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(57) Abstract

A three-dimensional waveguide has path regions which share a common conﬁnir}g rf:gion, .preﬁ_:ral.)ly of uniform refra'cti.ve
index. The path regions are located at two or more levels. The structure i§ implemented in sx.hca with dx;tnbuted dope}ms to filstxn-
guish path regions from the confining region. The structure is made using flame hy'drolysm to deposit layers. Melting point de-
pressants are incorporated so that later deposited layers can be melted without melting the whole ‘stmcture..S.o_me layers of pure
silica can be deposited by chemical vapour deposition. These layers are never melted and they provide a stabilising skeleton when »

complicated structures are melted.
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SILICA WAVEGUIDE STRUCTURE

This invention relates to waveguides in which a substrate
provides the mechanical support for the functional structure.
As is conventional, the functional structure comprises path
regions having a higher refractive index enclosed in a

confining region, having a lower refractive index.

In many implementations of waveguides of the type described
above, the characteristic functional pattern of the path
regions can be fully described in two dimensions. In one
configuration, the waveguide takes the form of ribs of path
material which project from a substrate having a planar

surface and this configuration is sometimes called a "rib

‘waveguide". Air is capable of acting as the confining region

for silica (or doped silica) ribs and, therefore, functional
structures are achieved if the ribs are left exposed.

However, it is more usual to cover these ribs with a material
of lower refractive 1index, because covering reduces
transmission 1oss and it also protects the ribs, e.g. against
mechanical damage and against contamination. Where the path
region is covered the structure is often known as a “channel

waveguide".

Waveguides as described above are used to provide a variety '
of functions, e.g. couplers, splitters, ring resonators and

as other optical signal processing elements.

It has been proposed that channel waveguides be implemented
in silica, and silica is also used to make waveguides in the
form of fibre. In fibre technology dopants such as Ge0,, TiOE:
and B,0, ‘are used to increase the refractive index of the core
(which constitutes the path region of a fibre). It is also
known to use dopants such as boron and fluorine to decrease
the refractive index of the cladding (which constitutes the

confining region of a fibre). These dopants provide the
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optical functicn of the fibre waveguide, but it is also known
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o0 use dopants such as Doron, phosphorous an

reduce the melting point ¢ silica, in order to Zacilitate
o

D
ccount when selecting the concentration of the dopant used

to adiust reifractive index. Beron tends to reduce the
refractive index whereas phosphorous increases the reiractive

a
index of the silica, but they both reduce the meltinc p

@
Thererfore a palanced mixturs provides a melting point

depressant which has little or no effect upon the refractive
index. Dopants are also used to support lasing, e.g. rare

earths such as Nd and Ex.

This invention relates to waveguide structures which make
possible more complicated configurations of path regions and
more complicated devices than are available in conventional
planar waveguides implemented in silica. It also facilitates

—he =vproduction of high packing densities of incependent

Accoréing <To <This ainvention, a waveguide has & <Three-

e
dimensional stTructure, wherein a plurality of path regions

are located at two or nore different levels, said path

r
regions sharinc & common confining region, which has a lower
refractive index <than the path regions. Preferaply the
confining region has a uniform refractive 1index and,
preferably, all the path regions have the same reiractive
index. The three-dimensional waveguide structure 1is
implemented in silica or doped silica, wherein the
distribution of the dopants causes the difference 1in

refractive index.

The +three-dimensional tructures may be regarded as a
plurality of waveguide units, juxtaposed as in a stack (non-

waveguide units may also be included.) If desired, path

‘regions in one unit can be functionally coupled to path
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regions in an adjacent unit, e.g. to form couplers or

splitters.

The confining region may contain dopants, e.qg. 3 and/cx F, to
reduce the refractive index. Preferably, the path rsgions

contain dopants, e.g. Ge0, Ti0, or P,0,, to increase the

n
A

refractive index. Path regions may also contain dopants to
support lasing, e.g. rare earths such as Er and Nc. As
mentioned above, <these additives are used for szmilar

purposes in silica fibre waveguides.

