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Abstract

- Planar waveguides are produced by using radiation to write path regions into a

‘photosensitive layer. Originally, the photosensitive layer had the same refractive index

as the confining regions, e.g. it consists of silica doped with oxides of Ge and B
Composite path regions are produced by depositing a glass soot onto a partial region.

On sintering the soot meits to fill up the empty spaces and thereby create a composite

layer.
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PLANAR WAVEGUIDES

This invention relates to planar waveguides and, more particularly, it
relates to a novel structure of planar waveguides and to a novel method for making
.planar waveguides. The method of the invention is particularly suitable for making
the structures in accordance with the invention.

Planar waveguides are well-known and they may include active aé well as
passive regions. For example, a planar waveguide may include lasing structures,

e.g. amplifiers, as well as multiplexing, demuitiplexing and splitting structures.

Planar waveguides are essentially two dimensional in that the pattern of path

'regions and interconnections can be represented as a flat diagram. Usuaily, a

planar waveguide Incorporates a subs.tfate which provides mechanical sqpport,for
the optical region. Usually, the substrate has a flat surface and an optical layér is
supported on this flat surface. It is also known to stack waveguiding layers on top
of one another so as to increase the density of operational components. Where
layers are stacked it is possible to interconnect them internally. The stacks are
also regarded as planar waveguides since each layer s an essentially two
dimensional functional arrangement.

Many planar waveguide structures are based on silica glass with various
dopants to define the structure. The confining region or regions of the structure
are usually implemented in pure silica or silica with dopants such as phosphorous
and boron to reduce the melting point of the silica. Processing often invoives
melting the glass and additives which reduce the melting point of the glass
thereforé assist manufacture. Melting point depressants should have little (ideally

no) affect on the optical properties of the system. It is also known to employ
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different concentrafions of melting point depressants so that some, but not all, of
the structure may be meited. '

In addition to processing aids, the silica glasses contain dopants to affect '
their optical properties. Germania is a particularly important dopant because
germania increases the refractive index of silica and it can be erhployed to make
path regions. '

- As stated, the functional parts of a planar waveguide are usually made of
various forms of silica glass, but the primary substrate is often formed of silicon.
Silicon wafers are readily available and they have good mechanical properties so
that they form good substrate for the functional regions. A silicon substrate iIs
usually separated from the functional region by a buffer layer of silica glass. This
buffer layer usually serves as part of the confining region of the waveguiding
structure. -

Planar waveguides are usUaliy prepared by a complicated series of
processes which invoive the deposition of a layer over the whole of the area
followed by the removal of unwanted portions in order to produce a desired
pattern. This is échieved\by well established mask/etch processes.

Flame hydrolysis constitutes an important d‘eposition process for making
silica glass layers. Flame hydrolysis utilises an oxygem’hvdfogen flame and various
volatile reactants are introduced into the flame. In order to produce glasses of
accurately defined quantitative composition it is necessary to measure the
guantities of the reagents into the flame. To produce a silica glass, silicon

tetrachloride is introduced to the flame. Other reagents which are introduced into

- the flame include GeCl,, PCl3, BCl3, TiCl,, POCl;. The reaction which occurs in the

flame converts the reagents to the oxides and, when a mixture of reagents Is

introduced into the flame, the reaction product is an intimate mixture of the

individual reaction products. The product of the reaction takes a physical form of

fine particles and these are usually designated as "soot".
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The soot produced by the reaction deposits everywhere in the forrn' of
thick porous layer of low density. Therefore, the deposition involveé'a second step
in which the layer of soot is sintered, i.e., heated t:n its melting point or slightly
above its melting point. During sintering the individual particles meit and fuse with
one another and the thick porous layer consolidates to a much thinner layer which
is without voids. The amount of soot deposited is controlled so that, after
sintering, the thin layer has the desired thickness.

A brief description of the preparation of a conventional structure will now
be given.

