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METHOD OF FORMING HALOGEN DOPED OPTICAL FIBER PREFORMS

[0001] This application claims the benefit of priority to U.S. Provisional Application Serial No.
62/733,226 filed on September 19, 2018, the content of which is relied upon and incorporated
herein by reference in its entirety.

FIELD OF THE DISCLOSURE

[0002] The present disclosure generally relates to optical fibers, and more specifically to optical fibers

doped with halogen dopants.

BACKGROUND

[0003] Doping of a core region of a silica-based optical fiber with halogens has been used for
lowering attenuation in optical fibers. Achieving sufficient doping levels to develop a well-
guided waveguide may prove difficult. Conventional gaseous doping techniques may require
high doping pressures to reach sufficient dopant concentrations in the preform. Such high
pressures may necessitate the use of specialized equipment and lengthen the doping time, thereby
increasing manufacturing cost and time. Conventional plasma chemical vapor deposition
techniques of forming doped silica glass often utilize silicon and/or chlorine-bearing compounds
in conjunction with oxygen. In such instances, the silicon or chlorine-bearing compound is the
limiting reagent or reactant. Such plasma chemical vapor deposition techniques often do not

reach sufficient halogen doping percentages within the glass to form a well-guided waveguide.

SUMMARY OF THE DISCLOSURE

[0004] According to at least one feature of the present disclosure, a method of forming an optical
fiber preform includes: flowing a silicon halide and an oxidizer inside of a substrate tube,
wherein a molar ratio of the silicon halide to the oxidizer is from 1.5 to 4.0; applying energy to
form a plasma from the silicon halide and the oxidizer, the plasma heating an inside surface of
the substrate tube to a temperature of from about 1000° C to about 1700° C; and depositing silica
glass from a reaction of the silicon halide and the oxidizer on the inside surface of the substrate

tube, the silica glass comprising a halogen .



WO 2020/060754 PCT/US2019/049406

[0005] According to another feature of the present disclosure, a method of forming an optical
fiber preform includes: flowing a silicon halide and O inside of a substrate tube, wherein a
molar ratio of the silicon halide to O is greater than 1.5; applying energy to form a plasma from
the silicon halide and the oxidizer, the plasma heating an inside surface of the substrate tube to a
temperature of from about 1000° C to about 1700° C; and depositing silica glass from a reaction
of the silicon halide and the O, on the inside surface of the substrate tube, wherein the silica
glass comprises a halogen derived from the silicon halide at a concentration of about 2.0 wt% or
greater.

[0006] According to another feature of the present disclosure, a method of forming an optical
fiber includes: flowing a silicon halide and O inside of a substrate tube, wherein a molar ratio of
the silicon halide to the Oz is 1.5 or greater, further wherein the pressure within the substrate tube
is about 50 Torr or less; applying energy to form a plasma from the silicon halide and the Oz, the
plasma heating an inside surface of the substrate tube to a temperature of from about 1000° C to
about 1400° C; depositing silica glass from a reaction of the silicon halide and the O; on the
inside surface of the substrate tube, wherein the silica glass comprises a halogen at a
concentration of from about 2.0 wt% to about 7.0 wt%.

[0007] These and other features, advantages, and objects disclosed herein will be further
understood and appreciated by those skilled in the art by reference to the following specification,

claims, and appended drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The following is a description of the figures in the accompanying drawings. The figures
are not necessarily to scale, and certain features and certain views of the figures may be shown
exaggerated in scale or in schematic in the interest of clarity and conciseness.

[0009] In the drawings:

[0010] FIG. 1 is a schematic depiction of a cross-section of an optical fiber, according to at least
one example;

[0011] FIG. 2 shows a schematic view of a plasma chemical vapor deposition apparatus for
forming an optical fiber preform, according to at least one example;

[0012] FIG. 3 is a flowchart of a method, according to at least one example;
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[0013] FIG. 4 is a schematic draw tower for drawing the optical fiber from an optical fiber
preform, according to at least one example;

[0014] FIG. 5 is a plot of equilibrium mole ratio of SiCl4 (gas)/SiO» (solid) vs. temperature for a
variety of molar ratios of SiCly to Oy;

[0015] FIG. 6 is a plot of equilibrium mole ratio of Clz (gas)/SiOz (solid) vs. temperature for a
variety of molar ratios of SiCly to Oz;

[0016] FIG. 7 is a plot of equilibrium mole ratio of SiBr4 (gas)/Si0: (solid) vs. temperature for a
variety of molar ratios of SiBr4 to O2; and

[0017] FIG. 8 is a plot of equilibrium mole ratio of Brz (gas)/SiO; (solid) vs. temperature for a

variety of molar ratios of SiBr4 to Oa.

DETAILED DESCRIPTION

[0018] Additional features and advantages of the invention will be set forth in the detailed
description which follows and will be apparent to those skilled in the art from the description, or
recognized by practicing the invention as described in the following description, together with
the claims and appended drawings.

[0019] As used herein, the term “and/or,” when used in a list of two or more items, means that
any one of the listed items can be employed by itself, or any combination of two or more of the
listed items can be employed. For example, if a composition is described as containing
components A, B, and/or C, the composition can contain A alone; B alone; C alone; A and B in
combination; A and C in combination; B and C in combination; or A, B, and C in combination.

[0020] In this document, relational terms, such as first and second, top and bottom, and the like,
are used solely to distinguish one entity or action from another entity or action, without
necessarily requiring or implying any actual such relationship or order between such entities or
actions.

[0021] As used herein, the term “about” means that amounts, sizes, formulations, parameters,
and other quantities and characteristics arec not and need not be exact, but may be approximate
and/or larger or smaller, as desired, reflecting tolerances, conversion factors, rounding off,
measurement error and the like, and other factors known to those of skill in the art. When the
term “about” is used in describing a value or an end-point of a range, the disclosure should be

understood to include the specific value or end-point referred to. Whether or not a numerical
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value or end-point of a range in the specification recites “about,” the numerical value or end-
point of a range is intended to include two embodiments: one modified by “about,” and one not
modified by “about.” It will be further understood that the end-points of cach of the ranges are
significant both in relation to the other end-point, and independently of the other end-point.

