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Description

Field of the Invention

[0001] This invention relates to methods for making
optical fibers having enhanced doping levels, and at-
tendant enhanced index profiles.

Background of the Invention

[0002] Doping optical fiber preforms to tailor the re-
fractive index profile of the optical fiber drawn from the
preform is routinely practiced. Index profiles are becom-
ing more complex as new fiber designs are discovered.
Doping processes to implement these complex profiles
are in high demand. Advances in doping techniques are
even likely to open new possibilities for index profile
shaping.
[0003] Among the more challenging index profiles to
manufacture are those with both raised and lowered in-
dex features. The terms raised and lowered are with ref-
erence to the intrinsic refractive index of undoped silica.
The lowered portion of the profile is typically associated
with the optical fiber cladding, and fibers with this char-
acteristic are sometimes referred to as depressed clad
optical fibers.
[0004] Depressed clad optical fibers were developed
in the early 1980's as an alternative to fibers with doped
cores and less heavily doped, or undoped cladding.
See, e.g., U.S. Patent No. 4,439,007. Depressed clad-
ding allows the use of fiber cores with relatively low dop-
ing, or no doping at all. These cores produce low optical
loss.
[0005] Applications have been developed for both sin-
gle mode and multimode depressed clad fibers, and a
variety of processes for the manufacture of depressed
clad fibers have also been developed. See e.g. U.S. Pat-
ent No. 4,691,990, the disclosure of which is incorporat-
ed herein by reference.
[0006] Recently, there has been a renewed interest in
depressed clad fibers for lightwave systems in which
control of non-linear effects is important. For example,
in four-wave mixing of optical frequencies in the 1.5-1.6
mm wavelength region where DWDM networks operate,
a low slope, low dispersion fiber is required. A fiber
structure that meets this requirement is one with multiple
claddings including one or more of down-doped silica.
[0007] One technique for making depressed clad fib-
ers is to dope the cladding of a silica core fiber with flu-
orine or boron, which produces cladding with a refractive
index less than the silica core. For example, fibers with
negative refractive index variations, ∆n , in the range
0.05 - 0.7 % can be obtained using fluorine doping.
[0008] More recently, fibers with down doped core re-
gions have been proposed which have a core shell
doped with fluorine and a center region doped with a
conventional dopant such as germanium. This produces
a modified "W" index profile and is found to be desirable

for dispersion control. In some cases it is desirable to
down-dope the central region of the core in designs re-
ferred to as co-axial designs. Such designs are useful
for increasing the diameter of the optical field.
[0009] Fibers with depressed index cores or cladding
can be produced using any of the conventional optical
fiber production techniques, which include rod in tube
processes, Modified Chemical Vapor Deposition
(MCVD), Plasma enhanced Chemical Vapor Deposition
(PCVD) (inside tube deposition processes), and VAD or
OVD (outside tube deposition processes). For reasons
that will become apparent below, this invention is direct-
ed to inside tube deposition processes, i.e. methods
wherein the doped layers are produced by depositing
material on the inside surface of a preformed tube. The
dominant species of this method is MCVD.
[0010] In MCVD processes for making fluorine doped
preforms, typically where a steep step in the index is
required, relatively high doping levels are desired. Using
known techniques this is obtained by depositing an un-
doped soot layer, and "soaking" the soot layer with flu-
orine-containing gas atmosphere with the soot layer still
in the porous state, i.e. prior to consolidation. The po-
rosity of the soot layer at this stage in the process allows
the fluorine gas to easily permeate through the entire
thickness of the layer, essentially stopping at the inter-
face between the soot layer and the solid glass preform
tube. Similarly, where an up-doped layer is to be fol-
lowed by a down-doped layer, the up-doped layer may
be deposited as soot, and consolidated prior to soaking,
to minimize diffusion of fluorine into the up-doped layer.
[0011] The concentration of fluorine in the soot is ei-
ther equilibrium or diffusion limited. The glass composi-
tion depends on the soot particle size, the partial pres-
sure of the fluorine-containing glass, and the time-tem-
perature history of the soot while being exposed to the
fluorine-containing gas. When sufficient time is allowed
for complete dopant diffusion, the concentration of fluo-
rine in the glass appears limited by fixed equilibrium con-
ditions that often depend on the partial pressure of a
dopant species during processing.
[0012] Methods for increasing doping levels of impu-
rities in optical fibers would significantly advance the art.
These would offer the potential for either enhanced dop-
ing levels, or shorter processing time to reach conven-
tional doping levels, or both.

