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IMPROVEMENTS IN VITREOUS SILICA MANUFACTURE

Background of the Invention
1. Field of the Invention
The manufacture of synthetic vitreous silica by soot
5 deposition has been known for several décades. In the last
20 years, much progress has been made, stimulated by the
need to prepare ultrapure and doped synthetic silica glasses
for the manufacture of optical fibre. Two of the major
processes which have emerged are;
10 (a) OVD (Outside Vapour Deposition)
(b) VAD (Vapour Phase Axial Deposition).

The OVD process involves the formation of a porous
synthetic silica glass body by geposition of silica soot
produced by one or more synthesis burners fed with fuel gas,

15 oxygen and a source of silica vapour species, most commonly
silicon tetrachloride but sometimes other halosilanes have
been used. The plume of silica fume issuing from the burner
or burners is directed to deposit silica soot on a mandrel
or substrate, typically rotating about a horizontal or

20 vertical axis. In some variants of the process, additional
burners are used for soot consolidation, and for maintaining
the temperature at each end of the soot body to prevent
crackihg.

Although the use of such a volatile silicon compound

25 permits precise control of the purity of the deposited
silica, care must be taken to avoid deposition of silica on

& the surface of the burner, as this may distort the flame, or
block the exit ports of the burner. In the design of silica
deposition burners it is essential to overcome this problem.

30 2. Description of the Related Arxt
A typical prior art burner is shown schematically at 10
in Figure 1 of the accompanying drawings. The burner is

made of metal with a central port 11. through:- which is
projected a stream of silicon tetrachloride vapour, in an

! 35 oxygen carrier gas stream. This central port is surrounded
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central port. The silicon tetrachloride is hydrolysed in

5 the flame to form a plume of silica fume which is projected
onto a mandrel or substrate made from alumina, graphite or
silica to deposit as silica soot. The substrate may
comprise a doped vitreous silica core rod which is to form
the central component of an optical fibre preform.

10 In a typical prior art VAD process, the deposition
occurs on the lower end of a vertically suspended and
rotating silica soot body. Typically one burner deposits
core material to form the axial region of a cylindrical soot
body, and several further burners are used for depositing

15 the cladding soot. The general design of one such burner
comprises a series of co-annular quartz glass tubes defining
a series of concentric annular slots through which the feed
materials for the burner are supplied is shown at 20 in
Figure 2. Typically -a central tube 21 is fed with silicon

20 tetrachloride and oxygen, and successive annular slots
(three of which are shown in Figure 2 at 22, 23 and 24) are
fed with, for example, argon, hydrogen or oxygen. A simple
two- or three-slot burner may be surrounded by further
annular slots creating additional hydrogen and oxygen

25 sheaths, increasing the thermal output, lengthening the
flame and promoting consolidation of the deposited soot.

Optionally, these annular slots may be separated by
intermediate annular slots fed with inert gas e.g., argon,
helium or nitrogen; to provide some cooling, for example to

30 reduce the thermal load on the burner. Again, optionally,
the burner may be supplied with an alternative fuel gas to
hydrogen, such as methane.

The burners shown in Figures 1 and 2 produce an
approximately cylindrical plume of silica particles which is
35 impacted upon the substrate. The particles move towards the
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substrate under the lnfluence of thermophoresis (motion of
particles. through a gas towards a region of lower
cemperature), and a proportion of the particles strike, and
adhere to the substrate. The soot collection rate and.
collection efficiency of these known burners depend in part
on the surface area over which deposition takes place. It
is thus beneficial to deposit over as large a surface area

as practical.

It is known in the operation of én OVD process to be
beneficial to employ a large diameter substrate, and to
employ an array of several burners. When operating an OVD
process with a single burner, it is necessary to oscillate
the burner to and £fro along the full length of the
substrate, but with an assembly of multiple burners, the
15 assembly does not have to oscillate over the full length of

the substrate, but merely over a fraction of the distance,
sufficient to permit overlap of the deposits arising from
neighbouring burners. Thus in JP-A-91279234, the use of
three or more burners of similar.size is described, for the
20 deposition of synthetié silica soot along the length of an
optical fibre preform rod. The burners, typically five in
number, are equally spaced along the 1length of the
substrate, and each is independently controlled according to
a predetermined schedule, to seek to achieve uniform
25 deposition of soot along the rod.

The use of an array of similar burners has been
described also in EP-A-0476218, which describes the
difficulties experienced in usihg linked arrays of burners,
extending over the full 1length of the substrate and

30 oscillated in a cyclic fashion of small amplitude, parallel
to the long axis of the substrate. Problems arise in
particular if these burners do not have identical deposition
characteristics. It is stated in EP-A-0476218 that these
difficulties are to some extent overcome by seeking to match

35 the characteristics of each burner, and then continuously
adjusting the end limits of the oscillation of the burner
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array, to minimise the frequency at which these end limits
coincide from cycle to cycle. By controlling the
inter-burner variability, and the air flow in the burner
array and preform regions, it was said that preforms having

5 substantially uniform axial properties can be obtained.

To deposit on a cylindrical article it would appear
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preferable to provide a sheet-like plume of silica fume
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which suggests a burner comprising an array of linear slots
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as opposed to the basically c¢ylindrical plumes of the

10 burners so far described. Such an arrangement has been

: described in JP-A-91112820, in - which preforms were 3
% manufactured by soot deposition on the periphery of a n
| cylindrical substrate, by using a plurality of multi-slit
oxy-hydrogen burners, fed with silicon tetrachloride as

iyt

15 silicon- containing feedstock, and arranged end-to-end along
the length of the substrate. It is stated that this
arrangement is superior to the use of a multiplicity of
coaxial burners, since the latter suffer from mutual
interaction of the burner flames. The burners described in

20 JP-A-91112820 are said to be better than a single long slit
burner which did not produce a sufficiently lengthwise
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uniform £lame. The use of a multiplicity of burners
nevertheless leads to added cost and complexity, especially
as each may require a separate feed and control system.

25 The desirability of using a linear burner for soot
deposition was noted many years ago. Early attempts at a N
simple 1ribbon or strip burner were described in ;
US-A-3565346, but problems arose due to deposition of silica
soot on the face of this burner, and furthermore the burner

30 was difficult to construct and consequently very expensive.
An improved design was therefore proposed in US~ A-4203553,
in which the reactant gas stream (e.g., silicon tetra-
chloride in oxygen) was directed from two linear arrays of}

orifices, into a central linear flame, issuing from a third:
35 linear array of orifices. Using this system, deposition on
the working parts of the burner was said to be avoided, bu?-
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the efficiency of deposition of silica upon the substrate
was not disclosed, and this type of burner does not provide
a laminar sheet-like flow of high concentration silica fume,
which appears desirable for optimum deposition efficiency.

5 An alternative design of elongated burner was described
in US-A- 4136828. In this burner the metal halide was
injected into a pair of inwardly inclined linear flames. The
burner comprised a central linear array of orifices supplied
with silicon tetrachloride in oxygen, on each side of which

10 was a linear array of closely spaced orifices providing jets
of high velocity shield gas. Again on either side were two
slots providing a large volume of non-reactive gas, and

finally on each side was arranged a row of inclined jets
providing premixed oxygen and fuel gas, yielding two linear

15 and inwardly inclined flames permitting the flame hydrolysis
of the silicon tetrachloride to occur.

This arrangement 1is again likely to be of low
efficiency, due to the_use of high velocity shield gas, of
large volumes of inert gas, and to the use of high velocity

20 inclined flames to provide the desired reaction. ' Each of
these factors is detrimental to the situation sought, i.e.
the production of a high concentration, low turbulence,
sheet-like flow of silica species to impact upon a substrate
serving as collection site. Furthermore the critical

25 dimensions of the components of this burner can only be
adjusted by expensive re-machining and reassembly (or Dby
total replacement), and thus could be costly to optimise.
The use of many fine orifices presents another disadvantage
in that each is subject to blockage and would be difficult

30 to clean. Final;y there is no evidence of this burner
having been used with a slot, or orifice array length of
more than 10 cm (4 inches). The present invention seeks to
provide a burner to achieve a uniform soot synthesis flame
over a far greater burner length, and furthermore to operate

35 efficiently and over a iong period, not only with silicon
halides, but also with halogen-free silicon-containing.
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The concept of a long linear burner has been described
in US-A- 4682994, but this disclosure offers no - solution to
the problems of deposition of silica particles on the face

5 of the burner. US- A-4682994 implies the use of a
homogeneous mixture of reagent gases, fed via two similar
feed conduits to an array of parallel linearly-arranged
orifices, to give a stream of silica particles of width.
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similar to the diameter of the substrate, and a length many
10 times greater than its width.

US-A-4682994 speaks of a homogeneous flow of silica
particles across the width of the flame but in practice it
has been found that such an arrangement is far from ideal.
We have found a superior and more efficient practice is to

15 generate a high concentration of silica particles within a
narrowly confined region of the flame (generally on the
centre-line) and to surround this with high temperature gas,
typically combustion products and free from silica.
particles. This arrangement provides a sheet-like flow of

20 silica particles, surrounded on either side by parallel
sheet-like flows of hot combustion product gases, and
maximises the probability that a silica particle will reach
the substrate and there adhere, and thus maximises the
efficiency of the deposition process.

25 Some of the essential features of a practical linear
silica synthesis burner are outlined below.

It is desirable to provide an array of orifices,
ideally of parallel rectangular slots, to give parallel
linearly disposed flows of reagent or inert gases, in a

30 manner in which each flow is substantially uniform along the
length of the burner.

It is preferable to synthesise silica particles at
maximal concentration in the form of a thin sheet, typically
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on the centre-line of the burner.

It is desirable that an inner shield gas should
surround the flow of silica precursor vapour, in order to
prevent premature oxidation of the precursor, which might

5 lead to deposition of silica on the face of the burner., and
subsequent distortion of the £flame, or blockage of the

orifices.

It is preferable that the burner be of wmodular
construction, and demountable, to permit interchange of
10 critical parts and thus
- to facilitate the optimisation of the dimensions of the
critical orifices particularly the widths of the slots,
- to permit cleaning of any blocked orifices,
- to permit facile replacement of any corroded or damaged
15 part. ' '

It is desirable that the parallel flows of silica fume
and combustion product gases be of low turbulence, in order
to maximise the local concentration of fume particles, and
to establish the controlled high thermal gradients which

20 will optimise the conditions for thermophoretic flow of
particles to the substrate.

There exists no published burner design which enables
these various factors to be simultaneously achieved, either
for burners supplied with conventional silica precursors

25 (typically the halosilanes, and most frequently silicon
tetrachloride), or for the halogen-free feedstocks such as
for example silane, tetramethoxysilane (TMS, Si(OCH3)4), or
the. polysiloxanes, eg. hexamethyldisiloxane (HMDS,
(CH3)3Si0Si(CH3)3), octamethylcyclotetrasiloxane (OMCTS,

30 ((CH3)2Si0)4) etc., which may be preferred due to the
absence of corrosive gases in the effluent gases, and to
their ability to yield halogen-free glass product.

These halogen-free feedstocks are generally highly
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reactive with oxygen, requiring more care in burner design-
if deposition of silica on the burner face is to be avoideg
In a conventional burner, the silicon tetrachlorige
feedstock may be supplied to the burner mixed with oxygen ag
5 carrier gas. No reaction of these two gases occurs untiy-
the gases are well into the flame, and clear of the surface
of the burner, since the mixture must be strongly heated tg
initiate the oxidation reaction, or alternatively must meet
an adequate concentration of water wvapour (a combustion

10 product of the flame) to initiate the alternative hydrolysis
reaction. Despite this, it has still proved difficult in
the past to achieve even a short linear burner capable of
long term use with silicon tetrachloride feedstocks (see
US-A- 4203553).

15 These problems have been found to be considerably
exacerbated when using combustible halogen-free silica
precursors which burn with great intensity, immediately they
emerge from the burner and meet oxygen. This property
enables considerable savings in fuel gas relative to the use

20 of conventional halosilane feedstocks, but presents severe
problems in the design of suitable burners. ' The less
expensive of these silica precursor feedstock materials also
tend to have higher boiling points (eg. OMCTS, boiling point
176°C) and, at the high loadings which are desirable in

25 practice, it is necessary to preheat the burner to ensure
that no condensation of precursor vapour occurs within the
burner itself. This further enhances the reactivity of the
vapour, and leads to considerable risk of thermal
distortion of the components which "may be used to

30 manufacture the burner. Any such distortion leads to loss
of control of flame structure, and again increases the risk
of undesirable deposition of silica on the face of the
burner.

The task of providing a linear burner for these new
35 silica precursors has thus not proved easy, and it is
surprising that it can be achieved in the design of the
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present invention, which has permitted the manufacture of
burners capable of yielding uniform deposition of silica
soot over a considerable length of substrate, from a
continuous sheet-like flame of high aspect ratio supplied
5 with the wvapour of halogen-free precursors. It is
understood furthermore that burners according to the present
invention, which have proved satisfactory for the rigorous
conditions of use with siloxane feedstocks, equally (with
minor changes in dimensions, choice of gases, gas flows

‘ 10 etc.) will prove satisfactory for use alternatively with
silicon tetrachloride or other halosilane silica precursors.

Summary of the Invention
One aim of the present invention is to enhance the
build-up rate of a given deposition facility by employing
15 one or more elongated deposition burners each of which
deposits silica soot over a substantial length of a
substrate surface. This aim is sought to be achieved in the
present invention by the use of a burner having a plurality
of separate supply channels for gas streams fed to the

20 burner, each channel texminating in a finite elongate outlet
slot, which slots are disposed side-by-side, substantially
parallel to all the other slots in the burner. Such burners
will hereafter be referred to as "linear burners", and -
generally comprise at least five slots. The slots (or the

25 innermost five slots) together define an array from which
gases emerge creating a primary synthesis flame in an efflux
zone whose length in the elongate direction of the slots
preferably has a ratio (aspect ratio) of at least 5:1
relative to the maximum width of the gas flows emerging from

30 the plurality of side-by-side slots which define the primary
synthesis flame. Advantageously the aspect ratio is at
least 10:1 and preferably at least 50:1. A linear burner in
accordance with this invention may be made from fused
quartz, vitreous silica or ceramic material, or

35 alternatively from metal components, which can be accurately
formed or machined, and parts of which may be readily
dismantled, cleaned or replaced whenever required.
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A particularly important feature of this invention 5
. arises from a method of using a linear burner with a
. halogen-free silicon-containing feedstock to create a
synthetic silica soot deposit on a suitable substrate.
5 Brief Description of the Drawings

The invention will now be further described, by way of

example, with reference to the accompanying drawings, in

which

Figures 1 and 2 are the prior art burner constructions
10 already discussed,

Figures 3 and 4 are schematic views of two embodiments
of linear burners in accordance with the invention, and

Figures 5, 6, 7 and 8 are more detailed schematic views
of individual components of burners and burner assemblies in
15 accordance with the invention.
Description of the Preferred Embodiments
A burner in accorxdance with the invention may be used
for the deposition of silica soot along a linear zone from
. a feedstock such as silicon tetrachloride ox other
20 halosilane. For this application a simple burner such as
that shown in Figuré 3 can be used with five side-by-side
elongated slots terminating in five gas supply channels,
where channel 31 is fed with SiCl,/0, channels 32 and 32A
are fed with oxygen, and channels 33 and 33A are fed with
25 hydrogen.

The linear burner 30 shown in Figqure 3 is of
symmetrical design, i.e., the channels 32, 32A terminate in
elongate slots of equal width and this is preferred. 1In
practice each channel 32, 32A will conveniently be fed with

30 equal wvolumes of oxygen. Channels 33 and 33A likewise
conveniently provide equal width outlet slots and are
suitably fed with equal volumes of hydrogen. As described,
the burner 30 provides a symmetrical flame, with the silica
precursor introduced.to the central channel 31, however it
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is possible to provide a linear burner within the scope of
this invention which comprises finite slots with.differing
widths and/or symmetrically located pairs of finite slots
which are fed with differing volumes of the respective gases
or even with different gases, in order, for example, to
achieve a specifically desired deposition temperature or
temperature'distribution.

It is preferable that the dimensions of the outlet
slots of the channels and volume flows of the respective
gases through those channels be such as to achieve a
sheet-like plume of silica fume which is of low turbulence,
since excessive turbulence dilutes the plume and lowers the
efficiency of the collection with regard to the soot
product.

A burner in accordance with the present invention has
particular utility when used for silica soot deposition from
one of a number of commercially available halogen-free
silicon-containing vapour feedstocks which burn in oxygen to
give silica fume. The linear burner may be fed with silane,
with alkoxysilanes e.g., Si(OCH3),4, or with other vaporised
silicon compounds, for example any of a range of siloxane-
containing compounds, .i.e., which incorporate the atomic
grouping Si-0-Si. Siloxane feedstocks include such simple
species as hexamethyldisiloxane, (CH3) 381-0-Si(CH3)3, and
more complex polysiloxanes including such linear molecules
as are covered by the general formula R3Si.0. (SiR30)p.SiRy
where m is any integer including zero, and also such cyclic
molecules as are covered by the general formula Ryp,Sin.Op
where n is greater than 2, and R in the above examples
represents one of a series of possible substituent groups
selected from

i) an alkyl group of the general formula
Cp - Hapsa
where p is an integer greater than zero, and
ii) the hydride group
E-
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The burner 30 shown in Figure 3 may be used for
deposition, on a cylindrical substrate, of soot made by
combustion of a halogen- free silicon-containing vapour.
Channel 31 is fed with silicon- containing vapour,

5 optionally diluted with a carrier gas which may be inert,
e.g., argon, nitrogen, or a combustible gas, e.g., hydrogen
or methane. Channels 32 and 32A are fed with a combustible
gas, e.g., hydrogen or methane, optionally diluted with
inert gas, or with inert gas alone, and channels 33, 33A are

10 fed with oxygen. The entire burner can be manufactured from
metal components and at least the boundaries of channel 31
can be maintained at a temperature above the dew point of
the silicon- containing feedstock to.prevent condensation of
feedstock within the burner.

15 Figure 4 shows a nine channel burner 40 which may be
provided with gases as follows. A central slot 41 is fed
with a wvapour of an appropriate combustible halogen-free
compound of silicon, optionally mixed with a carrier gas,
e.g., nitrogen or hydrogen. The next adjacent slots 42,

20 42A, are fed with inert or combustible gas, e.g. hydrogen,
‘'methane, or nitrogen, i.e. with a gas which does not oxidise
the silicon compound. The next adjacent slots 43, 43A are
fed with oxygen, slots 44, 44A are fed with a combustible
gas, e.g. hydrogen or methane, and slots 45, 45A fed with

25 oxygen.

Additional channels may be fitted to either of the
above described linear burners if required, e.g., ¢to
increase the width or intensity of the flame, or to
introduce inert gas between neighbouring flows of

30 combustible gas and oxygen (to reduce the thermal locad on
the intervening separators). It may also be advantageous to
include two outer channels carrying e.g., oxygen or. inert
gas, to provide an overall gas shield, reducing the risk of
contamination of the deposition zone by ambient gases, but
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not necessarily contributing to the chemistry of the

process.

It may additionally be advantageous to arrange that

some or all of the outer flows be convergent, i.e. the

5 separator assembly may be designed to ensure that the
planiform gas streams emerging from parallel slots at the
face of the burner are arranged to converge, after emerging,
toward the central axial plane of the burner, stimulating
mixing of the reactant streams as opposed to relying on

10 mutual inter-diffusion, as when the gas streams emerge in a
purely axial direction. Such convergence may be achieved by
arranging that some or -all of the separators are of tapered
cross-section, being thinner at the outlet of the resulting
slot, i.e. at the hot face of the burner.

15 Alternatively or additionally some or all of the combs
may be of tapered cross-section, becoming thinner toward the
hot face of the burner. Such an arrangement leads to a
progressive reduction in cross-sectional area of the
resulting slot in the direction of flow of the gas, and may

20 be employed for example to reduce the small-scale variations
of the flow induced by the individual comb-teeth.

Asymmetrical burners may be preferred for certain
applications, but it is a particular advantage of the
present invention that the linear burner may be used to

25 deposit silica soot over a substantial length of substrate.

When used with a gombustible halogen-free silicon
compound feedstock, advantageously polysiloxane vapour, a
‘significant part of the thermal energy of the flame may be
provided by combustion of the silicon-containing feedstock.

30 The présent invention provides a solution to the
problems and deficiencies exhibited by prior art burners in
a convenient and practical design, capable of use with
conventional halosilane feedstocks, and more importantly
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capable of use with the more novel combustible halogen-free E
silica precursors, which have not previously been used with 4
linear burners. The concept is capable in principle of
providing any number of parallel gas flows emerging from a

5 series of parallel slots at the face of the burner. For the

purpose of illustration one embodiment is exemplified in
Figure 5, which shows a burner comprising nine parallel
slots suitable for deposition of silica from a flow of
polysiloxane vapour, but it is to be understood that the

10 design concept is highly versatile, and, for example, by
modifying the dimensions, or varying the number of parallel
slots, a wide variety of feedstocks, including halosilanes,
silanes, alkoxysilanes, and polysiloxanes, and inert apg
reagent gases may be accommodated.

15 The construction of a preferred modular burner in
accordance with the present invention will now be describeq -
with reference to Figure 5. The basic components of each
module are a pair of plenum blocks 50, 51 which comprise twp .
halves of the burner body, a series of "separators" 52, each

20 of which may be a rectangular sheet of metal of appropriate
composition such that the downstream edge of such’
separator withstands the high temperature conditions
prevailing at the base of the linear flame, and a series“of
"combs", 53, each of which is a comb-like component, ¢t

25 from a sheet of metal, or otherwise constructed, which hblxg

apart neighbouring separators 52, and thus provides an ar

of linearly disposed passages each feeding a slot at:
exit face 52A of the burner from which the gas emerges.:
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achieved by clamping together a series of comb/separator
pairs, and the remaining slot is formed by including a
single plain sheet separator in the assembly.

Each plenum block 50, 51, is drilled or machined to
give a set of hollow plenum chambers 54 each of
cross-sectional area "A" (measured transversely to the long
axis) . Drilled orifices or nozzles 655, each of
cross-sectional area "a", connect the plenum chamber, via a
respective drilled or machined passage 56 in the separator
plate 52, to the relevant space 57 between adjacent teeth of

the comb 53.

The two plenum blocks 50, 51 of a short burner of the
type illustrated in Figure 5 may be held together by bolts
50A and nuts 50B as shown, such that the gases introduced to
the plenum chambers 54 from respective supply pipes, Pl to
P10 in the blocks 50, 51 emerge from a series of
well-defined and uniform slots at the front face of the
burner. Gas-tight sealing may be achieved between the
plenum blocks and the various separators by using O-rings or
alternative gaskets, and the assembly is éubstantially
leak-free.

A long burner requires a relatively substantial
construction of the blocks 50, 51, or altermatively the two
plenum blocks may be compressed together at a number of
places along their length by means of a series of clamps,
pusher screws, hydraulic rams or similar means, in order to
ensure good sealing at all points within the burner, and
precision of the assembly of slots at the front face S52A.

A burner 60 which comprises an assembly of such modular
components, is shown in mid-section in Figure 6. As may be
seen from this diagram, plenum blocks 61 and 61A are of
substantially similar construction. The gases fed to the
central slot of the burner, usually comprising the silica
precursor or feedstock eg. siloxane vapour optionally mixed

4
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with carrier gas (e.g. nitrogen or argon), are introduced
via plenum chamber 62.. Referring to Figure 5, these gases
enter the slot via holes 58. Holes 59, shown in plenum
block 51, may conveniently be fed with inert gas introduced

5 to the plenum block via pipe PS5, and led to the extremities
of the central slot via holes S59A (shown dotted). This
arrangement ensures that the outermost inter-comb passages
of the central (silica precursor) slot of the burner are fed
with inert gas (eg. via 62A), and this prevents premature
10 oxidation of the precursor by entrained air, which would
otherwise cause deposition of silica on the face of the

burner.

As may'be seen the combs and separators forming the

outer slots are progressively shorter as one moves

15 outwards from the centre of the burner, so that the

separator/comb assembly has an approximately triangular

cross-section. The slots immediately to either side of the

central slot carry a gas which is substantially unreactive

to the silica precursor, and in the case of a siloxane

20 feedstock, methane, hydrogen or nitrogen or their mixtures

may be used, as may a range of other inert or combustible

gases or gas mixtures. These gases, which may be referred

to as shield gases, are fed to the next pair of plenum

chambers 63, 63A. Proceeding outwards, the.next pair of

25 slots may be supplied with oxygen provided by plenum
chambers 64, 64A.

While an arrangement of five parallel slots may be used
to synthesise silica soot, and indeed provides the primary
synthesis flame of a burner of this type it has been found

30 preferable to supply additional heat via further slots.
Thus to either side of the above arrangement is fed a fuel
gas eg. methane or hydrogen, from plenum chambers 65, 65A,
and oxygen via plenum chambers 66, 66A. Additional pairs of
heater gas slots may be provided if required, supplied by

35 additional pairs of plenum chambers on either side of the
burner. Despite the presence of such additional slots, the
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central five slots may still be regarded as comprising the

primary synthesis burner.

Generally the slots which together make up the efflux

zone 67 of the burner 60 run substantially the full length

5 of the burner, and each slot is supplied with gas via a
substantial number "n" of equal inter-tooth spaces, each
supplied with gas emerging from the respective one of the
~ "n" equal orifices 55. To ensure approximately uniform
distribution of gas from the plenum to the array of orifices

10 it is necessary to ensure minimal pressure drop along each
plenum, and for this purpose it has been found to be
beneficial to ensure that the cross-sectional area "A" of
each chamber in a plenum block is at least 10
times the sum of the cross-sectional area "a" of the

15 orifices ie. A > 10n x a, where "n" is the number of

orifices of area "a".

The separators must be adequately refractory, thermally
conductive and oxidation resistant. The separators 52 (and
combs 53) may be made from fused quartz, vitreous silica, or

20 certain ceramics, for example silicon carbide, silicon
nitride or sialon, however these materials are relatively
costly and difficult to fabricate and handle, particularly
for the large burners within the scope of the invention. It
has alternatively been found acceptable to make these

25 components from metal but due to the thermal load on the
separator, and other constraints, careful choice of metal is
necessary. It is preferable that the metal comprising a
separator be of low expansion coefficient, and titanium has
been found to be a suitable metal for this purpose,'but

30 other metals and their alloys are expected to be usable.
Where the chosen metal is reactive with one or more of the
gases fed to the burner, it may be desirable to protect the
metal with a suitably refractory coating. If the chosen
metal has too high an expansion coefficient the front edge

35 may distort in the heat of the flame. Under these
circumstances it is advantageous to provide slits in the
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front edge of each separator 52, to permit a limited
expansion of the front edge relative to the cooler regions
of the separator. It is advisable to ensure that these
slits are placed so as to be covered by a comb-tooth 53 to

5 minimise the risk of gas leaking to a neighbouring channel
via such slits.

In an alternative arrangement within the scope of the
present invention, and useful where a long separator
assembly is required but this is to be made from materials

10 which are difficult to manufacture or to machine in long

lengths (e.g. vitreous silica or ceramic) it may be useful

to arrange that the separator assembly is comprised of a

number of short sub-assemblies arranged contiguously end-to-

end, so as to give a substantially uniform sheet-like flame.

' 15 Clearly the gas seals must be appropriately designed to
ensure that the array of separator sub-assemblies is fed -

with respective gas flows without significant leakage of

gas.

With such an arrangement it may be advantageous to

20 arrange a small gap between neighbouring sub-assemblies, at
least at the edge which forms the hot face of the burner,
sufficient for example to accommodate the thermal expansion

of the separators. Each such space may optionally be purged
with inert or combustible gas, thus minimising the risk of

25 premature mixing of the feedstock with oxygen, and the
consequent risk of deposition of silica on the face of the

burner.

It may be advantageous under some circumstances to
arrange that the separators do not terminate in a plane at
30 the front of the burner, as shown in Figures 5 and 6. For
example some improvement in deposition efficiency may be
observed if the central separators terminate 1-2mm upstream

of the outer separators.

The thickness of the combs defines the width of each
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slot, and the comb teeth 53 ensure the precision of the

assembly, and maintain the spacing and parallelism of the
separators 52. However it is advantageous to ensure the
comb teeth 53 are of minimum width, and also that they are

S tapered, so that they present a minimal obstruction where
the gas exits from the slot at the face of the burner. It
is further advantageous to ensure that the comb teeth
terminate some distance inside the slot as this permits some
smoothing of the flow before the gas exits at the face of

10 the burner.

While a burner as shown in Figures 5 or Figure 6 is
assembled using two monolithic plenum blocks, burners within
the scope of this invention may be made more versatile, as
required for experimental development, by arranging that the

15 individual plenum chambers are °“~contained in individual
plenum blocks, e.g. by separating the plenum blocks of the
burner shown in Figure 6 at the dotted lines 68. Under
these circumstances the clamping system must be more
complex, and each paig of opposingfblenum blocks must be

20 separately compressed together to achieve a gas seal.
Nevertheless this multi-block arrangement has proved useful
in development, and is included within the scope of the

present invention.

Figure 7 shows a plan view of a cross-section of the

25 central region of a short burner 70, at a point some
distance from the face, showing the internal arrangement of
comb teeth. The combs for the central (silica precursor)
slot, 71, may advantageously be machined to give only (n-2)
internal channels leading to the burner face, while those

30 for the other gases may have n such channels. Figure 8
shows a corresponding view of the face of a burner 80, where
the gases emerge from continuous slots. As has been noted
above and may be seen from Figure 8, gas emerging from the
precursor gas slot 81 (i.e. the central slot) is

35 substantially surrounded at its ends, by shield gas. This
- prevents reaction of precursor vapour with oxygen from the
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ambient atmosphere at the ends of the burner, which couldﬁ
lead to undesirable silica deposition on the burner in theseg

regions.

Alternatively, as described above, it has proved useful

5 to provide the central (precursor slot), 71 with n channels,
of which (n-2) are supplied with precursor fed from the
lowest plenum chamber led in on one side of the burner, the
remaining two channels (one on each end of the burner) being
supplied with an inert gas, e.g. nitrogen, delivered using

10 a . plenum chamber provided in the opposite half of the
burner.

