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CONTROLLING BIREFRINGENCE IN AN OPTICAL WAVEGUIDE
AND IN AN ARRAYED WAVEGUIDE GRATING

The present invention relates to controlling birefringence in an optical
waveguide, particulatly a silicon tib waveguide structure, and also to
controlling birefringence in an arrayed waveguide grating.

As is well known, birefringence represents a significant problem in optical
waveguides. Bitefringence can result from a number of different soutces
each of which causes light polatised in a different manner to be subjected to
different refractive indices. This results in light of different polatisations
being transmitted differently by the waveguide with the result that the
behaviour of a device receiving light with a random polatisation, and in
patticular transmission losses, become unpredictable. Some well known
sources of bitefringence are the crystalline structure of waveguides, the
shape of the waveguide (in terms of its Hght guiding cross section), and
stress and strain induced as a tesult of any bends, substtate discontinuations

etc. in the path of the waveguide.

Rib waveguide structures manufactured on a silicon-on-insulator chip are
known. One such arrangement is desctibed for example in PCT Patent
Specification No. W(095/08787. This form of waveguide provides a single
mode, low loss (typically less than 0.2 dB/cm for the wavelength range 1.2
to 1.6 microns) waveguide typically having dimensions in the ordet of 3 to0 5
microns which can be coupled to optical fibtes and which is compatible
with other integrated components. This form of waveguide can also bé

casily fabticated from conventional silicon-on-insulator wafers (as described

JP 2004-510196 A 2004.4.2
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in WQO95/08787 referred to above) and so is relatively inexpensive to
manufacture. It is an aim of the invention to control bireftingence in

structures of this type.

In an arrayed waveguide grating of the kind shown in plan view in Figure 6,
bitefringence can lead to polardsation-dependent frequency (PDF), which
can be seen experimentally as a shift in passband centre frequency as the
transmitted light polatisation is changed — see Figure 8. It is another aim of
the present invention to control polatisation-dependent frequency effects in

structutes of this type.

It has been found that when a layer of thetmal oxide is formed on a silicon
1ib waveguide structure, it induces a physical sttess that effects.the relative
transmission of the TM and TE polarisations in an opposite way to the
overall effect of the sources of birefringence inherent in the silicon tb
waveguide. It has also been found that the degree to which the stress-
inducing thermal oxide layer effects the relative transmission of the TM and
TE polatisations depends on the thickness to which the thermal oxide is

formed.

According to one aspect of the present invention thete is provided a
method of controlling birefringence in a 1b waveguide structure
manufactured in silicon, the #ib waveguide structure comprising an
elongated 1ib element having an upper face and two side faces, the method
including: providing a layet of thermal oxide to a predetermined thickness
on said upper face and side faces of at least a portion of said rib waveguide

structare.

JP 2004-510196 A 2004.4.2
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According to one embodiment, the layer of thermal oxide is provided on a
portion of the waveguide structure, the thickness of the thermal oxide layer
and the length of the portion of the waveguide structure ovet which it is
formed being selected so as to substantially eliminate birefringence in the

waveguide structure.

Howevet, depending on the application to which the optical device
compising the tib waveguide structure is used, the thermal oxide layet may
be formed so as to leave the waveguide with a controlled, predetermined,
no-zeto level of bireftingence, which may be greater or smaller than the
birefringence of the waveguide before the thermal oxide layer was formed.

Accotding to another aspect of the present invention, thete is provided the
use of a layet of thermal oxide in 2 method of fabricating a tib waveguide
structure in silicon to control biteftingence by forming said layer to a
predetermined thickness on at least a portion of said fib waveguide

structute.

Accotding to another aspect of the present invention, there is provided a
method of manufacturing a silicon rib wavegnide structure comprising:
forming an elongated 1ib element in a silicon substrate, the elongated 1ib
element having an upper face and two side faces; and providing a layer of
thermal oxide to a predetermined thickness on said upper face and side
faces on at least 2 portion of said elongated sib element, the predetermined
thickness being selected such as to comtrol birefringence in the sb

waveguide structure.

According to another aspect of the present invention, thete is provided a

method of manufactusing a silicon tib waveguide structute, the method

JP 2004-510196 A 2004.4.2



L T e T e T e T e T e T e T e T T e T e T s O s O s O e TR s T e O e, T s T e, O e, T e, O e T e TR e O e, IO e T e T s R |

(14)

WO 02/27366 PCT/GB01/04270

comprising: forming a plurality of optical components in 2 silicon substrate,
said optical components including at least one elongate tib element having
an upper face and two side faces; growing a layer of thermal oxide on said
plarality of optical components; selectively etching the oxide layer from one
or a set of said optical components, but tetaining the thermal oxide layer
over said at least elongate tib element at least in a.porﬁon thereof, whetein
the thickness of the layer of thermal oxide is selected to control
bitefringence in the elongate tib element.