[0022] The construction and arrangement of the elements of the present disclosure, as shown in
the exemplary embodiments, is illustrative only. Although only a few embodiments of the
present innovations have been described in detail in this disclosure, those skilled in the art who
review this disclosure will readily appreciate that many modifications are possible (e.g.,
variations in sizes, dimensions, structures, shapes and proportions of the various elements, values
of parameters, mounting arrangements, use of materials, colors, orientations, etc.) without
materially departing from the novel and nonobvious teachings and advantages of the subject
matter recited. For example, elements shown as integrally formed may be constructed of multiple
parts, or elements shown as multiple parts may be integrally formed, the operation of the
interfaces may be reversed or otherwise varied, the length or width of the structures, and/or
members, or connectors, or other elements of the system, may be varied, and the nature or
number of adjustment positions provided between the elements may be varied. It should be noted
that the elements and/or assemblies of the system may be constructed from any of a wide variety
of materials that provide sufficient strength or durability, in any of a wide variety of colors,
textures, and combinations. Accordingly, all such modifications are intended to be included
within the scope of the present innovations. Other substitutions, modifications, changes, and
omissions may be made in the design, operating conditions, and arrangement of the desired and
other exemplary embodiments without departing from the spirit of the present innovations.

[0023] Referring now to FIG. 1, depicted is an optical fiber 10 having a core (or core region) 14
and a cladding (or cladding region) 18. The cladding 18 may include an inner cladding (or inner
cladding region) 22 and an outer cladding (or outer cladding region) 26, but it will be understood
that the cladding 18 may be a single, substantially homogenous, layer. According to various
examples, the optical fiber 10 may include a primary coating 30 and a secondary coating 34
positioned around the cladding 18. As is known in the art, effective waveguiding requires that
the refractive index averaged over core 14 be greater than the refractive index averaged over

cladding 18.
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The core 14 and the cladding 18 may substantially include SiO» in the form of silica
glass. According to various examples, the core 14 may also include dopants configured to
increase or decrease the refractive index of the core 14 relative to undoped SiO2. Exemplary
halogen dopants of the core 14 include F, Cl, Br and L. Table 1 provides a list of the impact on
the relative refractive index (%) per weight percent (wt%) dopant for a variety of halogens as

compared to undoped SiO-.

Table 1:
Dopant Impact on Relative Refractive Index (%) per wt% dopant
F -0.3
Cl 0.065
Br 0.105

where relative refractive index (%) (also referred to as relative refractive index, A, or A%) is
given by:

n?*(r) — n§i02
2n2(r)

where n(r) is the refractive index of the fiber at the radial distance r from the fiber centerline (r =

A% = 100

0) at a wavelength of 1550 nm, unless otherwise specified, and nsioz is the index of undoped
silica at a wavelength of 1550 nm.

Chlorine (Cl), as a dopant in the core 14, generally increases the relative refractive index
and may have a low effect on Rayleigh scattering due to the relatively small size of the CI atoms.
However, as Cl has a relatively low impact on the relative refractive index, a relatively large
wt% of Cl may be necessary to sufficiently increase the refractive index of the core 14 such that
the optical fiber 10 may be a well-guided waveguide. Larger atomic weight halogen dopants
such as Br (bromine) and [ (iodine) have a greater impact on the relative refractive index of the
core 14 and as such can have a greater impact on the refractive index in lower quantities.

The halogen weight percent of any of the halogen dopants individually (i.c., any one of F,
CL, Br and I) in the core 14 may be about 0.2 wt%, or about 0.4 wt%, or about 0.6 wt%, or about
0.8 wt%, or about 1.0 wt%, or about 1.2 wt%, or about 1.4 wt%, or about 1.6 wt%, or about 1.8
wt%, or about 2.0 wt%, or about 2.2 wt%, or about 2.4 wt%, or about 2.6 wt%, or about 2.8
wt%, or about 3.0 wt%, or about 3.2 wt%, or about 3.4 wt%, or about 3.6 wt%, or about 3.8
wt%, or about 4.0 wt%, or about 4.2 wt%, or about 4.4 wt%, or about 4.6 wt%, or about 4.8
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wt%, or about 5.0 wt%, or about 5.2 wt%, or about 5.4 wt%, or about 5.6 wt%, or about 5.8
wt%, or about 6.0 wt% or any and all values and ranges therebetween. For example, the halogen
weight percent in the core 14 of any of F, Cl, Br or [ may be about 2 wt% or greater, or 3 wt% or
greater, or about 4 wt% or greater, or from about 0.1 wt% to about 6.0 wt%, or from about 0.5
wt% to about 5.0 wt%, or from about 1.0 wt% to about 5.0 wt%, or from about 1.5 wt% to about
5.0 wt%, or from about 1.75 wt% to about 5.0 wt%, or from about 2 wt% to about 5 wt%. In
some embodiments, core 14 includes two or more halogen dopants, each of which has a halogen
weight percent as indicated above.

The cladding 18 may be undoped silica or may be silica doped with one or more halogen
dopants. For example, both the inner cladding 22 and the outer cladding 26 may be undoped
silica. In another example, the inner cladding 22 may include a halogen dopant and the outer
cladding 26 may be undoped silica. In another example, the inner cladding 22 may be undoped
silica and the outer cladding 26 may include a halogen dopant. In yet another example, both the
inner cladding 22 and outer cladding 26 may include a halogen dopant.

The cladding 18 may include an up-dopant and/or a down-dopant. For example, the inner
cladding 22 and/or the outer cladding 26 may be doped with F. The doping concentration of F in
the inner cladding 22 and/or the outer cladding 26 may be in a range from about 0.01 wt% to
about 2.0 wt%, or from about 0.01 wt% to about 1.5 wt%, or from about 0.01 wt% to about 1.0
wt%, or from about 0.01 wt% to about 0.80 wt%, or from about 0.05 wt% to about 0.50 wt%, or
from about 0.05 wt% to about 0.4 wt%, or from about 0.05 wt% to about 0.25 wt%. According to
various examples, the inner cladding 22 and/or outer cladding 26 may be doped with an up-
dopant. For example, the inner cladding 22 and/or the outer cladding 26 may be doped with an
up-dopant (e.g., Cl, Br, I, and/or Ge) to a concentration of from about 0.01 wt% to about 3.0
wt%, or from about 0.01 wt% to about 2.5 wt%, or from about 0.01 wt% to about 2.0 wt%, or
from about 0.01 wt% to about 1.5 wt%, or from about 0.01 wt% to about 1.0 wt%, or from about
0.01 wt% to about 0.05 wt%.

According to various examples, the core 14 of the optical fiber 10 can be optimized for
low attenuation performance in both single and few-mode configurations by limiting the GeO-,
K>0 and/or TiO> content in the fiber 10. Further, the minimizing or elimination of Ge, K and Ti
in the core 14 can improve the attenuation performance of the optical fiber 10 by reducing the

effects of Rayleigh scattering. For example, the core 14 may contain about 1.0 wt% or less, or
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about 0.5 wt% or less, or about 0.1 wt% or less, or about 0.0 wt% of GeO», K0, or TiO», alone
or in combination. In some embodiments, the core is free of GeO2, K,O or TiOs.