The length of the silica precursor slot substantially
determines the length over which the silica synthesis flame
'is generated, and thus the length of substrate over which

15 deposition occurs at any one time. It is an advantage of
burners according to the present invention that this length
may be substantial compared to prior art burners.

In general, the length of the silica synthesis flame

in the elongate direction of the slots is at least S times,

20 advantageously 10 times and preferably more than 50 times
the total thickness of the primary synthesis flame at the
face of the burner, the thickness of the primary synthesis
flame being taken as the sum of the width of each of the
central five slots plus the width of the separators between

25 them. |

There is a degree of latitude in setting the spacing
between the comb teeth 53, but 25mm represents a convenient
spacing demonstrated in practice. While a burner in
accordance with this invention is designed to give a

30 deposition flame which is substantially uniform along its
length, there may be some minor non-uniformity arising from
the presence of comb-teeth in the internal channels of the
burner. If this is a problem the burner can be oscillated
slightly in use, with an amplitude equal to at least one
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deposition é alternative design of elongated burner was
described in US-A- 4136828. 1In this burner the netal halide was injected

into a pair of inwardly inclined linear_f{anes. The

comb-tooth spacing, ie with a tooth spacing of 25mm it is
useful to oscillate the burner with an amplitude of at least
i 25mm, or for better averaging 50mm or even 100mwm may be
preferred. Clearly however, the larger is the amplitude of
5 this oscillation, the larger is the extent of the zone of
tapering thickness at each end of an otherwise uniform
thickness deposit on the substrate.

For optimum performance it. has been found preferable to

avoid major discrepancies between the velocities of gases .
10 emerging from neighbouring slots, and in some circumstances
it may be found beneficial to chamfer or otherwise shape the
edges of the separators 52 in order to achieve specific gas
flow characteristics in the mixing region, e.g., to minimise

potentially deleterious recirculation of reagent gases in

this zone.

Alternatively, or additionally, it may be advantageous
to incorporate one or more heat transfer channels in each
plenum block in the region of the face of the burner. By
circulating an appropriate heat transfer fluid in these
"cﬁé.ﬁhels excess heat from the synthesis flame and deposition
acility may thus be removed in a controlled manner, or
iadditional heat (e.g. to prevent deposition on the burner)

' Pplenum blocks), and to monitor and control these
fvia thermocouples (e.g., inserted into the plenum
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scale-up in a linear fashion. Thus, using the above method
for calculating plenum chamber diameter, it is possible to
select the cross-sectional area -of the chamber 54 in the
plenum block, together with the size and spacing of the

5 orifices, so as to be suitable for a slot length of for
example 2000mm. Optimisation of the dimensions of all the
components of such a large burner, i.e. the choice of number
of slots, of feed gases and feed gas £flows, of their
distribution between the slots, of the optimum comb

10 thicknesses (and corresponding slot- widths), would be a
lengthy and expensive exercise for such a large burner.
However it is possible to build a relatively short linear
burner (e.g. of slot length 200mm) with identical dimensions
and characteristics (apart from total length), and ¢to

15 optimise such a short 1linear burner. Thereafter
construction of a full-length linear burner is Simply a
matter of axially extending the dimensions of the short
burner, since all the other dimensions are substantially
optimised. y

20 The invention will be further described with reference
to the following Examples.

EXAMPLE 1

A short 1linear burner according to the present
invention was constructed and used as follows.

25 The burner was a nine-slot version, as shown in Figures
4 - 6. The plenum blocks were 240mm long, and made from
stainless steel. The plenum blocks were machined to give a

" series of hollow plenum chambers of internal diameter 15mm,

cross sectional area 177um2. Gas entered each plenum
30 chamber via a connection at one end, and left via a number
of drilled outlets (see 55, Figure 5). The lowest (silica

precursor feed) plenum chamber had six such outlets and the
remaining plenum chambers eight outlets each. Each block
was machined to accommodate a heating element and
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thermocouple. The diameter of each drilled outlet was lmm,
thus the ratio of plenum chamber cross-sectional area to
total outlet area was 36.5 for the bottom plenum chamber,
and 28.1 for the remaining plenum chambers.

5 The separators were made from titanium sheet, 1.5mm
thick, and the combs were made from stainless steel. The
comb defining the central slot had six spaces, while that

’ defining the remaining slots had eight spaces, as shown in
! _ Figure 7. The combs terminated within the burner. The
: 10 thickness of the respective combs determined the slot widths

and are shown in Table 1, Kwhere Slot Number is as shown in

Figure 4).

The burner was heated to a temperature of 150°C, and
then supplied with gases and OMCTS vapour in the quantities
15 shown in Table 1. The flame was substantially uniform in a
lengthwise direction. The thickness of the primary flame
(sum of widths of the central five slots plus the thickness
of the intervening separators) was 13mm, while the length of
the synthesis flame; (length of the siloxane precursor slot)

20 was 154mm, giving an aspect ratio of 1:12.

The burner was mounted facing a rotating fused quartz
mandrel or bait piece of diameter 100mm, and was used to
deposit silica soot on this mandrel, while traversing in a
reciprocating fashion along an axis parallel to the axis of

25 rotation of the mandrel with an amplitude of 1 metre. As
silica soot built up on the mandrel, the burner was
withdrawn to maintain a burner-to-bait piece separation of
85mm. Deposition occurred at an average rate of 10.4g/min,
83% collection efficiency in terms of silica equivalent.
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TABLE 1 3
Slot Slot Width Gas Quantity ;
Number (mm) ' 3
41 1 OMCTS 1.1 kg/h :
N5 (Carrier) 12.0 1/min
42,423 1 CH,4 7.9 1/min
43,43A 2 0, 65.8 1/min .
44,44A 1 CHy 22.1 1/min — s
45,45A 2 0, 41.4 1l/min £
- EXAMPLE 2

A long linear burner was constructed in a similar

manner to that described in Example 1, and with similar
15 cross sectional dimensions, however the length of the plenum
blocks was 1985mm. The internal diameter of each plenum
chamber was 28mm, giving a cross-sectional area of 616mm2.
The bottom (silica precursor feed) plenum chamber had
seventy-three outlets’ (of diameter 1lmm) while the remaining

20 plenum chambers had seventy-five outlets each of 1 mm
diameter. The ratio of plenum chamber cross-sectional area
to total outlet area was thus 10.7 for the bottom plenum
chamber, and 10.45 for the remaining plenum chambers. )

The separators and combs were of similai' design to

5 those in Example 1, but longer, to match the longer plenum

blocks. The comb defining_' the central slot had

seventy-three spaces, while those defining the remaining

slots had sex}enty-five spaces. The comb thicknesses were a
in Example 1.

10 The burner was heated to a temperature of 150°C and:j@
supplied with gases and OMCTS vapour in the (typical
quantities shown in Table 2. The £flame was agai
substantially uniform in a lengthwise direction. Th
thickness of the primary flame as defined above was agai

15 13mm, while the 1length of the synthesis flame wa
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approximately 1896mm, giving an aspect ratio of 1:145.

The burner was mounted facing a rotating fused quartz
mandrel or bait piece of diameter 100mm, and was used to
. deposit silica soot on this bait piece, while oscillating
with an amplitude of 75mm, and maintaining a burner-to-bait
piece separation of 85mm. Silica deposition occurred at an
average deposition rate of 123g/min, 76% collection
efficiency in terms of silica equivalent.

TABLE 2

Slot Slot Width Gas Quantity
Number (om)
41 1 OMCTS 13.4 kg/h

N, (Carrier) 146 1l/min
42,427 1 CHy 74 1l/min
43,43A 2 0, 400 1/min
44,44A 1 CHy 127 1/min
45,45A 2 0, 260 1/min

These examples of 1linear burners demonstrate the
effectiveness and versatility of burners according to the
present invention. While the use of OMCTS is described
above, it is evident that burners of comparable construction

5 can be built to handle alternative siliéon—containing
precursors, including halogen-containing silicon compounds.
By wusing the modular construction described above,
optimisation of slot widths etc., is readily achieved.
Although a burner of aspect ratio 1:145 is described above,

10 higher aspect ratio burners may be used if desired, and
burners according to the invention may be mounted end-to-end
to provide deposition along any length of substrate.

Other variations of the invention will be apparent to

those skilled in the art. Thus, for example the array of
15 parallel linear slots at the exit face of the burner, can be
defined by an array of essentially planiform or tapered
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separators held apart by inserts each of which may take the
form of a comb-like structure as described but could be
achieved by other means, e.g. by milling such a structure in
the surface of the separator, or by packing the space

5 between the separators with capillary tubes etc.

In a further modified arrangement, the assembly of
separator plates comprises a stack of plates of similar size

and shape (e.g. rectangular), each provided with gas
passages extending normal to and leading to the exit face
10 and feed holes transverse to the gas passages for supplying
gas flows from the plenum chambers in the casing parts to
the respective gas passages making up each slot. Thus, for
the innermost separator plate just one row of feed holes is
required but for each separator'plate outwardly thereof at
15 least one additional row of feed holes is needed for each
slot inwardly thereof that needs to be fed with a gas flow
through the respective separator plate. For example with a
five slot burner, the.separator defining the innermost slot
will have its gas passages fed by a lowermost row of holes.
20 The next separator will have a lowermost row of holes to
feed the innermost slot and a second row of holes to feed
the intermediate slot it defines. The outermost separator
will have three rows  of holes, the lowermost feeding the
innermost slot, the next row feeding the intermediate slot
25 and the uppermost feedin§ the outermost slot it defines.
The intermediate and outermost slots on the other side of
the innermost slot can similarly be fed through two rows of
holes provided in the other outermost separator. Clearly if
purely one-sided gas supply is required for all the slots of
30 the five slot burner, five rows of holes will be required in-
the first separator plate to be encountered by the gas
flows, four rows in the next and so on until just the one
row (usually the lowermost) remains to feed the gas passages
constituting the remote outermost slot.

35 By making the burner assembly demountable, interchange
of parts and, if required, adjustment of the critical
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e e e Y

Burners according to the invention may be used for the
synthesis and deposition of silica from two broad types of
silicon-containing vapour feedstock, or silica precursor.
The first, and currently the most commonly used, comprises

10 silicon tetrachloride, which being unreactive with oxygen at

ambient temperatures, may be fed alone or using oxygen as

carrier gas to the precursor feedstock slot of the burner.

On either side of this slot, and its flow of precursor

vapour, are provided shield éas flows which do not

15 immediately react with the precursor to form silica, such
shield gas flows may thus be of inert gas such as nitrogen,
argon or helium, or may comprise an oxidising gas such as

_oxygen. Alternatively mixtures of these gases may be
.. employed.

Thereafter, moving outwardly from said shield gas
;o flows, and on either side of the burner, is provided

-flow of combustible gas, typically hydrogen or methane,

tﬁééegyarious flows together comprise the primary synthesis
-for this burner),

g8dioptionally,

nflow of oxidising gas, e.g. oxygen,
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the above flows of reactant gases optionally being separated
by flows of inert gas (e.g. nitrogen, helium, argon) or
alternatively diluted with such gases.

The second group of precursors comprises those

5 silicon-containing vapour feedstocks which combine

energetically with oxygen, and are thus regarded as

combustible. This group includes the preferred halogen-free

feedstocks such as the volatile siloxanes and alkoxysilanes

described above, and also certain halogen-containing

10 combustible (e.g. hydrogen-containing) compounds, such as

for example trichlorosilane and dimethyldichlorosilane.

These being reactive with oxygen, must be supplied to the

feedstock slot of the burner, either free from carrier gas,

or optionally diluted in a non-oxidising carrier gas, i.e.

15 an inert gas, such as nitroge;u, argon, or helium, or a

reducing (combustible) gas, such as hydrogen or methane.
Alternatively mixtures of these gases may be employed.

On either side of the feedstock slot, and its flow of
precursor vapour, is provided a shield gas flow which does

20 not immediately react with the precursor to form silica,
‘such shield gas flow may thus be an inert gas such as
nitrogen, argon or helium, or may comprise a reducing
(combustible) gas such as hydrogen or methane, or a mixture

of inert and reducing gases.

25 Thereafter, moving outwardly from said shield gas flow,
and on either side of said flows, is provided

a flow of oxidising gas, typically oxygen,

(these various flows together comprise the primary synthesis
flame for this burner),

30 and optionally,

a flow of combustible gas, typically hydrogen or methane,
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deposfti on process. Sone oth&Qe essential features o
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arra of ori of parallel rectangular slots, to give
paralp el Iinea ows of reagent or inert gases, in a manner in

whicll each flow I's substantially uniforggalong the

and again optionally,

further alternating flows of oxidising and combustible

gases,

the above flows of reactant gases optionally being separated
5 by flows of inert gas (e.g. nitrogen, helium, argon) or
alternatively diluted with such gases.
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| ength of the burner. It is preferable to synthesise silica particles at "4
maxi mal concentration in the formof a thin sheet, typi caPQT/GB 7 94 Vhﬂl
centre-1li urner . g

| O

This Sheet Has Been Replaced
[T
CLAIMS B
1. A linear burner for the synthesis of silica by

vapour-phase reaction of a silicon-containing feedstock in
a flame, which burner comprises at least five slots opening
5 to an exit face of the burner and extending side-by-side in
the elongate direction of the linear burner, and includes
means to supply a separate gas flow to each of said slots,
characterised in that said supply means comprises an
assembly of separator plates disposed between opposed casing
10 parts, the separator assembly defining the slots and at
least one of the casing parts defining at least part of a ,
respective plenum chamber for each gas flow, each plenum
chamber communicating with a different one of said slots in
the separator assembly. .

15 2. A burner as claimed in claim 1, characterised in
that plenum chamber parts are provided in each casing part
and the plenum chamber feeding an outermost slot is
situated nearest to tlie exit face of the burner while that
feeding the or each innermost slot is situated furthest from

20 the exit face, such that a slot in an inner region of the
burner is of greater depth, measured in the direction of
flow of gas within the slots, than a slot which is in an
outer region of the burner.

3. A burner as claimed in claim 2, characterised in
25 that the separator assembly is of a generally triangular
cross-section.

4. A burner as claimed in any preceding claim,
characterised in that the separator assembly comprises a
stack of separator plates each running substantially the

30 full length of the burner, a plurality of pairs of separator
plates in the stack providing widthwise perimeter-defining
limits of the different slots and intermediate at least some
of said pairs of separator plates, comb plates to control
gas flow within the slot whose perimeters are defined by the
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said pairs of separator plates, and to maintain said
separator plates at a controlled separation.

5. A burner as claimed in claim 4, characterised in
that one separator plate and one comb plate are combined to
form a separator/comb pair, the separator assembly
comprising a plurality of separator/comb pairs which
plurality of separator/comb pairs are clamped between said

two casing parts.

6. A burner as claimed in any preceding claim
characterised in that at least one casing part comprises a
plenum block providing a set of hollow plenum chambers each
of cross-sectional area "A" measured transverse to the
elongate direction of the linear burner, each plenum chamber
being closed by a respective part Jf the separator assembly,
the gas issuing from each plenum chamber into the respective
part of the separator assembly via "n" orifices each of
cross-sectional area "a", and in that A > 10n x a.

7. A burner as claimed in claim 4, characterised in
that the outermost separator plates of the stack terminate
downstream, in the gas flow direction through the burner
slots, of at least some of the separator plates disposed

between said outermost separator plates.

8. A burner as claimed in claim 4 or claim 7,
characterised in that each comb plate defines a plurality of
comb teeth each narrowing in the direction of gas flow
through the respective burner slot.

9. A burner as claimed in any one preceding claim,
characterigsed in that at least one casing part is divided
into individual plenum blocks separately pressed together in
a gas sealing relationship around the separator assembly.

10. A burner as claimed in any one preceding claim,
characterised in that the separator assembly is constructed

” event premature OX|dat|on of 0
“’t%ﬂ@ silica on the face of the burner., and
equent di stortion of "t he

erabl e that the burner be of nDduIar construction, and denpunt abl e,
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from a multiplicity of substantially similar sub-assemblies
arranged contiguously end-to-end in a linear array.

11. A burner as claimed in any one preceding claim,
characterised in that at least two of the separator plates,
are tapered, in the direction of gas flows within the slots,
so that the.gas flows leaving the outermost slots of the
burner converge toward the gas flow or flows leaving the or

each innermost slot of the burner.

12. A burner as claimed in any one preceding claim,
characteriséd in that the comb teeth are tapered, in the
direction of gas flows within the slots, so that the cross-
section of the resulting intermal channel decreases in that

direction. .

13. A burner as claimed in any one preceding claim,
characterised in that the or each innermost slot has end
regions thereof supplied with a gas flow different from the
gas flow supplied to the remaining mid-region of the or each
innermost slot. '

14. A burner as claimed in any one preceding claim,
characterised in that the length of each slot is more than
50 times the overall width of the at least five separate
slots.

15. A method of operating a linear burner as claimed
in any one preceding claim, in which a combustible or
hydrolysable silicon-containing feedstock is reacted in
vapour form in a flame adjacent to a bait piece to deposit
silica synthesised in the reaction on the bait piece,
characterised in that a silicon-containing feedstock is fed
as central flow to the or one of the innermost slots of the
burner surrounded on either side by flows which do not react
directly with the central flow, the latter two flows being
flanked outwardly by two further f£lows of another gas such
that the combined flows lead to combustion via the creation

t 3 u
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of a primary synthesis flame and the formation of 3 sheet -
like plume of silica fume suitable for depositing silica
soot on the bait piece, the overall dimension of the Primary
synthesis flame in the elongate direction of the slots being
at least 5 times, advantageously 10 times and preferably
more than 50 times the total thickness of the primary
synthesis flame at the exit face of the burner.

16. A method as claimed in claim 15, characterised in
that said silicon-containing feedstock is a halogen-free
feedstock.

17. A method as claimed in claim 15 or 16,
characterised in that the feedstock comprises a linear or
cyclic polysiloxane vapour fed to the or each innermost
slot, flanked outwardly by slots delivering an inert or
combustible sheath gas, again flanked outwardly by slots
delivering an oxidising gas, optionally flanked outwardly by
alternate slots carrying further flows of combustible and
oxidising gases, said flows of combustible and oxidising
gases being optionallf diluted with inert gas, and said
slots being optionally interspersed by slots delivering
inert gas.

18. A method as claimed in claim 17, characterised in
that the slots delivering oxidising gas are flanked
outwardly by alternate slots carrying further flows of
combustible and oxidising gases, said flows of combustible
and oxidising gases'being optionally diluted with inert gas,
and said slots being optionally interspersed by slots
delivering inert gas.

18. A wmethod as claimed in claim 15, characterised in
that said silicon-containing feedstock is a chlorosilane.

20. A method as claimed in claim 15, 16, 17 or 18,
characterised in that said silicon-containing feedstock is

a- siloxane.
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ABSTRACT

A linear burner for the synthesis of silica by vapour-
phase reaction of a silicon-containing feedstock in a flame
comprises at least five slots opening to an exit face (52a)

5 of the burner and extending side-by-side in the elongate
direction of the linear burner, and includes means (P1-P10)
to supply a separate gas flow to each of said slots. An
assembly of separator plates (52) is disposed between
opposed casing parts (50, 51), which assembly defines the

10 slots. At least one of the casing parts (50, 51) defines
at least part of a respective plenum chamber (54) for each
gas flow, each plenum chamber (54) communicating with a
different one of said slots in the separator assembly. The
invention also extends to a method of operating such a

15 linear burner.
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Background of the Invention
| 1. Pield of the Invention _

The manufacture of synthetic vitreous silica by soot
deposition has been known for several de'cades. In the last

S 2. 20 years., much progress has been made, stimulated by the
@“_‘c“_:":j _c § -jleed to prepare ultrapure and doped synthetic silica glasses
@ gogc;bgggo :§for the manufacture of optical fibre. Two of the major

[ = T = TR o P o P .

“oggg -:gprocesses which have emerged are;
@‘8"35 : (a) ovD (Outside Vapour Deposition)
:égﬁ@aé E (b) vaD (Vapour Phase Axial Deposition).
§aaas g
%_5 O a The OVD process involves the formation of a porous
%‘g.%gf"g %synthetic silica glass body by deposition of silica soot
g égg% & pbroduced by one or more synthesis burners fed with fuel gas,
gh IS\EK g bxygen and a source of silica vapour species, most commonly
ilicon tetrachloride but sometimes other halosilanes have
T ———peen used. The plume of silica fume issuing from the burner
ﬂggq \ or burners is directed to deposit silica soot on a mandrel
8 3 'gJ; 'g!; 'qo; or substrate, typically rotating about a horizontal or
E § § § vertical axis. In some variants of the process, additional

o *9:' 2 2 2 burners are used for soot consolidation, and for maintaining
H_‘J *c%—?:). the temperature at each end of the soot body to prevent
(:J":J 23 "a°; -'g; cracking. |
Bt
%. 5 :@ " _ Although the use of such a volatile silicon compound
E'u ggg E' permits precise control of the purity of the deposited
o § g g § silica, care must be taken to avoid deposition of silica on

N ﬁﬁh 'the surface of the burner, as this may distort the flame, or

block the exit ports of the burner. In the design of silica
deposition purners it is essential to overcome this problem.

2. Deséription of the Related Arxt

A typical prior art burner is shown schematically at 10
in Figure 1 of the accompanying drawings. The burner is
made of metal with a central port 11 through which is
projected a stream of silicon tetrachloride vapour, in an
oxygen carrier gas stream. This central port is surrounded

This ia the replacement sheet
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Onenil sikePfiastBach a&e'nt invention is to enhance the build-up rate of a given

deposj i by enpl oyi ng one or nore el ongated deposition burners
eachlﬂu its silica soot over a substantial length of a_substrate
surf . s sought to be achieved2in the present invention by the

use of a burner having a plurality of separate supply channels for gas
streans fed thy tdne (o0 more cidieudidahFErayds Ah FUEAESH PPTSHilde oMbl

outlet slot, MBI 9V 82248 oxygen or premixed oxygen-and methane,
) directed parallel to, or convergently with, the axis of the
central port. The.silicoﬁ tetrachloride is'hydrolysed in
the flame to form a plume of silica fume which is projected
onto a mandrel or substrate made from alumina, graphite or
silica to deposit as silica soot. = The substrate may

comprise a doped vitreous silica core rod which is to form
the central component of an optical fibre preform.

In a typical prior art VAD process, the deposition
end of a vertically suspended and
Typically one burner deposits

occurs on the lower

rotating silica soot body.
core material to form the axial region of a cylindrical soot

body, and several further burners are used for depositing
" the cladding soot. The general design of one such burner
comprises a series of co-annular quartz glass tubes defining
a series of concentric annular slots through which the feed
materials for the burner are supplied is shown at 20 in
Figure 2. Typically -a central tube 21 is fed with silicon
tetrachloride and oxygen, and successive annular slots
(three of which are shown in Figure 2 at 22, 23 and 24) are
fed with, for example, argon; hydrogen or oxygen. A simple
or three-slot burner may be surrounded by further
annular slots creating additional hydrogen and oxygen
sheaths, increasing the thermal output, lengthening the
flame and promoting consolidation of the deposited soot.

two-

Optionally, these annular slots may be separated by
intermediate annular slots fed with inert gas e.g., argon,
helium or nitrogen, to provide some cooling, for example to
reduce the thermal load on the burner. Again, optioﬁally,
the burner may be supplied with an alternative fuel gas to

hydrogen, such as methane.

The burners shown in Figures 1 and 2 produce an

approximately cylindrical plume of silica particles which is

impacted upon the substrate. The particles move towards the

This is the replacement sheet
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Fron1another aspect, the present_.inventiop

urners will hereafter :
ally comprise at least five slots. Thus, from one
i nvention provides a Fi dear bur ner accordlng to claim.

Q£OV|de a net hod of
ermophoresis (motion of

particles through a gas towards a region of lower

temperature), and a Dronortlon of the particles strike, and

adhere to the substrate. The soot collection rate and.

collection efficiency of these known burmers depend in part
on the surface area over which deposition takes place. It
.is thus beneficial to deposit over as large a surface area

as practical.

It is known in the operation of an OVD process to be
beneficial to employ a large diameter substrate, and -to
employ an afray of several burners. When operating an OVD
process with a single burnmer, it is necessary to oscillate
the burner to and fro along the full length of the
substrate, but with an assembly of multiple bﬁrners, the
assembly-does not have to oscillate over the full length of

the substrate, but merely over a fraction of the distance,

sufficient to permit overlap of the deposits arising from

neighbouring burners. Thus in JP-A-91279234, the use of

three or more burners of similar size is described, for the
deposition of synthetic silica soot along the length of an

optical fibre preform rod. The burners, typically five in

number, are equally spaced along the 1length of the

substrate, and each is independently controlled according to

a2 predetermined schedule, to seek to achieve uniform

deposition of soot along the rod.

The use of an array of similar burners has been

described also in . EP-A-0476218, which describes the

difficulties experienced in using linked arrays of burners,

extending over the full length of the substrate and

oscillated in a cyclic fashion of small amplitude, parallel

to the long axis of the substrate. Problems arise in

particular if these burners do not have identical deposition

characteristics. It is stated in EP-A-0476218 that these

difficulties are to some extent overcome by seeking to match

the characteristics of each burner, and then continuously

adjusting the end limits of the oscillation of the burner
This is the replacement sheet
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"HC#herrmst'five sl-ot's) together define an array from which
ng a primary synthesis fllanme in an efflux zone whose
Iengt ated direction of t he gl ots preferably has a ratio
(aspec a |o at least 5:1 relative™td fhe maxi num wi dth of the gas
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coincide from cycle to cycle. By controlling the
inter-burner wvariability, and the air flow in the burner
array and preform regions, it was said that preforms having
substantially uniform axial properties can be cbtained.

The 18ik sﬁest Bedl
gases

To deposit on a cylindrical article it would appear
preferable to provide a sheet-like plume of silica fume
which suggests a burner comprising an array of linear slots
as opposed to the basically cylindrical plumes of the
burners so far described. Such an arrangemenﬁ has been
described in JP-A-91112820, in - which preforms were
manufactured by soot deposition on the periphery of a
cylindrical substrate, by using a plurality of multi-slit
oxy-hydrogen burners, fed with silicon tetrachloride as
silicon- containing feedstock, and arranged end-to-end along
the length of the substrate. It is stated that this
arrangement is superior to the use of a multiplicity of
coaxial burmers, since the latter suffer from mutual
interaction of the burner flames. The burners described in
JP-A-91112820 are said to be better than a single long slit
burner which did not produce a sufficiently lengthwise
uniform f£lame. The use of a multiplicity of burners
nevertheless leads to added cost and complexity, especially
as each may require a separate feed and control system.

The desirability of using a linear burner for scot
deposition was noted many years.ago. Early attempts at a
simple «ribbon or strip burner were described in
US-A-3565346, but problems arose due to deposition of silica
soot on the face of this burner, and furthermore the burner
was difficult to construct and consequently very expensive.
An improved design was therefore proposed in US- A-4203553,
in which the reactant gas stream (e.g., silicon tetra-
chloride in oxygen) was directed from two linear arrays of
orifices, into a central linear flame, issuing from a third
linear array of orifices. Using this system, deposition on
the working parts of the burner vas said to be avoided bul

_.s is e replacement sheet
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9a defid dheet HRABLS ROBEN Synthesis fl ane. | Advant ageously the aspect
| east 50:1 A linear burner in

ratio 1 and preferably at
accor 1 i nvention may be nmade from fused quartz, vitreous
silic '

terial, or alternatiwelBy-frommetal conponents, which
can be accurately

the efficiency of deposition of silica upon the substrate
was not disclosed, and this type of burner does not provide
a laminar sheet-like flow of high concentratiqn silica fume,
which appears desirable for optimum deposition efficiency.

An alternative design of elongated burner was described
in US-A- 4136828. In this burner the metal halide was
injected into a pair of inwardly inclined linear f£lames. The

burner comprised a central linear array of orifices supplied

with silicon tetrachloride in oxygen, on each side of which
was a linear array of closely spaced orifices providing jets
Again on either side were two

of high velocity shield gas.
and

slots providing a large volume of non-reactive gas,
finally on each side was arranged a row of inclined jets
providing premixed oxygen and fuel gas, yielding two linear
and inwardly inclined flames permitting the flame hydrolysis

of the silicon tetrachloride to occur.

This arrangement is again 1likely to be of 1low

efficiency, due to the use of high velocity shield gas, of °

large-volumes of inert gas, and to the use of high velocity

inclined flames to provide the desired reaction. Each of

these factors is detrimental to the situation sought, i.e.

the production of a high concentration, low turbulence,

sheet-like flow of silica species to impact upon a substrate

serving ‘as collection site. Furthermore the critical

dimensions of the components of this burner can only be
adjusted by expensive re-machining and reassembly (or by
tortal replacement), and thus could be costly to optimise.
The use of many fine orifices presents another disadvantage
in that each is subject to blockage and would be difficult
to clean. Finally there is no evidence of this burner
having been used with a slot, or orifice array length of
more than 10 cm (4 inches). The present invention seeks to
provide a burner to achieve a uniform soot synthesis flame

over a far greater burner length, and furthermore to operate

. efficiently and over a long period, not only with silicon

halides, but also with halogen-free silicon-containing
This is the replacament sheet
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formeg lgghegqﬁpgégﬁ e parts of which rray be readily dismantled, cleaned
T ﬁ“&reqw red. This is the replacenent sheet 10 A

or rep
partic4l t feature of this invention
- 6 -

precursor vapour feedstocks.

The concept of a long linear burner has been described
in US-A- 4682994, but this disclosure offers no solution to
the problems of deposition of silica particles on the face

A-4682994 implies the use of a

of the burner. Us-
fed via two similar

homogeneous mixture of reagent gases,
feed conduits to an array of parallel linearly-arranged
orifices, to give a stream of silica particles of width
similar to the diameter of the substrate, and a length many

times greater than its width.

US-A-4682994 speaks of a homogeneous flow of silica
particles across the width of the flame but in practice it
has been found that such an arrangement is far from ideal.
We have found a superior and more efficient practice is to

génerate a high concentration of silica particles within a

nar'rowly confined region of the flame (generally on the

centre-line) and to surround this with high temperature gas,

typically combustion products and free from silica,

This arrangement provides a sheet-like flow of
surrounded on either side by parallel
and

particles.

silica particles,
sheet-like flows of hot combustion product gases,
maximises the probability that a silica particle will reach
the substrate and there adhere, and thus maximises the

efficiency of the deposition process.