According to another aspect of the present invention, thete is provideci an
interferomettic optical device including at least two ib waveguide structures
manufactured in silicon and of different path lengths and inherent
bitefringences, whetein a layer of thermal oxide is provided on at least 2
portion of at least one of the two b waveguide structures so as to
substantially equalize the birefringence of the two 1ib waveguide structures.

Accotding to another aspect of the present invention, thete is provided an
optical device including an attay waveguide grating compsising an atray of
1ib waveguide structures manufactured in silicon and having different path
lengths and different inherent birefringences, each rib waveguide structute
comprising an elongated b element having an upper face and two side
faces, wherein a layer of thermal oxide is provided on the upper and side
faces of at least a portion of at least some of the elongated rib elements so
as to substantially equalize the birefringence of each of the b waveguide

structutes.

In this aspect of the present invention, the thermal oxide layer is formed so
as to reduce the polatisation-dependent frequency shift to substantially zero.

Alternatively, in a method of controlling birefringence in an array waveguide

JP 2004-510196 A 2004.4.2
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grating accotding to the present invention, the thetmal oxide layer may be
formed so as to control the polatisation dependent frequency shift to a
predetermined, non-zero amount, which may be mote or less than the
polatisation dependent frequency p‘ﬁor to formation of the thetmal oxide
layer, depending on the application to which the atray waveguide grating is

to be used.

According to another aspect of the present invention, thete is provided the
use of 2 layer of thermal oxide in a method of fabricating an array waveguide
grating comptising an array of rib waveguide structutes in silicon to control
bireftingence by forming said layer to a predetetmined thickness on at least

a portion of at least some of said tib waveguide structures.

According to' another aspect of the present invention, thete is provided a
method of manufacturing an array waveguide grating comptising an array of
silicon rib waveguide structures comprising: forming an atray of elongated
1ib elements in a silicon substrate, each elongated 1ib element having an
upper face and two side faces; and providing a layer of thermal oxide to a
predetermined thickness on the upper and side faces of at least a portion of
at least some of said elongated rib elements, the predetermined thickness

being selected such as to control bitefdingence in the atray waveguide

grating.

According to another aspect of the present invention, thete is provided a
method of manufacturing an integrated optical device, the method
comptising: forming a plurality of optical components in a silicon substrate,
said optical components including an arrayed waveguide prating comprising
an array of elongate rib elements, each having an upper face and two side

faces; growing a layer of thermal oxide over said plurality of optical

JP 2004-510196 A 2004.4.2
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components; and selectively etching the oxide layer from one ot a set of said
optical components, but tetaining the thermal oxide layer over said array of
elongate 1ib elements at least in a portion thereof, wherein the thickness of
the Jayer of thermal oxide is selected to control bitefringence in the attay of

elongate tib elements.

According to another aspect of the present invention, there is provided an
integrated optical device, comprising a plurality of optical components
formed in a silicon substrate, said optical components including an arrayed
waveguide grating comprising an array of elongate 1ib elements, each having
an upper face and two side faces; and a layer of thermal oxide on at Jeast a
portion of said array of elongate 1ib elements, the thickness of the Jayer of
thermal oxide being selected to control bitefringence in the atray of elongate
1ib elements; wherein at least one of the plutality of optical components is

exposed through the thermal oxide layer.

For a better understanding of the present invention and to show how the
same may be catried into effect, teference will now be made by way of

example to the accompanying drawings in which:

Figuses 1 to 3 illustrate steps in manufacturing methods of a tib waveguide
structure;

Figure 4 illustrates an improved non-birefringent structure;

Figure 5 illustrates schematically an improved non-bitefringent artay of
waveguides fot an atrayed waveguide grating;

Figure 5a is a schematic view of a portion of an arrayed waveguide grating
produced according to the present invention; ’

Figute 6 shows a schematic plan view of an arrayed waveguide grating

produced according to the present invention;

JP 2004-510196 A 2004.4.2
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Figute 7 shows a graph of mean PDF shift v. atray waveguide nominal
sepasation for different thermal oxide thicknesses; and
Figure 8 shows a graph showing how the passband frequency can change

with the polatisation in an atrayed waveguide grating.

