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DESCRIPTION

[0001] The present invention relates a method for carrying out a plasma deposition process as
described in claim 1.

[0002] Plasma-enhanced chemical vapor deposition (PECVD or PCVD) is a process used to
deposit thin films from a gas state (vapor) to a solid state on a substrate. Chemical reactions
are involved in the process, which occur after creation of a plasma of the reacting gases.

[0003] Generally, in the field of optical fibers, multiple thin films of glass are deposited on the
inside surface of a substrate tube. Glass-forming gases (viz. doped or undoped reactive
gases) are introduced into the interior of the substrate tube from one end (supply side of the
substrate tube). Doped or undoped glass layers are deposited onto the interior surface of the
substrate tube. The gases are discharged or removed from the other end of the substrate
tube, optionally by the use of a vacuum pump (discharge side of the substrate tube). The
vacuum pump has the effect of generating a reduced pressure in the interior of the substrate
tube, which reduced pressure generally comprises a pressure value ranging between 5 and 50
mbar.

[0004] Generally, electromagnetic radiation from generator is directed towards an applicator
via a waveguide, which applicator surrounds a substrate tube. The applicator couples the
electromagnetic energy into the plasma. The applicator (and hence the plasma formed by that)
is moved reciprocally in the longitudinal direction of the substrate tube, as a result of which a
thin glass layer is deposited onto the interior of the substrate tube with every stroke or pass.

[0005] The applicator and the substrate tube are generally surrounded by a furnace so as to
maintain the substrate tube at a temperature of 900-1300 °C during the deposition process.

[0006] Thus the applicator is moved in translation over the length of the substrate tube within
the boundaries of the furnace. With this translational movement of the resonator the plasma
also moves in the same direction. As the resonator reached the inner wall of the furnace near
one end of the substrate tube, the movement of the resonator is reversed so that it moves to
the other end of the substrate tube towards the other inner wall of the furnace. The resonator
and thus the plasma travels a back and forth movement along the length of the substrate tube.
Each movement of the applicator from one reversal point to another reversal point is called a
"pass" or "stroke". With each pass a thin layer of glass is deposited on the inside of the
substrate tube.

[0007] Normally, a plasma is generated only in a part of the substrate tube, viz. the part that is
surrounded by the microwave applicator. The dimensions of the applicator are smaller than the
dimensions of the furnace and of the substrate tube. Only at the position of the plasma, the
reactive gasses are converted into solid glass and deposited on the inside surface of the
substrate tube.
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[0008] When the number of passes increases the cumulative thickness of these thin films, i.e.
of the deposited material, increases thus leading to a decrease in the remaining internal
diameter of the substrate tube. In other words, the hollow space inside the substrate tube
keeps getting smaller with each pass.

[0009] One way of manufacturing an optical preform by means of a PCVD process is known
from US patent No. 4,314,833. According to the process that is known from that document,
one or more doped or undoped glass layers are deposited onto the interior of a substrate tube,
using a low-pressure plasma in the glass substrate tube. After the glass layers have been
deposited onto the interior of the glass substrate tube, the glass substrate tube is subsequently
contracted by heating into a solid rod ("collapsing”). In a special embodiment, the solid rod may
furthermore be externally provided with an additional amount of glass, for example by means
of an external vapor deposition process or by using one or more preformed glass tubes, thus
obtaining a composite preform. From the preform thus produced, one end of which is heated,
optical fibers are obtained by drawing.

[0010] According to International application WO 99/35304 in the name of the present
applicant, microwaves from a microwave generator are directed towards an applicator via a
waveguide, which applicator surrounds a glass substrate tube. The applicator couples the
microwave energy into the plasma.

[0011] US 4,741,747 relates to methods for reducing optical and geometrical end taper in the
PCVD process. The regions of non-constant deposition geometry at the ends of the preform
(taper) are reduced by moving the plasma in the area of at least one reversal point nonlinearly
with time and/or by changing the longitudinal extent of the plasma as a function of time.

[0012] EP 2 573 056 relates to a method for manufacturing a primary preform having a
reduced taper.

[0013] From European patent application EP 2199263 (also published as US 2010/0154479)
by the present applicant is known a PCVD process which can be used to minimize axial
refractive index variations along a substrate tube by controlling the gas composition (primarily
dopant composition) in the substrate tube as a function of the resonator (plasma zone)
position. This system is complicated to build and maintain.

[0014] From European patent application EP 2 377 825 of the present applicant is known a
process for manufacturing a primary preform wherein pulses of a fluorine containing gas are
supplied when the reaction zone is at the reversal point.

[0015] From European patent application EP 2 594 659 of the present applicant is known an
apparatus for carrying out a PCVD deposition process, wherein one or more doped or
undoped glass layers are coated onto the interior of a glass substrate tube, which apparatus
comprises an applicator having an inner wall and an outer wall and a microwave guide which
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opens into the applicator, which applicator extends around a cylindrical axis and which is
provided with a passage adjacent to the inner wall, through which the microwaves supplied via
the microwave guide can exit, over which cylindrical axis the substrate tube can be positioned,
whilst the applicator is fully surrounded by a furnace that extends over said cylindrical axis.