Some of the essential features of a practical linear

silica synthesis burner are outlined below.

It is desirable to provide an array of orifices,
ideally of parallel rectangular slots, to give parallel
linearly disposed flows of reagent or inert gases, in a
manner in which each flow is substantially uniform along the

length of the burner.

It is preferable to synthesise silica particles at

maximal concentration in the form of a thin sheet, typically
This is the replacement sheet
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ari ses froma nethod -of using a |inear bur ner whi ch haI frﬁe L
silicon-containing feedstock to create a synthecic silic ﬁ E ﬁami'ﬁmi%eﬁ a

suitabl e substrate. Brief Description of the Drawi ngs The
now be further described, by way of exanpl&, -with referen
acconpanyi ng drawi ngs, in whjch Figures 1 and 2 are the prior art burner
constructi onen the centre- llne of "the burmner
It is desirable that an inner shield gas should
surround the flow of silica precursor vapour,'in order to
prevent premature oxidation of the precursor, which might

lead to deposition of silica on the face of the burner., and
subsequent distortion of the flame, or blockage of the

orifices.

It is preferable that the burner be of modular

construction, and demountable, to permit interchange of

critical parts and thus
- to facilitate the optimisation of the dimensions of the

critical orifices particularly the widths of the slots,
- to permit cleaning of any blocked orifices,
- to permit facile replacement of any corroded or damaged

part.

It is desirable that the parallel flows of silica fume
and combustion product gases be of low turbulence, in order
to maximise the local concentration of fume particles, aﬁd
to establish the controlled high thermal gradients which
will optimise the conditions for thermophoretic flow of

particles to the substrate.

There exists no published burner design which enables
these various factors to be simultaneously achieved, either
for burners supplied with conventional silica precursors
(typically the halosilanes, and most frequently silicon
tetrachloride), or for the halogen-free feedstocks such as

for example silane, tetramethoxysilane (TMS, Si(OCH3)4), or

the polysiloxanes, eg. hexamethyldisiloxane (1MDS,

(CH5)3S10Si(CH;3)3), octamethylcyclotetrasiloxane (OMCTS,
((CH4)2Si0)4) etc., which may be preferred due to the
absence of corrosive gases in the effluent gases, and to

their ability to yield halogen-free glass product.

These halogen-free feedstocks are generally ‘highly
This is the replacement sheet
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al ready discussed, Figures 3 and 4 are schematic views of Tthls @regﬁqg, ﬁced
of. linear burners in accordance with.the invention, and Fi g
8 are nore detail ed schematic views of individual conponent Iﬁ“

burner assenblies in accordance with the-ighwvention. Descrip

Preferred bodi nents A burner in accordance with the invention may be used
reactive with oxygen, requiring more care 1in burner’'d desigy,

if deposition of silica on the burner face is to be avoideq -
the silicon tetrachlorige

In a conventional burner,
feedstock may be suppl:r.ed to the burner mixed with oxygen as
carrier gas. No reaction of these two gases occurs unti)
the gases are well into the flame, and clear of the surface
of the burner, since the mixture must be strongly heated to
initiate the oxidation reaction, or alternatively must meet

an adequate concentration of water vapour (a combustion

product of the flame) to initiate the altermative hydrolysis

reaction. Despite this, it has still proved difficult in
the past to achieve even a short linear burner capable of

long term use with silicon tetrachloride feedstocks (see

US-A- 4203553).

These problems have been found to be considerably
exacerbated when using combustible halogen-free silica
precursors which burn with great intensity, immediately they
emerge from the burner and meet oxygen. This property
enables considerable savings in fuel gas relative to the use
of conventional halosilane feedstocks, but presents severe
problems in the design of suitable burners. The less
expensive of these silica precursor feedstock materials also
tend to have higher boiling points (eg. OMCTS, boilix:rg point
f 176°C) and, at the high loadings which are desirable in

practice, it is necessary to preheat the burner to ensure
that no condensation of precursor vapour occurs within the
burner itself. This further enhances the reactivity of the
vapour, and leads to considerable risk of thermal
distqrtion of the components which may be used to
manufacture the burner. Any such distortion leads to loss
of control of flame structure, and again increases the risk

of undesirable deposition of silica on the face of the

burner.

The task of providing a linear burner for these new
silica precursors has thus not proved easy, and it is
surprising that it can be achieved in the design of. the

This is the replacernent sheet
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for the dep05|t|on of 'silica soot along a li-near zone from a feedstock such.

as silicon tetrachloride or other halosilane. For thiThis§ ed npl e
burner such as chat shown in Figure 3 can be used Wlth l S|de
ply channel

el ongated slots termnating in five gas sug
is fed with [err] channels 32 and 32A aré Ped wth oxygen, and channel S 33

and 33A are fedegme:tlg' hxdm%lon, which has permitted the manufacture of

burners capable of yielding uniform deposition of silica
soot over a considerable length of substrate, from a
continuous sheet-like flame of high aspect ratio supplied
with the vapour of halogen-free precursors. It is
understood furthermore that burners according to the present
invention, which have proved satisfactory for the rigérous
conditions of use with siloxane feedstocks, equally (with
minor changes in dimensio_ns, choice of gases, gas flows
etc.) will prove satisfactory for use alternatively with
silicon tetrachloride or other halosilane silica precursors.
Sumpary of the Invention

One aim of the present invention is to enhance the
build-up rate of a given deposition facility by employing
one or more ‘elongated deposition burners each of which
deposits silica soot over a substantial length of a
substrate surface. This aim is sought to be achieved in the
present invention by the use of a burner having a plurality
of separate supply chamnels for gas streams fed to the
burner, each channel terminating in a finite elongate outlet
slot, which slots are disposed side-by-side, substantizlly
parallel to all the other slots in the burmer. Such burners
will hereafter be referred to as "linear burners", and
generally comprise at least five slots. The slots (or the
innermost five slots) together define an array from which
gases emerge creating a primary synthesis flame in an efflux
zone whose length in the elongate direction of the slots
preferably has a ratio (aspect ratio) of at least 5:1
relative to the maximum width of the gas flows emerging from
the plurality of side-by-side slots which define the primary
synthesis flame. Advantageously the aspect ratio is at
least 10:1 and preferably at least 50:1. A linear burner in

accordance with this invention may be made from fused

quartz, . vitreous silica or ceramic material, . or
alternatively from metal components, which can be accurafély
formed or machined, and parts of which may be readily
dismantled, cleaned or replaced whenever required.

This is the replacement sheet
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3. is of symetrical desigh,

T @ﬁ@ﬁ R ggy shown -in Flgure
?ﬁ5$k& P S 32 32A termnate in elongate slots of equal w dth and
th B E “ In practice each chan 32, 32A will conveniently be

”fe | unes of oxygen. Channel®? 33 and 33A |ikewi se
conveniently provide equal behe SEQLESurdNthr kS
wi t h equal vol.unes Pof P g?&&%ﬁyhig éggg%lbe& t he %ﬁrner c ;rovigbéﬁcESQ

synmmetri cal flq:[ipseé/\n Flrotheasitetkzod of using a llnear burner with a

) nalogen-free silicon-containing feedstock to create a
syathetic silica soot deposit on a suitable substrate.

Brief’Description of the Drawings
The invention will now be further described, by way of -

.exémplé, with reference to the accompanying drawings, in

which
Figures 1 and 2 are the prior art burner constructions

already discussed,

Figures 3 and 4 are schematic views of two embodiments
of linear burners in accordance with the invention, and

Figures 5, 6§, 7 and 8 are moie detailed schematic views
of individual components of burmers and burner assemblies in

accordance with the inventiomn.
Description of the Preferred Embodiments
A burner in accorxdance with the invention may be used

for the deposition of silica soot along a linear zone from

a feedstock such as silicon tetrachloride or other

halosilane. For this application a simple burner such as
that shown in Figure 3 can be used with five side-by-side

elongated slots terminating in five gas supply channels,

where channel 31 is fed with SiCl,/O, channels 32 and 32A

are fed with oxygen, and channels 33 and 33A are fed with

hydrogen.

The linear burner 30 shown in Figure 3 is of
symmetrical design, i.e., the channels 32, 32A terminate in
elongate .slots of equal width and this is preferred. In
32A will conveniently be fed with

practice each channel 32,
Channels 33 and 33A likewise

equal volumes of oxygen.

conveniently provide equal width outlet slots: and are

suitably fed with equal volumes of hydrogen. As described,

the burner 30 provides a symmetrical flame, with the silica
precursor introduced .to the central channel 31, however it

wshﬂmmﬂmmwmdma
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I s possible

pr ec Ghis3heet Has B d4 o the central channel 31, however it

to prtf hl; I burner within the scope of this invention which
conpri [ ts with differing widths and/or symetrically |ocated
pairs of finite slots which are fed with-di¥)fering volunmes of the

respective gases . . i L.
is possible to provide a linear burmer within the scope of

this invention which comprises finite slots with.differing
widths and/or symmetrically located pairs of finite slots
which are fed with differing volumes of the respective gases
or even with different gases, in order, for example, to
achieve a specifically desired deposition temperature or |

temperature distribution.

It is preferable that the dimensions of the outlet
slots of the channels and volume flows of the respective
gases through those channels be such as to achieve a
sheet-like plume of silica fume which is of low turbulence,
since excessive turbulence dilutes the plizme and lowers the
efficiency of the collection with regard to the soot

product. -

A burner in accordance with the present invention has
particular utility when used for silica soot deposition from
one of a -number of commercially available halogen-free
silicon-containing vapour feedstocks which burn in oxygen to
give silica fume. The linear burner may be fed with silane,
with alkoxysilanes e.g., Si(OCH3)4, or with other vaporised
silicon compounds, for example any of a range of siloxane-
containing compounds, i.e., which incorporate the atomic
grouping Si-0-Si. Siloxane feedstocks include such simple
species as hexamethyldisiloxane, (CH3)3Si-0-Si(CH3)3, and
more complex polysiloxanes including such linear molecules
as are covered by the general formula R3Si.0.(SiR30)p.SiRg
where m is any integer including zero, and also such cyclic

molecules as are covered by the general formula RypSip.Op

where n is greater than 2, and R in the above examples

represents one of a series of possible substituent groups

selected from
i) an alkyl group of the general formula

Cp - Hapa1
where p is an integer greater than zero, and

ii) the hydride group
H-
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or even with different gases, in order, for exanple, to achieve a

speci f i1
is prefe
vol ume f

achi eve a sheet-

t HeHeereRbpld@dosi t i on tenperature or tenperature distribution. It’
' di rensions of the outlet slots of the channels and
spective cases through those channels be such as
I ke

pl ume of silica fud which is of |ow turbul ence,

excessive turbul ence dilutes the plunme and | owers the

10
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The burner 30 shown in Figure 3 may be used for
deposition, on a cylindrical substrate, of soot made by

to
si nce

combustion of a halogen- free silicon-containing vapour. -

Channel 31 is fed with silicon- containing vapour,
optionally diluted with a carrier gas which may be inert,
e.g., argon, nitrogen, or a combustible gas, e.g., hydrogen
or methane. Channels 32 and 32A are fed with a combustible
gas, e.g., hydrogen or methane, optionally diluted with
inert gas, or with inert gas alone, and ‘channels 33, 33A are
fed with oxygen. The entire burner can be manufactured from
metal components and at least the boundaries of channel 31
can be maintained at a temperature above the dew point of
the silicon- containing feedstock to.prevent condensation of
feedstock within the burner.

Figure 4 shows a nine channel burner 40 which may be
provided with gases as follows. A central slot 41 is fed
with a vapour of an appropriate combustible halogen-ffee
compound of silicon, optionally mixed with a carrier gas,

‘e.g., nitrogen or hydrogen. The next adjacent slots 42,

427, are fed with inert or combustible gas, e.g. hydrogen,

‘methane, or nitrogen, i.e. with a gas which does not oxidise

the silicon compound. The next adjacent slots 43, 43A are
fed with oxygen, slots 44, 44A are fed with a combustible
gas, e.g. hydrogen or methane, and slots 45, 45A fed with

oxygen.

Additional channels may be.fitted to either of the
above described linear burners if required, e.g., to
increase the width or intensity of the flame, or to
introduce inert gaé between neighbouring flows of
combustible gas and oxygen (to reduce the thermal load on
the intervening separators). It may also be advantagecus to
include two outer channels carrying e.g., oxygen or inert
gas, to provide an overall gas shield, reducing the risk of
contamination of the deposition zone by ambiént gases, but
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effici®s e%fi ction with regard to the soot product. A burner in
accorda esent invention has particular utility when used for
S|I|ca fromone of a nunmber of commercially avail able

hal ogen- ree S|I|con cont ai ni ng vapour ‘feeddtocks which burn in oxygen to

give silica funme. The linear burner nmay he fed mnth SI| ne,, Wt
al koxysi | anes@tq. NEFEFFRISLYW ERNGEABHLIAS0r it&ed the emlstry of the

process.

It may additiénélly.be advantageous to érrange that
some or all of the outer flows be convergent, i.e. the
separator assembly may be designed to ensure that the .
planiform gas streams emerging from parallel slots at the
face of the burner are arranged to converge, after emerging,
toward the central axial plane of the burner, stimulating
mixing of the reactant streams as opposed to relying on
as when the gas streams emerge in a

Such convergence may be achieved by

mutual inter-diffusion,

purely axial direction.
arranging that some or all of the separators are of tapered

cross-section, being thinner at the outlet of the resulting

slot, i.e. at the hot face of the burmer.
Alternatively or additionally some or all of the combs
may be of tapered cross-section, becoming thinner toward the

hot face of the burner. Such an arrangement leads to a

progressive reduction in cross-sectional area of the

resulting slot in the direction of flow of the gas, and may
be employed for example to reduce the small-scale variations
of the flow induced by the individual comb-teeth.

Asymmetrical burners may be preferred for certain

applications, but it is a particular advantage of the
present invention that the linear burner may be used to

deposit silica soot over a substantial length of substrate.

When used with a combustible halogen-free silicon

compound feedstock, advantageously polysiloxane vapour, a

significant part of the thermal energy of the flame may be
provided by combustion of the silicon-containing feedstock.

The present invention provides a solution to the

problems and deficiencies exhibited by prior art burners in
capable of use with

and more importantly

a convenient and practical design,
conventional halosilane feedstocks,

This is the replacement sheet
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silicon mmy@@g exanple any of a range of siloxane- containing

conpounds ﬂcorporate the atomc grouping Si-O Si. Siloxane
feedstock S|nple speci es as hexanet hyl di si |l oxane, [err] and
nor e conp nes including such Iinear nolecules as are covered

by the general fornula [err] where mid4any integer including zero,

al so such cyclic nolecules as are covered by the general

capable of use with the more novel combustible
halogen-free silica precursors, which have not
previously been used with linear burners. The concept
is capable in principle of providing any number of
parallel gas flows emerging from a series of parallel
slots at the face of the burner. For the purpose of
illustration one embodiment is exempllfled in Figure
5, which shows a burner comprising nine parallel slots
sultable for deposition of silica from a flow of
polysiloxane vapour, but it is to be understood that
the design concept is highly versatile, and, for
example, by modifying the dimensions, or wvarying the
number of parallel =slots, a wide variety of
feedstocks, including halosilanes, silanes,
alkoxysilanes, and polysiloxanes, and inert and
reagent gases may be accommodated.

The construction of a preferred modular burner in
accordance with the present invention will now be
described with treference to Figure 5. The basic
components of each module are a pair of plenum blocks
50, 51 which comprise two halves of the burner body,
a series of '"separators" 52, each of which may be
rectangular sheet of metal of appropriate composition
such that the downstream edge of such a seperator
withstands the high temperature conditions prevailing
at the base of the linear flame, and a series of
"combs", 53, each of which is a comb-like component,
cut from a sheet of metal, or otherwise constructed,
which holds apart neighbouring separators 52, and thus
provides an array of linearly disposed passages each
feeding a slot at the exit face 52A of the burner from
which the gas emerges. A combination of such slots
provides the efflux zone at the exit face of the
burner where the gases combine to generate the
required silica synthesis flame.

In a preferred wvariant of this invention, each
comb 53 may be an integral part of a neighbouring
separator 52, i.e. they may be machined from a single
sheet of metal, or the two may be machined from a
single sheet of metal, or the two may be welded or
otherwise adhered together. Under these circumstances
all but one of the linear slots are

and

formula [err]
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series o i tuent groups selected fromi) an alkyl group of
t he gener ] where pis an |nteger greater than zero, and ii)
15

where n | g{e&%gﬁwﬁ ﬁl% and Rin the above exanpl es represents one of a
t he hydri
ac;m.eved by clamping together a series of comb/separator
pairs, and the remaining slot is formed by including a

single plain sheet separator in the assembly.

Each plenum block 50, 51, is drilled or machined cto

S give a set of hollow plenum chambers 5S4 each of

cross-sectional area "A" (measured transversely to the long

axis). . Drilled orifices or nozzles 55, each of

cross-sectional area "a", connect the plenum chamber, via a

respective drilled or machined passage 56 in the separator

10 plate 52, to the relevant space 57 between adjacent teeth of
the comb 53.

The two plenum blocks 50, 51 of a short burner of the

type illustrated in Figure 5 may be held together by bolts

SO0A and nuts S0B as shown, such that the gases introduced to

15 the plenum chambers 54 from respective supply pipes, Pl to

' P10 in the blocks 50, 51 emerge from a series of

well-defined and uniform slots at the front face of the

burner. Gas-tight sealing may be achieved between the

plenum blocks and the variouds separators by using O-rings or

20 alternative gaskets, and the assembly is 'substam:ially
leak-free. '

A long burner requires a relatively substantial
construction of the blocks 50, 51, or altermatively the two
plenum blocks may be compressed together at a number of

25 places along their length by means of a series of clamps,
pusher screws, hydraulic rams or similar means, in order to
ensure good Sealing at all points within the burner, and
precision of the assembly of slots at the front face 52A.

) A burner 60 which comprises an assembly of such modular
"30 components, is shown in mid-section in Figure 6. As may be
seen frodt this diagram, plenum blocks 61 and 61A are of
substantially similar construction. The gases fed to the
central slot of the burner, usually comprising the silica
precursor or feedstock eg. siloxane vapour optionally mixed
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on a

12 The bumﬁrSheeB a F| gure 3 may be used for deposi tion,
cylindri cal soot nmade by conbustion of a hal ogen- free
Channel 31 is fed wth silicon- containing

silicon- con
optlonally diluted with a carrier 3gas which may be inert,

with carrier gas (e.g. nitrogen or argon),
~ Referring to Figure 5, these gases

Holes 59, shown in plenum

vapour,
are introduced
via plenum chamber 62.

enter the slot wvia holes S8.
block 51, may convem.ently be fed with inert gas introduced

to the plenum block via pipe PS, and led to the extremities -
of the central slot wvia holes 59A (shown dotted). This
arrangement ensures that the outermost inter-comb passages

of the central (silica precursor) slot of the burner are fed
and this prevents premature

with inert gas (eg. via 6234),
which would

oxidation of the precursor by entrained air,
- otherwise cause deposition of silica on the face of the

burner.

As may be seen the combs and separators forming the
progressively shorter as one moves

outer slots are
so that the

outwards from the centre of the burner,
separator/comb assembly has an approximately triangular -
cross-section. The slots immediately. to either side of the

central slot carry a g;é which is substantially unreactive

to the silica precursor, and in the case of a siloxane

feedstock, methane, hydrogen or nitrogen or their mixtures
may be used, as  may a range of other inert or combustible
gases or gas mixtures. These gases, which may be referred
to as shield gases, are fed to the next pair of plenum
chambers 63, 63A. Proceeding outwards, the next pair of
slots may be supplied with oxygen provided by plenum

chambers 64, 64A.

While an arrangement of five parallel slots may be used
to synthesise silica soot, and indeed provides the primary
synthesis flame of a burner of this type it has been found
preferable to supply additional heat wvia  further slots.

Thus to either side of the above arrangement is fed a fuel
from plenum chambers 65,. 653,

Additional pairs of
supplied by

gas eg. methane or hydrogen,
and oxygen via plenum chambers 66, 66A.
heater gas slots may be provided if required,
additional pairs of plenum chambers on either side of the

burner. Despite the presence of such additional slots, the

~ This is the replacement sheet
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e. d. ,Thias as BeenReplesed or a conbusti bl e gas, e.g., hydrogen or nethane.

Channe are fed with a conbustible gas, e.g., hydrogen or

met hang diluted with inert gas,_or with inert gas al one, and

channel's ) are fed with oxygen. THe Ihtire burner can be manufact ured
.can b

st o ned ar SR o P, SLo58, Bay d i B ed IRt ori FemnrESRentheny
Ieedstock t 0 primearyt symclreshsi burpér.

Generally the slots which together make up the efflux
zone 67 of the burner 60 run substantially the full length
of the burner, and each slot is supplied with gas via a
substantial number "n" of equal inter-tooth spaces, each
supplied with gas emerging from the respective one of the
"n" equal orifices 55. To ensure approximately uniform
distribution of gas from the plenum to the array of orifices
it is necessary to ensure minimal pressure drop along each
plenum, and for this purpose it has been found to be
beneficial to ensure that the cross-sectional area "A" of
each chamber in a plenum block is at 1least 10

times the sum of the cross-sectional area "a" of the

orifices ie. A > 10n x a, where “n" is the number of

orifices of area "a".

The separators must be adequately refractory, thermally

conductive and oxidation resistant. The separators 52 (and

combs 53) may be made from fused quartz, vitreous silica, or
for example silicon carbide, silicon
however these materials are relatively

certain ceramics,
nitride or sialon,
costly and difficult to fabricate and handle, particularly
for the large burmers within the scope of the invention. It
has alternatively been found acceptable to make these
components from metal but due to the thermal load on the
separator, and other constraints, careful choice of metal is

necessary. It is preferable that the wmetal comprising a

separator be of low expansion coefficient, and titanium has
been found to be a suitable metal for this purpose, but

other metals and their alloys are expected to be - usable.

Where the chosen metal is reactive with one or more of the
fed to the burner, it may be desirable to protect the

gases
If the chosen

metal with a suitably refractory coating.

metal has too high an expansion coefficient the front edge
may distort in the heat of the flame. Under these

circumstances it is advantageous to provide slits in the

This is the replacement sheet
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f eedstyarinedtitidHeen Replaceiur ner . Fi gure 4 shows a nine channel burner 40 which

may be gases as follows. A central slot 41 is fed with a
vapour ' at e conbusti bl e hal ogen-free conmpound of silicon,
option ed W a carrier gas, e.g ,j@ilrogen or hydrogen. The next
adj acent slots 42, 42A, are fed with inert or conbustible gas, e.g.
hydrogen, netkapfc Osdget rofemradh esepairhtargas2yhi eb dpesmiot HXiXinired
expansion of the front edge relative to the cooler regions
of the separator. It is advisable to ensure that these
slits are placed so as to be covered by a comb-tooth 53 to

minimise the risk of gas leaking to a neighbouring channel

wvia such slits.

In an alternmative arrangement within the scope of’ the
present invention, and useful where a long separator
assembly is required but this is to be made from materials
which are difficult to manufacture or to machine in long
lengths (e.g. vitreous silica or ceramic) it may be useful
to arrange that the separator assembly is comprised of a
number of short sub-assemblies arranged contiguously end-to-
end, so as to give a substantially uniform sheet-like flame.
Cleafly the gas seals must be appropriately designed to
ensure that the array of separator sub-assemblies is fed
{vith respective gas flows without significant leakage of

gas.

With such an arrangement it may be advantageous to
arrange a small gap between neighbouring sub-assemblies, at
least at the edge which forms the hot face 6f, the burner,
sufficient for example to accommodate the thermal expansion
of the separators. Each such space may optionally be purged
with inert or combustible gas, thus minimising the risk of
premature mixing of the feedstock with oxygen, and the
consequent risk of deposition of silica on the face of the

burner.

It may be advantageous under some circumstances °to
arrange that the separators do not terminate in a plane at
the front of the burner, as shown in Figures 5 and 6. For
example some improvement in deposition efficiency may be
observed if the central separators terminate 1-2mm upstream

of the outer separators.

The thickness of the combs defines the width of each

Dats:
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The next adj acent slot's 43, 43A are fed with oxygen,

slot d with a conbustible gas, e.g. hydrogen or nethane, and
slot th oxygen. Additional channels may be fitted to either
of the above es i bed linear Dburners. §§ -required, e.g., to increase
the width or |nten5|ty of the flanme, or to introduce inert gas between
the

nei ghbouring sfilbeyws ami the comb teeth 53 ensure the precision of
and maintain the spacing and Parallelism-of';he

assembly,
However it is advantageous to ensure the

separators 52.
comb teeth 53 are of minimum width, and also that they are
tapered, so that they present a mihimal obstruction where
the gas exits from the slot at the face of the burner. It
is further advantageous to ensure that the comb teeth
terminate some distance inside the slot as this permits some

smoothing of the flow before the gas exits at the face of

the burner.

While a burnmer as shown in Figures 5 or Figure 6 is
assembled using two monolithic plenum blocks, burners within
the scope of this invention may be made more versatile, as
required for experimental development, by arranging that the
individual plenum chambers are °~contained in individual
plenum blocks, e.g. by separating the plenum blocks of the
burner shown in Figure 6 at the dotted lines 68. Under
these circumstances the clamping system must be more
complex, and each pai{ of opposing'blennm blocks must be
separately compressed together to achieve a gas seal.
Nevertheless this multi-block arrangement has proved useful

in development, and is included within the scope of the

present invention.

Figqure 7 shows a plan view of a cross-section of the

central region of a short burner 70, at a point some

distance from the face, showing the internal arrangement of
comb teeth. The combs for the central (silica precursor)

may advantageously be machined to give only (n-2)
while those

Figure 8

slot, 71,
internal channels leading to the burner face,
for the other gases may have n such channels.

shows a corresponding view of the face of a burner 80, where

the gases emerge from continuous slots. As has been noted

above and may be seen from Figure 8, gas emerging from the
slot 81 (i.e. the central slot) is

precursor gas
This

. substantially surrounded at its ends, by shield gas.

prevents reaction of precursor vapour with oxygen from the
This is the replacement sheet
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co . 8s e‘{)xygen (to reduce the thermal |oad on the intervening

separ ul H y al so be advantageous to include two outer channels

carryi en or inert gas, to p[o%édg an overall gas shield,
position zone by anbi ent gases,

reducing the risk of contam nation of the
but ambient atmosphere at the ends of the burner, which Coulg

lead to undesirable silica deposition on the burmer in these

regions.

Alternatively, as described above, it has proved useful
to provide the central (precursor slot), 71 with n channels,
of which {n-2) are supplied with precursor fed from. the
lowest plenum chamber led in on one side of the burner, the
remaining two channels (one on each end of the burner) being
supplied with an inert gas, e.g. nitrogen, delivered using
a . plenum chamber provided in the opposite half of the

burner.

The length of the sil;ca precursor slot subétantially
determines the length over which the silica synthesis flame

is generated, and thus the length of substrate over which

deposition occurs at any one time. It is an advantage of

burners according to the present invention that this length
may be substantial compared to prior art burners.

In general, the length of the silica synthesis flame
in the elongate direction of the slots is at least 5 times,
advantageously 10 times and preferably more than 50 times
the total thickness of the primary synthesis flame at the
face of the burner, the thickness of the primary synthesis
flame being taken as the sum of the width of each of the
central five slots plus the width of the separators between

them.

There is a degree of latitude in setting the spacing

between the comb teeth 53, but 25mm represents a convenient

spacing demonstrated in practice. While a burner in

accordance with this invention is designed to give a
deposition flame which is substantially uniform along its
length, there may be some minor non-uniformity arising from
the presence of comb-teeth in the internal channels of the
If this is a.problem the burner can be oscillated

with an amplitude equal to at least one
This is the replacement sheet
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13 nhot " necessarily -contributing to t he -.chemi stry

“of the It may

addi tionally be advantageous to arrange that sone or aHméﬁwgﬂelpu

be convergent, i.e. the separator assenbly may be
that the planifonrmgas streans energlqg_fron1parallm
t he burner are arranged to converge, after energing,
axi al plane of the burner, stinulating

TR

comb-tooth spacing, ie with a tooth spacing of 25mm it
is useful to oscillate the burner with an amplitude of
at least 25mm, or for better averaging 50mm or even

100mm may be preferred. Clearly however,

the larger

is the amplitude of this oscillation, the larger is
the extent of the zone of tapering thickness at each
end of an otherwise uniform thickness deposit on the

substrate.

For optimum performance it has

been found

preferable to avoid major discrepancies between the
velocities of gases emerging from neighbouring slots,
and in some circumstances it may be found beneficial
to chamfer or otherwise shape the edges -of the
separators 52 in order to achieve specific gas flow

characteristics in the mixing region,

e.g., to

minimise potentially deleterious recirculation of

reagent gases in this zone.

Alternatively, or additionally;

it may be

advantageous to incorporate one or more heat transfer
channels in each plenum block in the region of the
face of the burner. By circulating an appropriate
heat transfer fluid in these channels excess heat from
the synthesis flame and deposition facility may thus
be removed in a controlled manner, or additional heat
(e.g. to prevent deposition on the burner) supplied in

a controlled manner.

For use with precursor feedstocks which are
relatively involatile it has been found advantageous
to heat the burner 60 by means if electric heaters,
(e.g., set into channels within the plenum blocks),

and to monitor and control these

heaters via

thermocouples (e.g., inserted into the plenum blocks) .
In the interests of clafity these are not shown in
Figure 5 or 6. Futhermore, when using such a heated
burner, it may be advantageous to preheat some or all

of the gases supplied to the burner.