A method of making a silicon #ib waveguide structure in accordance with a
preferred embodiment of the invention is described. The waveguide
structure described herein is based on a silicon-on-insulator chip. A process
for forming this type of chip is described in a paper entitled "Reduced
defect density in silicon-on-insulator structures formed by oxygen
implantation in two steps” by J. Morgail et al, Appl. Phys. Lett., 54, p526,
1989. This describes a process for making a silicon-on-insulator wafer. The
silicon Jayer of such a wafer is then increased, for example by epitaxial
growth, to make it suitable for forming the basis of the integrated waveguide
structure described herein. Figure 1 shows a cross section through such a
silicon-on-insulator wafer in which an elongated tib element has been
formed. The wafer or chip comprises a layer of silicon 1 which is separated
from silicon substrate 2 by a layer of silicon dioxide 3. The elongated 1ib
element 4 is formed in the silicon layer 1 by etching.

The width of the elongated 1ib element is typically in the otder of 1 to 10

microns, more patticulatly 3 to 5 microns.

It is a problem in guiding optical waves that bireftingent materials
demonstrate a different refractive index for different light polatisations. In
waveguide structutes where it is difficult or impossible to coattol the
polarity of the guided light, this can present a significant problem and in
particular can be the cause of significant losses. It has been found that a

thermal oxide layer can be used, for example, to substantially reduce ot

JP 2004-510196 A 2004.4.2
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practically eliminate birefringence of a 1ib waveguide structute as described

herein.

In a subsequent processing step, a layer of oxide is formed by thermal
growth at 1050°C. This layer is denoted 7 in Figure 2. In Figure 2 like

numerals denote like patts as in Figure 1.

The growth of the thermal oxide takes place over the whole surface of the
wafer, which may incotporate a mumber of silicon waveguides and other
optical components. The wafer may have other integrated optical
components formed on it. Photoresist § is put down over the wafer and
then etched away from selected portions of the wafer. Thus, photoresist
portions 8 are left over those parts of the wafer where a thermal oxide layer

is required.

Subsequently an HF etch is cattied out to remove the unprotected patts of
the thermal oxide layert 7, leaving a layet on the upper face 5 and side faces 6
of the elongated ib element 4.

The finished structure is as flusteated in Figure 4. That is, a layer of thetmal
oxide is left in the finished structure on the upper face and side faces 5,6 of
the elongated 1ib element 4.

According to one embodiment, the thermal oxide is left on the upper and
side faces of only a selected portion of the elongated 1ib element. The
thickness of the thesmal layer is selected such that the portion of the
waveguide on which the thermal oxide is ptovided has a birefringence of
opposite siga to the portion of the waveguide not provided with a thermal

oxide layer. For example, it has been determined from experirnent that the

JP 2004-510196 A 2004.4.2
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bitefringence of a waveguide having a ridge height of 4.3pm, a ridge width
of 5.8 pm and an etch depth of 1.7 um is reduced from +3.1x10* to -
0.55x10* (where birefringence is defined as npg — nipy) by the provision of a
. 0.35micron thermal oxide layer wet-gtown at 1050°C, and that the
birefringence of a waveguide having a tidge height of 4.3 pm, a ddge width
of 3.8 pm and an etch depth of 2.3 um is reduced from +1.8x10™ to —
6.4210* by the provision of such a thermal oxide layer. The telative length
of the portion of the elongated tib element provided with the thermal oxide
layer is selected such that the overall bireftingence of the waveguide is
substantially zero. For example, if the portion of the waveguide on which
the thermal oxide is provided has a bitefringence of magnitude 5 times
greater than the portion of the waveguide without the thermal oxide layer,
then the length of the portion on which the thermal oxide layet is provided
is sclected to be one-fifth (1/5) of the length of the portion without the
thermal oxide layer so as to substantially eliminate bitefringence for the

waveguide as a whole.

In an alternative embodiment, 2 blanket layer of thermal oxide is left on the
upper and side faces of the entite elongated tib element, and the thickness
of the thermal oxide layer is selected such that the overall bitefringence of
the waveguide is substantially zero.

Although not shown as a featute of the embodiment described above, the
thetmal oxide layer may be left over the whole surface of the silicon
substrate. It is thought that vatying the extent to which the thermal oxide
layer extends over the substrate flanks may also be used to control

birefringence in the waveguide.
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The application of the preseat invention to controlling bitefringence in array
waveguide gratings shall now be desctibed, also by way of example only.