[0016] From European patent application EP 1,923,360 (also published as US 2009/0022906)
of the present applicant a PCVD process is known which provides uniform thickness and
refractive index deposition in the axial direction of the substrate tube. In this method the
furnace is moved reciprocally, e.g. 30 mm, 60 mm, or 15 mm, along the axial direction of the
substrate tube. The movement of the furnace is used to reduce the effect of what is believed to
be non-uniform distribution of microwave power along the axial direction of the substrate tube,
caused by microwave applicator position-dependent reflections of some of the microwave
power, e.g. from the inner wall of the surrounding furnace. Such axial microwave power non-
uniformity can cause axial deposition thickness and refractive index non-uniformity, which
adversely affects fiber quality parameters such as attenuation, mode field width uniformity, and
bandwidth uniformity.

[0017] An aspect of the present invention is to provide a substrate tube having vapor-
deposited glass layers of essentially uniform thickness and an essentially uniform refractive
index profile in the axial direction, which substrate tube is subsequently further processed into
a solid rod via a contraction process. Finally, said solid rod is converted into an optical fiber via
a number of processing steps.

[0018] The present invention relates to a method for carrying out a plasma deposition process,
said method comprising the steps of :

1. i) providing a hollow substrate tube;

2.ii) supplying a supply flow of dopant-containing glass-forming gases to the substrate
tube of step i), wherein the supply flow comprises a main gas flow and one or more
secondary gas flows, said main gas flow mainly comprising the glass-forming gases and
said one or more secondary gas flows mainly comprising precursors for dopant(s);

3.1ii) inducing a plasma by means of electromagnetic radiation in at least a part of the
substrate tube of step ii) to create a reaction zone in which deposition of one or more
glass layers onto the interior surface of the substrate tube takes place;

4.iv) moving the reaction zone back and forth in longitudinal direction over the substrate
tube between a reversal point located near the supply side and a reversal point located
near the discharge side of said substrate tube; wherein each forth and each back
movement is called a stroke;

wherein the flow of at least one secondary gas flow is interrupted one or multiple times during
step iii); each of said interruption having a start point and an end point as a function of the axial
position of the plasma along the length of the substrate tube;

wherein said start point and said end point of each of said interruption both lie within the same
stroke;
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wherein the amount of gas of the at least one secondary gas flow is tuned with a mass flow
controller (MFC);

wherein a controllable valve is present in the flow path of the at least one secondary gas flow,
with the controllable valve blocking or passing the respective gas flow, said valve being located
between the MFC and the substrate tube, and being used to interrupt the at least one
secondary gas flow;

wherein there is no decrease in the amount of gas of the at least one secondary gas flow when
there is an interruption; and

wherein the interruption during a stroke has a duration of maximally 10% of the total time of
said stroke.

[0019] In an embodiment, the at least one secondary gas that is interrupted comprises a
precursor for a germanium dopant.

[0020] In another embodiment, the at least one secondary gas that is interrupted comprises a
precursor for a germanium dopant being GeCly.

[0021] In the context of the present invention with "interruption during a stroke has a duration”
is meant the duration of one interruption in case there is only one interruption or in case there
are more than one interruptions, the sum of the duration of each interruption. For example, if
there are 10 interruptions in one stroke and each interruption has a duration of 50 millisecond,
then the interruption during a stroke has a duration of 500 millisecond, viz. 0.5 second. Then
when the duration of a stroke is 5 seconds, then the interruption during a stroke has a duration
of 0.5/5 = 10% of the total time of said stroke. In other words, the at least one secondary gas
that is interrupted flows for 90% of the time of said stroke and is interrupted for 10% of the time
of said stroke.

[0022] In yet another embodiment, the interruption during a stroke has a duration of less than
10% of the total time of said stroke.

[0023] In yet another embodiment, the interruption during a stroke has a duration of less than
5% of the total time of said stroke.

[0024] In yet another embodiment, the interruption during a stroke has a duration of less than
2.5% of the total time of said stroke.

[0025] In yet another embodiment, the interruption during a stroke has a duration of less than
1.5 % of the total time of said stroke.

[0026] In yet another embodiment, the interruption during a stroke has a duration of more than
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0.5 %, such as more 1.0 %, for example more than 1.5 % or even more than 2.0 % of the total
time of said stroke.

[0027] In yet another embodiment, during multiple strokes, the one or more interruptions are
applied at the same axial position.

[0028] In yet another embodiment, the one or more interruptions are applied in a fraction of
the strokes of a phase. For example, the one or more interruptions are applied only in the
forward strokes of a phase. Or the one or more interruptions are applied in a certain protocol
wherein during strokes X, X+10, X+20, X+30, X+40 etc. said interruption(s) are applied.

[0029] In yet another embodiment, the interruptions are applied in at most 75% of the strokes.

[0030] In yet another embodiment, the interruptions are applied in between 5% and 75% of the
strokes.

[0031] In yet another embodiment, the interruptions are applied in the strokes when the
reaction zone moves from supply side to discharge side (forward stroke).

[0032] In another embodiment, the interruptions are applied in the strokes when the reaction
zone moves from supply side to discharge side (forward strokes) and in the strokes when the
reaction zones moves from the discharge side to the supply side (backward strokes). In this
embodiment a different interruption protocol may be used for the forward strokes and the
backward strokes or the same interruption protocol may be used. An interruption protocol
describes the number, duration and axial position of the interruptions. It should be noted that
when the same interruption protocol is used for the forward and backward strokes, the lag
phase (y) as discussed above will ensure that on the forward stroke, when the gas flow is
interrupted on an axial position x, an effect on the refractive index is observed at x + y whereas
on the backward stroke, an effect on the refractive index is observed at x - y because the
applicator moves in a different direction. The use of interruptions on both the forward and
backward strokes has been observed to lead to a decrease in the attenuation, which is
desirable. In particular, when the same interruption protocol is used for the forward and
backward movement.

