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& (57) Abstract: A structure comprises an inner strip waveguide (1) and an outer rib waveguide (2) on a common substrate. The
& thicker inner waveguide (1) is patterned into an inner core layer (3). The thinner outer waveguide (2) is patterned into an outer core
e\ layer (4). The inner and outer waveguides are separated by a gap (5) being less than 500 nm. The structure forms an adiabatic

coupler. In the method, the first (inner) waveguide (1) is patterned into the thicker inner core layer (3) by etching trenches (8). A
thinner outer silicon layer (4) is attached on top of the inner-core layer (3) and the first waveguide (1) to form an outer core layer (4).

The second (outer) waveguide (2) is patterned into the outer core layer (4).
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A STRUCTURE COMPRISING AN ADIABATIC COUPLER FOR ADIABATIC
COUPLING OF LIGHT BETWEEN TWO OPTICAL WAVEGUIDES AND METHOD FOR

MANUFACTURING SUCH A STRUCTURE

FIELD OF THE INVENTION
The invention relates to integrated optics

and the subject of the invention is a structure for
¢oupling light between two different and superimposed
waveguides, and a method for producing the structure.
The invention is described primarily in relation to
silicon waveguides (for example fabricated by photo-
lithography and dry-etching of silicon-on-insulator

layers), but it is applicable to semiconductor

waveguides generally.

BACKGROUND OF THE INVENTION
In some optical applications, there 1s a need

to couple 1light efficiently between the fundamental

- modes of two different waveguides, the first and the

second waveguide. With respect to wavegulding proper-
ries, the two waveguides are characterized by their
crogs-sections, which can have different sizes, shapes
and refractive index differences, or in general, dif-
ferent refractive index distributions. The cross-
sections determine the field distributions of the
waveguide modes, including the fundamental mode.
Fig. 1 represents the core geometries for two typical
waveguide types, namely a strip wavegulde shown in
Fig. la and and a rib waveguide shown in Fig 1lb. The
core is usually surrounded by é lower-index cladding
material not shown in Figs 1la and 1lb, or materials,
which can be solid matter, gas or even liquid.

In case of waveguides on planar substrates
(i.e. on waveguide chips or wafers), the width W of
the waveguide can often be easily modified (e.g. by
changing the linewidth in a photolithographic mask) ,
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systems.

but the waveguide thickness H 1s much more difficult
to manipulate. Often the wavegulides are formed by

etching evenly deep trenches or by depositing evenly

thick material layers on top of the substrate. Con-
tinuous changes in layer thicknesses along the propa-
gation direction are often difficult to realize . on

planar substrates. Therefore, in light coupling be-

tween different waveguides the difference in waveguide

thicknesses or, in particular, in the vertical inten-
sity distributions of the ‘optical £fields, is often
more crucdial than any difference‘s in the horizontal
direction. Therefore, it is"esseﬁtial to find a way te
efficiently couple 1ight. between thin and thick
waveguides, or thin and thick waveguide fields.

In optical systems a single optical signal

often propagates through several different waveguldes

oY similar propagating medla, which are each optlmlzed
for a given Optlcal function. For example, an optical

fiber may be used for 1ong -haul transmission, a thick .

silicon wavegulde may be used for efficient coupling

with the fiber as well as for low-loss propagation on

‘a 'silicon chip, and a thin silicon waveguide may be

used for realizing mlnlaturlzed optical circuits and
fast optlcal modulators on a silicon chip. Also, light’
emitting diodes, lasers and optical detectors ‘have
various different .sizes and: shapes These may. also
have to be coupled to the waveguldes, which often in‘?- |
fluences . the des:.gn for different wavegulide Cross-

sections. BAs it is often unpractical to propagate

light only along one type of waveguide, low-loss cou-

pling of the fundamental mode between different

. waveguides is a crucial challenge in realizing optical

It is preferred to realize the first and the
second waveguide, as well as the coupling means be-
tween them, on a common chip or substrate. Then it 1is

possible to -align the waveguides and the. coupling
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means lithographically on a wafer scale, which avoids
the typical increase in cost and loss associated with
active and passive alignment of separate optical sub-
components and, especially, small waveguides.