Integrated optical components such as demultiplexers comprise an atrayed
waveguide grating such as the one schematically shown in schematic plan
view in Figure 6. Such a grating typically comprises a silicon-on-insulator
wafer 8 of the kind desctibed above having an input b wavegnide 10
separated by a first free propagation region 16 from an atray of b
waveguides 12 whose optical lengths increase in fixed increments, and a set
of output 1ib waveguides 14 separated from the array of tib waveguides by a
second free propagation region 18. The output tib waveguides ate aligned
in patallel at the edge of the wafer 8. The tib waveguides are defined by
grooves etched in the epitaxial silicon layer, which are shown in black in
Figure 6.

As mentioned above, birefringence in the waveguides can lead to
polatization~dependent frequency effects, which can be seen expetimentally
as a shift in pass-band centre frequency. The inventors of the present
invention have found that these effects can be controlled by growing a
thermal oxide layer on the atray of tib waveguides.

An array of waveguides may be fotmed under the following conditions. A
layer of silicon is epitaxially grown to a thickness of 1pm to 10 pm, and then
trenches are etched to a depth corresponding to 10% to 90% of the
thickness of the epitaxial silicon to leave an artay of ribs having a width in
the range of 1 um to 10 wm and a separation in the range of 1 um and 50
. A layer of thermal oxide is then formed over the entite atray at an oxide
growth ternperature in the tange of 800°C to 1200°C to a thickness in the
range of 0.01 pm to 1.0 pm.

10
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A schematic-cross-sectional view of a waveguide provided with such a
thermal oxide layer is shown in Fig. 5. Oaly three waveguides have been
shown, although the array will typically comprise more waveguides. In
Figure 5, like numerals denote like parts as in Figure 4.

According to one embodiment as shown in Figure 6, the thermal oxide layer
is etched away from selected portions of the atray waveguide grating by the
techniques described above to leave a truncated triangular thermal oxide

patch 30 on a selected portion of the artay waveguide grating.

Owing to their different lengths and degrees of curvature, each waveguide
of the array waveguide grating has a different inhetent structural
biteftingence. The thermal oxide patch 30 is configured such that the
overall bitefringence in each waveguide of the array is substantially the same.
The thermal oxide layer reduces the bireftingence of the portion of the
waveguide on which it is formed (whete birefringence is defined as the
difference in refractive index between the TE and the TN modes, i.e. fipg —
fiy. ) The inherent structural birefringence is greater for the longer
waveguides of the array. Accordingly, as shown in Figute 6, the thermal
oxide patch is configured such that the length of the portion of each
waveguide provided with the thermal oxide layer increases with increasing
length of bthe waveguide so as to compensate for the difference in inherent
birefringence between the waveguides of the array. ‘The thickness of the
thermal oxide layer and the configuration of the patch is selected such that
each waveguide of the array has a substantially common level of overall

bitefringence ot substantally zero overall birefringence.

11
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In an alternative embodiment, a blanket layer of thermal oxide is left over
the entire array waveguide grating, and the thickness of the thermal oxide
layer is selected to reduce the polatisation dependent frequency shift to zeto
(or to another predetermined amount, depending on the application to

which the array waveguide grating is to be used).

For example, results have been achieved with a silicon epitaxial thickness of
4.3 um, an etch depth cotresponding to 40% of the silicon thickness, a rib
waveguide width of 4 um o1 6 pum, a waveguide separation in the range of 5
wm to 15 pm, and a thermal oxide layer grown at a temperature of 1050°C
to a thickness of 0.35 pm.

A plot of measured PDF shift v array waveguide nominal separation for
three different thermal oxide layer thickness is shown for such an
embodiment in Figure 7. The results on which the graph of Figure 7 ate
based were achieved for an atrayed waveguide grating in which the
sepatation between the individual waveguides in the artay vades in a
complex manner in order to provide the required incremental increase in
optical length between adjacent waveguides. The separation of the
waveguides whete they join the second free propagation region ate constant,
and the waveguide nominal separation referred to hete is the separtation at
this point which is considered to equate approximately to the average
sepatation between the waveguides. The sepatation refetsred to here refers to

the distance between the centres of adjacent waveguides as shown as S in

Figure 5.

The wafer in which the arrayed waveguide grating is formed may also
comprise other additional optical components manufactured in silicon. In

such an embodiment, the thermal oxide layer may be formed on the arrayed
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waveguide grating and the additiomal optical components, followed by
sclective etching to expose the additional optical components. Figure 5a
illustrates schematically a portion of an artayed waveguide grating showing a
portion of the thermal oxide layer having been removed to expose an

additional optical component 20.