[0031] The optical fiber 10 may have an attenuation at 1550 nm of less than about 0.180 dB/km,
or less than about 0.175 dB/km, or less than about 0.170 dB/km, or less than about 0.165 dB/km,
or less than about 0.160 dB/km, or less than about 0.155 dB/km. The optical fiber 10 employing
the co-doped core 14 may have an attenuation at 1330 nm of less than about 0.325 dB/km, or less
than about 0.320 dB/km, or less than about 0.315 dB/km, or less than about 0,310 dB/km, or less
than about 0.305 dB/km.

[0032] Referring now to FIG. 2, depicted is a schematic diagram of a PCVD assembly 40 for
making an optical fiber preform. As shown in FIG. 2, a substrate tube 44 is positioned in a radio
frequency coil 48 or another suitable plasma excitation source. It will be understood that a heat
source (e.g., a furnace) may be used in conjunction with the radio frequency coil 48 to initially
heat the substrate tube 44. The substrate tube 44 may include silica glass or silica glass including
a dopant for adjusting the index of refraction of the silica glass. The dopant may include
germania, phosphorous, aluminum, ytterbium, erbium, fluorine, or other conventional dopant
materials as are known in the art or subsequently developed. The substrate tube 44 may be
rotated in the radio frequency coil 48 as the radio frequency coil 48 traverses the length of the
substrate tube 44. As will be explained in greater detail below, a gascous mixture 52 may be
flowed into the substrate tube 44 and into a plasma 56 generated by the radio frequency coil 48.
By flowing the gaseous mixture 52 into the plasma 56, components of the gaseous mixture 52
may react to form a silica glass 60 within the substrate tube 44.

[0033] Referring now to FIGS. 2 and 3, the PCVD assembly 40 may be utilized in a method 70
of forming an optical fiber preform 74. The method 70 may begin with a step 78 of flowing the
gaseous mixture 52 inside of the substrate tube 44. The gaseous mixture 52 may include a silicon
halide, an oxidizer and one or more other gases. As such, step 78 may include flowing a silicon
halide and an oxidizer inside of the substrate tube 44. The silicon halide may be any compound
which includes both silicon and a halogen. The silicon halide may have the general chemical
formula of SiX4, SiHu X445 or SinXoni2, wherein X is one of F, Cl, Br, I and At. It will be
understood that the silicon halide may be a mixed silicon halide in that X may be two or more of
the above-noted elements. Specific examples of silicon halides may include SiF4, SiHF3, SiH2F>,

SiClez, SiC14, SiHC13, SinClz, SiClzBI‘z, SiBI‘4, SiHBI‘3, SinBI‘z, SﬂzBI‘z, Sﬂ4, SiF4, SiHI3,
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SiH:l», SiCls, other silicon halides and/or combinations thereof. As such, the silicon halide may
include iodine, bromine, chlorine, fluorine and/or combinations thereof. According to various
examples, the silicon halide may be in vapor form in the gascous mixture 52 as it flows in the
substrate tube 44. As used herein, the term “vapor form” refers to a substance in the gas phase at
a temperature lower than its critical temperature and as such can be condensed to a liquid by
increasing the pressure on it without reducing the temperature.

[0034] According to various examples, the gaseous mixture 52 may include one or more
oxidizers configured to react with the silicon halide. The oxidizer of the gaseous mixture 52 may
include Oz, H20, N2O, other oxidizers and/or combinations thereof. The oxidizer may be in a
vapor form and/or in a gasecous form.

[0035] According to various examples, the gaseous mixture 52 (i.e., the silicon halide, the
oxidizer, and optionally other gases) may flow into the substrate tube 44 at a pressure lower than
atmospheric pressure. In some embodiments, the total pressure of gascous mixture 52 within the
substrate tube 44 may be about 50 Torr or less, or about 45 Torr or less, or about 40 Torr or less,
or about 35 Torr or less, or 30 Torr or less, or about 25 Torr or less, or 20 Torr or less, or about
15 Torr or less, or 10 Torr or less, or about 5 Torr or less or any and all values and ranges
between the given values. For example, the pressure of the gascous mixture 52 within the
substrate tube 44 may be from about 1 Torr to about 50 Torr, or from about 5 Torr to about 45
Torr, or from about 10 Torr to about 40 Torr, or from about 15 Torr to about 35 Torr, or from
about 20 Torr to about 30 Torr. Use of the relatively low pressure of the gaseous mixture 52
outlined herein may allow the silicon halide to remain as a vapor which may be advantageous in
producing the silica glass 60 as outlined in greater detail below.

[0036] In other embodiments, the combined partial pressures of the silicon halide and oxidizer in
the gaseous mixture 52 within the substrate tube 44 may be about 50 Torr or less, or about 45
Torr or less, or about 40 Torr or less, or about 35 Torr or less, or 30 Torr or less, or about 25 Torr
or less, or 20 Torr or less, or about 15 Torr or less, or 10 Torr or less, or about 5 Torr or less or
any and all values and ranges between the given values. For example, the combined partial
pressures of the silicon halide and oxidizer in the gaseous mixture 52 within the substrate tube 44
may be from about 1 Torr to about 50 Torr, or from about 5 Torr to about 45 Torr, or from about
10 Torr to about 40 Torr, or from about 15 Torr to about 35 Torr, or from about 20 Torr to about

30 Torr. Use of the relatively low combined partial pressures of the silicon halide and oxidizer
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within the substrate tube 44 outlined herein may allow the silicon halide to remain as a vapor
which may be advantageous in producing the silica glass 60 as outlined in greater detail below.

[0037] In still other embodiments, the partial pressure of the silicon halide in the gascous
mixture 52 within the substrate tube 44 may be about 50 Torr or less, or about 45 Torr or less, or
about 40 Torr or less, or about 35 Torr or less, or 30 Torr or less, or about 25 Torr or less, or 20
Torr or less, or about 15 Torr or less, or 10 Torr or less, or about 5 Torr or less or any and all
values and ranges between the given values. For example, the partial pressure of the silicon
halide in the gaseous mixture 52 within the substrate tube 44 may be from about 1 Torr to about
50 Torr, or from about 5 Torr to about 45 Torr, or from about 10 Torr to about 40 Torr, or from
about 15 Torr to about 35 Torr, or from about 20 Torr to about 30 Torr. Use of the relatively low
partial pressure of the silicon halide within the substrate tube 44 outlined herein may allow the
silicon halide to remain as a vapor which may be advantageous in producing the silica glass 60
as outlined in greater detail below.