Tne starting point, i.e., the primary substrate, is a silicon wafer having a
flat surface. As a preliminary the surface is oxidised to produce a buffer layer (of
pure silica) which acts as a conﬁning rlegion in the ultimate product. The buffer
layer separates the path regions from the silicon substrate. Having produced the
buffer layer, a path layer of silica/ germania soot is deposited and sintered to
produce a uniform path layer which overlies the buffer layer. If desired, small
amounts of melting point depressants, e.g., B,03, may be inc'orporated so that,
during the sintering of the path IaYer the buffer layer does not melt. At this stage,
the path layer is shaped using conventional mask/etch technology. This removes
the unwanted portions of the path layer leaving behind the intended path regions in
the form of ridges which stand on the buffer layer. The workpiece is returned to
the deposition equipment and a thick layer of silica soot is deposited. 1t is
appropriate that -this layer contains meiting point depressants in order that it can be
melted without affecting the previously deposited path regions. A thick layer of
soot is usually deposited and this cnvers the ridges and a uniform surface 1is
produced. When this thick layer is sintered, the surface remains flat under the
control of surface tension and the resuit is a confining region which covers the

ridges and penetrates between them so that a waveguiding structure is produced
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having silica/germania path regions enclosed between a confining region consisting
essentially of silica. It is emphasised that the mask/etch processing which shapes
the path regions involves a complicated series of operations. The preparation of

the final covering layer utilises enough soot to form a thick layer and this layer will

penetrate between the upstanding regions as mentioned.

The preparation of planar waveguiding structures with acti\}e regions, e.g.,
ampiifiérs, is more complicated because it is necessary to have a variety of
different dopants in the path regions. Thus t|he final product has a more
complicated structure and this requires preparative techniques which are
substantially more complicated than the simpie method 'described above.

In ELECTRONICS LETTERS dated 18th August 1994 (Vol 30 No 17)
Svalgaard et al describe the preparation of a germanosilicate film waveguide
fabricated by plasma enhanced chemical vapour deposition. using' direct writing,
l.e., the path re.gions are created by exposure to suitable radiation. The path
regions are written into buffer-core-cladding layers having refractive indices of

1.453, 1.475 and 1.459 reSpectively.

Furopean patent specification O 569 182 A1 uses a photosensitive

~ technique to prepare waveguides. A layer of germanosiiicate is deposited between

two layers of vitreous silica. Clearly, the centre layer has a higher refractive index
than the outer layers. A portion of the germanosilicate layer is exposed to
radiation to create a core region. The confining region which surrounds the core
does not have a uniform refractive index and the publication does not suggest how
to achieve this. .

International publication WO 93/16403 discusses the preparation of planar
waveguiding structures using processing aids. The processing aids comprise two
additives and the ratio is selected so that the refractive index is controlled to a
target value. This publication does not mention the possibility of irradiating the
glass with focused actinic radiation and this poss‘ibility Is not suggested. ’

US patent specification 5141 549 describes techniques for incotporating
rare earths into planar optical waveguides formed of stlica.

It is an object of this invention to simplify the preparation of planar

waveguides, e.g. to simplify the preparation of the composite layers which are
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needed to mak'e more complicated structures. In particular, it Is an objeci of this
invention to prepare path regions without the use of etching techniques.

This invention utilises the discovery that certain glasses are photo-

sensitive and exposure to suitable radiation increases the refractive index. This

5 discovery makes It possible to produce path regions by exposing the glass to 'a

suitable pattern of radiation, e.g., by using masks or by using a moving spot of

focused radiation. " It is important to recognise that, even when masks are used,

etching is not used.

In particular, it has been discovered that silica glasses which are saturated

10 with hydrogen are particularly
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sensitive to radiation, especially when the silica glass contains germania. This
invention utilises this phenomenon, but the photo-sensitive glass contains
germania and boron {in the form of the oxide B203} wherein the mole ratio B:Ge is

selected to control the refractive index of the glass. In particular, it is the lower

refractive index, i.e. the refractive index before exposure, which is controlied. In

most applications, the refractive index before exposure is controlled to be equal to
the refractive index of the confining region, e.g., the buffer and cladding layers.
When the photo-sensitive glass is eXpbsed to radiation, the refractive index rises to
produce path regions which are surrounded by confining regions as is conventional
in waveguide technology.