[0033] In yet another embodiment, within one stroke a plurality of interruptions are applied.

[0034] In yet another embodiment, the control frequency used for controlling the controllable
valve is at least 20 Hz.

[0035] In yet another embodiment, the control frequency used for controlling the controllable
valve is at least 50 Hz.

[0036] In yet another embodiment, the control of the controllable valve(s) takes place as a
function of an axial position of the reaction zone in the substrate tube in step iii), especially that
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said control takes place by comparing a previously determined refractive index profile in axial
direction with a desired refractive index profile, the difference between the two profiles
functioning as a basis for interrupting the gas flow of at least one secondary gas flow.

[0037] In another embodiment, step i) is preceded by a calibration step 0); wherein step o)
comprises the following sub steps

1. a) providing a calibration substrate tube;

2. b) obtaining a refractive index profile as a function of the axial position along the length
of the substrate tube;

3. ¢) comparing said refractive index profile thus obtained with a desired refractive index
profile;

4. d) determining one or more axial position at which the at least one secondary gas flow it
to be interrupted, being predetermined axial interruption positions.

[0038] It should be noted that in this embodiment, the calibration is carried out once and
subsequently, the steps i)-iv) may be carried out multiple times. In other words, one calibration
is sufficient to determine the axial interruption positions that may be used for steps i)-iv) of
several cycles.

[0039] In other words, the at least one controllable valve supplying the at least one secondary
gas flow to be interrupted is controlled according to the axial position of the reaction zone in
the substrate tube in step iii). Preferably, the controllable valve is switched to the closed
position on one or more axial positions corresponding to one or more predetermined axial
interruption positions.

[0040] The key to the present invention is a short interruption of at least one of the secondary
gas flows during one or more strokes in order to reduce deviations in the thickness and/or
refractive index in axial direction of the preform obtained. The invention allows to actively
influence the refractive index of the preform at every given axial position.

[0041] One or more of the above aspects are accomplished by using the present apparatus
and method.

Definitions as used in the present description

[0042] The following definitions are used in the present description and claims to define the
stated subject matter. Other terms not cited below are meant to have the generally accepted
meaning in the field.

[0043] "substrate tube" as used in the present description means: a tube having a cavity
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within. Generally, the inside of said tube is provided (or coated) with a plurality of glass layers
during the manufacturing of a preform.

[0044] "primary preform" as used in the present description means: a solid rod (solid preform)
that requires to be externally provided with extra glass before it becomes a final preform, viz. a
solid rod (solid composite preform) that can be directly used for drawing of optical fibers
therefrom.

[0045] "supply side" as used in the present description means: one side of the substrate tube,
being an open end of the substrate tube that is used as inlet for the gases. The supply side is
the side opposite to the discharge side.

[0046] "supply flow" as used in the present description is a combination of all gas flows that are
fed into the substrate tube. In the present invention the supply flow of dopant containing glass
forming gasses comprises a main gas flow and at least one secondary gas flow.

[0047] "discharge side" as used in the present description means: one side of the substrate
tube, being an open end of the substrate tube that is used as outlet for the gases. The
discharge side is the side opposite to the supply side.

[0048] "glass" as used in the present description means: crystalline or vitreous (glassy) oxide
material - e.g. silica (SiO) or even quartz - deposited by means of a vapour deposition

process.

[0049] "silica" as used in the present description means: any substance in the form of SiOx,
whether or not stoichiometric, and whether or not crystalline or amorphous.

[0050] "glass-forming gases" as used in the present description means: reactive gases used
during the deposition process to form glass layers. These glass forming gases may comprise a
precursor for a dopant. (e.g. O and SiCl4 and optionally others).

[0051] "main gas flow" as used in the present description means: the part of the supply flow
that comprises the glass forming gasses.

[0052] "secondary gas flow" as used in the present description means: the part of the supply
flow that comprises at least one gas that is a precursor for a dopant.

[0053] "precursor for a dopant" as used in the present description means: a compound or
composition that, when introduced into glass, become a dopant having an effect on the
refractive index of the glass. Precursors for dopants may for example be gasses that react with
one or more compounds in the glass-forming gasses to form doped glass layers when vitrified.
During the glass deposition the precursor for a dopant is introduced into the glass layers.

[0054] "dopant” as used in the present description means: a compound or composition that is
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present in the glass of the optical fibre and that has an effect on the refractive index of said
glass. It can for example be an down dopant, viz. a dopant decreasing the refractive index,
such as Fluorine or Boron (e.g. introduced as a precursor in the form of F5, CoFg SFg, C4Fg or

BCb). It can for example be a up-dopant, viz. a dopant increasing the refractive index, such as
Germanium (e.g. introduced as a precursor in the form of GeCl, (germanium dichloride) or

GeCly (germanium tetrachloride)). Dopants can be present in the glass either in the interstices

of the glass (e.g. in the case of F) or they may be present as an oxide (e.g. in the case of
Germanium, Aluminium, Phosphorus or Boron).

[0055] "reaction zone" as used in the present description means: the zone or axial location
wherein the glass-forming reaction or deposition takes place. This zone is formed by a plasma
and preferably moves reciprocally along the longitudinal length of the substrate tube.