Summary of the Invention

[0013] We have discovered a fluorine doping process
for optical fiber preforms that allows higher doping levels
and reduced process time. Either or both of the ends
are achieved using high pressure inside the MCVD tube.
It is recognized that while the conventional MCVD sys-
tem is not amenable to high pressure processing, the
MCVD tube itself may withstand pressures of several
atmospheres. This allows high pressure during the dop-
ing step to be confined essentially to the MCVD tube.
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Alternatively, the MCVD system may be modified for
high pressure processing. Introducing dopants from a
gaseous precursor source into glass soot at high pres-
sure increases the amount incorporated. The surface
regions of the individual particles in the porous body are
doped to levels exceeding the levels dictated by equi-
librium at atmospheric pressure. Final doping levels are
dictated by the degree of solid/solid diffusion. The latter
preferably occurs during the consolidation step. There-
fore much of the time required for diffusion of the dopant
to a uniform level is combined with the heating step for
consolidation, thus effecting a significant time saving.

Brief Description of the Drawing

[0014]

Fig. 1 is a schematic diagram of an MCVD appara-
tus;
Figs. 2-4 are highly stylized representations of an
equilibrium doping process; and
Fig. 5 is a schematic representation of an optical
fiber drawing apparatus.

Detailed Description

[0015] Fig. 1 shows schematically a typical MCVD ap-
paratus with particular emphasis on the gas delivery
system (the details of the MCVD lathe are omitted). The
MCVD tube is shown generally at 1. The tube is typically
heated locally and rotated by means not shown to effect
uniform deposition of soot and dopants on the interior
surface of the tube. A gaseous material is introduced
into tube 1 via inlet tube 7, which, in turn, is connected
to source material reservoirs. Such reservoirs may in-
clude an oxygen inlet 9, and dopant sources indicated
generally at 14 and 15. The dopant sources contain nor-
mally liquid reactant material 16 and 17, which are con-
veyed to the MCVD tube using a delivery system that
includes a carrier gas introduced through inlets 10 and
11. The reservoirs 14 and 15 are routinely referred to as
bubblers. Additionally, some dopant precursors may be
derived from gaseous sources. Exiting gas is exhausted
through outlet 18. Not shown is the arrangement of mix-
ing valves and shut off valves that are typically used to
meter flows and adjust the flowing gas composition. De-
tails of the MCVD process and suitable apparatus are
well known in the art and are not reproduced here. The
focus of this description is control of the atmospheric
pressure within the tube 1 during the incorporation of
dopants into the preform body. Shown schematically in
the figure are pressure control means 21 and 22 for
monitoring and controlling the atmospheric pressure in-
side the tube.
[0016] It should be emphasized that the pressures
used for the method of the invention are very high in the
context of conventional MCVD processing. Therefore
the conventional MCVD apparatus may be modified to