A major advantage of a burner accoxrding to the
present invention is that it has been found to be

relatively easy to

floms

ce of

This is.the replacement sheet
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m Xi ng ofhi reanms as opposed‘ to relying on nutual -
|nter-d|f the gas streans energe in a purely axial
di rectlon ence may be achiew. by arranging that some or all

of the separators are of tapered cross-sectron, being thinner at the outl et
of the resul tiagnalap: ib- 8. 18hehCrlohibACe ehui)e e eheldiRiAiiiatedde of
all o

additionally sone or e co be tap er ed CcrqQss-,section,
becon1ng t hi nfer caherdating plenum chaﬁéer dlameter, it is possible to

select the cross-sectional area of the chamber 54 in the
plenum block, together with the size and spacing of the
orifices, so as to be suitable for a slot length of for
example 2000mm. Optimisation of the dimensions of all the

components of such a large burner, i.e. the choice of number
of feed gases and feed gas flows, of their
slots, of the optimum comb
would be a

of slots,
distribution between.' the
thicknesses (and corresponding slot- widths),
lengthy and expensive exercise for such a large burner.
However it is possible to build a relatively short linear
burner (e.g. of slot length 200mm) with identic_:ai dimensions
and characteristics (apart from total length), and to
optimise such a short . linear burner. Thereafter
construction of a full-length linear burmer is éimply a

matter of axially extending the dimensions of the short

burner, since.all the other dimensions are substantially

optimised.

The invention will be further described with reference
to the following Examples.
EXAMPLE 1
the present

A short 1linear burner according to
invention was constructed and used as follows.

The burner was a nine-slot version, as shown in Figures

4 - 6. The plenum blocks were 240mm long, and made from

stainless steel. The plenum blocks were machined to give a

series of hollow plenum chambers of intermal diameter 15mm,

cross sectional area 177mm2. Gas entered each plenum

chamber via a connettion at one end, and left via a number
of drilled outlets (see 55, Figure 5). The lowest (silica
precursor feed) plenum chamber had six such outlets and the
remaining plenum chambers eight outlets each. Each block

was machined to accommodate a heating element and
This is the replacement sheet
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hot face of the burner. Such an arrang.errent | eads  trfis 8ndef 1Y BES ReMSoed

I ncrease in cross-sectional area of the resulting slot i n of
flow of the gas, and nay be enpl oyed for exanple to redgﬂwwm! Mm Hcal e
variations of the flow induced by the indiyidual conmb-t : cal

burners may be preferred for certain applications, but it is a

ﬁg” ibgulugre g ggééaaeaﬁplgf. t BRePEESRRter BYCRE diildled RoutldearadUIRR]
- Y thus the ratio of plenum chamber cross-sectional area to

total outlet area was.36.5. for the bottom plenum chamber,

and 28.1 for the remaining plenum chambers.

The separators were made from titanium sheet, 1.5mm
thick, and the combs were made f;om stainless steel. The
comb defining the central slot had six spaces, while that
defining the remaining slots had eight spaces, as shown in

Figure 7. The combs terminated within the burner. The

thickness of the respective combs determined the slot widths

and are shown in Table 1, (where Slot Number is as shown in

Figure 4).

The burner was heated to a temperature of 150°C, and
then supplied with gases and OMCTS vapour in the quantities
shown in Table 1. The flame was substantially uniform in a
lengthwise direction. The thickness of the primary flame
(sum of widths of the central five slots plus the thickness
of the intervening separators) was 13mm, while the length of
the synthesis flame; (length of the siloxane precuréor slot)

was 154mm, giving an aspect ratio of 1:12.

The burner was mounted facing a rotating fused quartz

mandrel or bait piece of diameter 100mm, and was used to

deposit silica soot on this mandrel, while traversing in a
reciprocating fashion along an axis parallel to the axis of
rotation of the mandrel with an amplitude of 1 metre. As

silica soot built up on the mandrel, the burner was
withdrawn to maintain a burner-to-bait piece separation of
8smm. Deposition occurred at an average rate of 10.4g/min,

83% collection efficiency in terms of silica equivalent.

Thig is the replacement sheet
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deposit silica soot over. a substantial’ Iength of substﬁ%; en used
with a conbustible halogen--free silicon conpound f Been Replaced
advant ageousl y pol ysi.| oxane vapour, a significant part o iu
energy of the flame may.be provi ded by conbfisfi on of th I hi ng
feedstock. The present invention proﬁ%%ﬁ%%#g sol ution to the probl ens
and deficiencies exhibited by prior art I n a conveni ent and
practical design, capable of use with

Slot Slot Width Gas Quantity
Numbex {om) o
41 1 OMCTS 1.1 kg/n
N3 (Carrier) 12.0 l/min
42,42A 1 CH,4 7.9 1/min
43,433 2 0y 65.8 1l/min
44,447 1 CHy 22.1 1/min
45,457 2 09 41.4 1/min
EXAMPLE 2

A long linear burner was constructed in a similar
manner to that described in Example 1, and with similar
cross sectional dimensions, however the length of the plenum
blocks was 1985mm. The ihternal diameter of each plenum

chamber was 28mwm, giving a cross-sectional area of 616mmZ.

The bottom (silica precursor feed) plenum chamber had

seventy-three outlets (of diameter lmm) while the remaining
plenum chambers had seventy-five outlets each of 1 mm
diameter. The ratio of plenum chamber cross-sectional area

to total outlet area was thus 10.7 for the bottom plenum
chamber, and 10.45 for the remaining plenum chambers.

The separators and combs were of similar design to
those in Example 1, but longer, to match the longer plenum

blocks. The comb defining the central slot had
while those defining the remaining
The comb thicknesses were as

seventy-three spaces,
slots had seventy-five spaces.

in Example 1.

The burner was heated to a temperature of 150°C and
supplied with gases and OMCTS vapour in. the (typical)-
quantities shown - in Table 2. The flame was again.-
substantially uniform in a lengthwise direction. The
thickness of the primary flame as defined above was again

13um, while the 1length of the synthesis flame was
This is the replacement sheet
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conventi onal hal osil ane feedst ocks, and nore i mpor t ant | y ThisiSheet HastBaen Replaced
repl acenent sheet 14 capable of use with the nore novel C
hal ogen-free silica precursors, mhlghzshgve not

proxlmacely 1896mm, giving an aspect ratio of 1:145.

ap

The burmer was mounted facing a rotating fused quartz
mandrel or bait piecé of diameter 100mm, and was used to
deposit silica soot on this bait piece, while oscillating

s with an amplitude of 75mm, and maintaining a burner-to-bait
piece separation of 85mm. Silica deposition occurred at an
average deposition rate of 123g/min, 76% collection
efficiency in terms of silica equivalent. '

IABLE 2

Slot Slot Width Gas Quantity
Number (mm)
41 1 OMCTS 13.4 kg/h

N, (Carrier) 146 1/min
42,427 1 CH, 74 1/min
43,432 2 0 _ 400 1l/wmin
44,447 1 CH,4 127 1/min
45,457 2 0 260 1l/min

These examples of linear burners demonstrate the
effectiveness and versatility of burmers according to the
present invention. While the use of OMCIS is described
above, it is ev:l.denc that burners of comparable construction

5 can be built £o handle alternative silicon-containing
precursors, including halogen-containing silicon compounds.
By using the wmodular construction described above,
optimisatibn of slot widths etc., is readily achieved.
Although a burmer of ‘aspect ratio 1:145 is described above,

10 higher aspect ratio burners may be used if desired, and
burners according to the invention may be mounted end-to-end
to provide deposition along any length of substrate.

Other variations of the invention will be apparent to

those skilled in the art. Thus, for example the array of
15 parallel linear slots at the exit face of the burner, can be
defined by an array of essentially planiform or tapered

This is the replacement shaet
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ldcedhear burners. The concept is capable in

nunber of parallel gas flows enmerging froma

series of par the face of the burner. For the:purpose of

i I'lustration o is exenplified6in Figure 5 which shows a
sifion of silica

bur ner conpr|5| n|ne paraIIeI slots Suitable for depo
RS \BRARR Phingerts q3Fheo ~8BiGhoBAY( Fake the

froma flowosfe
form of a comb-like structure as described but could be

achieved by other means, e. g by milling such a structure in
the surface of the separator, or by packlng' the space
between the separators with capillary tubes etc.

preV|oust mﬁeﬂwu$adBumR
principle of

In a further modified arrangement, the assembly of
separator plates comprises a stack of plates of similar size
and shape (e.g. rectangular), each provided with gas
passages extending normal to and leading to the exit face
and feed holes transverse to the gas passages for supplying
gas flows from the plenum chambers in the casing parts to
the respective gas passages making up each slot. Thus, for
the innermost separator plate just one row of feed holes is
required but for each separator'plate outwardly thereof at
least one additional row of feed holes is needed for each
slot inwardly thereof that needs to be fed with a gas flow
through the respective separator plate. For example with a
five slot burner, the separator defining the innermost slot
will have its gas passages fed by a lowermost row of holes.
The next separator will have a lowermost row of holes to
feed the innermost slot and a second row of holes to feed
the intermediate slot it defines. The outermost separator
will have three rows of holes, the lowermost feeding the
innermost slot, the next row feeding the intermediate slot
and the uppermost feeding the outermost slot it defines.
The intermediate and outermost slots on the other side of
the innermost slot can similarly be fed through two rows of
holes provided in the other outermost separator. Clearly if
purely one-sided gas supply is required for all the slots of
the five slot burner, five rows of holes will be required in:
thé first separator plate to be encountered by the gas
flows, four rows in the next and so on until just the one
row (usually the_lowermost) remains to feed the gas passages

- constituting the remote outermost slot.

By making the burner.assembly demountable, interchange
of parts and, if required, adjustment of the critical

This is the replacement sheet
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t he design concept is highly versatile,.and, for exanple, by nodifying the
di nmensi ons, or varying the nunber of parallel S|0Tﬁs$ma}h§hé§3 &y& ety -

of feedstocks, i ncl udi ng hal osi | anes, S|Iane s, and
pol ysi | oxanes, and inert and reagent gases may be acc

construction of a preferred nodul ar burner in accorda esent

I nvention wll now be

dimensions of the burner can easily be secured. If
required the stack of separator/comb plates may be
pre-assembled, and even held together using a suitable
inert adhesive, e.g. silicone resin, to facilitate
handling, and minimise the risk of gas leakage.

Burners according to the invention may be used
for the synthesis and deposition of silica from two
broad types of silicon-containing vapour feedstock, or
silica precursor. -The first, and currently the most
commonly used, comprises silicon tetrachloride, which
being unreactive with oxygen at ambient temperatures,
may be fed alone or using oxygen as carrier gas to the
precursor feedstock slot of the burner.

On either side of this slot, and its flow of
precursor vapour, are provided shield gas flows which
do not immediately react with the precursor to form
silica, such shield gas flows may thus be of inert gas
such as nitrogen, argon or helium, or may comprise an
oxidising gas such as oxygen. Alternatively mixtures
of these gases may be employed. .

Thereafter, moving outwardly from said shield gas
flows, and on either side of the burner, is provided

a flow of combustible gas, typically hydrogen or
methane,

(these various flows together comprise the primary
synthesis flame for this burner),

and optionally,
a further flow of oxidising gas, e.g. oxygen,

and again optionally,

further alternating flows of combustible and oxidising
gases.

This is the replacement sheet
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descri bedy i Hak BlBR to Figure 5. The basic’ conponents of each
' conprise two hal ves of the

modul e ar num bl ocks 50, 51 which
bur ner bommm "separators” 52, each of which may be rectangul ar
sheet of riate conpositianaguch that the downstream edge of
such a seperator W thstands the high tenperature conditions prevailing at
the base of the iborearfIdwsmi rmadtansegasesofpticrcally belng serarated
. ty flows of inert gas (e.g. nitrcgen, bhelium, argen) ox
alcernacively diluted with such gases.
The second group of precursors comprises those
silicon-containing  vapour feedstocks which  combine
_emergetically with oxygen, and axre thus regarded as
ccmbustible. This group includes the preferred halogen-free
faedstocks such as the volatile siloxanes and alkoxysilanes
certain halogen-containing

described above, and also
compounds, such as

combustible (e.g. hydrogen-containing)
for example trichlorosilane and dimethyldichlorosilane.

. These being reactive with oxygen, must be supplied to the
feedstock slot of the burner, either free from carrier” gas,

or ocptionmally diluted in a non-_oxid.is_:’.ng carrier gas, i.e.
an inert gas, such as nitrogen, argon, Or helium, or a
reducing (combustible) gas, such as hydrogen or-methane.
Alternmatively mixtures of these gases may be employed.

On either side of the feedst:bck slot, and its flow of
precursor vapour, is provi.ded a shield gas flow which does
not immediately react with the precursor to form silica,

such shield gas flow may thus be an inert gas such as

nitrogen, argon or helium, or may comprise a reducing

(combustible) gas such as hydrogen or methane, or a mixture

of inert and reducing gases.

Therea:ft:er, moving outwardly from said shield gas flow,
and on either side of said flows, is provided

a flow of oxidising gas, typically oxygen,

(these various flows together comprise the primary synthesis

flame for this burmer},

and optionally,

a flow of com‘nusciblé gas, typically hydrogen or methane,
This is the replacement sheet
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"conbs", 53, each of which is a conb- li ke conponent, cut fron1a sheet of
metal , or otherw se tonstructed, which holds apart neig

52, and thus provides an array- of | i nearly di sposed passaE ng a
slot at the exit face 52A of the burner_fpomwhi ch the ga

conbi nation of such slots prOV|des the efflux zone at the exit face “the
burner wher eaheagasas opedibnaelyo generate the -

further alternating_ flows of oxidising and combustible

gases,

the above flows of reactant gases optionally being separated
. by flows of inert gas (e.g. nitrogen, helium, argon) or
alternatively diluted with such gases.

This is the replacement sheet
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required silica'synthesis flame.

ot herwise ca

In a preferred varrant of thrs i nvention,
€ an i.nt egral part of a nei ghbouring s HasB'rEan laBad

om a single sheet 0:5 metal, or the
qmll w Im I| [sheet of nmetal, Be~two may be
e fﬂgstances all but one

| inear slots are

red toget her. Under these

1. A linear burmer for the synthesis of silica by
vapour-phase reaction of a silicon-containing feedstock in
a flame, which burner comprises at least five slots opening
to an exit face of the burnmer and extending side-by-side in
the elongate direction of the linear burner, and includes
means to supply a separate gas flow to each of said slots,
characterised in that said supply means comprises an
assembly of separator plates disposed between opposed casing
parts, the separator assembly defining the slots and at
least one of the casing parts defining at least part of a
respective plenum chamber for each gas flow, each plenum
chamber communicating with a different one of said slots in

the separator assembly.

2. A burner as claimed in claim 1, characterised in
that plenum chamber parts are provided in each casing part
and the plenum chamber feeding an outermost slot is
situated nearest to the exit face of the burner while that

feeding the or each innermost slot is situated furthest from

the exit face, such that a slot in an inner region of the

burner is of greater depth, measured in the direction of

flow of gas within the slots, than a slot which is in an

outer region of the burner.

3. A burner as claimed in claim 2, characterised in

that the separator assembly is of a generally triangular

cross-section.

4. A burner as claimed in any preceding claim,
characterised in that the separator assembly comprises a
stack of separator plates each running substantially the
full length of the burner, a plurality of pairs of separétor
plates in the stack providing widthwise perimeter-defining

limits of the different slots and intermediate at least some

of said pairs of separator plates, comb plates to control
gas flow within the slot whose perimeters are defined by the

This is the replacement sheet
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Thi's is the repl. sheet achi eved by cl anpi ng -phqgg,(ﬁgelpﬁgsﬁe 1age§ of
conb/ seﬂm m! Tﬁ&t@g‘{d the remaining slot is forned

single ator in the assenbly. Each plen mm

drilled or machined co 31 -

said pairs of separator plates, and to maintain said

separator plates at a controlled separation.

5. A burner as claimed in claim 4, characterised in
that one separator plate and one comb plate are combined to
form a separator/comb pair, the separator assembly
comprising a plurality of separator/comb pairs which
plurality of separator/comb pairs are clamped between said

two casing parts.

6. A burner as claimed in any preceding claim
characterised in that at least one casing part comprises a

plenum block providing a set of hollow plenum chambers each

of cross-sectional area "A'" measured transverse to the

elongate direction of the linear burner, each plenum chamber
being closed by a respective part Jf the separator assembly,

the gas issuing from each plenum chamber into the respective

part of the separator assembly via "n" orifices each of

cross~sectional area “"a", and in that A > 10n x a.

7. A burner as claimed in claim 4,
that the outermost separator plates of the stack terminate
downstream, in the gas flow direction through the burner

slots, of at least some of the separator plates disposed

between said outermost separator plates.

characterised in

8. A burner as claimed in claim 4 oxr claim 7,
characterised in tbhat each comb plate defines a plurality of
comb teeth each narrowing in the direction of gas flow

through the respective burner slot.

9. A burner as claimed in any one preceding claim,
characterised in that at least one casing part is divided
into individual plenum blocks separately pressed together in
a gas sealing relationship around the separator assembly.

10. A burner as claimed in any one preceding claim,

characterised in that the separator assembly is constructed
This is the replacement sheet
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give | A set of hollow p| enum " Chanber s 54 each of This SheetHasBeenRe:ﬁsz
ar ea "A" .
o T e IR

nozzl e
chanber via arespettive*drilled or nachlned passage 56 in the separator

pl ace 52 to r | 57<b ¢
o tun bl e & gginggefgyagghgggegﬁfggga gn's totaldt Qfus hs i 12
arranged contiguously end-to-end in a linear array.

. 11. A burner as claimed in any one preceding claim,
characterised in that at least two of the separator plates,
" are tapered, in the direction of gas flows within the slots,
so that. the gas flows leaving the outermost slots of the
burner converge toward the gas flow or -flows leaving the or

each innermost slot of the burner.

12. A burner as claimed in any one preceding claim,
characteriséd in that the comb teeth are tapered, in the
direction of gas flows within the slots, so that the cross-
section of the resulting intermal channel decreases in that

direction.

13. A burner as claimed in any one preceding claim,
characterised in that the or each innermost slot has end
regions thereof supplied with a gas flow different from the '
gas flow supplied to the remaining mid-region of the or each

innermost slot.

14. A burner as claimed in any one preceding claim,

characterised in that the length of each slot is more than
50 times the overall width of the at least five separate

slots.

15. A method of operating a linear burnmer as claimed

in any one preceding claim, in which a combustible or

hydrolysable silicon-containing feedstock is reacted in
vapour form in a flame adjacent to a bait piece to deposit
silica synthesised in the reaction on the bait 'piece,
characterised in that a silicon-containing feedstock is fed
as central flow to the or one of the innermost slots of the
burner surrounded on either side by flows which do not react
directly with the central flow, the latter two flows being
flanked outwardly by two further flows of another gas such

that the combined flows lead to combustlon via the creation
This is the replaoement sheet
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ype illustrated in Eure 5 may be held to et her by bolts SOA and nuts SgB
7“ﬁm

t
as shown, such that’ u "ﬂ&!mmmﬂ F ed to the pl enum ch'm
respective supply in the blocks 50,

of well-defl ned ahd Lni*formslots at the front

a series
bur ner. Gas-tight sealing nay be achi evedd bet ween t he plenun1blocks and
askets, and the

ascently |5 ultt AnPrapRpy Syfncsis Hams fad S bFadEion Gt M onear.
like 'plume of silica fume suitable for denos:.t:.ng silica
soot on the bait piece, the overall dimension of the Primary
synthesis flame in the elongate direction of the slots being
ac least 5 times, advantageously 10 times and preferably

more than 50 times the total thickness of the primary

synthesis flame at the exit face of the burmer.

A method as claimed in claim 15, characterised in

- 16.
that said silicon-containing feedstock is a halogen-free
feadstock.

17. A method as claimed in claim 15 _for 16,

characterised in that the feedstock comprises a linear or
cyclic polysiloxane vapour fed to the or each innermost

flanked outwardly by slots delivering an inert or

slot,
again flanked outwardly by slots

combustible sheath gas,
delivering an oxidising gas, optionally f£lanked outwardly by

-alternate slots carrying further flows of combustible and
said flows of combustible and oxidising

oxidising gases,
and said

gases being opi:ionall); diluted with inert gas,
slots being optionally interspersed by slots delivering

inert gas.

A method as claimed in claim 17, characterised in

18.
flanked

that the slots delivering oxidising gas are
outwardly by alternate slots carrying £further flows of
combustible and oxidising gases, said flows of combustible
and oxidising gases being optionally diluted with inert gas,
and said slots being optionally interspersed by slots

delivering inert gas.

15. A method as claimed in claim 15, characterised in
that said silicon-containing feedstock is a chlorosilane.
20. A method as claimed in claim 15, 16, 17 or 18,

characterised in that said silicon-containing feedstock is

a-siloxane.
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| eak-free. A long burner requires a reLafively'substantiaI construction of
the bl ocks 50, 51, or alternatively the two plenum bl ocks may be conpressed

t oget her at a nunber of places along their length by nmeans of a series of

cl anps, nusher_screws hydr ”%hﬁghﬁﬁggeans, in order to ensure
good seal ing QWW @#?%ﬁﬂé?ﬁgngh and precision of the assenbly
of slots at the front face 52A.

ABSTRACT

A linear burner for the synthesis of silica by vapour-
phase reaction of a silicon-containing feedstock in a flame
comprises at least five slots opening to an exit face (52a)
of the burner and extending side-by-side in the elongate
direction of the linear burmer, and includes means (P1-P10)
to supply a separate gas flow to each of Said slots. An
assembly of separator plates (52) is disposed between
opposed casing parts (50, Si), which assembly defines the
slots. At least one of the casing parts (50, 51) defines
at least part of a respective plenum chamber (54) for each
-gas flow, each plenum chamber (54) communicating with a
different one of said slots in the separator assembly. The

invention also extends to a method of operating such a

linear burmner.

FIGURE 5

- B T[]



A burner 60 whicch conprises an assenbly of such nodul ar conmponents, is
shown in md-section in Figure 6. As nmay be seen fromthis diagram plenum
bl ocks 61 and 61A are of substantially simlar construction. The gases
fed to the central slot of the burner, usually conprising the silica
precursor or feedstock eg. siloxane vaﬁour optionally m xed

Fig. 1

-
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16 with carrier gas (e.g. nitrogen or argon), are introduced via pl-enum
chanber 62. Referring to Figure 5, these gases enter the.slot via holes.53
Hol es 59, shown in plenum bl ock 51, may conveniently be fed with inert
gas introduced to the plenumblock via pipe PS, and led to the extremties

of the central slot via holes 59A (sho®n dotted). This

21
22

23

24

20

Fig. 2
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arrangenment ensures that the outernost inter-conb passages of the .central
(silica precursor) slot of the burner are fed with inért gas (eg. via
62A), and this prevents premature oxidation of the precursor by entrained
air, which would otherw se cause deposition of silica on the face of the
burner. As may be seen the conbs and s8parators formng the.outer slots

are progressively shorter as one moves, 32 33
32A = PV AV Ve
/’/'/
L/ .
" .
M U v Fig. 3
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_,_#gngaLds———%rUﬁT’Fhe centre of the burner, so that the separator/conb
assenbly has an approximately triangular cross-section. The slots
i medi ately to either side of the central slot carry a gas which is
- substantially unreactive to the silica precursor and in the case of a
si | oxane feedstock, nethane, hydrogen or nitrogen or their mxtures may be

used, as may a range of other inert or conbustible gases or gas m xtures.

These gases,

whi ch nay be referred

S0A
— This is the rep\acemem sheet
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to as shield gases, are fed to the next pair of plenumchanbers 63, 63A
Proceedi ng outwards, the next pair of slots nmay be supplied wth -
oxygen provided by plenum chanbers 64, 64A. Wiile an arrangenent of five
parallel slots may be used to synthesise silica soot, and indeed provides
the primary synthesis flanme of a burnes of this type it has been found
preferable to supply additional heat via further slots

This is the replacement sheet
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Thus to either side of the above arrangement is fed a fuel gas eg. methane
or hydrogen, from pl enum chanbers 65, 65A, and oxvgen via pl enum chanbers
66, 66A. Additional pairs of heater gas slots may be provided if required,
suppl i ed ‘by additional pairs of plenum chanbers on either side of the
burner. Despite the presence of such additional slots, the

70 71
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Background of the Iavention
' 1. Pield of the Invention _

The manufacture of synthetic vitreous silica by soot
deposition has been known for several decades. In the last
20 years, much progress has been made, scimulaced by the
need to prepare ultrapure and doped syht:hetic silica glasses
for the manufacture of optical f_ibre., Two of the major
ProcesseS which have emerged are;

{(a) ovD (Outside Vapour Deposition)
(b) vap (Vapour Phase Axial Deposition).

The OVD process involves the formation of a porous
synthetic silica glass body by. deposition of silica soot

- produced by one or more synthesis burners fed with fuel gas,

oxygen and a source of silica vapour species, most commonly
silicon tetrachloride but sometimes other halosilanes have
been used. The plumé of silica fume issuing from the burner
or burners is directed to deposit silica soot on a mandrel
or substrate, typically rotating about a horizontal or
vertical axis. In some variants of the process, additional
burners are used for soot consolidation, and for maintaining
the temperature at each end of the soot body to prevent

cracking.

Although the use of such a volatile silicon compound

permits precise control of the purity of the deposited

silica, care must be taken to avoid deposition of silica on
the surface of the burner, as this may distort the flame, or

block the exit ports of the burner. In the design of silica N

deposition burners it is essential to overcome this problem.
2. Description of the Related Art
A typical prior art burner is shown schematically at 10
in Figure 1 of the accompanying drawings. The burner is
made of metal with a central port 11 through which is
projected a stream of silicon tetrachloride vapour, in an
oXygen carrier gas stream. This central port is surrounded

This is the 'replacemen’( sheet This Sheet Has Been Reﬂll
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supplied w hS](,;.;at energing fromthe respective one of the "n" equal
orifices ot B laceppr oxi mat el y uni formdistribution of gas from
m , orifices it is necessary to ensure m nimal

the plenumt
préssure dr | enum and for this purpose it has been found

to be beneficial to ensure that the crosg-sectional area "A" of each
chanber in a plenum block is at least 10 tinmes the sum of the

cross-sectional area_"a"_of the : .
rl:y one or more circular arrays of further ports 12, 13 which
emixed oxygen- and methane,

cypically carry oxygen or  pr
directed parallel to, or convergently with, the axis of the
central port. The silicon tetrachloride is hydrolysed in
the flame to form a plume of silica fume which is projected
onto a mandrel or substrate made from alumina, graphite or
silica to deposit as silica soot. The substratce may
comprise a. doped vitreous silica core rod which is to form
the central component of an optical fibre preform.

In a typical 'prior art VAD process, the deposition
occurs on the lower end of a vertically suspended and
rotating silica soot body. Typically one burner deposits
core material co form the axial region of a cylindrical soot
body, and several further burners are used for depositing
the cladding soot. The general design of one such burner
comprises a series of co-annular quartz glass tubes defining
a series of concentric annular slots through which the feed
materials for the burner are supplied is shown at 20 in
Figure 2. Typically -a central tube 21 is fed with silicon
tetrachloride and oxygen, and successive annular . slots
(three of which are shown in Figure 2 at 22, 23 and 24) are
fed with, for example, argon, hydrogen or oxygen. A simple
two- or three-slot burner may be surrounded by further
annular slots creating additional hydrogen and oxygen
sheaths, increasing the thermal output, lengthening the
flame and promoting consolidation of the deposited soot.

Optionally, these annular slots may be separated by
intermediate annular slots fed with inert gas e.g., argon,
helium or nitrogen, to provide some cooling, for example to
reduce the thermal load on the burner. Again, optionally,
the burner may be supplied with an alternative fuel gas to

hydrogen, such as methane.

The burners shown in Figures 1 and 2 produce an
approximately cylindrical plume of silica particles which is
impacted upon the substrate. The particles move towards the

This is the replacement sheet
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orifices ie. A> 10n x a, where "n" is the nunber
The separators nust be adequately refractory,

oxi dation resistant.
fused quartz, vitreous silica, or certain ceramcs, fo

carbide, silicon nitride or sialon, howgver these mat
costly and difficult to fabricate and handle, particular

I
y

kA

of—eri+fices—of-area-"a".
thermal |y conductive and
The separators 52 (and conbs 53)ThisghechidasBachRepla@im

con
atively

subscrate under the influence of thermophorssis (motion of
of lower

particles through a gas

towards a region

cemperature), and a proportion of the particles strike,

adhere to the substrate.

The soot collection racta

and
and

collection efficiency of these known burners depend in part

on the surface arsa over which deposition takss place.

Iz

is thus beneficial to deposit over as large a surface area

as practical,

It is known in the

operation of an OVD process to be

beneficial to employ a large diameter substrate, and to

employ an array of several burners.
process with a single burnmer,

When operating an OVD
it is necessary to oscillate

the burnmer to and fro along the full length of the

substrate,

but with an assembly of multiple burners,

the

assembly does not have to oscillate over the full length of

the substrate, but merely over a fraction of the distance,

sufficient to permit overlap of the deposits arising from

neighbouring burmers. Thus in
three or more
deposition of
optical fibre
number, are equally spaced along

JP-A-91279234,

the use of
burners of similar size is described, for the
synthetic silica soot along the length of an

preform rod. The burners, typically five in

the length of the

substrate, and each is independently controlled according to

a2 predetermined schedule,
deposition of soot along the rod.

The use of an array of
. described lso in EP-A-0476218,

to seek to achieve uniform

similar burners has been

which describes the

ifficulties experienced in using linked arrays of burmers,

extending over the £full length of the

substrate

‘and

oscillated in a cyclic fashion of small amplitude, parallel

to the long axis of the subscrate.

Problems. arise in

particular if these burners do not have identical deposition

characteristics.

It is stcated in EP-A-0476218 that these

difficulties are to some extent overcome by seeking to match

the characteristics of each burner,

and then continuously

adjusting the end limits of the oscillation of the burner

This is the replacement sheet
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for the large burners within the scope of the invention. It has
alternatively been found acceptable to nmake these corponents from netal but

due to the thermal |oad on the separator, and other consiraiflSeenRépldeéul
choice of nmetal is necessary. It is preferable that Th I si ng
a separator be of |ow expansion coefficignt, and titani ﬁ und to

be a suitable netal for this purpose, but other netals ys are
expected to be usable. _
array, to minimise the frequency at which these end limits

coincide from «cycle to cycle. By controlling cthe
inter-burner variability, and the air flow in the burmer
array and preform regions, it was said thac preforms having
substantially uniform axial properties can be obtained.