This 2nvention includes a method for manufacturing channel
waveguides from (doped) silica, and the method is also
applicable to the manufacture of three-dimensional

structures, e.g. stacks.

The method of the invention, as applied to a single waveguide
unit having path regions of higher refractive index and a
confinzng region of lower refractive Index, comprises:
{a; producing oy Zlame hyvdrolysis a thick porcus layer
of silica or doped silica;

melting the porous laver produced in (a) to zroduce

ft;

a thinner consolidated layer, the temperaturs being
selected so that the surface is at least partially
controlled by surface tension whereby a uniform
surface is produced;

(c) selectively removing unwanted consolidated material
to leave behind the desired path regions;

(d) depositing a layer of silica or doped silica having
a lower refractive index, said material being
deposited in the form of a thick porous laver by
flame- hydrolysis; and

(e? mélting the porous laver produced in (d) to produce
a thinner consolidated layer, the temperature being

selected so that the surface is at least partially
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controlled bv surface tension, whereby a uniform

surface 1s produced.

A thres-dimensional sctructurs cemprising a pluralzty of
waveguide units is produced by repeating steps {a) - (=) once
for each unit wherebv a stack of units is built up one by

one.

This method includes a problem in that, during steps (b) and
(e) & vpreviously d&eposited region, e.g. a path region,
produced in step (c), could melt and hence the coniiguration

could be unacceptably degraded. This danger becomes more and

"more units are juxtaposed to form a stack.

This inavention includes two alternative technigues for

reducing this danger.

echnigue, melting point depressants

cl

According to the first
are inciuded in at least some of the layers deposited by
flame-hydrolysis such that later deposited layers contain

oncentrations of =he melting point depressants than
earlier deposited lavers. This means that the later
deposited layers have lower melting points than the earlier
deposited lavers and, in conseguence, the earlier deposited

layers remain in the solid phase during the consolidation of

Re}

the later layers. It will be apparent that this technique
can be used to preserve the structure of path regions but it
becomes impractical if a large numbers of units e.g. more

than two units, need to be deposited.

According to the second alternative, thin layers of silica
are deposited by methods which do not require melting for
consol:dation. Chemical wvapour deposition, which may be
plasma-enhanced, is an example of such a technigue. Because
the thin layers do not need to be melted they are composed of
the highest melting point material, e.g. silica, in the

structure. They therefore remain rigid when subsequent
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layers pvproduced by flame-hydrolysis are consolidated bv
melting. The rigid layers, distributed throughout the
structure, act rather 1like a skeleton to preserwve the
structure. The high melting layers are preferably deposited
between steps (c) and (d) as specified above. By <this.
technigue the path regions are protected. Extra protection
can be achieved by also depositing a high melting point layer
immediately before step (a). Thus a path region may be

enclosed in high melting material.

It is now appropriate to comment upon the technical

significance of these methods.

It is desired to produce a stack wherein each unit, when
complete, has a flat surface. However, the earlier vart of

the process as described in steps (a) - (c) above, produces

"path regions in the form of ribs which project from the pre-

existing flat surface. Thus, the production of the path
reglions necessarily produces an irregular surface in that it
must ccmprise ribs which project from a flat surface. The
later part of the process, described in steps (d) anc (e),
removes these irregularxties and flame-hydrolysis is
particularly well adapted Ior this purpose because, during
consolidation, the porous material is melted and surfacé
tension plays an important part in controlling the shape 6f

the surface. The surface tension tends to produce a flat

‘surface and, therefore, the consolidated layer will have a

flat surface even when it is deposited over ribs. Thus

flame-hydrolysis ©produces the desired result Dbut, as

" mentioned above, there is the difficulty that prev1ously

deposited regions may melt during consolidation and thereby

degrade the structure. -

Other processes, e.g. chemical vapour deposition and plasma-
enhanced chemical vapour deposition, deposit a consolidated
layer at low temperature. Thus the workpiece is not heated