[0056] "reaction conditions" as used in the present invention means: a set of conditions such
as temperature, pressure, microwave power that are used to effect the deposition of the glass
layers.

[0057] "plasma" as used in the present description means: an ionized gas consisting of
positive ions and free electrons in proportions resulting in more or less no overall electric
charge at very high temperatures. The plasma is induced by electromagnetic radiation.

[0058] "plasma deposition process” as used in the present description means: a process in
which multiple thin layers of material are deposited on a substrate using a plasma.

[0059] "reversal point” as used in the present description means: the axial point or position on
the substrate tube at which the movement of the applicator reciprocates. In other words,
changes from back to forth and forth to back. It is the turning point of the applicator. The axial
point is measured at the middle (longitudinal) of the applicator.

[0060] "moved back and forth" as used in the present description means: a reciprocating
movement or moving backwards and forwards in a straight line.

[0061] "phase" as used in the present description means: a part of the deposition process in
which glass layers having a specific refractive index value are deposited. The specific value
may the constant or exhibit a gradient. For example, for a simple step index fibre the
deposition of the core and the deposition of the cladding are each considered a separate
phase.

[0062] "stroke" or "pass" as used in the present description means: the movement of the
applicator along the length of the substrate tube between one reversal point and another
reversal point. When the strokes are counted both a forward stroke and a backward stroke are
each counted as 1, so a complete stroke from the reversal point on the supply side to the
reversal point on the supply side comprises a forward stroke and a backward stroke and hence
comprises 2 strokes.



DK/EP 2947176 T3

[0063] "forward stroke" as used in the present description means: a stroke or pass from the
reversal point near the supply side to the reversal point near the discharge side. In other
words, when the reaction zone moves from supply side to discharge side.

[0064] "backward stroke” as used in the present description means: a stroke or pass from the
reversal point near the discharge side to the reversal point near the supply side. In other
words, when the reaction zone moves from discharge side to supply side.

[0065] "controllable valve" as used in the present description means: a valve present in the
gas flow to be interrupted, which valve is controlled by controlling means to block the gas flow
or to allow the gas flow to pass.

[0066] "control frequency” as used in the present description means: the frequency with which
the gas flow is interrupted.

Detailed description of the invention

[0067] Thus the invention relates to a method for carrying out a plasma deposition process.
The end product of said method is a preform for drawing optical fibers. comprising several
steps. Each of these steps is discussed in detail below.

[0068] Step i) relates to providing a substrate tube, preferably a glass substrate tube.
Generally, said substrate tube has a supply side and a discharge side. Said substrate tube is
preferably of quartz glass.

[0069] Step ii) relates to supplying one or more glass-forming gasses to the substrate tube,
preferably via the supply side. Generally, the one or more glass-forming gasses are supplied to
said substrate tube via a valve system or injection system. Preferably, each of the gasses that
are used are supplied from the vessel (or other type of container) via a pipe to a mass flow
controller (MFC). Each of these MFC's is connected via a pipeline to a valve which can be
either in open or in closed position. The addition of the gasses via a MFC allows for the tuning
of the amount of gas that is added. The valve used to interrupt the at least one secondary gas
flow is located between the MFC and the substrate tube. This means that the secondary gas
flow going through the valve and being interrupted is originating from the MFC. This ensures
that there is no decrease in the amount of gas when there is an interruption. The interruption
merely affects the distribution of the secondary gas not the amount. The MFC allows the
predetermined amount of gas to pass through it. When the valve is closed, in other words,
during an interruption, the MFC still allows gas to pass, this gas is temporarily stored in the line
between the MFC and the valve. When the valve is opened again the flow of the secondary
gas is resumed and the gas that was temporarily stored in released into the system. This leads
to a temporary increased gas flow. In other words, the interruptions according to the present
invention lead to a redistribution of the secondary gas flow, not to a decrease in the secondary
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gas flow. These gas lines preferably then all come together into combined pipeline that is fed
into the substrate tube. In the present invention, the socalled supply flow of dopant containing
glass forming gasses comprises a main gas flow and at least one secondary gas flow. The
main gas flow mainly comprises the glass forming gasses and the at least one secondary gas
flow comprises at least one gas that is a precursor for a dopant. Preferably, the gas that is
selected to be switched on and off is connected to that combined pipeline via a valve having an
orifice. Said valve can be in open or closed position. When the valve is in open position the gas
flow is present and when said valve is in closed position, no gas flow is present.

[0070] Step iii) relates to inducing a plasma by means of electromagnetic radiation on at least
a part of the substrate tube to create a reaction zone in which deposition of one or more glass
layers onto the interior surface of the substrate tube takes place. Preferably the
electromagnetic radiation is microwave radiation. By means of the plasma the glass-forming
gasses are converted to solid state to form glass layers. Said plasma is preferably induced by
an applicator that moves along the substrate tube in forth-and-back movement, this is
explained in the following step iv).

[0071] Step iv) relates to moving the reaction zone back and forth in longitudinal direction over
the hollow substrate tube between a reversal point located near the supply side and a reversal
point located near the discharge side of said substrate tube; wherein each forth and each back
movement is called a stroke. The deposition process comprises several phases, each phase
comprising a plurality of strokes. During one or more of the strokes one or more interruptions
of the secondary gas flow are applied according to the method of the present invention. Said
interruptions each have a start point (viz. an axial position at which the gas flow is interrupted)
and an end point (viz. an axial position at which the gas flow is resumed). These start and end
points are a function of the axial position of the plasma along the length of the substrate tube.
The interruptions have a certain duration. This duration depends firstly on the location of the
start point and end point, viz. the length of the substrate tube over which the applicator is
moved during the closure of the valve and secondly, on the speed of movement of the
applicator.