To deposit on a cylindrical article it would appear
preferable to provide a sheet-like plume of silica fume
which suggests a burper com;irising an array of linear slots
as oppo'sed to the basically cylindrical plumes of the
" burners so far deééribed. Such an arrangement has been
described in JP-A-91112820, in - which preforms were
manufactured by soot deposition on the periphery of a
cylindrical substrate, by using a plurality of multi-slit
oxy-hydrogen burners, fed with silicon tetrachloride as
silicon- com:aining feedstock, and é.rrang'ed end-to-end along
the length of the substrate. It is stated that this
arrangement is superior to the use of a multiplicity of
coaxial burners, since the latter suffer from mutual
interaction of the burmer flames. The burners described in
JP-A-91112820 are said to be better than a single long slit
burner which ' did not produce a sufficiently lengthwise
uniform £lame. The use of a multiplicity of burners
nevertheless leads to added cost and complexity, especially
as each may require a separate feed and control system.

The desirabilicy of usirig a -linear burner for soot
deposition was noted many years.ago. Early attempts at a
simple ribbon or strip burner were described in
US-A-3565346, but prob.lems arose due to deposition of silica
soot on the face of this burner, and furthermore the burner
was difficult to construct and consequently very expé.nsive.
An improved design was therefore proposed in US- A-4203553,
in which the reactant gas stream (e.q., silicon tetra-
chloride in oicygen) was directed from two linear arrays of
orifices, into a central linear flame, issuing from a third
linear array of orifices. Using this system, deposition on
the working parts of the burner was said to be avoided but

This is the replacement sheet
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Where the chosen netal is reactive with one or nore ofﬂ;ﬁeeg eB%e t he
E tory

burner,=it may be desirable to protect the netal with a
coatlng | f the chosen netal has too high an expan5|o

front edge may distort in the heat of the flane.
circunstances it is advantageous to provide slits in the

the efficiency of deposition of silica upon the substrate
was not disclosed, and this type of burner does not provide
a laminar sheet-liike flow of high concentcration gilica fume,
which appears desirable for optimum deposition efficiency.

An alternative design of elongated burner was described

in US-A- 4136828. In this burner the metal halide was

injected into a pair of inwardly inclined linear flames. The
burner comprised'a central linear array of orifices supplied
with silicon tetrachloride in oxygen, on each side of which
was a linear array of closely spéced orifices providing jets
Again on either side were two

of high velocity shield gas.
and

slots providing a large volume of non-reactive gas,
finally on each side was arranged a row of inclined jets
providing premixed oxygen and fuel gas, yielding two linear
and inwardly inclined flames permitting the flame hydrolysis

of the silicon tetrachloride to occur.
This arrangement is again likely to be of low
efficiency, due to the use of high velocity shield gas, of °

large volumes of inert gas, and to the use of high velocity

inclined flames to provide the desired reaction. Each of

these factors is detrimental to the situation sought,
the pr_odﬁction of a high concentration, low turbulence,
sheet-like flow of silica species to impact upon a substrate
collection site. Furthermore the critical

i.e.

serving as
dimensions of the components of this burner can only be

adjusﬁed by expensive re-machining and reassembly (or by
total replacement), and thus could be costly to optimise.
The use of many fine orifices presents another disadvantage
in that each is subject to blockage and would be difficult
to clean. Finally there is no evidence of this burmer
having been used with a slot, or orifice array length of
more than 10 cm (4 inches). The present invention seeks to
provide a burner to achieve a uniform soot synthesis flame
over a far greater burner length, and furthermore to operate
. efficiently and over a long period, not only with silicon
halides, but also with halogen-free silicon-containing
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18 front edge of each separator 52, to pernmit a linited expansi on of
the front edge relative to the cooler regions of the seﬁasmétorasBeehReﬁéed

advi,sable to ensure that these slits are placed so as t

comb-tooth 53 to nininise the rlsk of gas leaking to a

via such slits. 6
precursor vapour feedstocks.

annel

The concept of a long linear burrer has besen described
in US-A- 4682994, but this disclosure offers no solution to
the problems of deposition of silica particles on the face

of cthe burmer. US- A-4682994 implies the use of a

homogeneous mixture of reagent gases, fed via two similar

feed conduits to an array of parallel linearly-arranged
orifices, to give a stream of silica particles of width
similar to the diameter of the substrate, and a length many

times greater than its width.

US-A-4682994 speaks of a homogeneous flow of silica
particles across the width of the flame but in practice it
has been found that such an arrangement is far from ideal.
We have found a superior and more efficient practice is to
génerate a high concentration of silica particles within a

narrowly confined region of the flame (generally on the

centre-line) and to surround this with high temperature gas,
typically combustion products and free from silica.
particles. This arrangement provides a sheet-like flow of

silica particles, surrounded on either side Dby parallel

sheet-like flows of hot combustion product gases, and
maximises the probability that a silica particle will reach
the substrate and there adhere, and thus maximises the

efficiency of the deposition process.

Some of the essential features of a practical linear

silica synthesis burner are outlined below.

It is desirable to provide an array of orifices,
ideally of parallel rectangular slots, to give parallel
linearly disposed flows of reagent or inert gases, in a

manner in which each flow is substantially uniform along the

length of the burner.

It is preferable to synthesise silica particles at
maximal concentration in the form of a thin sheet, typically
This is the replacement sheet .
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In an alternative arrangement within the scope of thEEBFEEEﬁF“TﬁVEﬁTTUn

and useful where a long separator assenbly is requiredhSheet BisBeinRe ch(t?
made frommaterials which are difficult to manufacture

| ong lengths (e.g. vitreous silica or ceramc) it may b r range
that the separator assenbly is conprisedy7of a nunber of sho

sub- assenbl i es arranged contlguousl end-to- end, so as to give a
substantlalI9nuﬁh?oFﬁP§F§églP@k9 f 3@ burner.

i It is desirable that an inner shield gas should
surround the flow of siiica precursor vapour, in order to
prevent premature oxidation of the precursor, which might
lead to deposition of silica on the face of the burner., and
. subsequent distortion of the flame, or blockage of the

orifices.

It is preferable that the burner be of modular
construction, and demountable, to permit interchange of

critical parts and thus
- to facilitate the optimisation of the dimensions of the

critical orifices particularly the widths of the slots,
- ‘to permit cleaning of any blocked orifices,
- to permit facile replacement of any corroded or damaged

part.

It is desirable that the parallel flows of silica fume
and combustion product gases be of low turbulence, in order
to maximise the local concentration of fume particles, and
to establish the controlled high thermal gradients which
will optimise the conditions for thermophoretic flow of

particles to the substrate.

There exists no published burner design which enables
these various factors to be simultaneously achieved, either
for burners supplied with conventional silica precursors
(typically the halosilanes, and most frequently silicon
tetrachloride), or for the halogen-free feedstocks such as
for example silane, tetramethoxysilane (TMS, Si(OCH3)4), or
the polysiloxanes, eg. hexamethyldisiloxane (HMDS,
(CH3) 3810S1i(CH3)3), octamethylcyclotetrasiloxane (OMCTS,
((CH3) 5S10)4) etc., which may be preferred due to the
absence of corrosive gases in the effluent gases, and to
their ability to yield halogen-free glass product.

These halogen-free feedstocks are generally highly
This is the replacement sheet
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Clearly the gas seals nust be appropriately designed t@is8hettif Bedadepihdie
array of separator sub-assenblies is fed with respectiv t hout
significant | eakage of gas. Wth such an arrangenent itﬂﬁﬂm w ageous
- to-arrange a small gap between nei ghbouring sub-assenbl ,

at the

edge which forms the hot face of the burger, sufficient for exanple to
accommodate the thermal expansion :

reactive with oxygen, requiring more care in burner design,
. if deposition of silica on the burner face is Lo be avoideq
In a conventional burner, the silicon tetrachloride
feedstock may be supplied to the burmer mixed with oxygen ag
carrier gas. No reaction of these two gases occurs unti)
the gases are well into the flame, and clear of the surface
of the burner, since the mixture must be strongly heated to
initiate the oxidation reaction, or alternatively must meet

an adequate concentration of water vapour (2 combustion

product of the flame) to initiate the alternative hydrolysis
reaction. Despite this, it has still proved difficult in
the past to achieve even a short linear burmer capable of

long term use with silicon tetrachloride feedstocks (see
US-A- 4203553).

These problems have been found to be cons'iderably
exacerbated when ﬁsing combustible halogen-free silica
precursors which burn with great intensity, immediately they
emerge from the burmer and meet oxygen. This property
enables considerable savings in fuel gas relative to the use
of conventional halosilane feedstocks, but presents severe
prdblems in the design of suitable burners. The less
expensive of these silica precursor feedstock materials also
tend to have higher boiling points (eg. OMCTS, boiling point
176°C) and, at the high loadings which are desirable in
practice, it is necessary to preheat the burner to ensure
that no condensation of precursor vapour occurs within the
burner itself. This further enhances the réactivit:y of the
vapour, and leads to considerable risk of thermal
distortion of the components which may be wused ¢to
manufacture the burner. Any such distortion leads to loss
of control of flame structure, and again increases the risk
of undesirable deposition of silica on the face of the

burner.

The task of providing a linear burmer for these new.
silica precursors has thus not proved easy, and it is
surprising that it can be achieved in the design of the

This is the replacement sheet
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- of the separators. Each such space may optionally be—purged—wthimert or
combusti bl e gas, thus mnim.sing the risk of premature nixing of t he

feedstock with oxygen, and the consequent risk of dﬂndﬁﬁﬂ
the: face of the burner. It may be advant ageous under
arrange-that the separators do not termnate in a p

burner, as shown in Figures 5 and 6. For

nces to
t of the

present invention, which has permitted the manufacture of
burners capavpie of yielding uniform deposition of silica soot
over a considerable length of substrate, from a continuous
sheet-like flame of high aspect ratio supplied with the
vapour of halogen-free precursors. It 1is understood
furthermore that burners according to the present invention,
which have proved satisfactory for the rigorous conditions
of use with siloxane feedstocks, equally (with minor changes
in dimensions, choice of gases, gas flows etc.) will prove
satisfactory for use alternatively with silicon tetrachloride
or other halosilane silica precursors.

Summary of the Invention

One aim of the present invention is to enhance the
build-up rate of a given deposition facility by employing one
or more elongated deposition burners each of which deposits
silica soot over a substantial length of a substrate surface.
This aim is sought to be achieved in the present invention
by the use of a burner having a plurality of separate supply
channels for gas streams fed to the burner, each channel
terminating in a finite elongate outlet slot, which slots are
disposed side-by-side, substantially parallel to all the
other slots in the burner. Such burners will hereafter
be referred to as "linear burners", and generally comprise
at least five slots.

Thus, from one aspect, the present invention provides
a linear burner according to claim 1. From another aspect,
the present invention provides a method of operating a linear

burner according to claim 14.

The slots (or the innermost five slots) together define
an array from which gases emerge creating a primary synthesis
flame in an efflux 2zone whose length in the elongéted
direction of the slots preferably has a ratio (aspect ratio)

.of at least 5:1 relative to the maximum width of the gas
flows emerging from the plurality of side-by-side slots which

This is the replacement shest

Date: 2 0 NOV 1997



| exanpl e sonme i nprovenent in deposition efficiency may—be-ohserved if the
central. separators ternminate 1-2nm upstream of the outer separators—Fhe

t hi ckness of the conbs defines the width of each Sthis SheeApd the conb
teeth 53 ensure the precision of the H aced
' 9a ’
define the primary synthesis flame. Advantageously the

aspect ratio is at least 10:1 and preferably at least 50:1.
A linear burner in accordance with this invention may be made
from fused quartz, wvitreous silica or ceramic material, or
alternatiﬁely from metal components, which can be accurately
formed or machined, and parts of which may be readily
dismantled, cleaned or replaced whenever required.
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assenbly, and maintain the spacing and parallelismof the separators 52.

However- it is advantageous to ensure the conb teeth 53Tuhsm9nﬁgbg£ q1
wi dth, and also that they are tapered, so that they pre aced
obstruction where the gas exits fromthe slot at the fa gaw Fr.
It is further advantageous to ensure jphat the conb tee e

sone distance inside the slot as this permts sone snoothing of the flow

before the gas exi ti aptalgchchf&%yof important featurs of cthis inventiopn
cm a meshod of using a linear burner wicth a

arises £
halogen-free
syachetic silica soot deposit on a suitable subscrate.

silicon-containing feedstock ¢Cto create 3

—ief Description of the Drawings
The invention will now be further described, by way of

example, with reference to the accompanying drawings, in

whi ch

Figures 1 and 2 are the prior art burmer constructions

already discussed,

Figures 3 and 4 are schematic views of two embodiments
of linear burners in accordance with the invention, and

Figures 5, 6, 7 and 8 are more detailed schematic views
of individual components of burners and burner assemblies in
accordance with the inwvention.

Description of the Preferred Embodiments

A burner in accordance with the invention may be used
for the deposition of silica soot along a linear zone from
a feedstock such
halosilane. For this application a simple burmer such as

that shown in Figure 3 can be used with five side-by-side
elongated slots terminating in five gas supply channels,
where channel 31 is fed with SiCi4/O, channels 32 and 32A
are fed with oxygen, and channels 33 and 33A are fed with

hydrogen.

-

as silicon tetrachloride or other

The 1linear burner 30 shown in Figure 3 is of

symmetrical design, i.e., the channels 32, 32A terminate in
elongate slots of equal width and this is preferred. 1In
practice each channel 32, 32A will conveniencly be fed with

equal volumes of oxygen. Channels 33 and 33A likewise

conveniently provide equal width outlet slots and are
suitably fed with equal volumes of hydrogen. As described,

the burner 30 provides a symmetrical flame, with the silica
precursor introduced .to the central channel 31, however it

_ This i8 the replacement sheet’
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S asse

the burner. While a burner as shown in Figures 5 or Figure 6 i
&yl this

using two nonolithic plenum blocks, burners wthin theTsoHp 2
i nvention may be made nore versatile, as required for e “21 Replaceq
devel opnment, by arranging that the individual plenum c

bl ocks

contained i'n individual plenum blocks, e.gy by separati
of the burner shown in Figure 6 at the dotted |ines 68.

is possible to provide a linear burner within the scope of

Under

chis invention which cosprises finice slets with. differing
widths and/or symmetrically located pairs of finice slots

which are fed with differing volumes of the respective gases

or even with different gases, in order, for example, to

.achieve a specifically desired deposition temperature or

temperature distribution.

It is preferable that the dimensions of the outlet
slots of the channels and volume flows of the respective
gases through those channels be such as to achieve a
sheet-like plume of silica fume which is of low turbulence,
since excessive turbulence dilutes the plume and lowers the
efficiency of the collection with regard to the soot

product. ' .

A burner in accordance with the present invention has
particular utility when used for silica soot deposition from
one of a number of commercially available halogen-free
silicon-containing vapour feedstocks which burn in oxygen to

give silica fume. The linear burner may be fed with silane,

with alkoxysilanes e.g., Si(OCH3)4, or with other vaporised
silicon compounds, for example any of a range of siloxane-
containing compounds, i.e., which incorporate the atomic
grouping Si-0-Si. Siloxane feedstocks include such simple
'species as hexamethyldisiloxane, (CH3)3Si-0-Si(CEj3)3, and
more complex polysiloxanes including such linear molecules
- &s are covered by the general formula R3Si.0.(SiR50)p.SiR,
where m is any integer including zero, and also such cyclic

molecules as are covered by the genmeral formula Ry,Sij.0,

where n is greater than 2, and R in the above examples

represents one of a series of possible substituent groups
selected from
. i) an alkyl group of the general formula
Cp - Hap+1
where p is an integer greater than zero, and
ii) the hydride group -

H-
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these circunstances the clanping system nust be nDre EﬁﬁﬁTEY“and

each pair of opposing pl enum bl ocks nust be separately ﬁEH&ﬂﬂmﬂ
to achieve a gas seal. Nevertheless this nulti-block arr oved
useful in developnent, and is included within the scope

invention. Figure 7 shows a plan view of;8 cross-section of
region of a short burner 70, at a point sone

The bummer 30 shown in Figqure 3 may be ussd Sor
deposition, on a cylindrical substrate, of soot made by
combustion of a halogen- free silicon-containing vapour.
Channel 31 is fed with silicon- containing vapour,
optionally diluted with a carrier gas which may be inert,
e.g., argon, nitrogen, or a combustible gas, e.g., hydrogen
or methane. Channels 32 and 32A are fed with a combustible
gas, e.g., hydrogen or methane, optionally diluted with
inert gas, or with inert gas alone, and ‘chanmels 33, 332 are
fed with oxygen. The entire burner can be manufactured from
metal components and at least the boundaries of channel 31
can be maintained at a temperature above the dew point of
the silicon- containing feedstock to.prevent condensation of
feedstock within the burmer.

Figure 4 shows a nine channel burnmer 40 which may be
provided with gases as fcllows; A central slot 41 is fed
with a vapour of an appropriate combustible halogen-free
compound of silicon, optionally mixed with a carrier gas,
e.g., nitrogen or hydrogen. The next adjacent slots 42,
427, are fed with inert or combustible gas, e.g. hydrogen,
methane, or nitrogen, i.e. with a gas which does not oxidise
the silicon compound. The next adjacent slots 43, 43A are
fed with oxygen, slots 44, 44A are fed with a combustible
gas, e.g. hydrogen or methane, and slots 45, 45A fed with

oxygen.

Additional channels may be fitted to either of the
above described linear burners if required, e.g., to
increase the width or intensity of the flame, or to
introduce inert gés between neighbouring flows of
combustible gas and oxygen (to reduce the thermal load on
the intervening separators). It may also be advantageous to
include two outer channels carrying e.g., oxygen or inert
gas, to provide an overall gas shield, reducing the risk of

contamination of the deposition zone by ambient gases, but
This is the replacement sheet
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di.stance fromthe faace, show ng the internal arrangenﬁmiﬂﬁaﬁaﬂﬁg

conbs for the central (silica precursor) slot, 71, may
machi ned to give-only (n-2) internal channels | eading t{
whil e those for the other gases may have n such channel

Elﬂﬁﬂlﬁ@ﬂﬂ

Q% The

ace,
shows

a corresponding view of the face of a burrgr 80, where the gases energe
fromcontinuous slots. As has been noted above and nmay be seen fron1F|gure

8, gas energi ngPConReRgssarily concribucing to the

chemistry of

ths

DTaCess.

' It may additionally be advancageous'to arrange thac’
some or all of che oucar flows be convargent, i.s. the
§2paractos assembly may be dssigned to ensure that che
planiform gas strsams eme-ging from parallel slots at chs
face of ths burner ars arranged to convarga, aiter emerging,
toward the central axial plans of the burner, stimulating
mixing of the reaccant streams as opposad to relying on
mutual inter-diffusion, as when the gas streams emergs in 2
purely axial direccion. Such convergsnce may be achievad by
arranging that some or all of the separators ars of tapere
crcss-section, being thinner at the outlec of the rasul

slot, i.e. at the ‘hot face of the burner.

Alternatively or additionally some or all of the combs
may be tapered cross-section, becoming thinner towards the
hot face of the burner. Such an arrangement leads to a
progressive increase in cross-sectional area of the resulting
slot in the direction of flow of the gas, and may be employed
for egample to reduce the small-scale variations of the flow
induced by the individual comb-teeth. '

Asymmetrical burners may be preferred £for certain
applications, but it is a particular advantage of the
presant invention that the linear burner may be used to
deposit silica soot over a substantial length of substrate.

When used with a combustible halogen-free silicon
compound feedscock, advancageously polysilox
significant part of the thermal energy of the flame may be
provided by combustion of the silicon-containing feedscock.

The present iﬁvention provides a solution &to the
problems and deficiencies exhibiced by prior artc burmers in
a convenient and practical design, capable of use with
conventional halosilane feedstocks, and more imporcanclv
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precursor gas slot 81 (i.e. the central slot) 1is substantially

surrounded afhi en Replagedi el d gas. This prevents reaction of precursor
vapour with oﬂl Hv m S?m 20 anbi ent atnosphere at the ends of the
bur her, which

14

capabie of wuse with the more novel combustibie
halogen-free silica precursors, which have not
previously been used with linear burners. The concept
is capable in principle of providing any number of
parallel gas flows emerging from a series of parallel
slots at the face of the burner. For the purpose of
illustration one embodiment is exemplified in Figure
S, which shows a burner comprising nine parallel slots
suitable for deposition of silica from a flow of
polysiloxane vapour, but it is to be understood that
the design concept is highly versatile, and, for
example, by modifying the dimensions, or varying the
number of parallel slots, a wide variety of
feedstocks, including halosilanes, silanes,
alkoxysilanes, and polysiloxanes, and inert and
reagent gases may be accommodated.

The construction of a preferred modular burner in
accordance with the present invention will now be
described with treference to Figure 5. The basic
components of each module are a pair of plenum blocks
50, 51 which comprise two halves of the burner body,
a series of ‘"separators" 52, each of which may be
rectangular sheet of metal of appropriate composition
such that the downstream edge of such a seperator
withstands the high temperature conditions prevailing
at the’ base of the linear flame, and a series of
"combs", 53, each of which is a comb-like component,
cut from a sheet of metal, or otherwise constructed,
which holds apart neighbouring separators 52, and thus
orovides an array of linearly disposed passages each
feeding a slot at the exit face 52A of the burner from
which the gas emerges. A combination of such slots
provides the efflux zone at the exit face of the
burner where the gases combine to generate the
required silica synthesis flame.

In a preferred variant of this invention, each
comb 53 may be an integral part of a neighbouring
separator 52, i.e. they may be machined from a single
sheet of metal, or the two may be machined from a
single sheet of metal, oxr the two may be welded or
otherwise adhered together. Under these circumstances
all but one of the linear slots are

"This is the replacement sheet
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|l ead to undesirable silica déﬁGéition on the burner in these regions.

Al ternatively, e, it has proved useful to provide the
centr al (precurs th n channels, of which (n-2) are supplied
wi t-h precursor mu “E st plenum chanber led in on one side of the
burner, the remai els (one g each end of the burner) being

supplled with an inert gas, nitrogen, delivered using
achisved Dby clamplng together a series of ccmb/sena:ator
pairs, and the remaining slot is fommed by iacluding a
single plain sheet separator in the assembly.

Each plenum block 50, S1, is drilled or machined co
give a set of hollow plenum chambers 54 each of
cross-sectional area "A" (measured transversely to the long
axis). = Drilled orifices or nozzles 55, each of
cross-sectional arsa "a", connect the plenum chamber, via a
raspective drilled or machined passage 58 in the separator

lace 52, to the relevant space 57 between adjacent teeth of

thes comb 53.

The two plenum blocks 50, 51 of a short burmer of the
type illustrated in Figure 5 may be held together by bolts
S0A and nuts SOB as shown, such that the gases introduced to
the plenum chambers 54 from respective supply pipes, Pl to
P10 in the blocks 50, 51 emerge from a series of

ll-defined and uniform slots at the front face of the
burner. Gas-tight sealing may be achisved between the

l-.l

plenum blocks and the various separators by usi ing O-rings or
' ive gaskets, and the assembly is substantially

A long burner requires a relatively substancial
‘censtruction of the blocks 50, S1, or alternmatively the two
plenum blocks may be compressed togétner at a number of
places along their length by means of a series of clamés,'
pusher screws, hydraulic rams or similar means, in order to
ensurs good sealing at all points within the burner, and
orecision of the assembly of slots at the front face S2A.

A burmer 60 which comprises an assembly of such modular
ccmponents, i1s shown in mid-section in Figure 6. As may be
seen from this diagram, plenum blocks 6L and 61A are of
substantially similar construction. The gases fed to the
central slot of the burner, usually comprising the silica

Drecursor or feedstock eg. siloxane vapour optionally mixed
This is the replacement sheet
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a pl enum chamgshf Gy ckei he opposite hal f- of the burner. The | ength of
the silica pre tantially determ nes the | ength over which
the silica syn Mﬂ“‘ﬂ ﬂ?generat ed, and thus the length of substrate
over which dep i at any one tine. It is an advantage of

burners according to the present-inventiofghat this length nmay be

substantial conpared to prior art burners. ,
with casrier gas (2.g. anitrogen QI argaon), ase introduced

via plenum chamber §2. Referring to Figurs 5, thess gases

ncar cthe slot via holas

m

Elock S1, may

cf thae cantrazl (silica pzscursor) slot of tha burner ara fed
ia 623), and this prsveants prematurs

the pracursor by eatrained air-, wkich would

ocherwisa cause deposition of silica ecn tha face of the

As may be sesn ths combs and separatoss

slots axrs prograssively shortar as cone movas

ocucar 2
ouszwards fzom Gthe centra o0Ff the buznmer, so that thas

separator/comb assam

cross-section. Thes slocs immediately to eithsr sids of the
sncral slot cazxy a2 ¢as which is substantially unrsactive
to the silica pé:ecurs =, and in the case ¢f a siloxane

fzedstock, methana, hydzogen
may be usad, as ‘may 2 range of
gases or gas mixturss. These gases, which may be rsferrad
to as shield gases,
63A. DProceeding outwards, the next pair of
provided by pleaunm

re fed to the next pair of plenum

chambers 63,
slots may be supplied with oxygen

A

chambers 64, 64A.

While an arzrangsment of five parallel slots may be used

CO syuthesise silica soot, and indeed provides the primary
1

ame of a burmar of this type it has been found

heat wvia fuxcher slot
above arrangement is fed a £
from plenum chambers 65, 63A,

gas eg. methane or hydrogen,
Additional pairs of

and oxygen via plenum chambers 66, 66A.

heater gas slocs may be provided if required, supplied by

acdditional pairs of plenum chambers on eithar side of the
burner. Despite che presence of such addicional slots, che

This is the replacement shaet
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In general, the length of the silica synthesis flame in the elongate

di rection ofThhéth@@ egn. cef east 5 tines, advant ageously 10 tinmes and
preferably nor s the total thickness of the primary synthesis

flame at the f ner, the thickness of the primry synthesis
flame being ta n as the sum of the w dth,of each of the central five slots
plus the width of the separators between them

central five slots may still be regarded as comprising the

primary syntnesis burner.

Generally the slots which together make up the efflux
zone 67 of the burner 60 run substantially the £full length
of the burner, and each slot is supplied with gas via a
substantial number "n" of equal inter-tooth spaces, each
supplied with gas emerging from the respective one of the
"n' equal orifices S53. To ensure approximately uniform
distribution of gas from the plenum to the array of orifices
it is necessary to ensurs minimal pressure drop along each
plenum, and for this purpose it has been found to be
beneficial to ensure that the cross-sectional area "A" of
each chamber in a plenum block is at least 10
times the sum of the cross-sectional area "a" of the
orifices ie. A > 10n x a, where "n" is.the number of .

orifices of area "a".

The sepérators must be adequately fefractory, therﬁally
conductive and oxidation resistant. The separators 52 (and
combs 53) may be made from fused quartz, vitreous silica, or
certain ceramics, for example silicon carbide, silicon
nitride or sialon, however these materials are relatively
costly and difficult to fabricate and handle, particularly
for the large burners within the scope of the invention. It
has alternatively been found acceptable to make these
components from metal but due to the thermal load on the
separator, and other constraints, careful choice of metal is

It is preferable that the metal comprising a
and titanium has

necessary.
separator be of low expansion coefficient,
been found to be a suitable metal for this purpose, but
other metals and their alloys are expected to be .usable.
Where the chosen metal is reactive with one or more of the
gases fed to the burner, it may be desirable to protect the
metal with a suitably refractory coating. If the chosen
metal has coo-high an expansion coefficient the front edge
may distort in the heat of the flame.. Under these

circumstances it is advantageous to provide slits in the
" This is the replacement sheet
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There is a degree of latitude in setting the spaci gge Hied KiBla6@ND teeth
53, but 25mm represents a conveni ent spacing deno ' actice.
While a burner in accordance with this invention \§ give a

deposition flanme which is substantially uniformalo _ t here may
be sone mnor non-uniformty arising frojgthe presence of conb-teeth in the
I nternal channels of the burner. If this is a problemthe burner can be -

oscillated  front edge of each separator 52, to permit a limited
expansion cf the front edge ralative to the cooler rsgions

- of the separator. It is adwvisable to ensure that these

slits are placed so as to be covered by a comb-tooth 53 to
minimise the risk of gas leaking to a neighbouring channel

via such slits.

In an altermative arrangement within the scope of the

present invention, and useful where a long separator

assembly is requirad but this is to be made from materials
which are difficult to manufacture or to machine in long
lengths (e.g. vitreous silica or ceramic) it may be useful
to arrange that the separator assembly is comprised of a
number of short sub-assemblies arranged contiguously end-to-
end, so as to give a substantially uniform sheet-like flame.
Cleafly the gas seals must be appropriately designed to
ensure that the array of separator sub-assemblies is fed

with respective gas flows without significant leakage of

gas.

With such an arrangement it may be advantageous to
rrange a small gap between neighbouring sub-assemblies, at
least at the edge which forms the hot face of the burner,
sufficient for example to accommodate the thermal expansion
of the separators. Each such space may optionally be purged
with inert or combustible gas, thus minimising the risk of
premature mixing of the feedstock with oxygen, and the
- consequent risk of deposition of silica on the face of the

burner.

It may be advantageous under some circumstances to
rrange that the separators do not terminate in a plane at
the front of the burner, as shown in Fiqures 5 and 6. For
example some improvement in deposition efficiency may be
observed if the central separators terminate 1l-2mm upstream

of the outer separators.

The thickness of the combs defines the width of each ,
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slightly in use, with an anplitude equal to at. |east one 21 conb tooth

spacing, ie with a tooth spacing of 25mmit is usef uThlStSheﬂDHaSIBeblaR
burner with an.anplitude of at |east 25mm or for bet Onn1or
even .
19
slot, and the comb teeth 53 ensure the precision of the
assembly, and maintain the spacing and parallelism of the

separators 52. BHowever it is ‘advantageous to ensure the

comb teeth 53 are of minimum widch, and also that they ars

taperad, so that they present a m:.n:.mal cbstruction where

the cas exits from the slot at the face of the burner. It
is further advam.ageous to ensure that the comb cteeth

cerminate some distance inside the slot as this permits some

smoothing of the flow before the gas exits at the facs of

the burner.