[0038] As explained above, the gaseous mixture 52 includes both the silicon halide and the
oxidizer, and optionally other gases. The molar ratio of the silicon halide to the oxidizer in the
gaseous mixture 52 may be calculated by dividing the molar flow rate of the silicon halide by the
molar flow rate of the oxidizer. The molar ratio of the silicon halide to oxidizer in the gascous
mixture 52 may be about 0.5 or greater, or about 0.6 or greater, or about 0.7 or greater, or about
0.8 or greater, or about 0.9 or greater, or about 1.0 or greater, or about 1.1 or greater, or about 1.2
or greater, or about 1.4 or greater, or about 1.6 or greater, or about 1.8 or greater, or about 2.0 or
greater, or about 2.2 or greater, or about 2.4 or greater, or about 2.6 or greater, or about 2.8 or
greater, or about 3.0 or greater, or about 3.2 or greater, or about 3.4 or greater, or about 3.6 or
greater, or about 3.8 or greater, or about 4.0 or greater, or about 4.2 or greater, or about 4.4 or
greater, or about 4.6 or greater, or about 4.8 or greater, or about 5.0 or greater or any and all
values and ranges between the given values. For example, the molar ratio of silicon halide to
oxidizer in the gaseous mixture 52 may be from about 0.5 to about 5, or from about 0.8 to about
5.0, or from about 0.8 to about 4.0, or from about 1.0 to about 4.0, or from about 1.5 to about 4.0,
or from about 2.0 to about 3.0. As such, the relative molar amount of the silicon halide may be
greater than the oxidizer such that the silicon halide may function as a catrier gas in which the

oxidizer is carried.
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[0039] In a preferred embodiment, the oxidizer is the rate-limiting reagent in the reaction
between the silicon halide and the oxidizer. While not wishing to be bound by theory, it is
believed that when the oxidizer is the rate-limiting reagent, higher doping concentrations of
halide in silica glass result. Higher molar ratios of the silicon halide to the oxidizer are more
likely to make the oxidizer the rate-limiting reagent. In particular, molar ratios of silicon halide
to oxidizer that are about 1.5 or greater are preferred (e.g. a molar ratio from about 1.5 to about
4.0).

[0040] According to various examples, the gascous mixture 52 may include one or more other
gases in the gaseous mixture 52 passing through the substrate tube 44. For example, the gaseous
mixture 52 may include one or more silica-forming agents. Silica-forming agents are compounds
configured to produce silica when ignited, burned or otherwise reacted with oxygen. Exemplary
silica-forming agents may include octamethyltetracyclosiloxane, hexamethyldisiloxane, other
silicon-bearing compounds and/or combinations thereof. The addition of one or more silica-
forming agents in the gaseous mixture 52 may be advantageous in increasing the deposition rate
of the silica glass 60. Further, the gaseous mixture 52 may include one or more diluent gases.
Diluent gases may be gases which act to dilute the gaseous mixture 52 while being inert to the
silicon halide and the oxidizer at the clevated temperatures produced by the plasma 56.
Exemplary diluent gases may include He, Ar, N2, Kr, Xe, COa, other diluent gases and/or
combinations thereof. The volume percent of the diluent gas within the gaseous mixture 52 may
be about 10%, or about 20%, or about 30%, or about 40%, or about 50%, or about 60%, or about
70%, or about 80%, or about 90% or any and all values and ranges therebetween.

[0041] It will be understood that the composition of the gaseous mixture 52 may be altered
during operation of the PCVD assembly 40. For example, the PCVD assembly 40 may have a
first composition of the gaseous mixture 52 passed therethrough which may form the portion of
the preform having the composition of cladding 18 (FIG. 1) and a second composition of the
gaseous mixture 52 passed therethrough to form the portion of the preform having the
composition of core 14 (FIG. 1). It is further understood that the composition of the gascous
mixture 52 may also vary as it passes through substrate tube 44 due to reaction of a silicon halide
and an oxidizer. As a result, the composition of gaseous mixture 52 exiting substrate tube 44

may differ from the composition of gaseous mixture 52 entering substrate tube 44.
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Contemporancously or after step 78, a step 82 of applying the plasma 56 to the substrate
tube 44 to heat the substrate tube 44 is performed. As explained above, the radio frequency coils
48 may be used to generate the plasma 56 in and/or around the substrate tube 44 such that the
plasma heats the substrate tube 44. To generate the plasma 56, power is applied to the radio
frequency coil 48 to create the plasma 56 inside the substrate tube 44. In operation, the substrate
tube 44 at a deposition zone of the silica glass 60 may be heated to a temperature of about 1000°
C, or about 1050° C, or about 1100° C, or about 1150° C, or about 1200° C, or about 1250° C, or
about 1300° C, or about 1350° C, or about 1400° C, or about 1450° C, or about 1500° C, or
about 1550° C, or about 1600° C, or about 1650° C, or about 1700° C, or about 1750° C, or
about 1800° C, or about 1850° C, or about 1900° C or any and all values and ranges between the
given values. For example, the plasma 56 may be applied to the substrate tube 44 to heat the
substrate tube to a temperature of from about 1000° C to about 1700° C, or from about 1100° C
to about 1700° C, or from about 1100° C to about 1600° C, or from about 1100° C to about
1400° C, or from about 1100° C to about 1300° C, or from about 1100° C to about 1200° C.