In accordance with the invention a uniform path layer is deposited, s.a‘id
path layer having the same refractive index as the confining regions, and after
depostition the' path layer is selectively exposed to radiation to increase the
refractive index -of the exposed regions in order to produce path regions.
Preferably, a confining layer is deposited after the path layer and the exposure is
carried out thrbugh this deposited confining region. .

In accordance with the preferred embodiment of the invention, a uniform
path layer is deposited onto a substrate having an exposed layer of a silica glass
wherein the path layer is formed of a silica glass containing oxides of Ge and B in a
mole ratio such that the deposited path layer has the same refractive index as the
underlying siiica layer and thereafter depositing a further silica layer on top of the
path layer wherein the refractive index is substantially constant throughout all
three layers. After deposition of the second silica layer the substrate is placed in a
pressure vessel wherein it is exposed to a high pressure atmosphere of hydrogen
at low temperatures. Suitable pressures are within the range 1 to 50 MPa. The
temperature in the vessel is conveniently at ambient temperature, e.g. 0°C to

50°C. During its time in the pressure vessel hydrogen diffuses through the
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covering silica layer and saturates the layer containing germanium and boron and
this sensitises that layer. The device is exposed to radiation via a mask so that the
intended path re?ion gets irradiated. This irradiation causes an increase in the
refractive index of the glass so that path regions are produced. After exposure the
hydrogen will dissipate slowly but no action is needed to achieve this. When the
hydrogen has dissipated the photo-sensitivity will be le,st so that the structure
becomes stable. It should aiso be recognised that the glass only becomes photo-
sensitive In the presence of both germanium and hydrogen so that the upper and
lower confining regions are not affected by the exposure.

[t will be appreciated that many silica glass systems can be rendered
photo-sensitive by saturation with hydrogen and the presence of both boron and
germanium enables the refractive index to be controlled. '

' This invention is aiso applicable to making composite layers for path
regions, e.g., layers which will eventually have differently doped path regions
interconnected to make complicated structures. According to this invention,
composite path region layers can be deposited by the following sequence:

(a} A uniform layer of a first path region composition, e.g. a compaosition
which contains a lasing dopant such as erbium is deposited over an‘ entire
substrate;

(b) Unwanted parts of the deposited layer are removed by mask/etch
technology so as to leave behind a desired structure, e.g. path 'regions;

(c) Depositing in the form of a soot a second glass composition in a

controlled amount caiculated to fill the free space;

(d) Sintering the soot of the second glass composition whereby said
soot consolidates into the free space so as to recreate a single layer said single

layer having a composite composition.

The following considerations are relevant to steps (b), (¢c) and (d) as

‘mentioned above. During step (d)‘ the
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glass (soot) deposited in step (c) melts sufficiently to flow over the desired
structure which remains after the etching in step {b) and it flows down eijther side
of said desired structure. However, a thin residual layer may remain to cover the

desired structure and the following comments apply to this residual layer.

If the residual layer causes an unacceptable deterioration in the

- performance of the finished product it can be removed by controlled etching. This

etching is carried out immediately after sintering when the surface is uniform and
planar. A thin surface layer is removed so that the desired structure is exposed.

The method is particularly intended for the production of path regions and
In this case it may not be necessary to remove the residual layer because it has
little or no adverse effect. The size of a path region is controlled by opticai
considerations and its dimensions are so Small that the residual layer will be very
thin, e.g. O.bum. If it is formed of path region material, it will have the same
refractive index as the path region and it will merely constitute a slight thickening
of the path region. This may not affect ultimate performance.. Alternatively, when
the photosensitive technique is used, the residual layer will be comprised in the
continuing region and it will have the same refractive index as confining material.
Thus its effect upon the ultimate performance will be undetectable. o

During the sintering of the second deposited glass com.position there is
sufficient melting of both layers so that the different compositions become
optically unified at the boundaries. Thus, when path regions are created across
the whole of the composite layer sat'isfactory optical transmission between
different compositions is facilitated. ‘

It is a preferred embodiment of our invention to producé path regions
extending into different glass compositions by utilising both techniques as

described above. Acbording to this preferred embodiment, the composite path

layer contains germanium and boron in such amounts that the
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refractive index is not only uniform throughout the iayer but equal to the confining
regions above and below the path region. After saturation with hydrogen the

composite region is exposed as described above to produce path regions which

- extend into several different glass compositions.