allow for applying the high pressure. It may be evident
that the preferred technique for controlling the pressure
within the MCVD tube is that shown in the figure, i.e.
with pressure control means at or near the tube inlet and
outlet. In a typical apparatus, portions of the gas delivery
system, for example, the bubblers 14 and 15, may not
withstand the high pressures involved in the process of
the invention. If the entire gas delivery system of a con-
ventional system is pressurized, elements of the system
may fail. Notably, typical MCVD tubes themselves are
capable of withstanding the high pressures of the inven-
tion. Therefore the arrangement shown is effective and
preferred. The ends of the MCVD tube are suitably
sealed with high pressure sealing means. Pressure
monitoring and control means, 21 and 22 are provided
as shown. The inlet and outlet tubes, 7 and 18 in the
figure, which connect the pressure control assemblies
21 and 22 to the sealed ands of the MCVD tube, are
preferably made to withstand the high pressures of the
invention. Metal tubes of, for example, stainless steel,
are suitable for this purpose. Alternatively, a pressure
control baffle may be applied directly to the ends of the
tube.
[0017] Those skilled in the art will recognize that other
apparatus can be designed wherein the entire has de-
livery system is designed for high pressure. Such an ap-
paratus may be made wherein all of the components of
the gas delivery system are capable of withstanding
high pressure. However, in the embodiments of the in-
vention wherein the high pressure is used in a "soaking"
mode, i.e. where there is only gas delivery from high
pressure sources (SiF4 for example) during the high
pressure doping step, it will be evident that it may not
be necessary or cost effective to modify the entire sys-
tem for high pressure operation.
[0018] It is known that MCVD tubes are susceptible
to distortion when the tube glass is heated to the soften-
ing temperature of the glass. To prevent this, use of in-
ternal pressure both during tube collapse and/or during
soot deposition has been proposed in the prior art for
maintaining the tube geometry. See, e.g., U.S. Patent
No. 6,105,396. Internal tube pressures in these cases
are typically far below one atmosphere, for example,
typically on the order of 1/1000 atmospheres, to avoid
"ballooning" of the tube.
[0019] The high pressure doping method of the inven-
tion will be described in the context of making down-
doped layers in a MCVD preform. The dopant in the ex-
ample is fluorine, and can be provided in any suitable
gaseous form. A preferred source is SiF4. However, it
should be pointed out that the invention may be prac-
ticed for other dopant species, for example, boron or
phosphorus. Boron, in common with fluorine, is a down-
dopant. Phosphorus is used in some application in rel-
atively large concentrations for compensating the effect
of other dopants. For example, in doping glass with cer-
tain rare earth ions, typically for lasers or amplifiers, it
is known that aluminum aids in solubilizing the rare earth
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in the glass composition. Hence an appreciable amount
of aluminum is typically added to the glass composition.
However, the aluminum affects the refractive index of
the preform. The addition of phosphorus, typically in a
range of 1-8% for example, will compensate for the alu-
minum addition. Both boron and phosphorus may be
supplied as halide compounds, for example BF3 and
POCl3. It should be recognized that increasing the pres-
sure may increase, decrease, or leave unchanged, the
dopant equilibrium concentration in the glass, depend-
ing on the incorporation reaction and the law of mass
action. For example, fluorine incorporation is governed
by:

[0020] So that the concentration of F in the glass, XF,
depends on the partial pressure of SiF4 as

[0021] In the MCVD process the first layer or layers
are cladding layers, or outside core layers. For some
profiles one or more of these may be up-doped, typically
using Ge. In most state of the art fiber profiles, the clad-
ding contains a trench region. This is a down-doped lay-
er, usually a fluorine-doped layer. To minimize interdif-
fusion, and "smearing" of the profile, any layers depos-
ited prior to the fluorine doped layer are consolidated.
Then the soot for the trench region is deposited on the
solid glass interior of the tube. In the example reported
here, the trench region is deposited as pure silica soot,
then doped with fluorine.
[0022] A fluorine gas atmosphere is introduced into
the tube 1 (Fig. 1) to provide the fluorine dopant for the
porous cladding tube. The usual fluorine source is SiF4.
Molecular SiF4 permeates into the soot layer and, due
to the porosity of the soot, penetrates the entire thick-
ness of the particulate soot layer. The MCVD tube is
heated to a temperature in the range 1000-1800 °C to
enable the fluorine to diffuse into the soot particles. In
this temperature range, the soot particles also slowly
sinter into a solid layer. As the temperature is increased
these two processes both increase exponentially. The
situation of incomplete diffusion is illustrated by Figs.2
and 3. Fig. 2 shows a portion 21 of the inside surface of
the MCVD tube. At this point in the process the inside
of the tube may already carry deposited, and consoli-
dated, layers (as mentioned above). The portion 21 of
the tube wall is preferably solid glass. The soot particles
for the doped fluorine layer are shown at 22. These are
conventional silica soot particles produced by standard
MCVD. After soot deposition, the dopant gas, in this
case SiF4, is admitted to the tube at high pressure. Fig.
3 represents the result of the exposure, showing parti-