'~ Direct butt-coupling, i.e. aligning the‘~two |
waveguides succeggively along a common line, is the
most etraight-ferward method for waveguide coupling,
but this oftren results in high coupling lossesq, espe—-

c:Lally when the field distributions of the waveguldes

are clearly dlfferent This method can be succesfully&

used if the field distributions are sufficiently simi--
lar, e.g. between an optical fiber (core diameter ~3
Lm ) and a size-—matched silicon -waveguide (width and
height ~9 um) . | | o |

| Ma.ny' other methods and coupling structuree
have been proposed for this :meortant task, each hav-
ing their own advantages~ahd‘drawbacksl

Oﬁe known coupling structure is a horizontal

taper ‘with. a continuously changing wavegulde ‘width.

The o:..aper is placed between the first and the second
waveguide, so that they are all aligned successively
with respect to each other. This method is easy to im-

plement on waveguide chips, but it cannot e’ffic’:’iently°

rection. However, it is often used in conjunction with
other coupling methods to minimize the ‘horizontal
field-mismatch. |

Another known coupling structure is a verti-

cal taper with a continuously changing waveguide
thickness. This is similar to the horizontal taper,
but much more difficult to realize in practise due to |
the above mentioned llmltatlons in planar processing.

Another known coupllng structure .18 a verti-

.cal taper cons:Lst:Lng of more than one  etch step on

each side of the waveguide core, as described e.g. 1in

US Pat. No 6,108,478, and illustrated in Fig. 2. In

such a taper the thickness of the. wavegulde changes
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abruptly in the tip of the upper taper, but the verti-

cal field distribution of the fundamental mode changes

gradually between the first and the second waveguilde.

Such a taper can be easily fabricated by etching

trenches into a homogeneous silicon-on-insulator (SOI)

‘layer in two oOr more successive etching steps. How-
‘ever, after such a process the thickness uncertainty

"of the thinner waveguide is a combination of the un-

certanties in the original silicon layer thickness
(e.g. +/°-500nm in bonded SOI wafers) and the etch

| depths (e.g. 5-10%). For many practical applications

such an uncertainty is too much. Epitaxial growth of
silicon may reduce the thickness uncertainty, but 1t ;
also increases the complexity and costs in fabrica-
tion. |
| One set of' known coupllng structures is par-
allel couplers that couple light between EWO parallel
and different waveguides that are positioned side by
side or on top of each other, or in some cases even
within each other Coupllng of light with these paral-

lel couplers between two clearly digsimillar wavegu:t.de

cores can be based on gratlng assisted coupling, di-

rectional coupling or adlabatlc coupling. Grating as-
sisted coupling typically involves problems, such as:
expensive fabrication, high coupling loss, and depend-

ency on wavelength .and polarization. Adiabatic cou-

pling means that the optical power does not couple’

from the fundamental mode to higher-order modes. It

requires sufficiently long tapers and couplers (slow

rransformations in waveguide cross-section along the.

structure) .
" Known variations of directional couplers and

adiabatic couplers are described e.g. in US Pat. No

6,282,345 Bl, US Pat. No 6,229,947 Bl and US Pat. No
6,310,995 Bl, and illustrated in Fig. 3. These known
°coxliple:rs are typically fabricated from compound semi-

conductor materials, such as InP or GaAs, by epitaxial
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layer growth. In the directional coupler one input
signal excites both system modes of the waveguide core
pair, and the interference of the modes couples light
between the two cores. This coupler is sensitive to
i1ts length and also somewhat sensitive to wavelength‘

and polarlzatlon Correspondingly,  1n. the adiabatic

coupler one input signal excites only one system mode

of the waveguide core pair, and adiabatic transforma-
tlon of the system mode's fileld dlstrlbutlon couples
1ight between the two cores. This is schematlcally 11 -
lustrated in Fig. 4 for a two dimensional case (solid:
line = lowest system mode, i.e. the fundamental mode,
dotted line = second-lowest system mode) . The optical