In operation of step 82, the plasma 56 causes the silicon halide and any other silicon-
containing agents to react with the oxidizer thereby depositing silica glass 60 on an inside
surface 44A of the substrate tube 44. The reaction of the silicon halide and the oxidizer inside the
substrate tube 44 is dependent on the temperature and pressure inside the substrate tube 44 such
that variations in the temperature and/or the pressure may change the characteristics of the silica
glass 60 deposited in the substrate tube 44. The local temperature and pressure may be a function
of the power of the plasma 56. A high plasma power results in high temperatures and low
pressures of the gaseous mixture 52. The high plasma power conditions cause the SiCls (i.c., the

silicon halide) and O: (e.g., the oxidizer) react to form SiO vapors according to Eq. (1):

SiCly(g) + %0s(g) <> SiO(g) +2Ch(g) Eq. (1)

Contemporancously or after step 82, a step 86 of depositing the silica glass 60 on the
inside surface 44 A, the substrate tube 44 is performed. At higher temperatures and lower
pressures, the SiO vapors migrate to the inside surface 44A of the substrate tube 44 where the
vapors undergo a heterogeneous reaction to form SiO; (silica) glass 60 directly on the inside

surface 44A of the substrate tube 44 as a solid. The silica glass 60 is deposited on the inside
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surface 44 A of the substrate tube 44 as a result of Eq. (2):

Si0(g) + 40x(g) <> SiOx(s) Eq. 2)

The silica glass 60 is directly deposited on the inside surface 44A of the substrate tube 44 via the
heterogencous reaction is dense, substantially void-free glass. Substantially void-free, as used
herein, means that the deposited silica glass 60 contains an insignificant or incidental amount of
air or other gas-filled voids such that the index of refraction of the deposited silica glass 60 is not
altered by the presence of the incidental voids. The above-noted equations hold true regardless of
the molar ratio of the silicon halide to oxidizer ratio. In examples where the silicon halide to
oxidizer ratio approaches 1 or greater, the halogen of the silicon halide may begin to dope, or be

present within, the silica glass 60 forming on the substrate tube 44 according to Eq. (3):

38103 + SiCly < 4Si0;5C1 Eq. (3)

As demonstrated by Eq. (3), in examples of the gaseous mixture 52 where an excess amount of
SiCly is present in the gaseous mixture 52, the SiCly reacts with the silica glass 60 such that the
halogen of the silicon halide enters the silica glass 60 deposited on the inside surface 44A ofthe
substrate tube 44 as a dopant. Such doping may occur until the halogen weight percent in the
silica glass 60 may be the same or substantially the same as outlined above in connection with
the core 14 or cladding 18,

[0045] It will be understood that while Eq. (1), Eq. (2) and Eq. (3) were shown using SiCls as the
silicon halide, Eq. (1), Eq. (2) and Eq. (3) will take place substantially similarly for other choices
of the silicon halide provided above.

[0046] In examples where the gaseous mixture 52 is exposed to higher pressures and/or lower
temperatures from the plasma 56, some, or even all, of the SiO vapors may condense and form
Si0; (silica) glass particles suspended in the gaseous mixture 52 flowing through the substrate
tube 44. The suspended particles are commonly referred to as silica glass soot or soot. As the
gaseous mixture 52 flows through the substrate tube 44, the soot may be deposited on the inside
surface 44 A of the substrate tube 44. Because the soot is essentially composed of discrete silica

glass particles, layers of deposited soot on the inside surface 44A of the tube 44 may include
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pores or voids between the discrete particles of silica glass. In such an example, the silicon halide
present in the gaseous mixture 52 may dope or react with the soot as outlined above.

[0047] As explained above, in examples where the silicon halide to oxidizer ratio approaches 1
or greater, the halogen of the silicon halide may begin to dope, or be present within, the silica
glass 60. The halogen present within the silica glass 60 is the halogen(s) present within the
silicon halide of the gaseous mixture 52. As such, step 86 may include depositing silica glass 60
including a halogen on the inside surface 44A of the substrate tube 44. The silica glass 60 may
include an individual halogen weight percent (i.e., any one of F, Cl, Br and I) in the silica glass
60 of about 0.2 wt%, or about 0.4 wt%, or about 0.6 wt%, or about 0.8 wt%, or about 1.0 wt%,
or about 1.2 wt%, or about 1.4 wt%, or about 1.6 wt%, or about 1.8 wt%, or about 2.0 wt%, or
about 2.2 wt%, or about 2.4 wt%, or about 2.6 wt%, or about 2.8 wt%, or about 3.0 wt%, or
about 3.2 wt%, or about 3.4 wt%, or about 3.6 wt%, or about 3.8 wt%, or about 4.0 wt%, or
about 4.2 wt%, or about 4.4 wt%, or about 4.6 wt%, or about 4.8 wt%, or about 5.0 wt%, or
about 5.2 wt%, or about 5.4 wt%, or about 5.6 wt%, or about 5.8 wt%, or about 6.0 wt% or any
and all values and ranges therebetween. For example, the halogen weight percent of any of F, Cl,
Br or [ may be about 2 wt% or greater, or 3 wt% or greater, or about 4 wt% or greater, or from
about 1.0 wt% to about 7.0 wt%, or from about 1.5 wt% to about 6.0 wt%, or from about 2.0
wt% to about 5.5 wt%, or from about 2.5 wt% to about 5.0 wt%, or from about 3.0 wt% to about
5.0 wt%. According to various examples, because the deposited silica glass 60 may obtain
sufficiently high halogen concentrations within the silica glass 60, the silica glass 60 may be
substantially free of GeOs.

[0048] As explained above, the composition of the gaseous mixture 52 may be changed during
operation of the PCVD assembly 40 to change conditions within the substrate tube 44. For
example, a first composition of the gaseous mixture 52 may have a silicon halide to oxidizer
molar ratio (e.g., 0.8 or less) which tends to form undoped silica (or silica doped with halogen
concentration of less than 0.5 wt%) as a first silica glass 60A. It will be understood that in such
an example the silicon halide may be supplemented with or replaced with a silica-forming agent
to form the first silica glass 60A. After a sufficient thickness of the first silica glass 60A is
formed, the composition of the gaseous mixture 52 may be changed such that a second silica

glass 60B which is doped with a halogen (i.e., from the silicon halide) is deposited on the first
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silica glass 60A. Such layering of the first and second silica glasses 60A and 60B may form the
optical fiber preform 74.

[0049] Referring now to FIGS. 3 and 4, the first silica glass 60A may form a cladding region
74A of the optical fiber preform 74 and the second silica glass 60B may form a core region 74B
of the optical fiber preform 74. It will be understood that the core region 74B and the cladding
region 74A of the optical fiber preform 74 may be formed in different runs of the method 70 or
by different manufacturing techniques without departing from the teachings provided herein.
Further, gascous byproducts and excess gaseous mixture 52 passed through the PVCD assembly
40 may be expelled from the substrate tube 44 on an opposite end of the substrate tube 44 than
where the gaseous mixture 52 entered. After the formation of the first silica glass 60A and the
second silica glass 60B, the optical fiber preform 74 may undergo one or more redraw processes
to form a void-free optical fiber preform 74.