3SiO2(s) + SiF4(g) = 4 SiO1.5F(s) (1)

XF = aSiO2
3/4 PSiF4

1/4 (2)

cles 22 doped with fluorine 24. The diffusion proceeds
from the surface of the particle, which is exposed to the
fluorine atmosphere, toward the center of the particle.
As shown in Fig. 3, diffusion is incomplete. Fig. 4 shows
the preform after consolidation, i.e. the particles fuse in-
to a continuous solid glass layer 31. It is intuitively evi-
dent that the average concentration of dopant in the lay-
er is limited by the diffusion of fluorine into the glass.
[0023] In some instances, it may be desirable to proc-
ess the soot using the conditions described above in
which the diffusion of F into the silica particles is incom-
plete. In such cases, the outside of the particles are
doped to the maximum determined by the thermody-
namics of the process, but the interior is relatively un-
doped. Upon sintering, the final concentration and the
∆n will be determined by an average value. In this way,
the doping time or temperature, rather than the doping
pressure, can be used to control final average doping
level.
[0024] The equilibrium limited case is when the diffu-
sion proceeds to completion. In this situation, the entire
soot particle is allowed to reach its equilibrium concen-
tration with the dopant gas. Under these conditions the
concentration in the glass will increase with an increase
in the partial pressure of the gas dopant.
[0025] It is recognized that conventional doping steps
in MCVD processes vary from equilibrium doping to dif-
fusion-limited doping depending on the dopant species
and the processing conditions. For the case of fluorine
doping concentration is determined by equilibrium con-
ditions established during the sintering step of layer for-
mation, and it is also recognized that the ∆n is propor-
tional to the SiF4 partial pressure to the quarter power:

[0026] The dynamics of the equilibrium method will be
described briefly.
[0027] The equilibrium partial pressures of SiF4 cor-
responding to doping levels of ∆n = 0.001 - 0.003 are 1
x 10-4 - 8.0 x 10-3, respectively. As the paritla pressure
of the SiF4 is increased the index becomes more nega-
tive. The partial pressure can be increased over one at-
mosphere by pressurizing the MCVD tube. However, if
the temperature of the tube is too high, even a slight
overpressure, for example, 1/1000 atm may cause bal-
looning of the tube. The temperature at which this oc-
curs will vary depending on the glass composition and
is defined here as the softening temperature. It is easily
determined by for a given variety of MCVD tube by pres-
surizing the tube to an elevated pressure of at least
1/1000 atm and heating the tube to create ballooning.
The temperature at which ballooning occurs is defined
as the softening temperature. As mentioned above,
since the concentration of F in the consolidated layer is
determined during the sintering conditions, some of the