power of the wavegulde palir's fundamental mode f'Ls

mostly confined by the waveguide that ‘has a hlgher ef -

fective index when considered alone, i.e. without. the
other ‘wavegulde The power ratlo between = the
waveguldes reverses around that point where the effec-
tive indices cross. It should be noted that in F:Lg 4
the widths of the waveguides determlne their effective
1nd1ces, but in a physical three- dimensional structure
the effective indices depend on the whole refractive
index distribution, including -the effects of core
width and height, as well as the refractive indices of
all the materials. Adiabatic coupling is typically not

sensitive to wavelength, but it often requires longer

coupling length than interferometric coupling. -All of

- these parallel coupler types, and particularly the

known adiabatic coupler structures, represent the

technology which is closest to the invention and cor-

responds to the preambles of claims 1 and 13.

In all the above mentloned vertical tapers.

and parallel couplers the top surface 1nvolves deep

trenches or at least high non- planarlty in the wafer-

scale. This poses severe llmltthlOIlS and dlfflcultles

to the further processing of the wafer. For example;

patterning of narrow metal strips, such as ‘electrodes
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or heaters, flip-chip bonding, and hermetic sealing of
the chip become more and more difficult as the maximuim
trench depth increases on top of the wafer. Often such
processes need to be done after the waveguide pattern-
1ng due to restrictions e.d. :Ln process . temperatures

Tt is difficult to pattern anythlng on - top of ribs

ﬁsurrounded by deep trenches and even more dlfflcult to

‘pattern ‘anything to the bottom of deep trenches, sur-

rounded:- by thick ribs. Nevertheless, there is often a
need to rpattern metal contacts etc. on top of
waveguides, and particularly on top of the thinner
waveguides that in the known coupling structures are

typically surrounded by much thicker ribs.

In some applications there is a need to seal

the top surface of a waveguide chip hermetically, and

this can be done by. attaching a cap on top of the chip

with e.g. direct bonding or glueing. Using any of the
known vertlcal tapers or parallel couplers leaves deep

trenches on the surface, which makes the hermetlc

°sea11ng qulte difficult or at least requires some: kind

of planarization before the cap attachment.

At least in silicon technology, there is a
lack of an opticai coupler that efficiently couples
light between a thin and a thick waveguide, provides:
good thickness tolerance for the thinner waveguides,
enables easy patterning "of metal - centacts etc. on top
of the thanner waveguldes,‘and maintains good planar-

ity of the top surface

" PURPOSE OF THE INVENTION

The purpose of the invention is to provide an

optical coupler that effiqiently couples light between

a thin and a thick waveguide, provides good thickness

tolerance for the thinner waveguides, enables easy
patterning of metal contacts etc. on top ol the thin-
ner waveguides, and maintains good planarity of the

top surface. Furthermore, the purpose of the invention
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is to provide a method for manufacturing such a cou-

pler.

SUMMARY OF THE INVENTION

The coupling structure of the invention is

characterised in what 1s disclosed in cla:Lm 1. The

| fa-brlcatlon method of the invention is characterised

in what is disclosed in claim 13. |
: The structure comprises an inner. waveguide
disposed 1ns:Lde the structure and an outer wavegulde =
disposed e)s! top of and longltudlnally 11 allgnment
with the inner waveguide, each of the inner and outer
waveguiqdes having a refractive index of at least 2.5
and being arranged on a common planar substrate. |
According to the invention, the . inner
waveguide is a strip waveguilde having a substaﬁtially
rectangular Cross- sectlon and patterned into an inner
core layer.. The outer waveguide is a rib waveguide
which is ' thinner than the inner wav_egulde and pat-
terned into an outer core layer. The cores of the in-
ner and outer waveguides are separated by a gap, the
thickness of said gap being less than 500 nm. The op-

tical power is coupled from one waveguilde to another

'by changing -the width of at least. one of the

waveguides forming thereby a longitudinal coupllng re-

gion along the coupler.