The invention also includes planar waveguide structures having path
regions located in a layer 61‘ glass wherein said layer is a silica glass containing
germanium and boron in a mole ratio which is substantially constant throughout
the layer. These structures are.conVenientIy produced .by the methods described
above and said structures are considered to bev'novel in their own right.

The invention will now be described by way of example with reference to
the aCCQmpanying drawings wherein:

Figure 1 IS @ cross-section showmg a workpiece ready for patterning;

Figure 2 illustrates a composite path region.

Example 1

Figure 1 shows a workpiece which is ready for saturation with hydrogen
as a preliminary to patterning t'o make waveguides. At this stage of the'proc'ess
the workpiece comprises four layers, each of which is substahtially uniform. As
shown in Figure 1 the four layers are as follows. There is a substrate 10 which is

formed of silicon and the ‘primary purpose of the substrate 10 is to support the

-other Iayers_.' Next to the substrate 10 there is a bUfferwlayer 11 which is formed

of silica. In the finished product, the buffer layér 11 will form part of the confining
region of the waveguiding structure and upper layer 13 constitutes anofher portion
bf the confining region of the waveguiding structure. Layef 13 is formed of silica
doped with oxides of phosphorous and boron. In between, and in contadt with
each of the two layers 11 and 13, there is a path layer 12 which is forme_d‘Of silica

doped with oxides of boron and germanium.

The buffer layer 11 is 16um thick and it is formed of substantially pure

silica having a refractive index of 1.446
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at a wavelength of 1..5233.1rn . The path layer 12 is bum thick and, as stated
above, it is formed of silica doped with oxides of Ge and B. The ratio of Ge:B is
selected so that the path layer 12 has the same refractive ir;dex as the buffer layer
11. The upper layer 13 is 16um thick an-d It is fo.rmed of silica doped with oxides
of boron and phosphorous. Phosphorous tends to increase the refractive index and
boron. tends to reduce the refractive index and both of these elements tends to
reduce the melting point of the silica. The ratio of the phosphorous and boron is
adjusted so that the refractive index is equal to that of the buffer layer 11. It is
emphasised that the refractive indices of layers 12 and 13 are adjusted to be equal
to that of the buffer layer 11 and this means that the whole structure, i.e., layers
11, 12 and 13 has a constant refractive index. '
The melting point of the layers is also.of some significance. Layer 11 is of

substantially pure silica and, therefor'e, it has the highest melting point of ahy of '
the layers. Léyer 12 contains boron which adjusts the refractive index (to cancel
out the increase due to the presence of germanium) but the boroh also reduces the
melting point of layer 12. Thus layer 1 2 has a lower melting point than Iayer 11.
L ayer 13 contains both phosphorous and boron and the amounts are balanced so
that the refractive index remains equal to that of the buffer layer 11. However,
both p'hOSphorous and boron reduce the meiting point of siiica so that the layer 13
has an even lower melting point than the layer 12.

| The layered structure illustrated in Figure 1 is prepared by conventional
methods. The silica substrate 10 is commercially available and the buffer layer 11
is produced by oxidiéing this substrate in a suitable atmosphere. The oxidation
directly produCes a densified layer of pure SiO,. 'Layer 12 is deposited by flame
hydrolysis and it is originally in the form of a thick layer of porous soot. During the

disposition of this layer SiClg, BCls and GeCls were introduced into the flame to

produce soot of the
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required chemical composition. The absolute dosage rates of the three reactants ié
less important than their relative amounts. In order to achieve the desired
refractive index (1.446 as explained above) the flow rates were in the following
volume ratio:

SiCl, : BCly: GeCly = 3.75:2.5: 1.