While a burnmer as shown in Figures 5 or Figure 6 is
assembled using two monolithic plenum blocks, burners within
the scope of this invention may be made more versatile, as
required for expérimental development, by arranging that the
plenum chambers are °~contained in individual

e.g. by separating the plenum blocks of the

individual
plenum blocks,
burner shown in Figure 6 at the dotted lines 68. Under

these circumstances the clamping system must be mors
complex, and each pair of opposing D" enum blocks must be
separately compressed together to achieve a gas seal.
Nevertheless this multi-block arrangement has proved useful
in development, and is included within the scope of the

present invention.

Figure 7 shows a plan view of a cross-section of the
central region of a short burner 70, at a point some
distance from the face, showing the internal arrangement of
comb teeth. The combs for the central (silica precursor)
sloc, 71, may advantageously be machined to give only (n-2)
intermal channels leading to the burner face, while those
for the other gases may have n such channels. Figure 8
shows a corresponding view of the face of a burner 80, where
the gases emerge from continuous slots. As has been noted
above and may be seen from Figure 8, gas emerging from the
precursor gas slot 81 (i.e. the central slot) is
substantially surrounded at its ends, by shield gas. - This
prevents reaction of precursor vapour with oxygen from the
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100nn1naWthmgnQ£@@&, laced €arly however, the larger is t he anpl i tude of

this osci
thigkness
substrate.

rger is the extent of the zone of tapering
an ot herw se uni formthickness deposit on the’

erformance it has been found preferable to avoid
maj or discrepanC|es betmeen‘the velocitigg of gases energing from
nei ghbouri ng Slotebc atmosphers at the ends of the bummer, which coulg

lead to undesirable silica deposition on the burner in thegq

regions.

Alternatively, as described above, it has proved usefy]

to provide the central (precursor slot), 71 with n channels,

which {n-2) are supplied with precursor fed from the
the

h

o
lowest plenum chamber led in on one side of the burmer,

ramaining two channels (one on each end of the burner) being
supplied with an inert gas, e.g. nitrogen, delivered using
a . plenum chamber provided in the oppocsite half of the

burner.

The length of the silica precursor slot substantially
determines the length over ﬁhicﬁ the silica synthesis flame
is generated, and thus the length of substrate over which
deposition occurs at any one time. It is an advantage of
burners according to the present invention that this leng

may be substantial comparsd to prior art bummers.

H
e

In general, the length of the silica synthesis flame

in the elongate direction of the slots is at least 5 times,

advantageously 10 times and preferably more than 50 times

the total thickness of the primary synthesis £flame at the
face of the burner, the thickness of the primary synthesis
flame being taken as the sum of the width of each of the
central five slots plus the width of the separators between

. them.

There is a degres of latitude in setting the spacing
between the comb teeth 53, but 25mm represents a convenient
spacing demonstrated in practice. While a burner in
accordance with: this invention is designed to give a

- deposition flame which is substantially uniform 2long ics

length, there may be some minor non-uniformity arising from
the presence of comb-teeth in the intermnal channels of the

burner. If this is a problem the burner can be oscillaced

slightly in use, with an amplitude equal to at least one
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and in sone C|rcunstances It may be found beneficial to chanfer or

ot herwi se shgpe tgehgggﬁ he separators 52 in order to achieve specific
gas flow cha the m xing region, e.g., to mnimse
potentially d rculatlon of reagent gases in this zone.
Alternatlvely Iy, it may g advant ageous to incorporate one

or nore heat transfer

comb-tooth spacing, ie with a tcoth spacing cf 25om it
is useful to oscillate the burner with an amplitude of
at least 25mm, or for better averaging 50mm or even
100mm may be preferred. Clearly however, the larger
is the amplitude of this oscillation, the larger is
the extent of the zone of tapering thickness at each
end of an otherwise uniform thickness deposit on the
substrate.

For optimum performance it has been found
preferable to avoid major discrepancies between the
velocities of gases emerging from neighbouring slots,
and in some circumstances it may be found beneficial
to chamfer or otherwise shape the edges of the
separators 52 in order to achieve specific gas flow
characteristics in the mixing zregion, e.g., to
minimise potentially deleterious recirculation of
reagent gases in this zone.

Alternatively, or additionally, it may be
advantageous to incorporate one or more heat transfer
channels in each plenum block in the region of the
face of the burner. By circulating an appropriate
heat transfer fluid in these channels excess heat from
the synthesis flame and deposition facility may thus
be removed in a controlled manner, or additional heat
(e.g. to prevent deposition on the burner) supplied in
a controlled manner.

For use with precursor feedstocks which are
relatively involatile it has been found advantageous
to heat the burner 60 by means if electric heaters,
(e.g., set into channels within the plenum blocks),
and to monitor and control these heaters via
thermocouples (e.g., inserted into the plenum blocks) .
In the interests of clafity these are not shown in
Figure S or 6. Futhermore, when using such a heated
burner, it may be advantageous to preheat some or all
of the gases supplied to the burner.

A major advantage of a burner according to the

present invention is that it has been found to be
relatively easy to
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channels |n e ng akblock in the region of the face of the burner. .By
ci r cul atTh te heat transfer fluid in these channel s excess
heat fro flane and deposition facility may thus be renoved

in a cont or additional heat (e.g. to prevent deposition on
t he burner) supplled in a controlled manpgr. For use with precursor -

f eedst ocks which are _ _ .
scale-up in a linear fashion. Thus, usinzg the above methcd

for calculating plenum chamber diameter, it
area of the chamber 54 in the

is possible to

select the cross-sectional
plenum block, together with the size aznd spacing of the

crifices, so as to be suitable £for a slot length of for
example 2000mm. Optimisation of the dimensicns of all the

components of such a large burner, i.e. the choice of number

of slots, of feed gases and feed gas flows, of ctheir
éistribution between: the slots, of the optimum comd
thicknesses (and corresponding slot- widths), would be a

lengthy and expensive exercise for such a large burner.
However it is possible to build a relatively short linear
burner (e.g. of slot length 200mm) with identical dimensions
(apart from total length), and to
. linéar burner. Thereafter

and characteristics

optimise such a short
full-length linear burner is simply a

extending the dimensions of the short
the other dimensions axre substantially

construction of a
matter of axially
burner, siace zall
optimised.

The invention will be further described with refarence
to the following Examples. '

EXAMPLE 1

A short linear burmer according to the present

invention was constructed and used as follows.
The burner was a nine-slot version, as shown in Figures
4 - 6. The plenum blocks were 240mm long, and made £from

stainless steel. The plenum blocks were machined to give a

series of hollow plenum chambers of internal diameter 15mm,

ross sectional area 177mm2. Gas entered each plenum

chamber via a connection at one end, and left via a number
of drilled outlets (see 55, Figure 5). The lowest (silica
precursor feed) plenum chamber had six such outlets and the
remaining plenum chambers eight outlets each. Each block

was machined to accommodate a heating element and
This is-the replacement sheet
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relativély involatile it has been found advantageous to heat the burner 60
by neans if electric heaters, (e.g., set into channels within the plenum

| ocks), and tdhnﬁhxuﬁsB&er Qﬂ1r0| "these heaters via t her nocoupl es (e.g.

b ,

i nserted into t . In the interests of clafity these are not

shown in Figure nDre wherp4isi ng such a heated burner, it may
ea al |

be advant ageous to pre

thermocouple. The diameter of each drilled outlet was lmm,
thus the ratio of plenum chamber cross-sectional arsa to
rotal outlet area was 36.5 for the bottom plenum chamber,

and 28.1 for the remaining plenum chambers.

1.5mm

thick, and .the combs were made from stainless steel The
while that

The separators were made from titanium sheet

comb defining the central slot had six spaces,
defining the remaining slots had eight spaces, as shown in
Figure 7. The combs terminated within the burner. The
thickness of the respective combs determined the slot widths
and ars shown in Table 1, (where Slot Number is as shown in

Figurs 4).

The burner was heated to a temperature of 150°C, and
then supplied with gases and OMCTS vapour in the quantities
shown in Table 1. The flame was substantially uniform in a
lengthwise direction. The thickness of the primary flame
(sum of widths of the central five slots plus the thickness
of the intervening separators) was 13mm, while the length of
the synthesis flame; (length of the siloxane precursor slot)

was 154mm, giving an aspect ratio of 1:12.

The burner was mounted facing a rotating fused quartz
mandrel or bait piece of diameter 100mm, and was used to
depbsit silica soot on this mandrel, while traversing in a
reciprocating fashion along an axi; parallel to the axis of
rotation of the mandrel with an amplitude of 1 metre. ' As
silica soot built up on the mandrel, the burner was
withdrawn to maintain a burner-to-bait piece separation of
85mm. Deposition occurred at an average rate of 10.4g/min,

83% collection efficiency in terms of silica equivalent.

This is the replacement sheet
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A maj or advantage of a burner
It has been found to be

of the gaggsss @BJ &dpt the bur ner.
rel at ively ﬁ

accordi-ng tmﬂ mmmn I"? vention is that

24

IASLE 1
Slot Sloc Widcn Gas Quanticy
Number (wmm)
41 1 OMCTS 1.1 kg/h

N, (Carrier) 12.0 l/min

42,42a 1 CH, 7.9 1/min
43,437 2 05 65.8 1l/min
44,442 1 CEq 22.1 1l/min
45,45A 2 0 41.4 1l/min

EXAMPLE 2

A long linear burner was constructed in a similar
manner to that described in. Example 1, and with similar
cross sectioral dimensions, however the length cf the plenum
blocks was 1985mm. The intermal diameter of each plenum
chamber was 28mm, giving a cross-sectional area of 616mm? .
plenum éhamber had
while the remaining

‘The bottom (silica precursor feed)
seventy-three outlets (of diametexr lmm)
plenum chambers had seventy-five outlets each of 1 mm
diameter. The ratio of plenum chamber cross-sectional area
to total outlet area was thus 10.7 for the bottom plenum
chamber, and 10.45 for the remaining plenum chambers.

The separators and combs were of similar design to
those in Example 1, but longer, to match the longer plenum
blocks. The comb defining the central slot had
seventy-three spaces, while those defining the remaining
slots had seventy-five spaces. The comb thicknesses were as

in Example 1.

The burner was heated to a temperature of 150°C and
supplied with gases and OMCTS vapour in the (typical)
quantities shown in Table 2. The flame was again-

substantially uniform in a lengthwise direction. The
thickness of the primary flame as defined above was again
13mm, while the length of the synthesis flame was

This is the replacement sheet
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__F__,___,_——-———/’—__ . .
scale-up in a linear fQ§hion. Thus, using the above nethod for calcul ating
pl enumrrikshekdias B I, it is possible to select the cross-sectional area
of the ¢ he pl enum bl ock, together with the size and spacing
of -the o to be suitable for a slot length of for exanple
2000mMm timsation of the dinensions@f all the conponents of such a
| arge burner, i.e. the choice of nunber of slots, of feed gases and feed

gas flows, ;gpé£§§£aCEly 1896mm, giving an aspect ratio of 1:14S.
The burnmer was mounted facing a rotating fused gquarcz
mandrel or bait piece of diameter 100mm, and was used to
deposit silica soot on this bait piece, while oscillating’
wich an amplitude of 75mm, and maintaining a burmer-to-bait
piece separation of 85mm. Silica deposition occurred at an
average deposition rate of 123g/min, 78% collection
efficiency in terms of silica equivalent.

IASLE 2

Ssloc Slot Width Gas Quantity
Numbexzr (mm) |
41 1 OMCTS 13.4 kg/h

N, (Carrier) 146 1l/min
42,42A 1 CH, 74 1l/min
43,43A 2 03 400 1l/min
44,442 1 CH, 127 1l/min
45,453 2 . 03 260 1l/min

These examples of linear burmers demonstrate the
effectiveness and versatility of bufners according to the
present invention. While the use of OMCTS is described
above, it is evident that burmers of comparable coanstruction
can be built to handle altermative silicon-containing
precursors, including halogen-containing silicon compounds.
By wusing the modular construction described above,
opcimisa:icﬁ of slot widths etc., is readily achieved.
Although a burmer of ‘aspect ratio 1:145 is described above,
higher aspect ratio burners may be used if desired, and
burners according to the invention may be mounted end-to- end
to provide deposition along any length of substrate.

Ocher variations of the invention will be apparent to
those skilled in the art. Thus, for example the array of
parallel linear slots at the exit face &f-the burner, can be

defined by an array of essentially planiform or tapered
This is the replacement sheet:
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di stribution between t?fg. slots, of the optimum conb thickness (and
),

corresponibp een woul d be a I engthy and expensive exercise for
such a | ar 6i‘“‘ ver it is possible to build a relatively short
| i near bur l ot length 200nm) with identical dinensions and
characteristics (apart fromtotal |engthy, and to optimse such a short
| i near burner. Thereafter construction of a full-length |inear

burner is si @égyar%cors held apart by inserts each of which may take the
form 2f a comb-like structure as degcribed bt ~could ke
achieved by other means, e.g. by milling such a structure in
the surface of the separator, or by packing the space
between the separators with capillary tubes ecc.

In a further modified arrangement, the assembly of
separator plates comprises a stack of plates of similar size
and shape (e.g. rectangular), each provided with gas
passages extending normal. to and leading to the exit face
and feed holes transverse to the gas passages for supplying
gas flows from the plenum chambers in the casing parts to
the respective gas passages making up each slot. ‘Thus, for
the innermost separator plate just one row of feed holes is
required but for each separator'plate outwardly thereof at
least one additional row of feed holes is needed for each
slot inwardly thereof that needs to be fed with a gas flow
through the respective separator plate. For example with a
five slot burner, the separator defining the innermost slot
will have its gas passages fed by a lowermost row of holes.
The next separator will have a lowermost row of holes to
feed the innermost slot and a second row ©of holes to feed
the intermediate slot it defines. The outermost separator
will have three rows of holes, the lowermost feeding the
innermost slot, the next row feeding the intermediate slot
and the uppermost feeding the outermost slot it defines.
The intermediate and outermost slots on the other side of
the innermost slot can similarly be fed through two rows of
holes provided in the other outermost separator. Clearly if
purely one-sided gas supply is required for all the slots of
the five slot burner, five rows of holes will be required in-
the first separator plate to be  encountered by the gas
flows, four rows in the next and so on until just the one
row (usually the lowermost) remains to feed the gas passages
constituting the remote outermost slot. .

By making the burner assembly demountable, interchange
of parts and, if required, adjustment of the critical
This is the replacement sheet

-9 0 NOV 1997

Date:



matter of axially extending the dinensions of the she+%—be+ﬂe#—-s#nee aI

the other dinensions are substantially optim sed. T ny on\MII
further described with reference to the foll ow ng Ex

short linear burner according to the present i nventi ﬂ ted and
used as foll ows. : 27

dimensions of the burner can easily be secured. If
required the stack of separator/comb plates may be
pre-assembled, and even held together using a suitable
inert adhesive, e.g. silicone resin, to facilitate
kandling, and minimise the risk of gas leakage.

Burners according to the invention may be used
for the synthesis and deposition of silica from two
broad types of silicon-containing vapour feedstock, or
silica precursor. 'The first, and currently the most
commonly used, comprises silicon tetrachloride, which
being unreactive with oxygen at ambient temperatures,
may be fed alone or using oxygen as carrier gas to the
precursor feedstock slot of the burner.

On either side of this slot, and its flow of
precursor vapour, are provided shield gas flows which
do not immediately react with the precursor to form
silica, such shield gas flows may thus be of inert gas
such as nitrogen, argon or helium, or may comprise an
oxidising gas such as oxygen. Alternatively mixtures
of these gases may be employed.

Thereafter, moving outwardly from said shield gas
flows, and on either side of the burner, is provided

a flow of combustible gas, typically hydrogen or
methane,

{these various flows together comprise the primary
synthesis flame for this burner),

and optionally,
a further flow of oxidisiﬁg gas, e.g. oxygen,
and again optionally,

further alternatlng flows of combustible and oxidising
gases.
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The burner was a nine-slot version, as shown i n This@hde eén 6.‘ he pl enum
bl ocks were 240mm | ong, and nade from stainless s . G bl ocks
were machined to give a series of hollow plenum CH mtﬂ er nal
dianmeter I5mm cross sectional area 177m?2. each pl enum
chanber via a connection at one end, andsgeft via a nunber of drilled
outlets (see 55, Figure 5). The |owest (silica precursor feed) plenum
chanmber had si x:euzdowsitdleivs 3yxd-bheza=r gases cpcicmally beizg secazacac
kalium, a-gen) cr

Sy floews c¢f izext cas (=.g. nitzcgen,

altermacively diluced with such gases.

- e

recurscTs comprises  those

which combina

The second grocup of p

silicen-containing  vapousr  feedsctocks
aza thus regarded as

i
.

_emergetically wich cxygen,
combustible. This group includes the prafsrTed halogen-Zrae
CsStocks such as ths wvolatile silcoxanes and alkoxysilanes
halogen-containing

coupounds, such as

Eae
~dascribed above, andé also certain
ccmbustible (e.g. hydrogen-centaining)
for example trichlecrosilane and dimethyldichlarosilane.
These .being reactive with oxygen, must be supplied to the
faedstock slot of the burner, either frees from carriex gas,
or optiomally diluted in a non-p:_cidisj.ng carrier gas, i.e.

an inext gas, such as nitrogen, argon, or helium, or a
reducing (combustible) gas, such as hydzcgen or--methane.

Altermatively mixsurss of these gases may be employed.

side cf the feedstock slot, and its flow of
is provided a shield gas flow which does
act with the prscursor to fLorm silica,

such sbisld gas flow may thus be an inert gas such as

nitrogen, axgon or helium, or may comprise a recducing

(cembustible) gas such as hydrogen or methane, or a mixture
of inert and reducing gases.
outwardly £rom said shield gas flow,

Thereafcer, moving

ide of said flows, is provide

v
5]
n.
e}
3
1]
.J-
n
r
1]
4]
"

a flow of oxidising gas, typically oxygez,

(these various flows together comprise the primary synchesis

flame for this burmner),

and opcionally,

a flow of combustible S'as,' typically hydrogen or methane,
This ia-the replacement sheet
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remai ni ng pl enum chanbers eight outlets each. Each block was machined to
accommodate a heating elenent and 23 thernocouple. ~The di aneter of

each drilled outlet was 1nm thus the ratio of pl enIhisShéaAiHEeen
cross-sectional area to lII'I“III"" ll”il

29

and again optionally,

further alternating flows of oxidising and combustible

gases,

the above flows of reactant gases optionally being separated

by flows of inert gas (e.g. nitrogen, helium, argon) or

alternatively diluted with such gases.

This is the replacement sheet
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total outlet area was 36.5 for the bottom pl enum chanber, and 28.1 for the
remai ni ng pl enum chanbers. The separators were made fromtitani um sheet,

1.5mm t hi ck, and the conbs were made from stainl ess st $$waTheB@@ laced
defining the central slot had six spaces, while that de i ni ng
thin

slots had ei ght spaces, as shown in Fi gureo’. The co

t he burner. The thickness of the respective conbs determ ne!,m@
wi dt hs
CLATIMS

1. A linear burner for the synthesis of silica by
vapour-phase reaction of a silicon-containing feedstock in a
flame, which burner comprise at least five slots opening to
an exit face (52A) of the burner and extending side-by-side
in the elongated direction of the linear burner, and includes
means (P1-P10,50,51,52) to supply a separate'gas flow to each
of said slots, characterised in that said supply means
comprises an assembly of separator plates (52) disposed
between opposed casing parts (50,51), the separator assembly
defining the slots and at least one of the casing parts
(50,51) defining at least part of a respective plenum chamber
(54) for each gas flow, each plenum chamber communicating
with a different one of said slots in the separator assembly.

2. A burner as claimed in claim 1, characterised in
that plenum chamber parts are provided in each casing part
(50,51) and the plenum chamber (66,66A) feeding an outermost
slot is situated nearest to the exit face (52A) of the burner
‘while that (62) feeding the or each innermost slot 1is
situated furthest from the exit face, such that a slot in an
inner region of the burner is of greater depth, measured in
the direction of flow gas within the slots, than a slot which
is in an outer region of the burner. |

3. A burner as claimed in claim 2, characterised in
that the separator assembly is of generally triangular cross-
section.

4, A burner as claimed in any preceding claim,

characterised in that the separator assembly comprises a
stack of geparator plates (52) each running substantially the
full length of the burner, plurality of pairs of separator
plates (52) in the stack providing widthwise perimeter-
defining limits of the different slots and intermediate at
least some of said pairs of separator plates, comb plates
(53) to control gas flow within the slot whose perimeters are

defined by the
RO

et
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and are shown in Table 1, (where Sl ot Nunmber is as shown in Figure 4). The
bur ner. was heat &biis SlzetHat Berp & e of 150[err]C, and then supplied with
gases and OMCTS uantities shown in Table 1. The flame was
substantial ly uni thwi se direction. The thickness of the
primary flame (sumor wdths of the central five slots plus the thickness
of the intervening separators) was 13mm while the | ength of

gsaid pairs of separator plates (52), and to maintain said
gseparator plates at a controiled separation.

5. A burner as claimed in c¢laim 4, characterised in that
one separator plates (52) and one comb plate (53)_aré combined
to form a separator/comb pair, the separator assembly
comprising a plurality of separator/comb pairs which plurality
of separator/comb pairs are clamped between said two casing
parts (50,51). '

6. A Dburner as claimed 1in any preceding claim
characterised in that at 1least one césing part (50,51)
comprises a plenum block providing a set of hollow plenum
chambers (54) each of cross-sectional area "A" measured
transverse to the elongate direction of the linear burner, each
plenum chamber being closed by a respectivé part of the
separator assembly, the gas issuing from each plenum chamber
into the respective part of the separator assembly via "n" -
orifices (55) each of cross-sectional area "a'", and in that A
> 10n x a.

7. A burner as claimed in claim 4, characterised in that
the outermost separator plates of the stack terminate
downstream, in the gas flow direction through the burner slots,
of at least some of the separator plates disposed between said
outermost separator plates.

8. A burner as claimed in claim 4, claim 5 or claim 7,
characterised in that each comb plate (53) defines a plurality
of comb teeth each narrowing in the direction of gas flow
through the respective burner élot.

9. A burner as claimed in any one preceding claim,
characterised in that at least one casing part (61,61A) is
divided (at 68) into individual plenum blocks separately
pressed together in a gas sealing relationship around the
separator assembly. '

10. A burner as claimed in any one preceding claim,
characterised in that the separator assembly is constructed

1
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the synthesi syl T\‘rgﬁﬁfﬁ‘bfjthe si | oxane precursor slot) was | 54nm

gi ving an aspe cafRedlackg. The burner was nounted facing a rotating
fused quartz pi ece of dianmeter 100mm and was used to
deposit silic il mandrel , while traversing in a reciprocating
fashion along an axis parallel to the axigg0f rotation of the mandrel wth
an anplitude of 1 netre. As silica soot built up on the mandrel, the burner
was : '

from a multiplicity of substantially similar sub-assemblies
arranged contiguously end-to-end in a linear array.

11. A burner as claimed in any one preceding claim,
characterised in that at least two of the separator plates
(52), are tapered, in the direction of gas flows within the
slots, so that the gas flows leaving the outermost slots of
the burner converge towards the gas flow or flows leaving the
or each innermost slot of the burner.

'12. A burner as claimed in any one preceding claim,
characterised in that the or each innermost slot (71) has end
regions thereof supplied with a gas flow different from the
gas flow supplied to the remaining mid-region of the or each
innermost slot.

13. A burner as claimed in any one preceding claim,
characterised in that the length of each slot is more than 50
times -the overall width of the at least five separate slots.

14. A method of operating a linear burner as claimed in
any one preceding claim, in which a combustible or
hydrolysable silicon-containing feedstock 1s reacted in
vapour form in a flame adjacent to a bait piece to deposit
silica synthesised in the reaction on the bait piece,
characterised in that a silicon-containing feedstock is fed
as central flow to. the or one of the innermost slots
(41,71,81) of the burner surrounded on either side by flows
which do not react directly with the ceﬁtral flow, the latter
two flows being flanked outwardly by two further flows of
another gas such that the combined flows lead to combustion
via the creation

This is the replacement sheet
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wi t hdr awi TO eI Mt ama—but ner - t o- bai t pi ece separation of 85mm__
Deposi t. |mggggggsr§gg1@’il 28 average rate of 10.4g/mn, 83%collecti on

A R = -

33
of a zrimary synthesis flame and the formatian of a sheet-

like plume of silica fume suitable for depositing silica
soot on the bait piece, the overall dimension of the primary
synthesis flame in the elongate direction of the slots being
at least S5 times, advantageously 10 times and preferably
more than 50 times the total thickness of the primary
synthesis flame at the exit face (S2A) of the buraer.

15. A method as claimed in claim 14, characterised in
that said silicon-containing feedstock is a halogen-free
feedstock.

16. A method as claimed in claim 15, characterised in

that said silicon-containing feedstock is a siloxane.

17. A method as claimed in claim 16, characterised in
that the feedstock comprises a linear or cyclic poclysiloxane
vapour fed to the or each innermost slot (41), £lanked
outwardly by slots . (42;423) delivering an inert or
combustible sheath gas, again flanked outwardly by slots
(43;43A) delivering an oxidising gas, optionally flanked
outwardly by alternate slots (44,45;44A,45A) carrying
further flows of combustible and oxidising gases, said flows
of combustible and oxidising gases being optionally diluted
with inert gas, and said slots being optionally interspersed
by slots delivering inert gas.

18. A method as claimed in claim 17, characterised in
that the slots (43;43A) delivering oxidising gas are flanked
outwardly by alternate slots (44,45;44A,45A) carrying
further flows of combustible and oxidising gases, said flows
of combustible and oxidising gases being optionally diluted
with inert gas, and said slots being optionally interspersed

by slots delivering inert gas.

19. A method as claimed in claim 14, characterised in
that said silicon-containing feedstock is a chlorosilane.

This is the replacement sheet
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mannner to that described in Exanple 1, and with simlar cross sectional

di nensi.ons, however the length of the plenum bl ocks was 1985mm The

i nternal dianmeter of each pl enum chanber was 28mm giving a cross-sectional
area of 616mmR2. The bottom (silica precursor feed) plenum chanber had
seventy-three outlets (of diameter I nm whgie the remaining pl enum chanbers
had seventy-five outlets each of 1 mm dianeter. The ratio of plenum

chanber cross-sectional area
IMPROVEMENT IN VITREOUS SILICA MANUFACTURE

ABSTRACT

A linear burner for the synchésis of silica by wvapour-
phase reaction of a silicon-containing feedstock in a flame
comprises at least five slots opening to an exit face (52a)
of the burner and extending side-by-side in the elongate
direction of the linear burner, and includes means (P1-P10)
to supply a separate gas flow to each of said slots. An
assembly of separator plates (52) is disposed between
opposed casing parts (50, 51), which assembly defines the
slots. At least one of the casing parts (50, 51) defines
at least part of a respective plenum chamber (54) for each"
gas flow, each plenum chamber (54) communicating with a
different one of said slots in the separator assembly. The
invention also extends to a method of operating such a

linear burner.

FIGURE 5

This Sheet Haimileln ll?]eﬂlaced :
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to total outlet area was thus 10.7 for the bottom pl enum chanber, and 10. 45
for the remai ning pl enum chanbers. The separators and conbs were of simlar
design to those in Exanple 1, but longer, to match the | onger plenum

bl ocks. The conb defining the central slot had seventy-three
spaces, while those defining the remaining slots had seventy-five spaces.
The conb thicknesses were as in Exanplg 1.

10
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The burner was heated to a tenperature of 150[err]C and supplied with gases
and OMCTS vapour in the (typical) quantities shown in Table 2. The
flame: was again substantially uniform in a lengthwi se direction.

The thickness of the primary flane as defi ned above was again 13mm while
the length of the synthesis flame was This is the replacenent sheet
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25 approxi mately 1896mm giving an aspect ratio of 1:145. The burner was
mounted-facing a rotating fused quartz mandrel or bait piece of dianeter

| 00nm and was -used to deposit silica soot on this bait piece, wile
oscillating with an anplitude of 75mm and maintaining a burner-to-bait
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"pi ece separation of 85nmm Silica deposition occurred at an average
deposition rate of 123g/mn, 76% collection efficiency in terns of
silica equivalent. [err] These exanples of linear burners denonstrate
the: effectiveness and versatility of burners according to the present

I nventi on. Whil e the use of OMCTS is described above, it is evident that
burners of conparabl e constructi.on 4 '
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can be built to handle alternative silicon-containing precursors,
i ncl udi ng hal ogen-containing silicon conpounds. By wusing the nodul ar
construction described above, optim sation of slot widths etc., 1is

readi |y achi eved. Although a burner of aspect

ratio 1:145 is descri bed

above, higher aspect

rati o burners may be used if desired, and burners

according to the invention my be nounted end-to-end to prOV|de dep05|t|on

al ong any | ength of substrate.
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O her variations of the invention will be apparent co those skilled in the
for exanple the array of parallel linear slots at the exit face

art. Thus,

of the burner,

t aper ed
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with gas IMPROVEMENTS IN VITREOUS SILICA MANUFACTURE

Background of the Invention
| 1. PField of the Invention

The manufaccure of synthetic vitreous silica by soot
deposicion has been known for several decades. In the lastc
20 years, much progress has been made, stimulaced by che
need to prepare ulctrapure and doped synthetic silica glasses
for the manufacture of optical fibre. Two of the major
processes which have emerged are; |
(a) ovD (Outside Vapour Deposition)
(b) vap (Vapour Phase Axial Deposition).

The OVD process involves_ the formation of a porous
synthetic silica glass body by deposition of silica soot
produced by one or more synthesis burmers fed with fuel gas,
oxygen and a source of silica vapour species, most commonly
silicon tetrachloride but sometimes other halosilanes have
been used. The plume of silica fume issuing from the burner
or burners is directed to deposit silica soot on a mandrel
or substrate, typically rotating abbut'la horizontal or
vertical axis. In some variants of the process, additional
burners are used for soot consolidation, and for maintaining
the temperature at each end of the soot body to prevent

cracking.

Although the use of such a volatile silicon compound
permits precise control of the purity of the deposited
silica, care must be taken to avoid deposition of silica on
‘the surface of the burner, as this may distort the flame, or
block the exit ports of the burner. In the design of silica
deposition burners it is essential to overcome this problem.