[0050] Once the optical fiber preform 74 has been formed, a step 90 of drawing the optical fiber
preform 74 into the optical fiber 10 may be performed. As the preform 74 is formed from the
silica glass 60, step 90 may include drawing the silica glass 60 into the optical fiber 10. As
shown in FIG. 4, the optical fiber preform 74 includes cladding region 74A and the core
region 74B corresponding to the first silica glass 60A and the second silica glass 60B,
respectively. Further, the cladding region 74A will be drawn to form the cladding 18 and the core
region 74B will be drawn to form the core 14. The optical fiber preform 74 may be drawn into
the optical fiber 10 by positioning the preform 74 within a draw furnace 100, and then heating
and drawing the optical fiber 10 from the preform 74. The optical fiber 10 may then be cooled in
a cooling chamber 104 and measured for final diameter with a non-contact sensor 108. One or
more coatings (c.g., the primary coating 30 and/or secondary coating 34) may be applied and
cured by a coating apparatus 112. During the draw, the optical fiber 10 passes through a tension
assembly 116 whereby tension is applied to draw the optical fiber 10 from the preform 74. The
tension is controlled via a control apparatus 120 to maintain the diameter of the optical fiber 10
at a predetermined set point. Finally, the coated optical fiber 10 is wound by a guide element
124 onto a fiber storage spool 128.

[0051] Use of the present disclosure may offer a variety of advantages. First, use of the presently
disclosed method 70 offers the ability to form low loss optical fibers 10. Conventional

manufacturing methods of forming doped waveguides suffer from the difficulty of placing
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sufficient quantities of dopants within the waveguide to achieve desired refractive index profiles.
By utilizing molar ratios of silicon halide to oxidizer in the gaseous mixture 52 which result in
the doping of the silica glass 60 according to Eq. (3), low loss optical fibers 10 may be achieved.
For example, the core 14 of the optical fiber 10 may include about 1 wt% or greater of Br or
about 2 wt% or greater of Cl resulting in an attenuation at 1550 nm of less than about 0.180
dB/km.

[0052] Second, use of the PCVD assembly 40 offers a precise control of halogen dopant
concentrations in the core 14 and the cladding 18 of the optical fiber 10. Conventional doping
techniques often utilize gaseous dopants diffused into monolithic soot bodies while the soot
bodies are being consolidated. Such gaseous doping techniques may utilize high pressures which
necessitates specialty equipment. In the present disclosure, the halogen dopant concentration and
thickness of the core 14 and the cladding 18 can be precisely tailored as the silica glass 60 is
deposited on the inside surface 44 A of the substrate tube 44. Such a feature may be advantageous
in allowing tight tolerance control over the core 14 and cladding 18.

[0053] Third, as the core 14 of the optical fiber 10 may be doped with relatively high quantities
of ¥, CL, Br and/or I to produce the necessary refractive index delta between the core 14 and the
cladding 18, the optical fiber 10 may be substantially or wholly free of Ge. As explained above,
use of Ge as an index-raising dopant for silica cores may tend to increase the Rayleigh scattering
of the optical fiber 10 relative to undoped silica fibers. As such, the minimization or removal of
Ge from the core 14 and replacing it with one or more halogen dopants may provide lower
attenuation of the core 14 while providing a sufficient refractive index delta between the core 14
and the cladding 18 to produce a well-guided waveguide.

[0054] Fourth, as doping of the core 14 of the optical fiber 10 may achieve a sufficient relative
refractive index delta, doping of the cladding 18 may not be necessary. Often, conventional fiber
designs utilize dopants in the cladding to provide a necessary relative refractive index difference
between the core and cladding. Such use of the doped cladding may add manufacturing
complexity as well as cost. Use of the present disclosure may produce a sufficient weight percent
of halogen dopants in the core 14 of the optical fiber 10 such that the cladding 18 may not need
to be doped with one or more down-dopants to achieve an adequate difference in the relative

refractive index between the core 14 and the cladding 18.
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Fifth, use of the PCVD assembly 40 may eliminate conventional consolidation steps.
Conventional waveguides are often formed of compacted soot which may need to be sintered or
consolidated to form a single vitreous body. Such consolidation may be both time and labor
intensive, which may reduce production capacity and efficiency. Use of the presently disclosed
PCVD assembly 40 deposits the silica glass 60 as a vitreous solid and as such does not need an
additional consolidation step thereby eliminating manufacturing cost and complexity.

Examples

Provided below are non-limiting examples of the present disclosure.

Referring now to FIG. 5, an equilibrium mole (molar) ratio of a gas phase SiCly (e.g., the
silicon halide) and a solid SiO; phase (e.g., the silica glass 60) has been estimated by calculating
the equilibrium concentrations for a range of temperatures (e.g. temperature of substrate surface
44A) at a designated pressure for a varicty of SiCls:O; ratios (e.g., in the gaseous mixture 52).
The calculations were done using Outokumpu HSC Chemistry® for Windows software
(Outokumpu Research Oy, Finland), which uses the Gibbs free energy minimization technique
for calculating equilibrium concentrations. The equilibrium mole ratio of SiCls(g)/Si0z(s) as a
function of temperature at a pressure of 20 Torr for different input molar gas flow rate ratios of
SiCly(g)/O(g) is shown in FIG. 5. It is observed that the equilibrium mole ratio of
SiCls(g)/Si0x(s) increases from about 1x107 for an input gas flow rate ratio of SiCls(g)/O2(g) of
0.25 to about 2 for an input gas flow rate ratio of SiCly(g)/Oa(g) 0f 2.33.

The corresponding equilibrium molar ratio of Ch(g)/SiOx(s) (gas phase Ch:solid phase
Si0,, where Cl, is a byproduct formed from SiCly) for different input SiCly(g)/O2(g)
stoichiometry ratios at a pressure of 5 Torr is shown in FIG. 6. The SiCls(g) and Clx(g) are the
species that chlorine dope the deposited layer (e.g., the silica glass 60). SiCl4 (g) has a higher
doping efficiency. As the input gas flow rate ratio of SiCls(g)/O2(g) is increased, it may
negatively impact the deposition rate of the deposited layer. Consequently, in some examples,
the PCVD deposition process (e.g., the method 70) is performed under conditions where the
SiC14/0; molar ratio of input gas flow rates is about 4 or less.

The equilibrium mole ratio of SiBr4(g)/Si02(s) as a function of temperature at 20 Torr for
different input gas flow rates of SiBr4(g)/O2(g) is shown in FIG. 7. It is observed that the
equilibrium mole ratio of SiBra(g)/SiOx(s) increases from 1x107* for an input gas flow rate ratio

of SiBr4(g)/O2(g) of 0.25 to about 2 for an input gas flow rate ratio of SiBr4(g)/O2(g) of 2.33.