[0072] The present invention is described below in detail with reference to the drawings in
which:

Figure 1 shows a graph of the refractive index (y-axis) versus the axial position (x-axis) of one
single pass where the flow of Germanium tetrachloride interrupted

Figure 2 shows a graph of the effect of the gas interruption system of the present invention
using germanium tetrachloride. The graph shows one curve wherein there are no interruptions
in the flow of germanium tetrachloride and in the main gas flow and two curves where there
are interruptions in the flow of germanium tetrachloride but not in the main gas flow.

[0073] Figure 3 also shows a graphs of the effect of the gas interruption system of the present
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invention.

[0074] The present inventors have found that when the gas flow of a secondary gas
(preferably a precursor) is interrupted at least one time during the deposition phase of a
plasma deposition process in at least one stroke the deviations in axial direction can be
reduced.

[0075] A preform for a single mode optical fiber is prepared in a number of phases. For every
phase there is a strict specification with respect to the refractive index value and the thickness
along the length.

[0076] Obtaining uniformity in layer thickness is e.g. carried out by changing the speed of the
applicator in certain axial areas. Unfortunately, when using germanium doping, changing the
speed of the resonator will inevitably cause a local change in the refractive index because of
the temperature dependency of germanium efficiency. This is often not desirable.

[0077] When the deposition rate is higher (> 2.5 g/min) this effect becomes even stronger.
Because the part of the preform which is within specification values decreases with the
deposition speed, the total efficiency of the process is severely deteriorated. This stands in the
way of increasing the deposition speed as a natural way to increase the machine capacity and
to decrease the cost price of the fiber.

[0078] The present invention provides a method and apparatus to overcome this problem.

[0079] An advantage of this present method when used for preparing single mode optical
fibers is that it reduces the deviations in axial direction.

[0080] Several embodiments of the present invention will be discussed in more detail below.

[0081] Preferably, the gas flow that is interrupted is the gas flow providing germanium dopant
or in other words a precursor for germanium doping, such as germanium tetrachloride. The
advantage of interrupting germanium instead of Freon is that when Freon is interrupted this
could possible lead to an increase in attenuation, which is not desirable.

[0082] In another embodiment, the gas flow that is interrupted is the gas flow providing fluorine
dopant or in other words a precursor for fluorine doping, such as Freon (e.g. C5Fg).

[0083] Preferably, when the gas flow is interrupted on an axial position x, than a sudden drop
or increase in the refractive index is observed (when using a up dopant and a down dopant
respectively) starting from axial position + lag phase y (mm) , e.g. 50 millimeters.) In other
words, there is a lag phase of y of a certain number of millimetres, e.g. 50 millimeters. Figure 1
shows the effect of an interruption when the lag phase is 50 millimeters. A skilled person
realize that such a lag phase depends on the translational speed and direction of the applicator
and of the configuration of the tubing for supplying gasses.
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[0084] Preferably, the duration of an interruption is less than 5%, preferably less than 2.5%,
more preferably less tan 1.5 % of the total time of said stroke. In other words, the valve, also
called controllable value is open for the most time (gas flow is allowed to pass) and closed (gas
flow is blocked) just at certain axial positions for a certain time period (duration).

[0085] Preferably, the duration of an interruption is between 10 and 150 milliseconds,
preferably between 20 and 100 millisecond, such as 50 or 60 or 70 or 80 or 90 milliseconds in
order to make sure that the response in the refractive index is as short as possible.

[0086] The closed-time of the controllable valve can be expressed by means of the duration of
the interruption but also by the frequency of the controllable valve, viz. the control frequency.
Preferably, the control frequency is at least 20 Hz, more preferably at least 50 Hz. This
frequency is inversely related to the duration of the interruption. When e.g. the control
frequency is set to 20 Hz, the duration of the pulse is 50 millisecond. When e.g. the control
frequency is set to 50 Hz, the duration of the pulse is 20 millisecond.

[0087] In an embodiment, one or more interruptions are provided on each stroke. In other
words, at several distinct axial positions interruptions are provided.

[0088] In another embodiment, during multiple strokes the one or more interruptions are
applied at the same axial position.

[0089] In another embodiment, the one or more interruptions are applied in a fraction of the
strokes of a phase, viz. in only a certain number of strokes in a phase.

[0090] When e.g. a phase comprises 1000 strokes, it could be envisaged that the
interruption(s) are applied every other stroke, e.g. on each forward stroke leading to a total
number of interruptions of 500 at a certain axial position or to interruptions in 50% of the
strokes. It could also be envisaged that the interruption(s) are applied every ten stroke, e.g. on
each fifth forward stroke leading to a total number of interruptions of 100 at a certain axial
position or to interruptions in 10% of the strokes. In another embodiment, one or more
interruptions are provided only on a fraction of the layers or strokes, such as on at most 75% of
the strokes, more preferably between 5% and 75% of the strokes. Preferably, the one or more
interruptions are only provided when the reaction zone moves from supply side to discharge
side.

[0091] In an embodiment, within one stroke a plurality of interruptions is applied. As previously
stated, it is possible that interruptions are provided on several distinct axial positions as also
shown in Figure 2.