In one embodiment of the invention, an inner

~ core layer is silicon.

In one embodiment of the invention, the outer
core layer is silicon. Preferably both waveguide cores
are made of gilicon and they haav'e the same refractive
1ndex (~3.5), although this 1s not necessary. |

In one preferred embodiment of the 1nventlon,

the refractive 1index of the inner waveguide 1s sub-

stantially equal to the refractive index of the outer

wavegulde.
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In one embodiment of the invention, the core
width of the inner waveguide is changed while the core
width of the outer waveguide remains unchanged along
the coupllng region of the coupler

- In one embodlment of the :anentlon, the cou-
pler has a first end and a second end, - and at the
first end the core width of the :Lnner waveguide is
higher than the core thickness of the inner waveguide
while at the second end of the coupler the core width
of the inner waveguide is smaller than the core thick-
nesg of said outer waveguide. |

In one embodiment of the invention, .thé“cou;"

pler is disposed to couple light efficiently between
the fundamental modes of the inner waveguide and the
cuter waveguide.

ITn one embodiment of the invention, the

thickness of the gap between the inner and outer core

layers increases. locally outs:Lde the coupling region
for ellmlnatlng any unwanted opt:Lcal coupllng between
the 1nner and outer core 1ayers |

In one embodiment of the ‘invention, at least
somewhere outside the actual coupling region, like di-

rectly before or after the athal coupling region, the

thickness of the gap between the inner and outer core
layers is increased adi'abat'icaily along a multi-step
tapering structure.. | .

In one embodiment ef the invention, at least
somewhere. outside the actual coupling region the inner

wavegulide 1s transfermed from a highly multimoded strip

waveguide into a rib waveguide that has only one or at

least much less modes, the transformation being carried

- out adiabatically along a; multi-step tapering struc-

ture.

In one embodiment of the invention," the cou-
pler. forms a micromechanical switch or modulator that

is controlled by a relative movement of the inner and
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~where n,., < 1

outer waveguides for changing the thickness of the gap
between the waveguides.
In one embodiment of the invention, the cou-

pler forms a polarizer or a polarization splitter.

In one embodiment of the oinvention, the inner
waveguide forms a tip somewhere along . the coupler,
. . 27, so that in the second end of the cou-

pler core width W, = 0. o
The coupler according to the :anentlon has
the advantage that the th1n outer core layer does not
need to be patterned through, i.e. it can completely
cover the deep trenches etched into the inner core
layer. Therefore, the top surtace remains highly pla-

nar, which enables easy post-processing after the

waveguide patterning. Potential post-processing steps

are e.g. deposition and patterning of addltlonal thin
films, formation of additional trenches, wafer or die |
bonding, and monolithic or hybrid 1ntegratioﬁn in gen-
eral. Metallic thin films are often needed to i1mple-
ment. electrical contacts, wires or contact pads, heat-
ing resistors, fiip_’.chip pads, solders for hermetic
sealing etc., while dielectric thin films can be used
e.g.afor optical top claddings and diffusion‘barriers.
Additional trenches are sometimes needed e.g. for fi-
ber attachment, flip-chip bumps or passive al'i‘gnment.
Wafer or die _bonding can be used for wafer or ohip
level integration, as well as for hermetic sealing
with a separate cap. Another advantage of the unbroken
outer core layer on top of the patterned lower core
layer is that some structures patterned into the lower
core 1ayer can be hermetically sealed simply with the

outer core layer. The ability to maintain a relatlvelyr

planar top surface and an unbroken outer core layer

.does not exclude thequSSlblllty to etch.deep trenches

through the outer core layer.