to its melting point during said deposition whereby the
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problems asscciated with meliting ars avoided. However, the
avoidance oI melting makes it  &difficult to remove

irregularitises {(as mentioned In tThe Dprevious paragraph)
Hence vrocesses which avoid melting nave difficulty in making
the desired flat suriaces. The invention includes the use
of flame-hydrolysis after low temperature deposition. The
flame-hydrolvsis provides the uniform surface as described
above but some of fhe structure must pe melted. However the
lavers produced by the low temperature deposition processes
remain solid and provide a rigid skeleton which helps <o
etain the structure when the porous material is melted in

order to consolidate it.

It is also possible and desirable to combine the <Two
es. Thus increasing the ccncentration of melting
point éepressants in the layers produced by flame-hydrolysis
can help To keep some of the structure in the solid phase
which assists the rigid layers in maintaining the structure.
(T+ will »e appreciated that the layers procduced low
fTemperature are never melted and, therefore, »t 1s
rv and indeed undesirable tTo incorporate melting

a
point depressants In such .ayers. )

The invention will now be described by way of example, with

reference ¢ the accompanving drawings in which: -

Figure 1 is a diagrammatic vertical cross-section through
a three-dimensional waveguide structure, prepared by the
first modification;

igure 2 is a similar vertical cross-section through a
three—dimensional waveguide structure prepared by the
second modification;
Ficure 3 illustrates a configuration offering maximum
protection to the path regions during processing;
Figure < is a plan view of a single waveguide unit

adapted teo split one input into eight outputs; and



3

ey

-

WO 93/16403

10

15

20

25

30

PCT/GB93/00240 -

Figure 5 illustrates two separate units which co-operate

the function as a double ring-resonator.

Figure 1 illustrates a three-dimensional waveguide structure
which is mechanically supported on a silicon substrate 10,
the surface of which was oxidised to provide a thin silica
buffer laver 11. The waveguide structure comprises a path
region 12.1 which Is supported directly on the buffer layer
11 and is surrounded by a silica confining region 13... The
path region 12.1 and the confining region 13.1 constitute the

first layer of the three-dimensional structure.

The second laver of the structure is constituted v path
region 12.2 which is supported on confining region 12.1 and
surrounded bv confining region 13.2. Although Figure 1 only
illustrates <tTwo lavers 1t will be appreciated that the

structure could be continued into further layers.

‘As’ will be explained 1n greater detail below, tThe structure
1

was made in the following seguence.
The starting point was a substrate consisting orly of s:ilicon
10 and buffer layer 11. The various layers were deposited
onto the substrate in the following seguence, namel:y: path
region 12.1, confining region 13.1, path region 12.2 and
confining region 13.2. Each region contained a higher
concentration of a melting point depressant tThan 1its
predecessor. Thus, when each region 1s meltea for
consolidation, the existing lavers remain solid, and hence’

the configuration is preserved.

In an alternative configuration, not illustrated n any
drawing, an extra layer of confining material is _ocated
between buffer laver 11 and path region 12.1. This extra
layer of confining material is deposited first Dby flame

hydrolysis. Conveniently, no melting point depressant is

‘used in this layer.
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Figure 2 illustrates a modification of Figure 1 in which each

of the confining regions 13.1 and 13.2 is divided into first
4

4

a
confining regions 14.1 and 14.2 and second confining regions

15.1 and 15. 2. First regions 14.1 and 14.2 are formed oI

1]

pure silica Dbecause pure silica has a higher melting point
than the other regions (which contain melting point
depressants). First region 14.1 is adjacent to path region
12. 1 and first region 14.2 is adjacent to path region 12.2Z.

