the guided energy is present in the cladding,
especially in a simple stepped-index configuration, to
a degree dependent on the normalized frequency, and
cladding impurities therefore contribute to the total
fibre attenuation. However, a technique was recently
described [1] for making the transmission properties
independent of the silica supporting tube and was ap-
plied to the phosphosilicate glass fibre. It involves the
incorporation of a buffer layer of low P, O content
immediately adjacent to the core with the result that
propagation is controlled entirely by the deposited
layers and is independent of the silica tube. The latter
now acts only as a supporting structure so that rela-
tively low-quality commercial tubing can be used in-
stead of the ultra-pure, and therefore expensive, vari-
ety.

An alternative method of isolating the propagating
fields from the supporting tube is to increase gradually
the P, O5 concentration in successive layers [1] so
that, after drawing the preform into fibre, a graded re-
fractive index is produced across the core.

However, in both the buffered and graded-index
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cores the numerical aperture of the fibres is limited by
the maximum concentration of P,Os, which it is pos-
sible to combine with SiO, while still retaining a com-
patible temperature coefficient of expansion with the
silica supporting tube. So far we have achieved a value
of 0.18 in a core having a diameter of SO um; the loss
has a minimum value of 2 dB/km and is low over a
wide range of wavelengths. In order to increase the ef-
ficiency of coupling for incident radiation from a light-
emitting diode a higher value of numerical aperture is
desirable and can be brought about in two ways. The
first is to increase the refractive index of the core and
the second is to reduce that of the cladding. We have
chosen the second alternative and have replaced the
buffer layer by one of a borosilicate glass [2] having a
refractive index lower than that of silica. The fabrica-
tion technique is similar to that for phosphosilicate
glass which is described briefly below.

2. Fibre fabrication

The manufacturing process comprises the three
stages of (/) chemical vapour deposition of the appro-
priate glassy layers in a silica tube, (i) collapse of the
tube and layers into a solid rod composite preform
and (iii) drawing the preform into a fibre. The starting
materials for the deposition process are volatile chlo-
rides of the required constituents, namely SiCl,
POCl; and BCl;. The phosphorous oxychloride is nor-
mally distilled in the laboratory in order to improve
the purity. To produce a phosphosilicate glass oxygen
is bubbled through separate containers of SiCl; and
POCl; as in fig. 1a, the two vapour-carrying gas
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Fig. 1a. Gas flow system for chemical vapour deposition of
phosphosilicate glass.
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Fig. 1b. Schematic of deposition process showing direction of
gas flow together with relative movement of furnace and silica
tube.

streams are combined, diluted with further oxygen,
and passed through the silica supporting tube. As
shown schematically in fig. 1b a short furnace is tra-
versed along the tube and oxidation of the chlorides to
produce the relevant oxides takes place.

Chemical vapour deposition of glasses is not new
and has been used for the production of synthetic sili-
ca for some years. Oxidation of silicon tetrachloride
is achieved either by flame hydrolysis or by high-tem-
perature plasma-torch pyrolysis. Low-loss optical wave-
guides have been made by a similar process at the
Corning Glass Works. Furthermore in the semiconduc-
tor industry thin films of glass have been deposited on-
to a substrate by means of a low-temperature surface
oxidation reaction but the deposition rate is very low.
However, the method described here differs from
these because we have found [3] that the oxidation
reaction of the chlorides of silicon and phosphorous
occurs spontaneously in the gas phase at the relatively
low temperature of 1300°C to form a dense fog of
small glass particles. In addition, provided the viscosity
of the glass is substantially lowered by the incorpora-
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tion of sufficient phosphorous pentoxide (or other
suitable component) then the glass particles fuse on
the walls of the container to form a clear, uniform,
homogeneous layer of phosphosilicate glass. Thus a
high deposition rate can be obtained since no gas dilu-
tants are required to slow the reaction and the glass
deposition may occur directly on the walls of a silica
tube which, because of the comparatively low temper-
ature, suffers no deformation. This technique was also
developed independently at Bell Telephone Laborato-
ries [4] although the details of our method are some-
what different and so are the materials.

Typical operating conditions are as follows. For a
silica tube with a bore of 10 mm the flow rates of oxy-
gen and silicon tetrachloride vapour are kept constant
at 600 and 35 ml/min, respectively, while that of the
phosphorous oxychloride vapour is varied over the
range 1 to 13 ml/min. With a furnace temperature be-
tween 1300 and 1450°C the phosphosilicate glass lay-
er is deposited on the inner wall as the tube is passed
through. (In practice it is more convenient to keep the
furnace fixed in position and to traverse the silica tube.)
The deposition time of each layer is 8 minutes for a
typical length of 50 cm and the P,O5 concentration is
between 2 and 15 m/o depending on the flow rate of
the phosphorous oxychloride. With these flow rates and
temperatures the amount of downstream soot forma-
tion is small. The refractive index of successive layers,
each about 12 um thick, can be accurately controlled
and a wide range of profiles, from a uniform to a
graded-index, can be produced.