[0092] A scheme of interruptions can be devised wherein the axial position of interruption, the
duration of interruption are set for each stroke. For axial positions where a large effect is
required, the fraction of the layers or strokes during which the gas flow is interrupted should be
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higher than when a smaller effect is required. A person skilled in the art is capable of preparing
such a interruption scheme.

[0093] In an embodiment, a controllable valve is present in the flow path of at least the
secondary gas flow that is to be interrupted. More preferably in each gas flow. Said controllable
valve is capable of blocking (closed position) or passing (open position) the respective gas
flow.

[0094] In an embodiment step i) is preceded by a calibration step 0); wherein
Step 0) comprises the following substeps

1. a) providing a calibration substrate tube;

2. b) obtaining a refractive index profile as a function of the axial position along the length
of the substrate tube;

3. ¢) comparing said refractive index profile thus obtained with a desired refractive index
profile;

4. d) determining one or more axial position at which the at least one secondary gas flow
has to be interrupted, being predetermined axial interruption positions.

[0095] Preferably, there is a sufficient amount of volume in the pipe between the mass flow
controller of the gas to be interrupted and the valve in order to act as a buffer. The buffer is
preferably of such capacity that the mass flow controller does not notice the closing of the
valve. Preferably, the capacity or volume of the buffer is such that when the valve is opened
again after being closed, no increased gas flow is observed by deviation of the set refractive
index profile (ether a increase or spike in case a precursor is used that increases the refractive
index of silica or a decrease of dip in case a precursor is used that decreases the refractive
index of silica). In order to increase the buffer capacity, a buffer vessel may be added.
Preferably, the buffer capacity is between 200 and 1000 ml.

[0096] The flow of the gas or the amount of gas introduced into the reaction is preferably
determined by the mass flow controller, not by the pressure of the gas line combined with a
certain (small) orifice. The orifice may for example have a diameter of between 0.5 and 3 mm,
preferably between 1 and 3 mm. The size of the orifice can be selected by a skilled person
according to the specific requirements of the apparatus used to prepare the preform. For
example, for an apparatus having a MFC that is sensitive for a pressure drop, the size of the
orifice can be increased in order to decrease the pressure drop over the MFC.

[0097] It should be noted that gas travels through the substrate tube with a speed of for
example 10 meters per second. Preferably, the valve connecting the secondary gas flow that is
to be interrupted is close to the supply side of the substrate tube, preferably less than 50
centimetres. This allows the reaction to respond quickly to the closing and/or opening of the
valve without a lag phase.
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[0098] Preferably, a fast valve is used. In the present description, a fast valve is a valve that
switches between an open position and close position in 10 milliseconds (ms) or less.

[0099] More preferably, a very fast valve is used. In the present description, a fast valve is a
valve that switches between an open position and close position in 5, or even 1 milliseconds
(ms) or less.

[0100] The formation of glass deposition on the inside of the substrate tube only takes place at
the position at which a plasma is present. The glass forming gasses may be doped or may be
undoped.

[0101] The timing and duration of these interruptions of the gas are determined by the
inventors prior to starting the plasma deposition process according to the present invention. In
other words in a calibration process. The inventors use the data obtained from a similar
process, that is used as calibration process, which process uses a similar substrate tube and
similar reaction conditions. During such a calibration or test process data is obtained and
based on this data the one or more longitudinal or axial positions are determined at which the
at least one secondary gas flow should be interrupted. This calibration step or calibration
phase will lead to one or more predetermined axial interruption position. The method according
to the present invention is then carried out using these predetermined axial interruption
position(s). The predetermined axial interruption position(s) is/are determined based on a
comparison between the refractive index profile of the calibration substrate tube and the
desired refractive index profile. The difference between these two profiles functioning as a
basis for interrupting the gas flow of at least one secondary gas flow.

[0102] Hence, during the calibration phase the inventors will determine at which longitudinal
position of the applicator the interruption of the gas is required. Moreover, the duration of the
interruption is determined.

[0103] The absolute pressure of the gas in either the main gas flow or the at least one
secondary gas flow or both can for example be between 0.5 and 5 bar, preferably between 1
and 2 bar, more preferably approximately 1.5 bar.

[0104] In an embodiment of the present invention an additional gas line is attached to the
supply side of the substrate tube. By means of a valve, e.g. a so called fast valve, this gas line
- for the supply of the switched gas - is coupled to the supply system of glass-forming gasses.

[0105] The valve (or fast or very fast valve) can optionally be coupled to controller means, i.e.
a microcontroller which measures the position of the applicator and controls the duration of the
closing of the valve, it is hence a controllable valve.

[0106] The present invention does not require significant changes to the instrumental setup or
apparatus that are already in use. Therefore, the solution to the problem presented in the
present invention are easy and cost-effective to implement.
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[0107] In an embodiment of the invention the interruptions are provided during a fraction of or
every pass at the same position(s). It is also possible to determine the position for each
separate pass or stroke and to adjust the position between passes or strokes. This can be
selected depending on e.g. the concentration Germanium or the internal diameter. This
ensures the same environment during the complete plasma deposition process to minimize
possible perturbations of optical properties if the conditions are changes in between passes.

[0108] Figure 2 which will be discussed in more detail in the Examples discloses an example of
an interruption protocol. Such a protocol specifies the number of interruptions during a specific
stroke, the axial position of the interruptions, the duration of the interruptions and the
frequency of these interruptions during the deposition process, in other words if the
interruptions are during all strokes or during only a few strokes.