Second confinzn 13.1 and 12.2 are as described in

Q
r
[0
W
k"
o
s
wn

Figure

The regions illustrated in Figure 2 were deposited in the

sequence, namely: -

Eath region 12.1, primary confining region 14.1, secondary
confining region 15.1, path region 1IZ.2Z, primary confining
region 14.2 and secondary confining region 15.2. The primary
confining regions 14.1 and 14.2 were deposited by chemical
vapour deposition, poreferably by plasma-enhanced chemical
vapour deposizion. They contain no melting point depressants
so they are <the nighest melting regions 1in the whole
structure. All the other regions were deposited by flame
hydrolvsis fcllowed by melting for consolidation. in this

respect tThe cther regions are the same as in Figure 1.

Primarv confining regions 14.1 and 14.2 were deposited by
chemical vapour deposition and this process not only deposits
consolidated silica, but it does sc at low temperature. Thus
primary confining regions 14.1 and 14.2 are not melted as
part of their production, and they are never melted during
the preparacion oifi the whole device. The structure
illustrated in Figure 2 permits melting of previously

eposited path regions and confining regions because the

rimary confining regions remain as a solid skeleton to

g

preserve the structure. It is still necessary to use melting
point depressants in the layers deposited by flame hydrolysis

in order to provide lower melting points than the pure
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silica. The use of pure silica lavers facilitates the
building up of structures with a large number of layers,
because the use of melting point derressants, as the only.
technigque, becomes difficult when it s necessary to provide
a large number of regions, each having a different melting

point.

Figure 3 illustrates a configuraticn which conserves the
shape of a path region 53 and reduces cdiffusion into adjacent
regions. The configuration is sometimes desirable in
complicated structures where repeated re-melting gives rise
to a substantial risk that the configuration will become

degraded.

Figure 3 illustrates a low melting coriining region S1, which
was produced by flame hydrolysis. This region is covered
with a thin laver 52 of pure silica which was produced by
chemical vapour deposition. This implies that layer 52 was
not melted during its production, ané is never melted duriné
the production of the whole device. The path region 53 is
located directly on thin layer 52. During the course of its
production, path region 53 was deposited by flame hydrolysis
as a uniform laver which was consolicdated by melting. During
the melting stage thin layer 52 remained solid so reducing
the possibility of diffusion of path region material into

confining region 31l.

After shaping, path region 53 was covered by a thin layer 54
of pure silica which was also produced by chemical vapour
deposition. Thin layer 54 resembles thin layer 52 in that

neither layer is ever melted. However, thin layer 52 does

not produce the uniform surface which is desirable, and this

is achieved by depositing a further layer 55 which consists

'of low melting silica produced by Zlame hydrolysis. When

layer 55 was melted for comsolidation, path region 53 and
confining region 51 also melted. However, thin layers 52 and

54 remained in the solid phase. Thus the cross-section of.
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path .region 53 was preserved because the path region was
surrounded by & solid skeleton. furthermore, the xisk of

molten lavers 31, 23 or 53 diffusing into one another was

It will be apparent that the structure illustrated in Figure

)

provides thorough protection when complicated structures

a]
(0]

To Dbe produced. However, in mosStT circumstances, it I

169]

g
o]

ossible to simplify the production schedule by omitting thi
a

F-

ver 32 without serious risk of damage.

Figqure 4 1is & plan view of a connector which would be
suitable for a single unit of a multi-unit structure
according to the invention. The connector has eight output
ports 21 - 28 which provide connection to eight different

r
external fibres. As can be seen in Figure 4, the eight ports
21 - 28 are connected :n palrs to four primary nodes 2% - 32

In turn, the four primary nodes are connected to secondary

4 which are also linked to a £final node 325

which is connected to a single input port 36. The pattern
illustrated in rigure 4 is suitable Zor use as a splitter.
For example, a2 Laser connected to port 36 would be eguivalent
tc eight lasers located at ports 21 - 28,

Figure 4 couléd be provided as a single unit of a device
wherein the other units have diifferent structures. It is
emphasised that structures of the individual wunits are

independent of one another.