After the deposition just described, the workpiece is removed from the
deposition apparatus and placed in a furnace where it is heated at 750°C for about
one hour. This sinters the layer and causes the thick layer of soot to consolidate
to a thih solid layer as described above.

Finally, the workpiece is returned to the deposition equipment where flame
hydrolysis is used to deposit top layer 13 as described. SiCly, BCl; and PCl; were
introduced into thé flame in the ratios needed to pi'oduce the refractive index of
1.446. After consolidation in the furnace the structure illustrated in Figure 1 is
produced. |

The next stage of the process comprises the patterﬁing of path layer 12 to
produce the path regions. This patterning is achieved by exposing layer 12 to a
similar pattern of ultraviolet radiation. As originally depositéd 'glass of layer 12 has
little or no photosensitivity and it is necessary to increase the photosensitivity of '

the glass. The photosensitivity is such that where the glass is exposed to

‘ultraviolet radiation its refractive index increases. The photosensitivity was

achieved by saturating the device, and layer 12 in particular, with hydrogen. In the

- presence of both hydrogen and germanium the glass is photosensitive. in order to

saturate layer 12 with hydrogen the workpiece was placed in a pressure chamber
which contained hydrogen at a pressure of 17 MPa and a temperature of 20°C.

As an alternative to the high pressure saturation just described, layer 12 is
subjected to chemical reduction. This reduction can be achieved by exposing the
wafer'to an atmosphere containing hydrogen.at an elevated temperature (e.g.,

750°C) for approximately one hour. Since deposition of a covering layer involves

oxidation and since hydrogen will
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'defuse through a covering layer, this reduction is carried out after deposition of

layer 13. It is emphasised that this reduction confers permanent photosensitivity.

'(The reducation raises, slightly, the refractive index of the path layer but the B:Ge

ration is adjusted to compensate.)

The high pressure/low temperature process described above is p'referred.
It confers only temporary photosensitivity because the hydrogen dissipates
afterWards. When layer 12 has_ been photosensitised as described above, the
device is patterned by optical exposure. This is conveniently achieved by
projecting uitraviolet light onto the workpiece from a projector which includes
masks so that only the intended path regions are illuminated. In the region of
illumination, the refractive index increases by 0.008 (from an original value of
1.446 to a final value of 1.454). This corresponds to a refractive index change of

0.5%. After exposure the hydrogen will dissipate leaving behind a waveguide

‘structure.

The final structure is not illustrated since it is substantia‘lly as shown In
Figure 1. The irradiated regions of layer 12 will have increased their refractive
index but the refractive indices of the buffer 11 and the top layer 13 will be
substantially unchanged. Furthermore the un-irradiated portions of layer 12 will
also retain their original refractive index. Thus a satisfactory waveguide structure
has been produced. it will be appreciated that irradiation will not affect the Ge:B
ratio in layer 12. Since this ratio was constant throughout the layer after
deposition it will remain constant'a.fter exposure. ‘

The method of the invention considerably simplifies the preparation of a

planar waveguiding structure. In particular, no etching steps were used.

Exam\ple 2

Figure 2 illustrates an intermediate stage in the preparation of a waveguide
wherein the path region comprises two different chemical compositions. More

particutarly, B
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the structure is intended as a photonic amplifier using erbium doped path regions
for amplification. It is also necessary to provide other, erbium free, path regions
for connection. In 'other words, some but not all of the path region is doped with
erbium.

It is convenient to commence the preparation of this device with a
substrate 10 and a buffer layer 11 as illustrated in Figure 1. On to the substrate
there is deposited and sintered a uniform layer of silica doped with germanium 'and
boron. However, there is an important distinction from 1 in that the Ge:B ratio is
different. In this case the boron IS intended sol.ely as a meilting point depressant
and the relative amount of germanium is higher than in Exampie 1 so that the
desired refractive index of the path region is produced. After sintering, the layer is
masked and etched so that there remains behind only the intended path region.
After this first deposition, a second depositicn s carried out to produce a soot

layer contain'ing phosphorous which both reduces the melting point and increases

the refractive index to that of the desired path region. The soot is lightly sintered

so that it achieves mechanical stability but it still remains. porous. After this light
sintering the layer is soaked in an alcoholic solution of erbium nitrate. After
soaking, the sintering is completed to consolidate the second composition.