[0109] In an embodiment, an example of which is shown in figure 2, the interruption protocol
comprises seven interruptions at seven different axial positions. Three of the seven
interruptions (e.g. Il, IV, VII) take place once per twenty strokes and the other four (I, IlI, V, VI)
of the eight interruptions take place twice per twenty strokes. In other words, the protocol is as
follows: stroke X (interruptions I-VII), stroke X+10 (interruptions I, lll, V, VI), stroke X+20
(interruptions I-VII), stroke X+30 (interruptions I, Ill, V, VI), etc.

[0110] It is preferred that if the interruptions are carried out only during part of the strokes in a
phase, these interruptions are spaced apart. For example when during a phase of 100 strokes
10 interruptions are provided, it is preferred that every 10 strokes an interruption is provided.

[0111] A skilled person will, based on experimentation, be able to decide the most suitable
interruption protocol.

[0112] As already mentioned previously, a skilled person determines the interruption protocol
based on a test or calibration plasma deposition process. Since the phenomenon that occurs is
a physical phenomenon, it will occur exactly at the same positions each time provided the
wavelength of the microwaves is not changed. This process is completely reproducible
irrespective of the width of the original substrate tube used and irrespective of the number of
passes used.

[0113] If is preferred to deposit layers of glass to a final internal diameter of the substrate tube
of maximally 22 millimetres or even to an internal diameter of the substrate tube of maximally
20 millimetres, even more preferably maximally 18 millimeters or even maximally 16
millimeters.

[0114] The refractive index value and the thickness of layers deposited inside of the substrate
tube thus obtained after internal deposition is substantially uniform along the length thereof.

[0115] The present invention will now be explained on the basis of a number of examples, in
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which connection it should be noted, however, that the present invention is by no means
limited to such special examples.

EXAMPLES

Comparative Example 1

[0116] With a PCVD process glass layers were deposited on the inside of a substrate tube for
the preparation of a core rod for a step index single mode fiber. During the process a gas flow
comprising glass forming precursors were supplied to the interior of the substrate tube and a
plasma reaction zone was reciprocating inside the tube. First cladding layers were deposited
with a refractive index substantially equal to the refractive index of the substrate tube, followed
by the deposition of core layers with a refractive index higher than the cladding layers. The
increased index was obtained by increasing the concentration of GeCly in the gas flow. The

flow of GeCly was not interrupted during any stroke of the reaction zone during the deposition

of core layers.

[0117] After the deposition process had been terminated, the substrate tube thus obtained was
subjected to a contraction or collapse process so as to obtain a solid rod (primary preform).
The dotted line 'reference’ in Figure 2 shows the difference of the refractive index between the
core layers and the cladding layers as a function of the length of the primary preform.

Example 1

[0118] The same PCVD process as in Comparative Example 1 was used, with this difference
that the flow of GeCly was interrupted during a fraction of the passes. It should be noted that
the main gas flow was not interrupted. The number and axial position of the start of these
interruptions per 20 passes is shown in figure 2.

[0119] The substrate tube thus obtained was formed into a solid rod in the same manner as in
comparative example 1. The solid line 'interrupted 1' in Figure 2 shows the difference of the
refractive index between the core layers and the cladding layers as a function of the length of
the primary preform.

[0120] This was repeated to obtain a second solid rod. The striped line 'interrupted 2' in Figure
2 shows the difference of the refractive index between the core layers and the cladding layers
as a function of the length of the primary preform.

Comparative Example 2
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[0121] The same PCVD process as in Comparative Example 1 was repeated. The curve
"Reference"” in Figure 3 shows the difference of the refractive index between the core layers
and the cladding layers as a function of the length of the primary preform.

Example 2

[0122] The same PCVD process as in Comparative Example 2 was used, with the difference
that the flow of GeCly was interrupted at several axial positions (9 or 10 times) during each

forward stroke for a total of 10 passes (each comprising a forward and back stroke). The
backwards strokes were not interrupted. In other words, 50% of the strokes comprised
interruptions.

[0123] The duration of one forward stroke is 4 seconds, the duration of one backward stroke is
4 seconds, the duration of each of the interruptions is 80 milliseconds. In total, there are 10
forward strokes and 10 backward strokes (total time: 80 seconds) and 96 interruptions (total
time: 7.68 seconds). The time of the interruption during a stroke has a duration of 9.6 % of the
total time of said stroke.

[0124] It should be noted that the main gas flow was not interrupted. The number and axial
position of the start of these interruptions is shown in Figure 3. Therefore, one or more aims of
the present invention mentioned above have been reached. More embodiments of the present
invention are cited in the appended claims.

REFERENCES CITED IN THE DESCRIPTION

Cited references

This list of references cited by the applicant is for the reader's convenience only. It does not
form part of the European patent document. Even though great care has been taken in
compiling the references, errors or omissions cannot be excluded and the EPO disclaims all
liability in this regard.