16



WO 2020/060754 PCT/US2019/049406

[0061] The corresponding equilibrium moles of Brz(g)/SiO2 for different input SiBr4(g)/O2(g)
stoichiometry ratios is shown in FIG. 8. The SiBr4(g) and Bry(g) are the species that bromine
dope the deposited layer, with SiBrs (g) having higher doping efficiency. As the input gas flow
rate ratio of SiBr4(g)/Oa(s) is increased, it may negatively impact the deposition rate.
Consequently, in some examples, the PCVD deposition process is performed under conditions
where the ratio of input gas flow rates of SiBr4/O; is about 4 or less. For the case of bromine
doping, the substrate temperature for performing PCVD process may be from about 1100° C to
about 1400° C, or from about 1100° C to about 1300° C, or from about 1100° C to about 1200°
C or any and all values therebetween.

[0062] Aspect 1 of the description is;

A method of forming an optical fiber preform, comprising:

flowing a silicon halide and an oxidizer inside of a substrate tube, wherein a molar ratio
of the silicon halide to the oxidizer is from 1.5 to 4.0;

applying energy to form a plasma from the silicon halide and the oxidizer, the plasma
heating an inside surface of the substrate tube to a temperature of from about 1000° C to about
1700° C; and

depositing silica glass from a reaction of the silicon halide and the oxidizer on the inside
surface of the substrate tube, the silica glass comprising a halogen derived from the silicon
halide.

[0063] Aspect 2 of the description is:

The method of Aspect 1, wherein the oxidizer comprises Os.

[0064] Aspect 3 of the description is:

The method of either of Aspects 1 and 2, wherein the silicon halide comprises fluorine.

[0065] Aspect 4 of the description is:

The method of any of Aspects 1-3, wherein the silicon halide comprises bromine.

[0066] Aspect 5 of the description is:

The method of any of Aspects 1-4, wherein the silicon halide comprises chlorine.

[0067] Aspect 6 of the description is:

The method of any of Aspects 1-5, wherein the molar ratio of the silicon halide to the oxidizer is
2.0 or greater.
[0068] Aspect 7 of the description is:
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The method of any of Aspects 1-5, wherein the molar ratio of the silicon halide to the oxidizer is
3.0 or greater.
[0069] Aspect 8 of the description is:
The method of any of Aspects 1-7, wherein the silica glass comprises a concentration of the
halogen of about 2.0 wt% or greater.
[0070] Aspect 9 of the description is:
The method of any of Aspects 1-7, wherein the silica glass comprises a concentration of the
halogen of about 3.0 wt% or greater.
[0071] Aspect 10 of the description is:
The method of any of Aspects 1-7, wherein the silica glass comprises a concentration of the
halogen of about 4.0 wt% or greater.
[0072] Aspect 11 of the description is:
The method of any of Aspects 1-7, wherein the silica glass comprises a concentration of the
halogen of from about 2.0 wt% to about 7.0 wt%.
[0073] Aspect 12 of the description is:
The method of any of Aspects 1-7, further comprising flowing a second silicon halide inside of
the substrate tube.
[0074] Aspect 13 of the description is:
A method of forming an optical fiber preform, comprising:
flowing a silicon halide and O inside of a substrate tube, wherein a molar ratio of the
silicon halide to O is greater than 1.5;
applying energy to form a plasma from the silicon halide and the O, the plasma heating
an inside surface of the substrate tube to a temperature of from about 1000° C to about 1700° C;
and
depositing silica glass from a reaction of the silicon halide and the O: on the inside
surface of the substrate tube, the silica glass comprising a halogen derived from the silicon halide
at a concentration of 2.0 wt% or greater.
[0075] Aspect 14 of the description is:
The method of Aspect 13, wherein the molar ratio of the silicon halide to Os is greater than 2.0.
[0076] Aspect 15 of the description is:
The method of Aspect 13, wherein the molar ratio of the silicon halide to O- is greater than 3.0.
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[0077] Aspect 16 of the description is:
The method of Aspect 13, wherein the molar ratio of the silicon halide to O is greater than 4.0.
[0078] Aspect 17 of the description is:
The method of Aspect 13, wherein the molar ratio of the silicon halide to Os is greater than 5.0.
[0079] Aspect 18 of the description is:
The method of Aspect 13, wherein a pressure of the silicon halide and the O» within the substrate
tube is less than about 50 Torr or less.
[0080] Aspect 19 of the description is:
The method of Aspect 13, wherein a pressure of the silicon halide and the O, within the substrate
tube is less than about 40 Torr or less.
[0081] Aspect 20 of the description is:
The method of Aspect 13, wherein a pressure of the silicon halide and the Oz within the substrate
tube is less than about 20 Torr or less.
[0082] Aspect 21 of the description is:
The method of any of Aspects 13-20, wherein the plasma heats the inside surface of the substrate
tube to a temperature of from about 1100° C to about 1400° C.
[0083] Aspect 22 of the description is:
The method of any of Aspects 13-20, wherein the plasma heats the inside surface of the substrate
tube to a temperature of from about 1100° C to about 1300° C.
[0084] Aspect 23 of the description is:
The method of any of Aspects 13-20, wherein the plasma heats the inside surface of the substrate
tube to a temperature of from about 1100° C to about 1200° C.
[0085] Aspect 24 of the description is:
A method of forming an optical fiber, comprising:
flowing a silicon halide and O inside of a substrate tube, wherein a molar ratio of the
silicon halide to Oz greater than 1.5, further wherein the partial pressure of the silicon halide and
O; within the substrate tube is about 50 Torr or less;
applying energy to form a plasma from the silicon halide and the O, the plasma heating
an inside surface of the substrate tube to a temperature of from about 1000° C to about 1400° C;

and
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depositing silica glass inside the substrate tube from a reaction of the silicon halide and
the Oz on the inside surface of the substrate tube, the silica glass comprising a halogen derived

from the silicon halide at a concentration of from about 2.0 wt% to about 7.0 wt%.

[0086] Aspect 25 of the description is:
The method of Aspect 24, wherein the silicon halide comprises at least one of SiCl4 and
SiBr4.
[0087] Aspect 26 of the description is:

The method of either of Aspects 24 and 25, wherein the silica glass is substantially free of GeOa.

[0088] Aspect 27 of the description is:

The method of any of Aspects 24-26, wherein the silica glass is substantially void-free.

[0089] Aspect 28 of the description is:

The method of any of Aspects 24-27, wherein the silicon halide is in vapor form during the
flowing.

[0090] Aspect 29 of the description is:

The method of any of Aspects 24-27, further comprising the step of:
drawing the silica glass into the optical fiber.