2. Description of the Related Art

A typical prior art burner is shown.scheﬁatically ac 10
in Figure 1 of the accompanying drawings. The burner is
made of mectal with a central port 11 through which is
projected a stream of silicon tetrachloride vapour, in an

oxygen carrier gas stream. This central port is surrounded
This is the replacement sheet
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passages extending normal to and leading to the exit face and feed hol es
transverse to the gas passages for supplying gas flows fromthe plenum
chanmbers in the casing parts to the respective gas passages maki ng up each
slot.. Thus, for the innernost separator plate just one row of feed holes is

reaU|red but for each separator plate oywardly thereof at |east one
additional row of feed holes is needed for each slot inwardly thereof that

needs to be fed with a gas flow
by one or more circular arrays of further ports 12, 13 which
Ctyrizzlly carwry cxygen or  premixecd oxygen- and mathane,
directed parallel to, or convergently with, the axis of the
central port. The silicon tetrachloride is hydralysed in
the flame to form a plume of silica fume which is projecced
onto a mandrel or substrate made from alumina, graphite or
silica to deposit as silica soot. The substrace may
comprise a doped vitreous silica core rod which is to form

the central component of an optical fibre preform.

In a typical.prior art VAD process, the deposition
occurs on the lower end of a vertically 'suspended and
rotating silica soot body. Typically one burner deposits
core material to form the axial region of a cylindrical soot
body, and several further burners are used for depositing
the cladding soot. The general design of one such burner
comprises a series of co-annular quartz glass tubes defining
a2 series of concentric annular slots through which the feed
materials for the burner are supplied is shown at 20 in
Figure 2. Typically-a central tube 21 is fed with silicon
tetrachloride and oxygen, and successive annular slots
(three of which are shown in Figure 2 at 22, 23 and 24) are
fed with, for example, argon, hydrogen or oxygen. A simple
two- or three-slot burner may be surrounded by further
annular slots creating additional hydrogen and oxygen
sheaths, increasing the thermal output, lengthening the
flame and promoting consolidation of the deposited soot.

Optionally, these annular slots may be separated by
intermediate annular slots fed with inert gas e.g., argon,
helium or nitrogen, to provide some cooling, for example to
reduce the thermal load on the burner. Again, optionally,
the burner may be supplied with an alternative fuel gas to

hydrogen, such as methane.

The burners shown in Figures 1 and 2 produce an
approximately cylindrical plume of silica particles which is

impacted upon the substrate. The particles move towards the
This is the replacement sheet
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t hrough the respective separator plate. For exanple with a five sl ot
burner, the separator defining the innernost slot wll have its gas
passagessfed by a | owernost row of holes. The next separator will have a

| ower nost row of holes to feed the innernost slot and a second row of hol es
to feed the internediate slot it defines;. The outernost separator wll
have three rows of holes, the | owernost Peeding the i nnernost slot, the

next row feeding the internedi ate sl ot
subscrate under the influence of thermophorssis (motion of

ga::icles though a gas cowards a 'zegion of lLower
cemperature), and a proportion of the particles strike, and

adhere to the substratse. The soot collection races and

collection efficiency of these known burmers depend in parc
Ic

area

on the surface area over which deposition takes place.
is cthus beneficial to deposit over as large a surface

as practical.

It is known in the operation of an OVD process to be

beneficial to employ a large diameter substrate, and to

employ an array of severzl burnmers. When operacing'an_OVD

process with a single burnmer, it is necessary to oscillate
the burner to and fro along the full length of the

substrate, but with an assembly of multiple burners, the

assembly does not have to oscillate over the full length of
the substrate, but merely over a fraction of the distance,
sufficient to permit overlap of the deposits arising from
eighbouring burmers. Thus in JP-A-91279234, the use of
burners of similar size is described, for the

o)

hree or more
eposition of synchecié silica soot along the length of an
fibre preform rod. The burners, typically five in
spaced along the length of the

.

tical

number, are equally
substrate, and each is independently controlled according to
to achieve uniform

Q

a predetermined schedule, to sesk
deposition of soot alorng the xrod.

array of similar burners has been
EP-A-0476218, which describes the

The use of an

described also in
cifficulties experienced in using linked arrays of burmers,

extending over the full length of the substrate and

oscillated in a cyclic fashion of small amplitude, parallel

to the long axis of the substrate. Problems arise in

particular if chese burners do not have identical deposition
characteristics. It is scated in EP-A-0476218 that these

difficulties are to some extent overcome by seeking to match

the characteristics of each burner, and then concinuously

adjusting the end limits of the oscillation of the burner
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and the uppernost feeding the outernost slot it defines. The internediate
and outernost slots on the other side of the innernost slot can simlarly
.be fed through two rows of holes provided in the other outernpbst separator.

Clearly if purely one-sided gas supply is required for all the slots of the
five slot burner, five rows of holes will be required in the first
separator plate to be encountered by the gas flows, four rows in the next

and so on until just the one
array, to minimise the frequency at which these end limits

.coincide from cycle cto cycle. By controlling the
incer-burner variability, and the air flow in the burmer
array and preform regions, it was said that prsforms having
substantially uniform axial properties can be obtained.

_ To deposit on a Cylindrical article it would appear
preferable to provide a sheet-like plume of silica fume
which suggests a burmer comgﬁrising an array of linear slots
as opposed to the basically cylindrical plumes of the
burners so far des'éribed. Such an arrangement has been
described in JP-A-91112820, in - which preforms were
manufactured by soot deposition on the periphery of a
cylindrical substrate, by using a plurality of multi-slit
oxy-hydrogen burners, fed with silicon tetrachloride as
silicon- containing feedstock, and arranged end-to-end along
the length of the substrate. It is stated that this
arrangement is superior to the use of a multiplicity of
coaxial burmers, since the latter suffer from mutual
interaction of the burmer flames. The burners described in
JP-A-31112820 are said to be better than a single long slit
burner which’' did not produce a sufficiently lengthwise
uniform flame. The use of a multiplicity of burners

' nevertheless leads to added cost and complexity, especially
as each may require a separate feed and control system.

The desirabilicy of using a linear burner for soot
deposicion was noted many years.ago. Early attempts at a
simple —ribbon or strip burner were described in
US-A-3565346, but problems arose due to deposition of silica
soot on the face of this burner, and furchermore the burner
was difficult to construct and consequently very expensive.
An improved design was therefore proposed in US- A-4203553,
in which the reactant gas stream (e.g., silicon tetra-
chloride in oxygen) was directed from two linear 'arrays of
orifices, into a central linear flame, issuing from a third
linear array of orifices. Using this system, deposition on
the working parts of the burmer was said to be avoided but

' This is the replacement sheet
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row (usually the | owernost) remains to feed the gas passages constituting
the renote outernost slot. By mmking the burner assenbly demount abl e,
i nterchange of -parts and, if required, adjustment of the critical 27

5
the efficiency of deposition of silica upon the substrate
was not disclosed, and this type of burner does not provide
a laminar sheec-lixe £low of high concentration silica fume,
which appears desirable for optimum deposition efficiency.

An altermative design of elongated burner was described

in US-A- 4136828. In this burner the metal halide was

injected into a pair of inwardly inclined linear flames. The
burner cbmprised a central linear array of orifices supplied ’

“with silicon tetrachloride in oxygen, on each side of which

was a linear array of closely spéced. orifices providing jets

Again on either side were two

of high velocity shield gas.
and

slots providing a large volume of non-reactive gas,
finally on each side was arranged a row of inclined jets
providing premixed oxygen and fuel gas, yielding two linear
and inwardly inclined flames permitting the flame hydrolysis
of the silicon tetrachloride to occur.

This arrangement is again 1likely to be of 1low
efficiency, due to the use of high velocity shield gas, of -
large volumes of inert gas, and to the use of high velocity
inclined flames to provide the desired reaction. Each of
thé.se factors is detrimental to the situation sought, i.e.
the production of a high concentration, low turbulence,
sheet-like flow of silica species to impact upon a substrate
serving as collection site. Furthermore the critical
dimensions of the components of this burner can only be
adjusted by expensive re-machining and feassembly (or by
total replacement), and thus could be costly to optimise.
The use of many fine orifices presents another disadvantage
'in chat each is subject to blockage and would be difficult
to clean. Finally there is no evidence of this burmer
having been used with a slot, or orifice array length of
more than 10 cm (4 inches). The present invention seeks to
provide a burner to achieve a uniform soot synthesis flame
over a far greater burner length, and furthermore to operate
efficiently and over a long period, not only with silicon
halides, but also with halogen-free silicon-containing

: T_his is t?egrgﬁaé%c?éngg,nt sheet
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di rensi ons of the burner can easily be secured. If required the stack of
separator/conb plates may be pre-assenbl ed, and even hel d together using a
sui tabl etinert adhesive, e.g. silicone resin, to facilitate handling, and
mnin se the risk of gas | eakage. Burners according to the invention may be
used for the synthesis and deposition of gilica fromtwo broad types of

Si 11 con- conta) QgL APAUol LRSS Ak ockS

~ The concept of a long linear burner has been described
in US-A- 4682994, but this disclosure offers no solution to
the problems of deposition of silica particles on the face

of the Dburner. US- A-4682994 implies the use of a

homogeneous mixture of reagent gases, fed via two similar

feed conduits to an array of parallel linearly-arranged
orifices, to give a stream of silica particles of width
similar to the diameter of the substrate, and a length many

times greater than its width.

US-A-4682994 speaks of a homogeneous flow of silica
particles across the width of the flame but in practice it
has been found that such an arrangement is far from ideal.
We have found a superior and more efficient practice is to
geénerate a high concentration of silica particles within a
narrowly confined region of the flame (gemerally on the
centre-line) and to surround this with high tezirp'erature gas,

typically combustion products and free from silica .

particles. This arrangement provides a sheet-like flow of
silica particles, surrounded on either side by parallel
sheei:-like flows of hot combustion product gases, and
maximises the probability that a silica particle will reach
the substrate and there adhere, and thus maximises the

efficiency of the deposition process.

Some of the essential features of a practical linear

silica synthesis burner are outlined below.

It is desirable to provide an array | of orifices,
ideally of parallel rectangular slots, to give parallel

linearly disposed flows of reagent or inert gases,
manner in which each flow is substantially uniform along the

in a

length of the burner.

It is preferable to synthesise silica particles at

maximal concentratlon in the form of a thin sheet, typically
thns is the replacomem sheet

Date: 19 DEC 1997



silica precursor. The first, and currently the nost commonly used,
conprises silicon tetrachloride, which being unreactive with oxygen at
anbi ent _tenperatures, may be fed al one or using oxygen as carrier gas to
t he precursor feedstock slot of the burner. On either side of this slot,
and-its flow of precursor vapour, are prpvided shield gas flows which do

not inmrediately react with the precursor to form
on the centre-line of the burmner.

It is desirable that an inner shield gas should
surround the flow of silica precursor vapour, in order to
prevent premature oxidation of the precursor, which migh:
lead to deposition of silica on the face of the burner., and
subsequent distortion of the flame, or blockage of the

orifices.

It is préferable that the burner be of modular
construction, and demountable, to permit interchange of

critical parts and thus
- to facilitate the optimisation of the dimensions of the
critical orifices particularly the widths of the slots,

- to permit cleaning of any blocked orifices,
- to permit facile replacement éf any corroded or damaged

part.

It is desirable that the parallel flows of silica fume
and combustion'product gases be of low turbulence, in order
to maximise the local concentration of fume particles, and
to establish the controlled high thermal gradients which
will optimise the conditions for thermophoretic flow of

particles to the substrate.

There exists no published burner design which enables
these various factors to be simultaneously achieved, either
for burners supplied with conventional silica precursors
(typically the halosilanes, and most £frequently silicon
tetrachloride), or for the halogen-free feedstocks such as
for example silane, tetramethoxysilane (IMS, Si(OCH3)4), or
the polysiloxanes, eqg. hexamethyldisiloxane (HMDS,
(CH3)3S10S1i (CH3)3), octamechylcyclbtetrasiloxane (OMCTS,
((CH3)2S1i0)4) . etc., which may be preferfed due to the
absence of corrosive gases in the effluent gases, and to
their ability to yield halogenffree glass product.

These halogen-free feedstocks are QEHEraliy highly »
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silica, such shield gas flows may thus be of inert gas such as nitrogen,
argon or helium or may conprise an oxidising gas such as oxygen.

Al ternatively m xtures of these gases may be enpl oyed. Thereafter, noving
outwardly fromsaid shield gas flows, and on either side of the burner, is
provi ded a flow of conbustible gas, typigally hydrogen or nethane,

reactive with oxygen, requiring more care in burmer design'
if deposition of silica on che burner face is Lo e avoideq
In .a conventional burner, the silicon tetrachlorige
feedstock may be supplied to the burner mixed with oxygen ag
carrier gas. No reaction of these two gases occurs until
the gases are well into the flame, and clear of the surface

of the burmer, since the mixture must be strongly heated tg "
or altermatively must meer

(2 combustion

initiate the oxidation reaction,
an adequate concentration of water vapour
product of the flame) to initiate the altermative hydrolysis

reaction. Despite this, it has still proved difficult in

the past to achieve even a short linear burner capable of
long term use with silicon tetrachloride feedstocks (see

US-A- 4203553).

These problems have been found to be considerably
exacerbated when using combustible halogen-free silica
precursors which burn with great intensity, immediately they
emerge from .the burner and meet oxygen. This property
enables considerable savings in fuel gas relative to the use
of conventicnal halosilane feedstocks, but presents severe
problems in the design of suitable burners. The less
expensive of these silica precursor feedstock wmaterials also
tend to have higher boiling points (eg. OMCTS, boiling point
176°C) and, at the high loadings which are desirable in
practice, it is necessary to preheat the burner to ensure
that no condensation of precursor vapour occurs within the
burner itself. This further enhances the reactivity of the
vapour, and leads to considerable risk of thermal
distortion of the components which may be wused to
manufacture the burner. BAny such distortion leads to loss
of control of flame structure, and again increases the risk

of undesirable deposition of silica on the face of the

burmner.

The task of providing a linear burmer for these new

silica precursors has thus not proved easy, and it is

surnra.slng that it can be achieved in the design of the
This. is the replacement sheet
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(these various flows together conprise the primary synthesis flanme for this
"burner); and optionally, a further flow of oxidising gas, e.g. oxygen, and
again optionally, further alternating flows of conbustible and oxidising
gases. '

9

present invention, which has permitted the manufacture of
burners capable of yielding uniform deposition ot silica soot

. over a considerable length of substrate, from a continuous
sheet-like flame of high aspect ratio supplied with the
vapour of halogen-free precursors. It is understbod
furthermore that burners according to the present invention,
which have proved satisfactory for the rigorous conditions
of use with siloxane feedstocks, equally (with minor changes
in dimensions, choice of gases, gas flows etc.) will prove
‘satisfactory for use alternatively with silicon tetrachloride
or other halosilane silica precursors. '

Summary of the Invention

One aim orf the present invention is to enhance the
build-up rate of a given deposition facility by employing one
or more elongated deposition burners each of which deposits-
silica soot over a substantial length of a substrate surface.
This aim is sought to be achieved in the present invention
by the use of a burner having a plurality of separate supply
channels for gas streams fed to the burner, each channel
terminating in a finite elongate outlet slot, which slots are
disposed side-by-side, substantially parallel to all the
other slots in the burner. Such burners will hereafter
be referred to as "linear burners", and generally comprise
at least five slots.

Thus, from one aspect, the present invention provides
a -linear burner according to claim 1. From another aspect,
the present invention provides a method of operating a linear
burner according to claim 14. '

The slots (or the innermost five slots) together define
an array from which gases emerge creating a primary synthesis
flame in an efflux 2zone whose length in. the elongated

- direction of the slots preferably has a ratio (aspect ratio)
of at least 5:1 relative to the maximum width of the gas
flows emerging from the plurality of side-b?—side slots which

This is the replacement sheet
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28 the above flows of reactant gasesc optionally being separated by flows
of inert gas flows of inert gas (eg.nitrogen, argon) or alterbatively
diluted with such gases. The second group of  precursors conprises
"those silicon-containing vapour feedstocks ~which . conbine

. 9a

define the primary synthesis flame. Advantageously the
.aspect ratio is at least 10:1 and preferably at least 50:1.
A linear burner in accordance with this invention may be made
from fused quartz, vitreous silica or ceramic material, or
alternatively from metal components, which can be accurately
formed or machined, and parts of which may be readily
dismantled, cleaned or replaced whenever required.
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energetically with oxygen, and are thus regarded as conbustible.
This group includes the preferred hal ogen-free feedstocks such as the
vol atil e sil oxanes and al koxysil anes descri bed above, and also certain

hal ogen-cont ai ni ng conbustible (e.g. hydrogen-containing) conpounds, such
as for exanple trichlorosilane and donethyldichlorosilane. These being
reactive with oxygen, nust be supplied to the feedstock slot of the burner,
either free frO”Tcgr%éﬁtéEEia:ly important feature of this inventioq
£rem & method of using & linear burner wizh »

arises
silicon-containing feedstock to create g

nalogen-free
syachetic silica soot deposit on a2 suitable substrace.

g-ief Description of the Drawings
The invention will now be further described, by way of

example, with reference to the accompanying drawings, in

which

Figures 1 and 2 are the prior art burner constructions

lready discussed,

Figures 3 and 4 are schematic views of two embodiments
of linear burrers in accordance with the invention, and

Figures 5, 6, 7 and 8 are more detailed schematic views
of individual components of burners and burner assemblies in

accoxdance with the invention.
Description of the Preferred Embodiments

A burner in accordance with the invention may be used
for the deposition of silica soot along a linear zone from

a feedstock such as silicon tetrachloride or other

halosilane. For this application a simple burner such as

that shown in Figure 3 can be used with five side-by-side

elongated slots terminating in five gas supply channels,

where channel 31 is fed with SiCl,/O, channels 32 and 32A

are fed with oxygen, and channels 33 and. 33A are fed with

hydrogen.

The linear burner 30 shown in Figure 3 1is of

symmetrical design,'i.e., the channels 32, 32A terminate in
elongate .slots of equal width and this is preferred. In
practice each channel 32, 32A will conveniently be fed with
equal volumes of oxygen. Channels 33 and 33A likewise
conveniently provide equal width outlet slots and are
suitably fed with equal volumes of hydrogen. As described,

the burner 30 provides a symmecrical flame, with the silica

precursor introduced .to the central channel 31, however it
This is the reptacement sheet
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or optionally diluted in a non-oxidising carrier gas, i.e. an inert gas,
such as nitrogen, argon, or heliumor a reducing (conbustible) gas, such
as hydrogen or nethane. Alternatively m xtures of these gases may be

enpl oyed. On either side of the feedstock slot, and its flow of precursor
Is provided a shield gas flow whjch does not immediately react with

vapour ,

the precursor to formsilica, such shield gas flow may thus be an inert gas

such as . , , C '
is possible to provide a linear burner within the scope of

cals iavention which compzises finite slofs with. differing

widths and/or symmetrically located pairs of finite slocs

which are fed with differing volumes of the respective gases

aor even with different gases, in order, for example, to

achieve a specifically desired deposition Ccemperature or

temperature distribution. :
I 4

It is preferable that the dimensions of the outlet
slots of the channels and volume flows of the respective
gases through those channels be such as to achieve a
sheet-like plume of silica fume which is of low turbulence,
sincé excessive turbulénce dilutes the plume and lowers the
efficiency of the collection with -regard to the soot

product. -

A burner in accordance with the present invention has
particular utility when used for silica soot deposition from
one of a number of commercially available halogen-free
silicon-containing vapour feedstocks which burn in oxygen to

give silica fume. The linear burmer may be fed with silane,

with alkoxysilanes e.g., Si(OCH3),4, or with other vaporised
silicon compounds, for example any of a range of siloxane-

containing compounds, i.e., which incorporate the atomic

Siloxane feedstocks include such simple

grouping Si-0-Si.
(CH3)3Si-O-Si(CH3)3, and

species as hexamethyldisiloxane,
more complex polysiloxanes including such linear molecules
as are covered by the gemeral formula R3Si.0.(SiR;0)q.SiRs
where m is any integer including zero, and also such cyclic

molecules as are covered by the general formula RynSip.Op

where n is greater than 2, and R in the above examples

represents one of a series of possible substituent groups

selected from
i) an alkyl group of the general formula
| cp - Hop+1
where p is an integer greater than zero, and
ii) the hydride group
H- .

This is the reptacement sheet

19 DEC.1997



nitrogen, argon or helium or may conprise a reducing (conbustible) gas

such as. hydrogen or nethane, or a mxture of inert and reduci ng gases.
noving outwardly fromsaid shield gas flow, and on either side
of said flows, is provided a flow of oxidising gas, typically oxygen,
(these various flows together conprise {he primary synthesis flame for this

Thereafter,

burne ),

. The nurner 30 shown in Figuze 3 may be used Zfcr
deposition, on - a cylindrical substrate, of soot made by
combustion of a halogen- free silicon-containing vapour.
Channel 31 is fed with silicon- containing vapour,
optionally diluted with a carrier gas which may be inert,
e.g., argon, nitrogen, or a combustible gas, e.g., hydrogen
or methane. Channels 32 and 32A are fed with a combustible
gas, e.g9., hydrogen or methane, optionally diluted with
inert gas, or with inert gas alone, and channels 33, 33A are
fed with oxygen. The entire burner can be manufactured from
metal components and at least the boundaries of channel 31
can be maintained at a temperature above the dew point of
the silicon- containing feedstock to.prevent condensation of
feedstock within the burner.

Figure 4 shows a nine channel burner 40 which may be
provided with gases as follows. A central slot 41 is fed
with a vapour of an appropriate combustible halogen-free
compound of silicon, optionally mixed with a carrier gas,
e.g., nitrogen or hydrogen. The next adjacent slots 42,
42A, are fed with inert or combustible gas, e.g. hydrogen,
methane, or nitrogen, i.e. with a gas which does not oxidise
the silicon compound. The next adjacent slots 43, 43A are

fed with oxygen, slots 44, 44A are fed with a combustible

gas, e.g. hydrogen or methane, and slots 45, 45A fed with
oxygen.

Additional channels may be fitted to either of the
above described linear burners if required, e.g., to

-increase the width or intensity of the £flame, or to

introduce inert gés between neighbouring flows of
combustible gas and oxygen (to reduce the.thermal load on
the intervgning-separators). It may also be advantageous to
include two outer channels carrying e.g., oxygen or inert
gas, to provide an overall gas. shield, reducing the risk of
contamination of the deposition zone by ambient gases, but
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and opti dnal ly, a flow of cbnbusti bl e gas, typically hydrogen or nethane,
29 and again optionally, further alternating flows of oxidising and

conbusti bl e

m
(a4
[o 3
17

not necessarily concributing to the cha2mistizy o

DIoCess.

It may additionally be advantagsocus L0 arrangs chac

o
some or all of the outer flows be ccnvargent, i.s,

separator assembly may be dasigned to

planiform gas streams emerging from parallal slots at ths
face of thes burner ars arranced to convargs, aitar emerxging,
toward the central axial plane of the burner, stimulating

mixing of the reactant streams as opposad to relying on

mutual inter-diffusion, as when the gas streams emergs in 2
purely axial direccion. Such convergence may be achisved by

arranging that scme or all of the separators ars of tapersd
czcss-section, being thinner at the outlet of the resulting
sloc, 1.e. at the ‘hot facsz of the burner.

Alternatively or.additionally some or all of the combs
may be tapered cross-section, becoming thinner towards the
hot face of the burner. Such an arrangemant leads Lo a.
progressive increase in cross-sectional area of the resulting
slot in the direction of flow of the gas, and may be employed
for example to reduce the small-scale variations of the flow

induced by the individual comb-teeth.

.
be!
an

Asymmetrical burners may be preferred £for certai

the

[ ]

applications, but it is a particular advantage o
present invention that the linear burner may be used to

deposit silica soot over a substantial length of substrate.

Whan use with a combustible halog
compound feedstock, adwvantageously polysil

significant part of the thermal energy of the flame may be

provided by combuscion of the silicon-contaiain

The present invention provides a solution to th
problems and deficiencies exhibited by prior art burners in
a convenient and practical design,’ capable of use

conventional halosilane feedstocks, and more imporcancly
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gases, the above flows of reactant gases optionally being separated by
flows of -inert gas (e.g. nitrogen, helium argon) or alternatively diluted
Wi th such gases. This is the repl acenent sheet

‘14

‘capapble Of use with the more novel combustivle
halogen-free silica precursors, which have not
previously been used with linear burners. The concept
is capable in principle of providing any number of
parallel gas flows emerging from a series of parallel
slots at the face of the burner. For the purpose of
illustration one embodiment is exemplified in Figure
5, which shows a burner comprising nine parallel slots
suitable for deposition of silica from a flow of
polysiloxane wvapour, but it is to be understood that
the design concept is highly versatile, and, for
example, by modifying the dimensions, or varying the
number of parallel slots, 'a wide variety of
feedstocks, including halosilanes, silanes,
alkoxysilanes, and polysiloxanes, and inert and
reagent gases may be accommodated. -

The construction of a preferred modular burner in
accordance with the present invention will now be
described with treference to Figure 5. The basic
components of each module are a pair of plenum blocks
50, 51 which comprise two halves of -the burner body,
a series of "separators" 52, each of which may be
rectangular sheet of metal of appropriate composition
such that the downstream edge of such a seperator

“withstands the high temperature conditions prevailing
at the’ base of the linear flame, and a series of
"combs", 53, each of which is a comb-like component,
cut from a sheet of metal, or otherwise constructed,
which holds apart neighbouring separators 52, and thus
provides an array of linearly disposed passages each
feeding a slot at the exit face 52A of the burner from
which the gas emerges. A combination of such slots
provides the efflux zone at the exit face of the
burner where the gases combine to generate the

. required silica synthesis flame. '

In a preferred variant of this invention, each
comb 53 may be an integral part of a neighbouring
‘separator 52, i.e. they may be machined from a single
sheet of metal, or the two may be machined from a
single sheet of metal, or the two may be welded or
otherwise adhered together. Under these circumstances
all but one of the linear slots are

This is the replacement sheet
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30 CLAIMS 1. A linear burner for the synthesis of silica by vapour-phase
reaction of a silicon-containing feedstock in a flane, which burner
conprise at least five slots opening to an exit face (52A) of the burner
and extendi ng side-by-side in the el ongated direction of the |linear burner,
and i ncl udes nmeans (Pl-P10 50, 51,52) tojsupply a separate gas flow to each

achisved by clamping together a series of ccmb/separator

n

veir and the remaining slot is formed by including a

~s;“g-, plain sheet separator in the assembly.

Zach plenum block S0, 51, is drilled or machined co
give a set of hollow plenum chambers S4 each of

cross-sectional area "A" (measured transversely to the long
axis) . Drilled orifices or nozzles 55, each of
cross-sectional arsa "a", comnect the plenum chamber, via a
respective drilled or machined passage S& in the separator
place 52, to the relevant space 57 between adjacent teeth of

the comb S3.

The two plenum blocks 50, 51 of a short burmer of the
type illustrated in Figure 5 may be held together by bolts
S0A and nuts SOB as shown, such that the gases introduced to
ha plenum chambers 54 from raspective supply pipes, Pl to
10 -in the Dblocks 50, 51 emerge £frem a series of

well-defined and uniform slots at the front facs of the
burmacz. Gas-tight sealing may be achisved between the
plenum blocks and the variods separators by using O-rings or

o ive gasksts, and the assembly is substantially

A long burner resquires a relatively substancial
censtruction of the blocks 50, 51, or alternatively the two
plenum blocks may be compressed together at a number of
places along their length by means of a series of clamps,
pusher screws, hydraulic rams or similar means, in order to
ensure good sealing at all points within the burner, and
precision of the assembly of slots at the front face S2A.

A burner 60 which comprises an assembly of such modular
ccmponents, is shown in mid-section in Figure 6. As may be
seen from this diagram, plenum blocks 61 and 61A ars of
substancially similar construction. The gases fed tao the
central slot of the burner, usually comprising the silica

Dracursor or feedstock eg. siloxane vapour optionally mixed
This is the replacement.sheet
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of said slots, characterised in that said supply neans conprises an
assenbly of separator plates (52) disposed between opposed casing parts

(50, 51),. the separator assenbly defining the slots and at |east one of the
casing parts (50,51) defining at |east part of a respective plenum chanber
(54) for each gas flow, each plenum chanfger communicating with a different

one of said slots in the separator assenbly 2. A bugnera as .cl ai ned clin
, are intrcduce

claim 1, -charati®yiegFisr gas (2.g5. aiczogen O argon ac
via plenum chamber 62. Raferring to Figure 5, these gases

encar ch2 slot via holas

ura2s that the cutemost in
ursar) slot of the burmer ara |
and this pravants pramaturs

entrained air, wihich would

As may be ses=n the ccmbs and

cutar slots ars c:og:ass;vely' short as c¢cna mwevas
cuzwards fzem thea centrs of the burmerx, so that the
1

L kas =21 approximately triancu
)

fsedstock, methane,
may be used, as ‘'may a range of other in
gases or gas mixturss. These gases, which may be rafszred
to as shield gases,
63A. Proceeding outwards, the next pair of
provided by plexum

re fed to the .next pair of plenum

chambers 63,
slots may be supplied with oxygsn

chambers 64, 64A.

inile an arrangament of five parallel slots may be used
and indeed provides the primary

hesise silica soot,
1 has been foun

ame of a bummer of this type it

praferable to supply additional heat via furcher slots.
Thus to either side of the above arrangement is fed a2 fuel

from plenum chambers 65, 65A,
Additional pairs of
requ.i.red, supplied by

{1

heater gas slots may be provided 1

addicional pairs of plenum chambers on either side of the

Despite the presence of such addicional slots, ehe't
This is the rep\aceme“‘ s
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t hat pl enum chanber parts are provided in each casing part (50,51) and the
pl enum chanber (66, 66A) feeding an outernost slot is situated nearest to
the exit face (52A) of the burner while that (62) feeding the or each
innernmost slot is situated furthest fromthe exit face, such that a slot
an i*nner region of the burner is of greater depth, neasured in the
direction of flow gas within the slots, than a slot which is in an outer

region of the burner._. , L
central five slots may scill be regarded as ccocmprising the

in

nrximary synchesis burmner,

Generally the slots which together make up the efflux
zone 67 of the burner 60 run substantially the £ull length
of the burner, and each slot is supplied with gas via a
substantial number "n" of equal inter-tooth spaces, 'each
supplied with gas emerging -from the respective one of the
"n* equal orifices 55. TO ensure approximately uniform
distribution of gas from the plenum to the array of orifices
it is necessary to ensure minimal pressure drop along each
plenum, and for this purpose it has been found to be
beneficial to ensure that the cross-sectional area "A" o
each chamber in a plenum . block is at least
times the sum of the cross-sectional area "a" of t
orifices ie. A > 10n x a, where "n" is the number of

h

[ 2]
o

D-
({7

orifices of aresa "a".