Figure 5 illustrates a double ring resonator which involves
the interaction of signals in two different layers of the
three-dimensional device. TFigure 5 comprises two separate
Figures, identified as "A" and "B" to illustrate the two
parts which interact. The complete functional unit comprises
circular path regions 40A and 40B which interact when they

are superimposed in the complete structure. Circular region
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40A is associated with a linear path region 41A whereas
circular path region 40B is similarly associated with =&

linear path region <41B.

The structures according to the wnvention, e.c. the
structures illustrated in Figures I - 3, are conveniently

prepared by deposrting a sequence of units each oI which

"comprises a plurality, e.g. two or three layers. Some or all

of the layers are deposited by Zlame hydrolysais. Some
layers, e. g. rath regions, are shaped, e.c. bv
photolithography and etching before subsequent layers are
deposited. Structures having several units and many layers
can be Dbuilt wup, Dbut it is important that previously

deposited layers are not damaged during the deposition of

subsequent layers.

Flame-nydrolysis is used to deposit at least some of the
layers. Flame-hydrclysis is carried out at'high temperature

in a oxygen/hydrogen flame, which provides the water Zor the

‘hydrolysis part oI the reaction. Reagents are introduced

into the Zlame in cxder tc produce the desired lavers. Thus

[

SiCl, is introducec to the flame, to produce Si0, which is an
o

important constituent £ all the lavers. In oxder to
increase the refractive -ndex of the Si0, it is necessary to
introduce ancillarv reagents =ntc <the flame, anc three
important ancillary reagents are GeClL, which produces Ge0,,
TiCl, which produces TiC. ard PCl, or POCl, which are converted
to P,0.. All of these ancillary reagents increase the

refractive index of the silica to produce path regions.

In addition to the reagents used o vary the refractive

- index, the inventicn utilises other reagents to reduce the

melting point of the deposited layer. For example,
introducing BCl, and/cr 2Cl, into the flame dopes the SiO0.
(and any additives used to adjust the refractive index) with

B,0, and/or P,0;, careful selection of the correct ratio will
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avoid unwanted modifications of <the refractive index.

Reagents to introduce lasing additive may also be used.

The reactions which occur in the flame-hydrolysis process
produce, in the first instance, a product which 1s in the
form of very small particles, and for this reason the product
is often known as "soot". It is emphasised that flame-
hydrolysis produces a very thick layer of material having a
low bulk density and this material must be consolidated by

melting it.

After +the deposition of a path region, e.g. a region
containing Ge0,, the consolidated region 1is etched to give a
desired configuration, e.g. configurations as illustrated in
Figures 3 and 4. This etching is achieved by conventional
photolithography followed by etching, e.g. reactive ion

etching.

highly desirable technigue Ior

W

Flame-nvdrolysis =S
producing multi-laver structures because the deposition oI
thick layers followed by melting is capable of giving uniform
or flat surfaces. ©Part of the explanation is that the molten
material is controlled »v surface <tension, and suriace
tension produces a flat surface. Prom Figures 1 and 2 it
will be apparent that, when the confining region is deposited
the surface is uneven because the path regions 12.1 or 12.12
project from the surface as ribs. Flame hydrolysis is
adapted to produce a flat uniform surface over a ribbed

substrate.