[0091] Aspect 30 of the description is:

The method of Aspect 29, wherein the halogen is Br and wherein a core of the optical
fiber comprises about 2.0 wt% or greater of the Br.

[0092] Aspect 31 of the description is:

The method of Aspect 29, wherein the halogen is Cl and wherein a core of the optical fiber
comprises about 2.0 wt% or greater of the Cl.

[0093] Modifications of the disclosure will occur to those skilled in the art and to those who
make or use the disclosure. Therefore, it is understood that the embodiments shown in the
drawings and described above are merely for illustrative purposes and not intended to limit the
scope of the disclosure, which is defined by the following claims, as interpreted according to the
principles of patent law, including the doctrine of equivalents.

[0094] It will be understood by one having ordinary skill in the art that construction of the
described disclosure, and other components, is not limited to any specific material. Other
exemplary embodiments of the disclosure disclosed herein may be formed from a wide variety of

materials, unless described otherwise herein.
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[0095] It will be understood that any described processes, or steps within described processes,
may be combined with other disclosed processes or steps to form structures within the scope of
the present disclosure. The exemplary structures and processes disclosed herein are for
illustrative purposes and are not to be construed as limiting.

[0096] It is also to be understood that variations and modifications can be made on the
aforementioned structures and methods without departing from the concepts of the present
disclosure, and, further, it is to be understood that such concepts are intended to be covered by

the following claims, unless these claims, by their language, expressly state otherwise.
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What is claimed is:

l. A method of forming an optical fiber preform, comprising:

flowing a silicon halide and an oxidizer inside of a substrate tube, wherein a molar ratio
of the silicon halide to the oxidizer is from 1.5 to 4.0;

applying energy to form a plasma from the silicon halide and the oxidizer, the plasma
heating an inside surface of the substrate tube to a temperature of from about 1000° C to about
1700° C; and

depositing silica glass from a reaction of the silicon halide and the oxidizer on the inside
surface of the substrate tube, the silica glass comprising a halogen derived from the silicon
halide.

2. The method of claim 1, wherein the oxidizer comprises Ox.

3. The method of either of claims 1 and 2, wherein the silicon halide comprises fluorine.
4. The method of any of claims 1-3, wherein the silicon halide comprises bromine.

S. The method of any of claims 1-4, wherein the silicon halide comprises chlorine.

6. The method of any of claims 1-5, wherein the molar ratio of the silicon halide to the

oxidizer is 2.0 or greater.

7. The method of any of claims 1-5, wherein the molar ratio of the silicon halide to the

oxidizer is 3.0 or greater.

8. The method of any of claims 1-5, wherein the molar ratio of the silicon halide to the

oxidizer is less than 5.0.
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9. The method of any of claims 1-8, wherein the silica glass comprises a concentration of

the halogen of about 2.0 wt% or greater.

10. The method of any of claims 1-8, wherein the silica glass comprises a concentration of

the halogen of about 3.0 wt% or greater.

11. The method of any of claims 1-8, wherein the silica glass comprises a concentration of

the halogen of about 4.0 wt% or greater.

12. The method of any of claims 1-8, wherein the silica glass comprises a concentration of

the halogen of from about 2.0 wt% to about 7.0 wt%.

13. The method of any of claims 1-8, further comprising flowing a second silicon halide

inside of the substrate tube.

14. A method of forming an optical fiber preform, comprising:

flowing a silicon halide and O- inside of a substrate tube, wherein a molar ratio of the
silicon halide to Oz is greater than 1.5;

applying energy to form a plasma from the silicon halide and the O», the plasma heating
an inside surface of the substrate tube to a temperature of from about 1000° C to about 1700° C;
and

depositing silica glass from a reaction of the silicon halide and the O on the inside
surface of the substrate tube, the silica glass comprising a halogen derived from the silicon halide

at a concentration of 2.0 wt% or greater.

15.  The method of claim 14, wherein the molar ratio of the silicon halide to O: is greater than

2.0.

16.  The method of claim 14, wherein the molar ratio of the silicon halide to O: is greater than

3.0.
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17.  The method of claim 14, wherein the molar ratio of the silicon halide to Oz is greater than
4.0.

18.  The method of claim 14, wherein the molar ratio of the silicon halide to O» is greater than

5.0.

19.  The method of claim 14, wherein a pressure of the silicon halide and the O» within the

substrate tube is less than about 50 Torr or less.

20. The method of claim 14, wherein a pressure of the silicon halide and the O; within the

substrate tube is less than about 40 Torr or less.

21. The method of claim 14, wherein a pressure of the silicon halide and the O2 within the

substrate tube is less than about 20 Torr or less.

22. The method of any of claims 14-21, wherein the plasma heats the inside surface of the

substrate tube to a temperature of from about 1100° C to about 1400° C.

23.  The method of any of claims 14-21, wherein the plasma heats the inside surface of the

substrate tube to a temperature of from about 1100° C to about 1300° C.

24.  The method of any of claims 14-21, wherein the plasma heats the inside surface of the

substrate tube to a temperature of from about 1100° C to about 1200° C.

25. A method of forming an optical fiber, comprising:

flowing a silicon halide and O2 inside of a substrate tube, wherein a molar ratio of the
silicon halide to O greater than 1.5, further wherein the partial pressure of the silicon halide and
; within the substrate tube is about 50 Torr or less;

applying energy to form a plasma from the silicon halide and the O», the plasma heating
an inside surface of the substrate tube to a temperature of from about 1000° C to about 1400° C;

and
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depositing silica glass inside the substrate tube from a reaction of the silicon halide and
the Oz on the inside surface of the substrate tube, the silica glass comprising a halogen derived

from the silicon halide at a concentration of from about 2.0 wt% to about 7.0 wt%.

26. The method of claim 235, wherein the silicon halide comprises at least one of SiCls and

SiBr4.

27.  The method of either of claims 25 and 26, wherein the silica glass is substantially free of
GeOa.

28. The method of any of claims 25-27, wherein the silica glass is substantially void-free.

29. The method of any of claims 25-28, wherein the silicon halide is in vapor form during the

flowing.

30. The method of any of claims 25-28, further comprising the step of;

drawing the silica glass into the optical fiber.

31.  The method of claim 30, wherein the halogen is Br and wherein a core of the optical fiber

comprises about 2.0 wt% or greater of the Br.

32. The method of claim 30, wherein the halogen is Cl and wherein a core of the optical fiber

comprises about 2.0 wt% or greater of the Cl.
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