With the present fibre the cladding layers of borosi-
licate glass are produced by a system similar to that in
fig. 1a but with an additional input for boron trichlo-
ride gas. The flow rates of BCl; and SiCl4 are 8 and
35 ml/min, respectively, together with 450 ml/min of
oxygen. A cross-section of a portion of a typical series
of depositions is shown in fig. 2a. The first 3 layers
are of constant composition while the next 3 are
formed by reducing the BCly flow rate to zero in
stages. The amount of POClIj is then increased gradual-
ly from O to 9 ml/min over the next 14 layers, giving a
total of 20. The successive depositions of phosphosili-
cate in particular stand out clearly in fig. 2a but diffu-
sion takes place during the subsequent tube-collapsing
and fibre-drawing stages producing some smoothing
out of the concentration gradient. A fibre having a
graded-index core in a borosilicate cladding is thereby
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Fig. 2a. Cross-section of a portion of the silica tube showing
the deposited layers: 1 = silica; 2 = borosilicate; 3 = phospho-
silicate.

Fig. 2b. Cross-section of borosilicate/phosphosilicate fibre.
Numerical aperture = 0.23.

produced.
Collapse of the layered supporting tube into a rod
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preform is effected by mounting it between rotating
chucks on a lathe bed and heating carefully in an oxy-
hydrogen flame which is traversed continually along
the length. Initially some difficulty was experienced,
due to the different expansion coefficients of the lay-
ers and the supporting tube, in obtaining a circular
preform but this problem has been overcome and
good circularity is now the rule rather than the excep-
tion. One problem still remaining is the evaporation of
some P,Og from the last-deposited layer resulting in a
slight dip on the axis in the refractive index profile.
Fortunately this small dip has little effect on the at-
tenuation and the dispersion but we expect that it

can be eliminated to give a more closely parabolic
profile.

The preform is drawn into fibre with a precision
fibre-drawing machine [5] having a speed control and
stability to better than 0.1%. The furnace is of novel
design and uses resistance-heating so that operating
temperatures up to 2200°C can be stabilized to 1.0°C.
The hot zone is small, giving a short response time,
and the temperature distribution is carefully profiled.
For experimental purposes a fibre length of 1.2 km is
normally drawn from a 50 cm preform although there
is no reason why this length should not be consider-
ably greater.

3. Results

Fig. 2b is a photograph of the end of a typical fibre.
The graded core of phosphosilicate glass is surrounded
by the cladding of borosilicate glass which shows up
as a dark ring. The outer annular ring of intermediate
brightness is the silica supporting tube. The measured
numerical aperture of 0.23 is 40% larger than that of
the conventional phosphosilicate fibre and the core
diameter is 66 um. Thus the numerical aperture and
core diameter are comparable with those of many
multi-component glass fibres.

The attenuation, fig. 3, has been measured over
the wide wavelength range of 0.44 um to 1.65 um,
using a silicon detector below 1.1 um and a lead sul-
phide detector at longer wavelengths. It may be seen
that there is a broad “window” from 0.75 to 1.25 um
where the loss is low and nearly constant. The mini-
mum value of 3 dB/km is small but would have been
lower but for the poor quality of BCl3 available. The
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Fig. 3. Attenuation curve of borosilicate/phosphosilicate fibre.

broad peak in the vicinity of 0.6 um, evidently a draw-
ing-induced absorption since it can be removed by
heat treatment, is also caused by the borosilicate glass
and is not present in the phosphosilicate fibre. As in
the buffered phosphosilicate fibre [1] the OH content
is very low and the peak at 0.95 um is only about 0.5
dB/km. The effect of any OH impurity is more notice-
able at longer wavelengths as indicated by the peak at
1.39 ym. The ratio of the heights of these two absorp-
tions is about 40:1 and is comparable with that ob-
served [6] in a fibre having a much higher OH content
(100 ppm). The 1.39 um peak, which has been attrib-
uted to the second overtone of the fundamental U%
stretching vibration of the OH ion at 2.72 um, may be
used to estimate the concentration of this impurity,
giving a value of ~0.5 ppm from fig. 3.

A possible explanation for this exceptionally low

OH content is the strongly hygroscopic nature of P, 0Os.

Thus any residual water in the deposition equipment
is converted on contact to non-volatile phosphoric
acid and is not carried into the deposition zone.

The pulse dispersion has been measured at 0.633
um and is between 1.3 and 1.6 ns/km depending on
the launching conditions.

4. Conclusions

By combining a borosilicate glass cladding with a
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phosphosilicate glass core a low-loss fibre of increased
numerical aperture has been produced. The core diam-
eter is quite large thus easing the problem of efficient
coupling from light-emitting diodes, as well as facilitat-
ing jointing and handling generally. As with phosphosi-
licate fibres the technique of chemical vapour deposi-
tion is used which is flexible and aflows a range of re-
fractive index profiles to be easily selected. The raw
materials are inexpensive compared with those requir-
ed for “soft™ glass fibres and the low loss of 3 dB/km
has been obtained despite the poor quality of the
boron trichloride. The region of low attenuation ex-
tends out to 1.25 um where, as we show elsewhere,

the material dispersion falls to zero. Consideration
should therefore be given to the operation of optical
fibre communication systems at these longer wave-
lengths since a moderately wide bandwidth might be
attainable using light-emitting diodes thus obviating
the need for lasers which are still not available with
adequate lifetimes.
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