A brief description of the preferred method of making the
primary confining regions will now be given. These are shown
as 14.1 and 14.2 in Figure 2 and as 52 and 54 in Figure 3.
The method comprises reacting SiH, with NO at a pressure of
2 torr. The gas phase, which 1is cool, impinges on a
substrate heated to about 400°C and a high-frequency fielgd,

e.g. 650 kHz, 1is applied across substrate. The field
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produces a plasma which causes the NO to dissociate into
atomic oxygen which, on the surface of the substrate, reacts
with SiH, to produce Si0, as a consolidated solid. The
technigque is not as good as flame hydrolysis to produce a
flat surface over a shaped substrate, but it has <the
advantage of giving consolidated Si0O, at low temperature
without melting the other layers. Similar processes are also
available which do not use the plasma. For example SiH, may

be reacted with oxvgen.
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CLAIMS

A three-dimensional waveguide structure which has a
plurality of path regions located at two or more
different levels, said path regions sharing a common
confining region, wherein said structure is implemented
in silice or doped silica and the distribution of
dopants distinguishes the path ©regions from the

confinin

Q2
H
(0]

Q
[
O
H
n

A waveguide structure according to claim 1, wherein the
common confining region has a uniform refractive index
which is lower than the refractive index of the path

region having the lowest refractive index.

A waveguide structure according to either claim 1 or
claim 2, wherein the path regions contain a dopant to

increase the rsiractive index.

A waveguide structure according to claim 2, wherein the

dopant is selscted Irom Ge0,, Ti0, and P.0..

4

A waveguide structure according to any one of the

1

s, wherein at least a portion of the

preceding clai:

portion including some or all of the

fh

structure, sa:

confininc region, contains a melting point depressant.

A waveguide structure according to claim 5, wherein said
melting point depressant is constituted by a combination
of two different additives in relative proportions such
rhat the combination has little or no effect upon the

refractive incex.

A waveguide structure according to claim 6, wherein one

additive is B;% and the other is ony
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A waveguide structure according to any one of claims 5,
6 or 7, wherein the confining region includes at least
one region free from melting points depressants, said

region being adjacent to at least one path region.

A waveguide structure according to claim 8, wherein-
every path region is adjacent to at least one undoped

region.

A method of making a waveguide structure as claimed in
any one of the oreceding claims, which method comprises
depositing a series of waveguide structures onto a
substrate each of said waveguide structures including zat
least one path region of higher refractive index
associated with a confining region of lower refractive
index, whereinrn each of said waveguide structures is

produced by: -

deposzzing zyv flame hydrolysis a thick porous lay

[3)]

e
of silica :or doped silica said laver having the
higher reifractive index;

(b) melting the porous layer produced in {a) to produce
a thinner consolidated layer, the temperature being
selected so that the surface is at least partially
controliled »v surface tension, whereby a uniform.
surface 1s p»roduced;

(c) selectively removing unwanted consolidated material
to leave benind desired path regions;

(d) depositing a layer of silica or doped silica having
the lower refractive index, at least some of said
material being deposited in the form of a thick
poroué layer by flame hydrolysis; and 7

(e) melting the porous layer produced in (d) to produce

a thinner consolidated layer, the temperature being

selected so that surface 1is at least partially

controlled by surface tension whereby a uniform

surface 1s produced:
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wherein at least one later deposited layer contains
a greater concentration of melting point depressant
~han at least cne earlier deposited layer and, during

steps (b) and ie), the temperature is controlled so

n

~hat not all zf the previously deposited structure is

melted.
11. A method accoréding to claim 10, wherein during the
preparation of =zt least one layer, step (d) comprises

depositing a first region of cladding material adjacent

in

icns produced in steps (a) - (c) said

.
O

to the path rea
first region being produced by a process which produces
a consolidated laver without melting it, and thereafter

depositing a second layer of cladding material by Ilame

wn

hydrolysis where:n second region of cladding material ha

43

15 a lower melting point than the material of the first
region of cladéing material and said first region o
cladding materizl is not melted during the performance of

step (e).

12. A method accord:ng To claim 11, wherein the first region

NS
(&)

s deposited by a chemical wvapour

} s

0of cladding matarial

jor

eposition.

o
Lo

A method according to claim 12, wherein the chemical

vapour depositicn is plasma enhanced.

14. A method according to any one of claims 11 to 14, wherein
25 the first regicn of cladding material is substantially

pure silica.
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