" The coupler according to the invention also

has the advantage that, as a whole,. its operation can
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be insensitive to most of the structural parameters,
such as the core thicknesses of the inner and outer
waveguides and slab thickness, core widths of the in-
ner and outer waveguides, refractive indices of the
waveguides, the separating gapa'“ and the various clad-
ding’meterials, thickness of the separating gap, hori-
zontal énd" longitudinal alignment between the two

:weveguides, and the sharpness of the taper tip in case

of a vanishing core width along the coupler, although
all these parameters slightly affect the exact posSi-

tion where light couples from one waveguide to another

along the adiabatic taper. .
The coupler according to the invention also

has the advantage that its internal dependency on the

thickness of the separating gap can be used to imple-

ment a micromechanical switch or modulator, where a

relatively small movement of less than 500 nm can
radically change the amount of light coupling from one
wavegulde to another along the adiabatic coupler.

- The coupler accordlng to the :anentlon also

has the advantage that as a whole its operation can be

‘insensitive to wavelength and polarization, although

the different wavelengths and especially polarizations
may couple from one wavegulde to another in - a slightly
different position aleng’the adiabatic taper. |

| The coupler. according to. the invention also
hag the advantage that its internal polarization de-
pendency can berueed to implement a polarizer or a Ppo-

larization splitter, where only one polarization is

| .allowed to couple from one wavegulde to another. This

can be realized by des:Lgnlng the coupler so that be-
tween i1its ends the effectlve indices of the two .
waveguides meet only with one polarization.

| The coupler according. to the invention also
has the advantage that by using additional etch steps
in_the'patterningof the lower core layer it 1s possi-

ble to locally increase the thickness of the separat-
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ing gap between the two core layers 1in order toO avoid

any unwanted optical coupling between the layers out-
side the actual coupling region, or to transform the

highly multimoded strip-shaped first waveguide into a

rib waveguide. that has only one or at least much less

modes. These changes can be done along adiabatic

transformers based on multi-step patterning. Examples
of such transformatlons are illustrated in Figs. O and
10 as different cross-sections along the. adlabatlc
transformers. . | |

It is also poseible to control the heat con-
ductivity of the outer core layer by the patternihg of
the inner core layer Ke.g. silicon conducts heat very
well, oxide clearly worse, and air very badly) . If
the outer layer around the warm area 1is partly or en—a
tirely cut by separating trenches, then the heat Con -
ducts meinly inwards, very well through a thln ox:Lde
layer or very badly through a thick air gap.

In the method, accordlng to the invention,
- an inner silicon layer is arranged on a planar sub-

'strate to form an inner core layer,
- the first waveguide is patterned into the inner core

layer by etching trenches around the wavegulde core,

- an outer silicon layer, which is thinner than the

. inner silicon layer is attached on top of the pat-
terned inner core layer and the first waveguide to

form an outer core layer so that the thickness of
the gap between the outer core layer and the first

waveguide is less than 500 nm, and |
_ the second waveguide is patterned into the outer

core 1ayer

:In the completed structure the first wavegulde is an

inner waveguide which is embedded in the structure and

the second waveguide is an outer waveguide which 1s on

top of the inner waveguide and on or adjacent the sur-

face"of the structure.
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In one embodiment of the method, the inner
and outer core layers are made of monocrystalline

silicon.

In one embodlment of the method after the

. patterning of inner wavegulde" into the inner core

layer

- the outer silicon layer is arranged on top of a han-

‘dle wafer, which is much thicker than the outer sili-

con layer,
- the outer silicon 1ayer and the handle wafer are

then attached on top of the patterned inner core

layer leaving a thin separating gap between the

outer silicon layer and the inner waveguilde, and
- the handle ‘wafer is detached from the outer 81llcon

"~ layer in order to allow the llthographlc patterning
of the outer silicon layer. |
In,one embodiment:ofothe method, a buried ox-
ide layer is arranged between the outer silicon layer
and the handle wafer. |
- In one embodlment of the method, before the

attachment on top of the patterned inner core layer

the unpatterned outer silicon layer and the handle wa-

fer form a silicon-—on-—insulator wafer, and after said
attachment the handle wafer is removed by grinding
and/or ‘etching and thereafter the buried oxide layer

is removed by a highly selective etchlng process which

‘does not reduce the surface gquality of the outer:

silicon laver.
In one embodlment of the method, a thin de-

- fect layer, such as an :melanted hydrogen layer, 1S

arranged between the outer silicon layer and the han-
dle wafer. The method of uS’ingca hydrogen - layer 1is
similar as e.g. in a prefabricated smart-cut wafer with
an implanted hydrogen layer. | |