The amount of second composition deposited is calculated so as to replace
the material removed in the first etching. During' consolidation, the second
deposited glass flows off the first path. region to leave a composite layer
comprising silica doped with Ge:B as a first composition and silica doped with P/Er
as a lasing composition. During the final sintering the two glasses form a good
optical connection.

The final sintering produces a complete composite layer. That 1Is, it
comprises a complete layer over the whole substrate but the'layer IS composite in

that it comprises the two chemical compositions specified above. The composite
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layer is patterned and selectively etched so that only the intended path regions are
left behind. The path regions produced in the first etching are still retained and
erbium doped glass is removed to leave a composite path region which comprises
both erbium doped and erbium free portions. '

Figure 2 constitutes a plan view showing the nature of the path regions
left at this stage. It should be-noted that the path regions comprises an erbium
free portion 20 and a lasing portion 21 which includes erbium. Higher gains can be '
achieved by using longer path regions and a circuitous route is appropriate to
increase the path length. [t should be noted that the doped 21 and undoped 20
sections are connectéd via tapers 22 in order to improve optical connections.

After .the path regions have been shaped by mask/etch technology, a final
confinihgrégi'on. corresponding to layer 13 of Figure 1, is deposited. In sintering,
this layer will provide a cor.nplxé,te confining region -a¢cording to conventional
practice. '

It will be éppreciated that this method provides a composite path region
but it does not use the direct writing technique described in Example 1. It is
emphasised that, although some of the path regions contain both germanium' and

boron, the ratio is selected to give a refractive index whic_h is higher than that of

~ the buffer layer 11; in 1 the ratio is selected to give the same refractive index as

in the buffer layer 11.

Exampie 3

Example 3 combines the techniques of Examples 1 and 2. This
combination of techniques is not separately iillustrated. According to this
modification a layer of erbium doped silica is deposited and r::at"rerhed't using
mask/ett:h technology to leave behind the desired lasing path regions. This is
substantialiy the same as in Example 2. Affer etching, a layer corresponding to
layer 11 of Example 1 is deposited in such amount that it fills up the\sp‘aces

between the path regions produced in the first etching process. In this
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modification, there is no second etching and the covering layer 13 is provided as
described in Example 1. Finally, the direct writing as described in Example 1 is
applied but only to the second deposited part of the composite layer. [t will be
appreciated that this technigque takes one etching process instead of two as
required in Example 2. ' ‘

In these examples, it was' stated that the direct writing is achieved by a
projector which inciudes a mask. Other direct writing techniques are available.

For example, it is possible to deposit a mask on the surface of layer 13 and

selective irradiation is achieved by providing uniform illumination onto this mask.

After illumination it may be convenient to remove the mask. |t is emphasised that

- although this technigue uses a mask it does not use etching. Another form of

direct writing takes the form of moving a focused spot of intense radiation along
the intended path region. There are many ways of applying the desired radiation

pattern in order to achieve the direct writing of the waveguide.




- 10

15

20

CA 02367029 2002-01-22

15

Claims

1. A method of producing a composite path layer onto a substrate which
method comprises depositing a layer of a first glass composition, selectivély etching said
layer to remove unwanted material and leave behind path regions, depositing a second
glass composition in the form of a soot and sintering said second glass composition
characterised in that the amount of the second glass composition which is deposited is
calculated to replace the amount of removed material whereby moiten compositioh fills
the space created by said selective etching to produce a composite layer which
Comprises sald second glass composition optically connected to the previously
deposited path regions and selectively etching said composite Iay’er to produce

interconnected path regions of two different glass compOsitions.

2. A method aCcording to claim 1, wherein the first glass composition contains

a lasing dopant and the second glass composition contains no lasing dopant.

3. A method according to claim 2, wherein the lasing dopant is erbium.
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