13
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CLAIMS:

1. A method of controlling bitefringence in a #ib waveguide structure
manufactured in silicon, the 1ib waveguide structute comptising an
elongated tib element having an uppet face and two side faces, the method
including:

providing a layer of thermal oxide to a predetermined thickness on
said upper face and side faces of at least a portion of said elongated tib

element.

2. Amethod according to claim 1, including providing a layer of thermal
oxide on the upper face and side faces of a portion of the elongated rib
clement, the thickness of the thermal oxide layer and the length of the
portion of the elongated tib element over which it is formed selected so as

to substantially eliminate bitefringence in the waveguide structure.

3. Use of a layer of thermal oxide in a method of fabticating a b
waveguide structute in silicon to control birefringence by forming said layer
to a predetermined thickness on at least a portion of said rib waveguide

structure.

4. A method of manufactuting a silicon 1ib waveguide structute
comprising:

forming an elongated 1ib element in a silicon substrate, the elongated
1ib element having an upper face and two side faces; and

providing a layer of thermal oxide to a predetermined thickness on
said upper face and side faces on at least 2 portion of said elongated tib
element, the predetermined thickness being selected such as to control

birefringence in the tib waveguide structute.
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5. A method of manufactuting 2 sih:con tib waveguide structure, the
method comprising:

forming a plurality of optical components in a silicon substrate, said
optical components including at least one elongate 1ib element having an
upper face and two side faces;

growing a layer of thermal oxide on said plumlity of optical
components;

selectively etching the oxide layer from one or 2 set of saild optical
components, but retaining the thermal oxide layer over said at least elongate
1ib element at least in a portion thereof, whetein the thickness of the layet of
thermal oxide is selected to control birefringence in the elongate tib

element.

6. Aninterferometric optic device including at least two rib waveguides
structures manufactured in silicon and having different path lengths and
inhetent bitefringences, each #ib waveguide structure comprising an
elongated rib element having an upper face and two side faces, whetein a
layer of thermal oxide is provided on at least a portion of at least one of the
two elongated ib elements so as to substantially equalize the bitefringence
of the two tib waveguide structutes.

7. An optic device including an array waveguide grating comptising an
array of rib waveguide structures manufactured in silicon and having
different path lengths and different inherent birefringences, each b
waveguide structure comprising an elongated tib element having an upper
face and two side faces, wherein a layer of thermal oxide is provided on the

upper and side faces of at least a portion of at least some of the elongated
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1ib elements so as to substantally equalize the bitefringence of each of the
b waveguide structures.

8. Use of a layer of thermal oxide in a method of fabricating an arrayed
waveguide grating comptising an atray of rib waveguide structures in silicon
to control bireftingence by forming said layer to a predetermined thickness

on at least a portion of at least some of said 1ib waveguide structures.

9. A method of manufacturing an atrayed waveguided grating
comptising an array of silicon rib waveguide structures comprising:

forming an array of elongated b elements in a silicon substrate, each
elongated tib element having an upper face and two side faces; and

providing a layer of thermal oxide to a predetermined thickness on
the upper and side faces of at least a portion of at least some of said
elongated rib elements, the predetermined thickness being selected such as
to control biteftingence in the arrayed waveguide grating,

10. A method according to claim ¢ whetein the atray of 1ib waveguide
sttuctures ate formed by forming an atray of elongate trenches extending
below a surface of the silicon substrate, the side walls of the trenches
defining the side faces of the elongate rib elements, and the upper faces of
the elongated 1ib elements coinciding with said surface of the silicon

substrate.

11. A method of manufacturing an integrated optical device, the method
comptising:

forming a plutality of optical components in a silicon substrate, said
optical components including an arrayed waveguide grating comptising an

array of elongate 1ib elements, each having an upper face and two side faces;

JP 2004-510196 A 2004.4.2
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growing a layer of thermal oxide over said plurality of optical
components; and '

selectively etching the oxide layer from one or 2 set of said optical
components, but retaining the thermal oxide layer over said array of
clongate 1ib elements at least in a portion thereof, whetein the thickness of
the layer of thermal oxide is selected to control birefringence in the array of

elongate tib elements.

12.  An integrated optical device, comprising a plurality of optical
components formed in a silicon substrate, said optical components
including an arrayed waveguide grating comprising an atray of elongate tib
elements, each having an uppet face and two side faces; and a layer of
thermal oxide on at least a portion of said atray of elongate 1ib elements, the
thickness of the layer of thesmal oxide being selected to control
birefringence in the array of elongate 1ib elements; whetein at least one of
the plurality of optical components is exposed through the thermal oxide

layer.

17
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