~ In one embodiment of the method, after  the
attachment on top of the patterned inner core layer

the handle wafer is detached from the outer silicon
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layer along the defect layer, as 1is done e.g. during
the fabricetion of caid smart-cut wafer, and the SUur-
face quality of the outer silicon layer is .then im-
proved by e.g. polishing.

" In one embodiment of the method, avdditi‘onal |

trenches, are etched into the inner core layer in order

to 1oea11y increase the thickness of the separatlng

gap between the inner core layer and outer core 1ayer
In one  embodiment of the method, addltlonal
trenches are etched into the 1nner core layer in order
to form an adiabatic transformer that converts the.
strip-shaped inner wavegulde to & rib waveguide{
Thenmanufactﬁring method according to the in-
vention has several options to realize the eeparatihg
gap between the two core layers. Only the thin gap be;
tween the two waveguide cores can be fllled e.g. by
growing a thin layer of e. g. silicon dioxide on top of

the thicker silicon layer either before or afte;r its

 patterning. Alternatively, an air gap can be left be-

tween the core layers e.g. by selectively removing the
same layer from the coupling region. Alternatively, a
uniform 1ayer‘of e.g. silicon dioxide can be grown on
top of the thinner silicon layer before it 1s attached°
on top of the lower core lavyer, resultlng in an uni-
form material laver between the two silicon layers

The manufacturlng method accordlng to the 1n~

vention has the advantage that both the thin outer

core layer and the thick inner core layer can be pat-
terned starting from a planar top surface and the £i-

nal waveguide core thickness can be essentially the

same as the original core 1ayer thickness. This .en-

ables accurate waveguide patterning and results in

good tolerances for the layer thicknesses and trench

depths. This is particularly advantageous for the thin

upper core layer, where the critical waveguide: compo-

nents, such as splitters, combiners, and wavelength

| multiplexers, are preferably implemented.
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BRIEF DESCRIPTION OF THE DRAWINGS
In the following, the invention is explained

in detail with the description of embodiments and with

reference to the accompanying drawings, where

Figures la and 1lb schematically show two  com-

‘mon waveguide types with a. different core geometry,

namely a) a strip waveguide (rectangular  core) and. b)
a rib. (or ridge) waveguilde, |

Figure 2 schematically shows a prior art
vertical taper structure realized with multi-step pat-
terning, |
| Figure 3 shows two prior art coupling struc-
tuteS‘with two cores, | |

Figures@a.. and 4b illustrate the basic prin-
ciple of adiabatic coupling (2D), in Fig. 4a as a top
view and in Fig. 4b with thick and thin lines repre-

senting the field distributions of the lowest and sec-

ond-lowest system modes of the waveguilide pair, respec-

tively,
| Figure 5 schematically shows a cross-section

f an optical coupler according to one embodiment of

the invention,

Figure 6 schematically presents a top view of

an optical coup

er according to one embodiment of the
invention, the filled area illustrating the inner
waveguide and the two straight lines illustrating the
edges of”the,outeriweveguide,

Figure 7 schematically presents different

~with contour plots schematicélly representing the op-

ftical powers propagating in the two waveguide cores,

Figure 8 schematically represents a cCross-

section of an optical coupler according to another

embodiment of the invention, involving details of sur-

rounding and supplementary structures,
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Figure 9 schematically represents - cross-
sections of a structure according to a third embodi-
ment of the invention, which adiabatically increases
the separation gap between the two cores,

5 Figure 10 schematically presents cress— |
sections of a structure according to a. nf,ourth embodi -
‘ment of the in\}ention, which adiabatically changes a
strlp wavegulde into a rlb wavegulde, | |
| F:Lgure 11 presents s:Lmulatlon results that
10 c'{emonstrate° the coupling of 1light between the first
and the second waveguide in a coupler according to one
embodiment of the invention. . " |
| Figures 12 - 17 show different steps of one
embodiment of the method of the invention. N
15