∆n , P1/4 (3)
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dopant may diffuse away during sintering. To avoid ex-
cessive out-diffusion of the dopant during sintering it is
desirable to balance the rates of diffusion and sintering.
A simple means of achieving this is to separate the dop-
ing and sintering steps. That is, the porous soot is ex-
posed to dopant gas at elevated temperature and pres-
sure for a period of time to facilitate diffusion to the de-
sired degree. Then the pressure is decreased to close
to atmospheric pressure whereupon the soot is sintered.
[0028] Alternatively, both doping and sintering may
occur simultaneously, or the steps may overlap in time,
if the sintering time is short relative to the diffusion proc-
ess.
[0029] The characteristic diffusion time is given by
particle diameter squared, divided by the diffusion coef-
ficient. The characteristic sintering time is given by the
viscosity time the particle diameter divided by the sur-
face tension. These characteristic times may be altered
by adjusting the particle diameter and/or the glass vis-
cosity. In general, for rapid diffusion small particles are
desired. If the diffusion step and the sintering step are
simultaneous, or overlap, out-diffusion is inherently re-
duced by the effect of small particles agglomerating or
coalescing into larger glass masses during sintering,
thus effectively trapping the dopant.
Viscosity may also be used to control relative diffusion
and sintering. The MCVD tube may be made with addi-
tives such as boron, phosphorus, potassium, sodium, to
reduce the glass viscosity and render it less susceptible
to ballooning. Alternatively, a viscosity reducing dopant
as just mentioned can be added during or after F doping.
[0030] After the desired number of doped layers are
deposited and consolidated, the perform is then col-
lapsed by known techniques, and used for drawing op-
tical fiber in the conventional way. Fig. 7 shows an op-
tical fiber drawing apparatus with preform 71, and sus-
ceptor 72 representing the furnace (not shown) used to
soften the glass preform and initiate fiber draw. The
drawn fiber is shown at 73. The nascent fiber surface is
then passed through a coating cup, indicated generally
at 74, which has chamber 75 containing a coating pre-
polymer 76. The liquid coated fiber from the coating
chamber exits through die 81. The combination of die
81 and the fluid dynamics of the prepolymer, controls
the coating thickness. The prepolymer coated fiber 84
is then exposed to UV lamps 85 to cure the prepolymer
and complete the coating process. Other curing radia-
tion may be used where appropriate. The fiber, with the
coating cured, is then taken up by take-up reel 96. The
take-up reel controls the draw speed of the fiber. Draw
speeds in the range typically of 1-20 m/sec. can be used.
It is important that the fiber be centered within the coat-
ing cup, and particularly within the exit die 81, to main-
tain concentricity of the fiber and coating. A commercial
apparatus typically has pulleys similar to those shown
at 91-94, that control the alignment of the fiber. Hydro-
dynamic pressure in the die itself aids in centering the
fiber. A stepper motor, controlled by a micro-step index-

er (not shown), controls the take-up reel.
[0031] Coating materials for optical fibers are typically
urethanes, acrylates, or urethane-acrylates, with a UV
photoinitiator added. The apparatus in Fig. 7 is shown
with a single coating cup, but dual coating apparatus
with dual coating cups are commonly used. In dual coat-
ed fibers, typical primary or inner coating materials are
soft, low modulus materials such as silicone, hot melt
wax, or any of a number of polymer materials having a
relatively low modulus. The usual materials for the sec-
ond or outer coating are high modulus polymers, typi-
cally urethanes or acrylics. In commercial practice both
materials may be low and high modulus acrylates. The
coating thickness typically ranges from 150-300 µm in
diameter, with approximately 240 µm standard.
[0032] The following example is given to illustrate the
invention.

EXAMPLE

[0033] A silica MCVD tube is heated to 1100 °C, de-
hydrated with chlorine, cooled to 1000 °C, and purged
with He. A Ge doped cladding layer is deposited on the
inside surface of the MCVD tube and consolidated. A
soot layer is then deposited on the inside surface of the
MCVD tube. The soot layer is heated to 1400 °C, and
exposed to 100% SiF4 at a pressure of 4 atmospheres.
The soot layer is soaked for 4 hours to deposit SiF4 on
the particles of the porous soot layer. The tube is then
sintered at 1650 °C to consolidate the doped soot layer.
The finished tube has a trench layer with a ∆n- of ap-
proximately 0.012. The MCVD tube is then further proc-
essed as needed to deposit additional layers, including
core layers.
[0034] The completed preform is then collapsed by
conventional methods and inserted into the apparatus
of Fig. 7 for optical fiber drawing.
[0035] It should be evident that the main options de-
scribed above are:

1. Dope with F at high pressure. Reduce pressure
and sinter at low pressure. This allows independent
choice of conditions for the two steps.
2. Dope with F at high pressure. Sinter at high pres-
sure. This provides process economy and minimiz-
es the effect of out-diffusion during sintering.
3. Dope with F at high pressure. Reduce pressure
for sinter. Sinter in F atmosphere.