The separators must be adequately refractory, thermally
conductive and oxidation resistant. The separators 52 (and
combs 53) may be made from fused quartz, vitreous silica, or
ceztain ceramics, for example silicon carbide, silicon
nitride or sialon, ' however these materials are relatively
costly and difficult to fabricate and handle, particularly
for the large burners within the scope of the invention. It
has alternatively besen found acceptable to make these
components from metal but due to the thermal load on the
separator, and other constraints, careful choice of metal is
necessary. It is preferable that the metal comprising a
separator be of low expansion coefficient, and titanium has
been found to be a suitable metal for this purpose, but
other metals and their alloys are expected to be -usable.
Where the chosen metal is reactive with one or more of the

gases fed to the burner, it may be desirable to protect the

metal with a suitably refractory coating. If the chosen
-metal has too high an expansion coefficient the front edge
may distort in the heat of the flame. Under these

circumstances it is advantageous to provide slits in the
| et
This is the replacament she

19 DEC 1997

Date:



3. A burner as claimed in claim?2, characterised in that the separator

assenbly is of generally triangular cross- section. 4. A burner as
claimed, in any preceding claim characterised in that the separator

assenbly conprises a stack of separator plates (52) each running
substantially the full length of the butger, plurality of pairs of
separator plates (52) in the stack providing w dthw se perineter-

front edge of each separator 52, to permit a limited
expansion cf the frcnt edge relative to the ccoler rasgisns

of the separator. It is advisable to ensure that these

slits are placed so as to be covered by a comb-tooth 53 -to
minimise the risk of gas leaking to a neighbouring channel

via such slits.
In an alternmative arrangement within the scope of the

invention, and useful whers a long separator

present
d but this is to be made from materials

assembly is requires
which are difficult to manufacture or to machine in long
lengths (e.g. vitreous silica or ceramic) it may be useful
to afrange'that the separator assembly is compfised of a
number of short sub-assemblies arranged contiguously end-to-
end, so as to give a substantially uniform sheet-like flame.
Cleaﬁly the gas seals must be appropriately designed to
ensure that the array of separator sub-assemblies is £fed
with respective gas flows without significant leakage of

gas.

With such an arrangement it may be advantageous to
arrange a small gap between neighbouring sub-assemblies, at
least at the edge which forms the hot face of the burner,
sufficient for example to accommodate the thermal expansion
of the separators. Each such space may optionally be purged
with inert or combustible gas, thus minimising the risk of
premature mixing of the feedstock with oxygen, and the

consequent risk of deposition of silica on the face of the

burmer.

It may be advantageous under some circumstances toO
rrange that the separators do not terminate in a plane at
the front of the burner, ‘as shown ih Figures 5 and 6. For
example some improvement in deposition effic;ency may be
observed if the central separators terminate 1-2mm upstream

of the outer separators.

The thickness of the combs defines the width of each

This is the replacement sheet
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defining limts of the different slots and internediate at |east sone of
said pairs of separator plates, conb plates (53) to control gas flow within
the slot.whose perineters are defined by the 31

T : 19
slot, and the comb teech 53 ensure the precision of the
assembly, and maintain the spacing and parallelism cf the

However it is advantagecus Co ensurz the

-separacors 52.

th S3 are of minimum width, and also that they are
tapered, so that they present a minimal obstruction where
the gas exits from the slot at the face of the burner. It
is further advantageous to ensure that the comb ceeth
terminate some distance inside the slot as this permits some

smoothing of the flow before the gas exits at the faces of

the burer.

While a burmer as shown in Figures 5 or Figurs 6 is
assembled using two monolithic plenum blocks, burners within
the scope of this invention may be made more versatile, as
equired for experimental development, by arranging that the

dual plenum chambers are '“contained in individual

r

indivi
plenum blocks, e.g. by separating the plenum blocks of the
burner shown in Figure 6 at the dotted lines 68. Under

these circumstances the clamping system must be mors
complex, and each pair of opposing'blenum blocks must be
separately compressed together to achieve ‘a gas seal.
evertheless this multi-block arrangement has proved useful
in development, and is included within the scope of the

4

present invention.

Figure 7 shows a plan view of a cross-section of the
central region of a short burner 70, at a point some
distance from the face, showing the internal arrangement of
comb teeth. The combs for the central (silica precursor)
sloc, 71, may advantageously be machined to give only (n-2)
internal channels.leading to the burner face, while those
for the other gases may have n such channels. Figure 8
shows a corresponding view of the face of a burner 80, where
the gases emerge from continuous slots. As has been noted

above and may be seen from Figure 8, gas emerging from the

precursor gas slot 81 (i.e. «the central slot) is

substantially surrounded at its ends, by shield gas. This

prevents reaction of precursor vapour with oxygen from the
This is the replacement sheet
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said pairs of separator plates (52), and to maintain said separator plates .
at a controlled separation. 5. A burner as clainmed in claim4,
characterised in that one separator plates (52) and one conb plate (53) are
combi ned to forma separator/conb pair, the separator assenbly conprising a
plurality of separator/conb pairs which- Qburallty of separator/conb pairs

are cl anped between said twp caS|n arts
A ampient atmospners g eudg gne bBusmer, which coulg

lead to undesirable silica deposicion on the burmler in thegq

regions.

Altermatively, as described above, it has proved usefu]
to provide the central (precursor slot), 71 with n channels,
which (n-2) ars supplied with precursor fed from the

(o]
(2]}

lowest plenum chamber led in on one side of the burmer, the
ramaining two channels (one on each end of the burner) being
nitrogen, delivered using

supplied with an inert gas, e.g.
the

a . plenum chamber provided in the opposite half of

burner.

The length of the silica precursor slot substantially
£lame

{l

determines the length over which the silica synthesis
is generated, and thus the length of substrate over which
deposition occurs at any one time. It is an advantage o

burners according to the present invention that this leng

may be substantial compared to prior art buzners.

(21

’]‘

In general, the length of the silica synthesis flame
irection of the slots is at least 5 times,

in the elongate
advantageously 10 times and preferably more than 50 times

the total thickness of the primary synthesis flame at the
face of the burmer, the thickness of the primary synthesis
the

flame being taken as the sum of the width of each of
central five slots DTus the width of the separators betw

them,

There is a degree of latitude in setting the spacing
between the comb teeth 53, but 25mm represents a coavenien
spacing demonstrated in practice. While a burner in
accordance with this invention is designed to give a
deposition flame which is substantially uniform along its
length, there may be some minor non-uniformity arising from
the presence of comb-teeth in the internmal channels of the
burmer. If chis is a-problem the burner can be oscillated
slightly in use, with an amplitude equal to at. least one

| This is the replacement shest
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6. A burner as clained in any preceding claimcharacterised in that
at | east one casing part (50,51) conprises a plenum block providing a set

of hol I ow pl enum chanbers (54) each of cross-sectional

area "A" neasured

transverse to the elongate direction of the linear burner, each plenum
chanber being closed by a.respective pagi of the separator assenbly, the
gas issuing fromeach plenum chanber into the respective part of the

separator assenbly via "n

comb-tooth spacing, ie with a tooth spacing of 2Smm it
is useful to oscillate the burner with an amplitude of
at least 25mm, or for better averaging SOmm or even
100mm may be preferred. Clearly however, the larger
is the amplitude of this oscillation, the larger is
the extent of the zone of tapering thickness at each
end of an otherwise uniform thickness deposit on the

substrate.

For optimum performance it has
preferable to avoid major discrepancies

been found
between the

velocities of gases emerging from neighbouring slots,
and in some circumstances it may be found beneficial
to chamfer or otherwise shape the edges of the
separators 52 in order to achieve specific gas flow
characteristics in the mixing region, e.g., to
minimise potentially deleterious recirculation of

reagent gases in this zone.

Alternatively, or additionally,

it may be

advantageous to incorporate one or more heat transfer
channels in each plenum block in the region of the
face of the burner. By circulating an appropriate
heat transfer fluid in these channels excess heat from
the synthesis flame and deposition facility may thus
be removed in a controlled manner, or additional heat
(e.g. to prevent deposition on the burner) supplied in

a controlled manner.

For use with precursor feedstocks which are
relatively involatile it has been found advantageous
to heat the burner 60 by means if electric heaters,
(e.g., set into channels within the plenum blocks),

and to monitor and control these

heaters via

thermocouples (e.g., inserted into the plenum blocks) .
In the interests of clafity these are not shown in
Figure 5 or 6. Futhermore, when using such a heated
burner, it may be advantageous to preheat some or all

of the gases supplied to the burner.

A major advantage of a burner according to the

present invention is that it has been
relatively easy to

found to be
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orifices (55) each of cross-sectional area "a", and in that A > 10n x a. 7.
A burner "as clainmed in claim4, characterised in that the outernost
separator plates of the stack term nate downstream in the gas fl ow
direction through the burner slots, of at |east sone of the separator

pl at es di sposed between sai d outernost sgparator plates. 8. A burner as

claimed in claim4, claim5 or claim?7, _ ) . .
scale-up in a linear fashion. Thus, using the apove metZcd

for calculating plenum chamber diameter, it is possible to
in the
the
for

the

selsct the cross-sectional area of the chamber 54

plenum block, together with the size aznd spaciag o

crifices, so as to be suitable for a slot length
example 2000mm. Optimisation of the dimensicns of a

components of such a large burner, i.e. the choice of number

- O
=

cf slots, of feed gases and feed gas £flows, of their
slots, of the optimum comb
widths), would be a

distribution between  the
thicknesses (and corresponding slot-

lengthy and expensive exercise for such a large burner.
However it is possible to build a relatively short linear
burner (e.g. of slot length 200mm) with identical dimensions
(zpart from total length), and to

and characteristics
burner. Thereafter

cptimise such a short . linear
full-length linear burmer is simply a
axially tending the dimensions o©of the short
the other dimensions ars substantially

£
matter oI

burner, since all

=
h refarence

The invention will be further described with zrefar

3J

to the following Examples.

EXAMPLE 1

A short linear burner according to the present

invention was constructed and used as follows.

The burner was a nine-slot version, as shown in Figures

4 - 6. The plenum blocks were 240mm long, and made from

stainless steel. The plenum blocks were machined to give a
series of hollow plenum chambers of intermal diameter 15mm,

cross sectional area 177mm2. Gas entered each plenum

chamber via a connection at one end, and left via a number
of drilled outlets (see 55, Figure S5). The lowest (silica
precursor feed) plenum chamber had six such outlets and the
remaining plenum chambers eight outlets each. Each block

was machined to accommodate a heating element and
Thig is the replacement sheet
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characterised in that each conb plate (53) defines a plurality of conb
teeth each narrowng in the direction of gas flow through the respective
burner slot. 9. A burner as claimed in any one preceding claim
characterised in that at |east one casing part (61,61A) is divided (at 68)
i nto individual plenum bl ocks separatel yapressed together in a gas sealing

rel ati onship around the separator assenbly.

thermocouple. The diameter of each drilled outlet was lmm,
thus the racio of plenum chamber cross-sectional arsa to

total outlet area was 36.5 for the bottom plenum chamber,

and 28.1 for the remaining plenum chambers.
The separators were made from titanium sheet, 1.S5mm |,
thick, and the combs were made from stainless steel. The

while tha

(2]

comb defining the central slot had six spaces,
defining the remaining slots had eight spaces, as shown in
7. The combs terminated within the burner. Th
thickness of the respective combs determined the slot widths
and are shown in Table 1, (where Slot Number is as shown in

]

Figure 4) .

The burner was heated to a Cemperature of 150°C, and
then supplied with gases and OMCTS vapour in the quantities
shown in Table 1. The flame was substantially uniform in a
lengthwise direction. The thickness of the primary flame
(sum of widths of the central five slots plus the thickness
£ the intervening separators) was 13mm, while the length of
synthesis flame; (length of the siloxane precuréor slot)

0

cr
oy
]

was 1l54mm, giving an aspect ratio of 1:12.

The burner was mounted facing a rotating fused guartz
mandrel or bait piece of diameter 100mm, and was used to
deposit silica soot on this mandrel, while traversing in a
reciprocating fashion along an axis parallel to the axis of

rotation of the mandrel with an a@plicude of 1 metre. As
silica socot built up on the mandrel, the burner was
withdrawn to maintain a burner-to-bait piece separation of
85mm. Deposition occurred at an average rate of 10.4g/min,

83% collection efficiency in terms of silica equivalent.
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10. A burner as clained in any one preceding claim characterised in that
the separator assenmbly is constructed 32 froma nmultiplicity of
substantjally simlar sub- assenbl i es arranged conti guousl y end-to-end in a

i near array.

24

TASLE 1
‘Slot Sloc Widca Gas Quanticy
Number - (mm)
41 1 'OMCTS | 1.1 kg/h

N5 (Carrier) 12.0 l/min

42,42a 1 CH, 7.9 1/min
43,43A 2 04 65.8 1/min
44,447 1 CHy 22.1 l/min
45,45A 2 o) 41.4 1/min

EXAMPLE 2

A long linear burner was constructed in a similar

manner to that described in Example 1, and with similar
czoss sectional dimensions, however the length of the plenum
blocks was 1985mm. The intermal diameter of each plenum
chamber was 28mm, giving a cross-sectional arsa of 615mm? .
_’I‘h= bottom (silica precursor feed) plenum chamber had
saventy-three outlets (of diameter lmm) while the remaining
'plenum chambers had seventy-£five outlets each of 1 mm
diameter. The ratio of plenum chamber cross-sectional area
to total outlet area was thus 10.7 for the bottom plenum

chamber, and 10.45 for the remaining plenum chambers.

The separators and coubs were of similar design to

those in Example 1, but longer, to match the longer plenum

blocks. The comb defining the central slot had
seventy-three spaces, while those defining the remaining
slots had seventy-five spaces. The comb thicknesses were as

in Example 1.

The burner was heated to a temperature of 150°C and
supplied with gases and OMCTS vapour in the (typical)
quantities shown in Table 2. The flame was again-
substantially uniform in a lengthwise direction. The
thickness of the primary flame as defined above was again
13um, while cthe length of the synthesis flame was

This is the replacement sheet
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11. A burner as clained in any one preceding claim characterised in that
at least two of the separator plates (52), are tapered, in the direction of
gas flows within the slots, so that the gas flows |eaving the outernost
slots of the burner converge towards the gas flow or flows |eaving the or

each innernost slot.of the burner. 12. burner as clainmed in any one
preceding claim characterised in that the or each innernost slot (71) has
end“ aogroximacely 1896mm, giying an aspect ratio of 1:14S.

The burmer was mounted facing a rotating fused guarcz
mandial or bait piece of diameter 100mm, and was used to
degosit silica soot on this bait piece, while cscillating
with an amplitude of 75mm, and maintaining a burner-co-bait
piece separation of 85mm. Silica deposition occurred at an
average deposition rate of 123g/min, 78% collection
iency in terms of silica equivalent.

(]

n
rh
l.a.
0

IABLE 2

Slot Slot Width Gas Quantity
Number {om)
41 1 OMCTS 13.4 kg/n

N3 (Carrier) 146 1l/min
42,427 1 CHEy 74 1l/min
43,433 2 05 | 400 1/min
44, 44A 1 CHy ' 127 ‘1l/min
45,432 2 05 280 1l/min

These examples of linear burners demonstrate the
effectiveness and versatility of burners according to the
present invention. While the use of OMCTS is described
.above, it is evident that burners of comparable construction
can be built to bhandle alternative silicon-containing
precursors, including halogen-containing silicon compounds.
8y wusing the wmodular construction described above,
optimisacion of slot widths etc., 1is readily achieved.
Although a burner of ‘aspect ratio 1:145 is described above,
higher aspect ratio burners may be used if desired, and
burners according to the invention may be mounted end-to-end

to provide deposition along any length of substrate.

Other variations of the invention will be apparent to
those skilled in the art. Thus, for example the array of
parallel linear slots at the exit face of the burner, can be

defined by an array of essentially planiform or ctapered
This is thé replacement sheet
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regions thereof supplied with a gas flow different fromthe gas flow
supplied to the remai ning md-region of the or each innernost slot. 13. A
burner as clained in any one preceding claim characterised in that the

| ength of each slot is nore than 50 tinmes the overall "width of the at |east
five separate slots. 14. A nethod of opggating a |linear burner as clained

I n any one preceding claim in which a conbustible or

separators held apart by inserts each of which may take the
form of 2 comb-like struconure as described an could be
_achieved by other means, e.g. by milling such a structure in
the surface of the separator, or by packing the space
between the separators with capillary tubes etc.

In a further modified arrangement, the assembly of
separator plates comprises a stack of plates of similar size
and shape '(e.g. rectangular), each provided with gas
passages extending normal to and. leading to the exit face
and feed holes transverse to the gas passages for supplying
gas flows from the pienum chambers in the casing parts to
the respective gas passages making.up each slot. Thus, for
the innermost separator plate just one row of feed holes is
required but for each separator'plate outwardly thereof at
least one additional row of feed holes is needed for each
slot inwardly thereof that needs to be fed with a gas flow
tbrough the respective separator plate. For example with a
five slot burner, the separator defining the innermost slot
will have its gas passages fed by a lowermost row of holes.
The next separator will have a lowermost row of holes to

h

1y

feed the innermost slot and a second row of holes to feed
the intermediate slot it defines. The outermost separator
will have three rows of holes, the lowermost feeding the
innermost slot, the next row feeding the intermediate slot

)

and the uppermost feeding the outermost slot it defines.
The intermediate and outermost slots on the other side o
the innermost slot can similarly be fed through two rows o
holes provided in the other outermost separator. Clearly i
purely one-sided gas supply is required for all the slots ©
the five slot burner, five rows of holes will be required in-
the first separator plate to be encountered by the gas
flows, four rows in the next and so on until just the one
row (usually the lowermost) remains to feed the gas passages

n

' rh

rh

constituting the remote outermost slot.

8y making the burner assembly demountable, interchange

of parts and, if required, adjustment of the critical
| This is the replacement sheet
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hydr ol ysabl e silicon-containing feedstock is reacted in vapour formin a
flame adjacent to a bait piece to deposit silica synthesised in the
reaction on the bait piece, characterised in that a silicon-containing
feedstock is fed as central flowto the or one of the innernopst slots
(4-1,71,81) of the burner surrounded ompgeither side by flows which do not .
react directly with the central flow, the latter two fl ows being fl anked
outwardly by two further flows of

dimensions of the burner can easily be secured. If
required the stack of separator/comb plates may be
pre-assembled, and even held together using a suitable
inert adhesive, e.g. silicone resin, to facilitate
handling, and minimise the risk of gas leakage.

Burners according to the invention may be used
for the synthesis and deposition of silica from two ’
broad types of silicon-containing vapour feedstock, or
silica precursor. ‘The first, and currently the most
commonly used, comprises silicon tetrachloride, which
being unreactive with oxygen at ambient temperatures,
may be fed alone or using oxygen as carrier gas to the
precursor feedstock slot of the burner.

On either side of this slot, and its flow of
precursor vapour, are provided shield gas flows which
do not immediately react with the precursor to form
silica, such shield gas flows may thus be of inert gas
such as nitrogen, argon or helium, or may comprise an
oxidising gas such as oxygen. Alternatively mixtures
of these gases may be employed.

. ‘Thereafter, moving outwardly from said shield gas
flows, and on either side of the burner, is provided

a flow of combustible gas, typically hydrogen or
methane,

(these various flows together comprise the primary
synthesis flame for this burner),

and optionally,
a further flow of oxidising gas, e.g. oxygen,
and again optionally,

further alternating flows of combustible and oxidising
gases.
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anot her gas such that the conbined flows | ead to conbustion via the
creation 33 of a primary synthesis flane and the formation of a sheet-

l'i ke .plumre of silica fume suitable for depositing silica
28

t2e above flows of reaccant gases cpticmally beizg sera-acad

sy flows of inerxs gas !a.g. pitrcgen, kelium, azgen) cor

altemmacively dilutsed with such gases.

precusscrs comprises  those

silicen-containing  vapous  feedstocks  which  cocmBine
c

ally with cxygen, and axe Cthus regaxzded as
This g=oup includes the prsfsrTed halogen-Ires ’
dstocks such as the volatile silexanes and alkoxysilanes
certain halogen-containing
compounds, such as

fas
dascribed akove, and zalso
ccmbustihle (e.g. hydrogen-ccmtaining)
example tzichlorosilane amnd dimetkhyldichlozosilane.
These being reactive with oxysgen, must be supplied to the
feeds:.ock slot of the burmer, either free from carrier gas,
ez cgticnally diluted ia a ncn-_oxidis_ing carrier gas, i.e.
a2z inert gas, such as nitrogen, argon, or helium, or a
reducing (combustible) gas, such as hydTogen or--methane.
Alzarmatively mixtures of these cases may be employed.

tha fsedstock slot, and its flow cZf
2 shield gas flow which does
precurscr to form silica,

aot immediately react with th
be an inert gas such as

such shield gas flow may thus
trogen, argon oz helium, or may comprise a reducing

vy oo

(ccmbustible) gas such as hydrogen or methane, or a mixture
cf inert and reducing gases.

moving oucwardly from said shield gas flow,
a flow of oxidising gas, typically oxygen,

(chese various flows together comprise the primary synchesis
flame for this burmer),

and opcionally,

a flow of combustible gas, typically hydzcgen or methane,
| This is.the replacement sheet
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soot on the bait piece, the overall dinension of the primary synthesis
flame in-the elongate direction of the slots being at |least 5 tines,

advant ageously 10 tines and preferably nmore than 50 tines the total
t hi ckness of the primary synthesis flanme at the exit face (52A) of the

burner. 15. A nmethod as clainmed in clagn 14, characterised in that said
silicon-containing feedstock is a hal ogen-free feedstock.

and again optionally,

further altermating flows of oxidising and combustible

gases,
flows of reactant gases optionally being separated

by flows of inert gas (e.g. nitrogen, helium, argon) or
1
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16. A nethod as clained in claim15, characterised in that said
silicon-containing feedstock is a siloxane. 17. A nethod as clained in
claim 16, characterised in that the feedstock conprises a linear or cyclic
pol ysi | oxane vapour fed to the or each innernost slot (41), flanked
outwardly by slots. (42;.42A) deliverimg an inert or conbustible
sheath gas, again flanked outwardly by slots (43;43A) delivering an

oxi di sing gas, optionally flanked
CLAIMS

1. A linear burner for the synthesis of silica by
vapour-phase reaction of a silicon-containing feedstock in a
flame, which burner comprise at least five slots opening to
an exit face (52A) of the burner and extending side-by-side
in the elongated direction of the linear burner, and includes
means (P1-P10,50,51,52) to supply a separate gas flow to each
of said slots, characterised in that said supply means
comprises an assembly of separator plates (52) disposed
between opposed casing parts (50,51), the separator assembly
defining the slots and at least one of the casing parts
(50,51) defining at least part of a respective plenum chamber
(54) for each gas flow, each plenum chamber communicating
with a different one of said slots in the separator assembly.

2. A burner as claimed in claim 1, characterised in
that plenum chamber parts are provided in each casing part
(50,51) and the plenum chamber (66,66A) feeding an outermost
slot is situated nearest to the exit face (52A) of the burner
while that (62) feeding the or each innermost slot is
situated furthest from the exit face, such that a slot in an
inner region of the burner is of greater depth, measured in
the direction of flow gas within the slots, than a slot which
is in an outer region of the burner.

3. A burner as claimed in claim 2, characterised in
that the separator assembly is of generally triangular cross-
section.

4. A burner as claimed in any preceding claim,
characterised in that the separator assembly comprises a
stack of separator plates (52) each running substantially the
full length of the burner, plurality of pairs of separator
plates (52) in the stack providing widthwise perimeter-
defining limits of the different slots and intermediate at
least some of said pairs of separator plates, comb plates
(53) to control gas flow within the slot whose perimeters are
defined by the

st e R0
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outwardly by alternate slots (44, 45; 44A, 45A) carrying further flows of
-conmbusti bl e and oxi di sing gases, said flows of conbustible and oxidising
gases being optionally diluted with inert gas, and said slots being
optionally interspersed by slots delivering inert gas. 18. A nmethod as
claimed in claim17, characterised in thagithe slots (43;43A) delivering
oxi dising gas are flanked outwardly by alternate slots (44, 45; 44A, 45A)
cartying said pairs of separator plates (52), and to maintain said

separater platass at a controlled separation.

5. A burner as claimed in claim 4, characterised in that
one separator plates (52) and one comb plate (53) are combined
to form a separator/comb pair, the separator assembly
comprising a plurality of separator/comb pairs which plurality
of separator/comb pairs are clamped between said two casing
parts (50,51).

6. A burner as claimed in any preceding claim
characterised in that at 1least one casing part (50,51}
comprises a plenum block providing a set of hollow plenum
chambers (54) each of cross-sectional area "A" mwmeasured
transverse to the elongate direction of the linear burner, each
plenum chamber being closed by a respective part of the
separator assembly, the gas issuing from each plenum chamber
into the respective part of the separator assembly wvia "n"
orifices (55) each of cross-sectional area "a", .and in that A

> 10n x a.

7. A burner as claimed in claim 4, characterised in that
the outermost separator plates of the stack terminate
downstream, in the gas flow direction through the burner slots,
of at least some of the separator plates disposed between said
outermost separator plates.

8. A burner as claimed in claim 4, claim 5 or claim 7,
characterised in that each comb plate (53) defines a plurality
of comb teeth each narrowing in the direction of gas flow
through the respective burner slot.

9. A burner as claimed in any one preceding claim,
characterised in that at least one casing part (61,612a) is
divided (at 68) into individual plenum blocks separately
pressed together in a -gas sealing relationship around the
separator assembly.

10. A burner as claimed in any one preceding claim,
characterised in that the separator assembly is constructed
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further flows of conbustible and oxidising gases, said flows of conbustible
and oxi di sing gases being optionally diluted with inert gas, and said slots
being optionally interspersed by slots delivering inert gas. 19. A nethod
as claimed in claim114, characterised in that said siticon-containing
feedstock is a chlorosil ane. © 39

from a multiplicity of substantially similar sub-assemblies
arranged contiguously end-to-end in a linear array.

11. A burner as claimed in any one preceding claim,
characterised in that at least two of the separator plates
(52), are tapered, in the direction of gas flows within the
slots, so that the gas flows leaving the outermost slots of
the burner converge towards the gas flow or flows leaving the
or each innermost slot of the burner. '

12. A burner as claimed in any one preceding claim,
characterised in that the or each innermost slot (71) has end
regions thereof supplied with a gas flow different from the
‘gas flow supplied to the remaining mid-region of the or each
innermost slot.

13. A burner as claimed in any one preceding claim,
characterised in that the length of each slot is more than 50
times the overall width of the at least five separate slots.

14. A method of operating a lineér burner as claimed in
any one preceding claim, in which a combustible or
hydrolysable silicon-containing feedstock is reacted in
vapour form in a flame adjacent to a bait piece to deposit
gilica synthesised in the reaction on the bait piece,
characterised in that a silicon~containing feedstock ig fed
as central flow to the or one of the innermost slots
(41,71,81) of the burner surrpunded on either side by flows
which do not react directly with the central flow, the latter
two flows being flanked outwardly by two further flows of
‘another gas such that the combined flows lead to combustion
via the creation

DR A O R
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. 2f a primary svarhesis flame and the formacion of a snest-
like plume of silica fume suitable for depositing silica
soot on the bait piece, the overall dimension of t:hépr:'.":hé_i:y K
synthesis flame in the elongate direction of the slots being
at least S times, advantageously 10 times and preferxably
more than 50 times the total thickness o¢f the primary
synthesis flame at the exit face (52A) of the buxrner.

1S. A method as claimed in claim 14, characterised in
that said silicon-containing feedstock is a halogen-free
feedstock. '

1s8. A method as claimed in claim 15, chaﬁ:a.cterised in

that said silicon-containing feedstock is a siloxane.

17. A method as claimed in claim 16, characterised in
that the feedstock comprises a linear or cyclic polysiloxane
vapour fed to the or each innermost slot (41), £flanked
outwardly by slots. (42;42A) delivering an inert or
combustible sheath gas, again flanked outwardly by slots
(43;43A) delivering an oxidising gas, optiocnally £flanked

_outwardly by altermate slots (44,45;44A,457A) carrcying
further flows of combustible and oxidising gases, said flows
of combustible and oxidising gases being optionally diluted
with inert gas, and said slots being optiomnally interspersed

by slots delivering inert gas.

18. A method as claimed in claim 17, characterised in
that the slots (43;43A) delivering oxidising gas are flanked
outwardly by alternate slots (44,45;44A,45A) carrying
further flows of combustible and oxidising gases, said flows
of combustible and oxidising gases being optiocnally diluted

" with inert gas, and said slots being optionally interspersed

by slots delivering inert gas.

19. A method as claimed in claim 14, characterised in
that said silicon-containing feedstock is a chlorosilane.

TN I
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IMPROVEMENT IN VITREOUS SILICA MANUFACTURE

ABSTRACT

A linear burner for the synthesis of silica by vapour-
phase reaction of a silicon-containing feedstock in a flame
comprises at least five slots opening to an exit face (52a)
of the burner and extending side-by-side in the elongate
direction of the linear burner, and includes means (P1-P10)
to supply a separate gas flow to each of said slots. 2an
assembly of separator plates (52) is disposed between
opposed casing parts (50, 51), which assembly defines the
slots. At least one of the casing parts (50, 51) defines
at least part of a respective plenum chamber (54) for each
gas flow, eact plenum chamber (54) communicating with a
different one of said slots in the separator assembly. The
invention also extends to a method of operating such a

linear burmner.

FIGURE 5
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