DETAILED DESCRIPTION OF THE INVENTION
The following embodiments show only adlabatlc:

couplers having waveguldes formed 1nto two core lay-

ers. However{ the same principle can beqlmplemented in

20 an adiabatic coupling between three or more superim-
posed core layers. |

Flgures 5 and 6 schematically show an ‘embodi-

ment of the structure accordlng to the invention,

compr1S1ng an - adlabatlc coupler for adlabatlc coupllng.

25 of light between two optical waveguides 1, 2.  The

structure cowmprises an inner wavegnide,luwhichﬁis dis-

posed inside the structure and an outer wavegulde 2

which . is disposed on top of and longltudlnally 11

~alignment with the inner waveguide 1. The inner and

30 outer waveguides 1, 2 have a refractlve index of at

least 2.'5' They are arranged on a. common planar sub-

strate 12, not shown in Fig. 5, but shown 11 F:Lg 8.
The inner waveguide 1 is a strip waveguide having a

substantially rectangular cross-section and it 1s pat-
35 terned into an inner core layer 3, see also Fig. 8.
The outer wavegulde 2 igs a rib waveguide which 1s

| thinner than the inner waveguide 1 and is patterned
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into an outer core layer 4 (see also Fig. 8). The

coregs of the inner and outer waveguides 1 and 2 are
separated by a gap 5. The thickness gs of the gap 5 18
less than 500 nm. The optlcal power igs coupled from
one waveguide to another by changlng the width of at
least one of the waveguides forming thereby a longltu-«
dlnal coupllng region along the coupler.

A ciross-section of. the coupler is shown 1in
Fig. 5, and in a plane view schematlcally seen in Fig.
6. In the first end 6 of the coupler the effective 1n-

dex n,,, of the inner wavegulde' 1, when con81dered

without the other waveguide, 1s higher than the effec-

tive index n of the outer waveguide 2, 1.e. N, >

eff, 2

n Then the optical power of the waveguide pair's

ot 2 *
lowest system mode, i.e. its. fundamental mode, 1s
mostly confined into the core of the inner waveguide
1. In the second end of the coupler the order of the
effective indices is reversed, 1.€. N, ., < Doy and the

optical power of the wavegulde pair's fundamental mode

is mostly conflned into the core of the outer

waveguide 2. In both ends, the optical power distribu-

‘tion of the wavegulde pair's second-lowest system mode

1s approximately <5pposite to. that of the fundamental
mode. The  thickness g, of the separatlng gap 5 between
the two waveguides needs to be sufficiently small and
at least smaller than 500 nm in order to enable suffi-
c1ent optical coupllng between the two waveguldes.

Along the coupler, the optical power distri-

bution of the waveguide pair's 1, 2 fundamental mode

slowly transforms, . so that most of the power is

shifted from the inner waveguide 1 into the | outer

- waveguide 2. The operational principle is the same as
that depicted in Fig. 4, with the fundamental mode of

the waveguide pair 1, 2 corresponding to the solid

field line. The transformation can be obtained by
changing ‘the width (W, and/or W,) of at least one of

the waveguides 1, 2 along the coupling structure. As
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shown in Fig. 6, preferably at least the core width W;
of the inner waveguide 1 is changed, so that in the
first end 6 of the coupler it is higher than the core
thickness H, of the inner waveguide 1, while in the

secdnd end 7 of the coupler it is smaller than or at

least close to H,.

Preferably both wavegulde cores 1, 2 are made
of silicon and they have - the same refractivé index
(~3;5), although this is not necessary. _

Fig. 6 schematlcally descrlbes a top view of
one embodimeﬁt of the invention, where only W; is jv'ar--
ied along the coupler. Filled area describes the core
of the inner waveguide“ 1, while the solid lines de-
scribe the. edges of the outer waveguide 2. :
| Fig. 7 schematically shows the cross- sectloné
A-A', B-B', C-C', D-D' and E-E' of the coupler.off Fig.