[0036] In the foregoing description, the source of flu-
orine is SiF4. As evident to those skilled in the art, other
sources of fluorine may be used. For example, SF6, CF4,
BF3, may also be suitable.
[0037] While the step sequence in the methods de-
scribed above separates the soot deposition for the
doped fluorine layer from the doping step, i.e. the soot
is deposited, then doped, it is possible to combine these
steps and dope the soot as it deposits. This is especially
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effective if the soot layer is thick. It also offers process
economy. In this approach, it will be recognized that the
entire gas flow system should be constructed to with-
stand the high pressure.
[0038] It is also possible to deposit the doped soot lay-
er in increments, and consolidate each increment before
the next is deposited. In this approach one pass, or a
few passes, are made with the tube containing deposi-
tion gasses for both silica and dopant. A relatively thin
layer of soot is deposited on the tube wall. The temper-
ature of the torch is then raised to the consolidation tem-
perature, and the thin deposited layer is consolidated.
A thicker layer is produced by repeating these steps.
[0039] The description above relates mostly to doping
with fluorine. However, it will be apparent to those skilled
in the art that other dopants may be incorporated into
preforms using the high-pressure technique of the in-
vention. These include boron and phosphorus. The bo-
ron dopant species may be BCl3. The phosphorus do-
pant species may be PCl3, or POCl3.
[0040] In concluding the detailed description, it should
be noted that it will be obvious to those skilled in the art
that many variations and modifications may be made to
the preferred embodiment without substantial departure
from the principles of the present invention. All such var-
iations, modifications and equivalents are intended to
be included herein as being within the scope of the
present invention, as set forth in the claims.

Claims

1. Process for the manufacture of optical fibers com-
prising:

(a) preparing an optical fiber preform,
(b) heating the preform, and
(c) drawing an optical fiber from the preform,

the invention characterized in that the optical fiber
preform is produced by:

(i) forming by MCVD a soot layer of silica par-
ticles inside an MCVD tube,
(ii) heating the soot layer in a dopant atmos-
phere at a pressure of 1.0 to 10 atmospheres,
to incorporate dopant into the silica particles,
(iii) heating the porous silica body to consoli-
date it into a solid glass layer, and
(iv) collapsing the MCVD tube to produce the
preform.

2. The process of claim 1 wherein the dopant atmos-
phere comprises fluorine.

3. The process of claim 2 wherein the dopant atmos-
phere comprises SiF4.

4. The process of claim 2 wherein the fluorine atmos-
phere is greater than 10% SiF4.

5. The process of claim 1 wherein (ii) and (iii) are com-
bined into a single step.

6. The process of claim 5 wherein the step (ii) (iii) is
performed at a temperature below the softening
temperature of the MCVD tube.

7. Process for the manufacture of optical fiber pre-
forms comprising:

(a) forming by MCVD a soot layer of silica par-
ticles inside an MCVD tube,
(b) heating the soot layer in a dopant atmos-
phere at a pressure of 1.0 to 10 atmospheres,
to incorporate dopant into the silica particles,
(c) heating the porous silica body to consolidate
it into a solid glass layer, and
(d) collapsing the MCVD tube to produce the
preform.

8. The process of claim 7 wherein the dopant atmos-
phere comprises fluorine.

9. The process of claim 8 wherein the fluorine atmos-
phere comprises SiF4.

10. The process of claim 7 wherein steps (b) and (c) are
combined into a single step.

11. The process of claim 10 wherein the step (b) (c) is
performed at a temperature below the softening
temperature of the MCVD tube.

12. The process of claim 1 further including adding a
glass viscosity reducing dopant to the soot layer.

13. The process of claim 1 wherein the dopant atmos-
phere comprises phosphorus.

14. The process of claim 1 wherein the dopant atmos-
phere comprises boron.

15. The process of claim 1 wherein (i) (ii) and (iii) com-
prise a single step.
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