Patent documents cited in the description

o US4314833A [0009]




DK/EP 2947176 T3

WORE353044 100107
US4741747A 00411
EPRR73056A 1001 2T
EF2188283A 188131
US20100154479A [08138
ER23T77825A TRG14]
EP2E04650A 108151
ER1923360A 100181
USZ0000022806A [10818]




DK/EP 2947176 T3

PATENTKRAYV

1. Fremgangsmade til at gennemfere en plasmapadampningsproces, hvor
fremgangsmaden omfatter trinene:
i) at tilvejebringe et hult substratrer;
i) at forsyne en forsyningsstream af glasdannende gasser, som
indeholder doteringsmiddel, til substratrgret af trin i), hvor
forsyningsstremmen omfatter en hovedgasstream og en eller flere
sekundaere gasstremme, hvor hovedsstrammen hovedsagelig
omfatter de glasdannende gasser, og den ene eller flere sekundaere
gasstremme hovedsagelig omfatter forlabere for doteringsmiddel
eller doteringsmidler;
iii) at inducere et plasma ved hjeelp af elektromagnetisk straling i
mindst en del af substratraret af trin i) for at danne en reaktionszone,
hvori padampningen af et eller flere glaslag pa den indvendige
overflade af substratreret finder sted;
iv) at beveege reaktionszonen frem og tilbage i en langsgaende
retning over substratraret mellem et vendepunkt placeret i naerheden
af forsyningssiden og et vendepunkt placeret i naerheden af
substratrgrets udledningsside; hvor hver beveegelse frem og tilbage

kaldes et slag;

hvor streammen af mindst en sekundaer gasstrem afbrydes en eller flere
gange under trin iii); hver af afbrydelserne har et startpunkt og et slutpunkt

som en funktion af plasmaets aksiale position langs substratrerets laengde;

hvor startpunktet og slutpunktet af hver af afbrydelserne begge ligger
inden for det samme slag;
hvor mangden af gas af den mindst ene sekundaere gasstrem er

afstemt med en gennemstremsregulator (MFC);
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hvor en kontrollerbar ventil er til stede i den mindst ene sekundaere
gasstrems stremningsbane, hvor den kontrollerbare ventil blokerer
eller passerer den respektive gasstrem, hvor ventilen er placeret
mellem MFC’en og substratreret og anvendes til at afbryde den
mindst ene sekundaere glasstrem;

hvor der ikke er nogen reduktion i maengden af gas i den mindst ene
sekundaere gasstrem, nar der er en afbrydelse; og

hvor afbrydelsen under et slag har en varighed pa maksimalt 10% af

den samlede tid af slaget.

2. Fremgangsmade ifglge krav 1, hvor den mindst ene sekundaere gas, som

afbrydes, omfatter en forlgber for et germaniumdoteringsmiddel.

3. Fremgangsmade ifalge et hvilket som helst af de foregaende krav, hvor den
mindst ene sekundsere gas, som afbrydes, omfatter en forlgber for et

germaniumdoteringsmiddel, som er GeCla.

4. Fremgangsmade ifglge et hvilket som helst af de foregadende krav, hvor
afbrydelsen under et slag har en varighed pa mindre end 5% af den samlede tid

af slaget.

5. Fremgangsmade ifglge et hvilket som helst af de foregadende krav, hvor
afbrydelsen under et slag har en varighed pa mindre end 2,5% af den samlede tid

af slaget.

6. Fremgangsmade ifglge et hvilket som helst af de foregadende krav, hvor
afbrydelsen under et slag har en varighed pa mindre end 1,5% af den samlede tid

af slaget.

7. Fremgangsmade ifalge et hvilket som helst af de foregaende krav, hvor den

ene eller flere afbrydelser under flere slag anvendes i den samme aksiale position.
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8. Fremgangsmade ifalge et hvilket som helst af de foregaende krav, hvor den

ene eller flere afbrydelser anvendes i en fraktion af slagene i en fase.

9. Fremgangsmade ifslge et hvilket som helst af kravene 7-8, hvor

afbrydelserne anvendes mellem 5% og 75% af slagene.

10. Fremgangsmade ifslge et hvilket som helst af kravene 7-9, hvor

afbrydelserne anvendes i fremadslagene.

11.  Fremgangsmade ifglge et hvilket som helst af de foregéende krav, hvor der

inden for et slag anvendes en flerhed af afbrydelser.

12.  Fremgangsmade ifglge et hvilket som helst af de foregaende krav, hvor en
kontrolfrekvens anvendes til at styre den kontrollerbare ventil, som er mindst 20
Hz.

13. Fremgangsmade ifglge et hvilket som helst af de foregdende krav, hvor
styringen af den kontrollerbare ventil eller de kontrollerbare ventiler finder sted
som en funktion af reaktionszonens aksiale position i substratreret i trin iii), iseer
at styringen finder sted ved sammenligning af en tidligere bestemt
brydningsindeksprofil i aksial retning med en snsket brydningsindeksprofil, hvor
forskellen mellem de to profiler fungerer som basis for afbrydelse af gasstrammen

af mindst en sekundeer gasstrem.

14. Fremgangsmade ifelge et hvilket som helst af de foregaende krav, hvor et
kalibreringstrin o) gar forud for trin i); hvor
trin 0) omfatter falgende undertrin
a) at tilvejebringe et kalibreringssubstratrer;
b) at opnad en brydningsindeksprofil som en funktion af den aksiale

position langs substratrarets leengde;



DK/EP 2947176 T3

c) at sammenligne den saledes opnaede brydningsindeksprofil med
en snsket brydningsindeksprofil;

d) at bestemme en eller flere aksiale positioner, ved hvilke den
mindst ene sekundaere gasstrem skal afbrydes, som er
forudbestemte aksiale afbrydelsespositioner.



DK/EP 2947176 T3

DRAWINGS

axial positien

Fig. 1
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