6 1n the pos:Ltlons marked in Fig. 6, including sche-

“matic 1ntens:|.ty dlstrlbutlons of the fundamental mode

as contour plots.

An example of a practical implementation of

the invention with silicon technology is presented in
Fig. 8 as a cross-section involving details of sur-
rounding and supplnementary structures, such as the
substrate 12, lower: cladding, .'13, filled éeparating
gap 5, top cladding 14, patter'ned ‘thin film ‘resist"or
15 on top of the outer waveguilde 2, and various .addi-
tional trenches 16, 17, 18. |

| -~ As seen 1in Figs. 5 and 7, the inner silicon
waveguide 1 has a core thickness H, much higher “than

its core width W, ' so that its effective index n;ff’l 18

mostly datermined by the width W,. Similarly, the sec- |

ond silicon waveguide 2 has a sufflclently hlgh core:

width W, compared to 1its thickness H,, so that 1ts ef-

fective index n,, , is mostly determined by the thick-

ness H,. It should, though, be noted that n,,, depends

2
also on the thickness of the silicon slab surrounding

| the rib. With these conditions the effective indices
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of the two waveguides 1 and 2 reach the same wvalue,

when W, = H,. When compared to other

1.€. n = 1n ,

eff,1 eff, 2/

adiabatic couplers with dissimilar core materilals, as

well as to a wvertical multistep taper (see;Fig. 2), at

~least the coupler according to this preferred embodi-

ment of the invention avoids the need for an extremely

sharp tip.

Referring again to Fig. 5, in one embodiment
of the structure the thickness H of the inner
waveguide 1 is in a range 2-20 um, preferably 3-12 Um,
more preferably 8-10 um. H, =/; H, "ig in a range 0.05-
0;5,”preferably'0.1e0.4, H, being théhthickness of thé
outer waveguide 2. The thickness of the separating gap
g5 < 500 nm, preferably 20-200 nm. The ‘thickness g,

of the lower cladding 13 between the inner core layer

and the substrate 12 g,, > 200 nm, preferably 500-1000

nm (to avoid substrate coupling). The minimum width of
a slab around rib waveguide W_ .., / W,, > 3, prefera-

bly > 5, so that the fundamentalonmode in a rib

=wave'_guide is “fully confined into that range and does

not "see" outside that range; However, 1n singlé—moded

‘rib waveguides it should be ensured that the higher-

order modes can freely radiaté'away from that range. h,
being the thickness of the silicon slab around the rib
of the outer waveguide, h, / H, = 0.3-0.8, preferably
0.4-0.6 (to eliminate higher order vertical modes in
single-moded rib waveguides,.similar condition for the

optional inner rib waveguide) .

Figure 9 schematically shows cross-sections

taken from different qlongitudinal ,positionS= of a

structure, which adiabatically increases the separa-

tion gap 5 between the inner waveguide 1 and the outer

waveguide 2 along a multi-step tapering structure out-

side the coupling regiomn. |
Figure 10 shows cross-sections taken from

different spaced longitudinal positions of a struc-

ture, in which outside the coupling region the inner
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waveguide 1 is transformed from a " highly multimoded
strip waveguide 1into a rib waveguide that has only
one or at 1least much less modes, the transformation

being carried out adiabatically along a multi-step ta-

5 perlng structure.
With regard to the fabrlcatlng method, . Flgs

12 to 17, show the steps for fabricating the structure

comprising an adiabatic coupler for adiabatic coupling
| of light between two optical waveguides 1 and 2. ;

10 As seen in Fig. 12, an 1nner s:Ll:Lcon layer 3
: of monocrystalllne 81llcou is first arranged on a pla—«

nar silicon substrate 12 to form an inner core layer

3.
As seen in Fig. 13, the first "uaveguide 1 is
15 patterned into the - inner core layer 3 by etching
trenches 8 around the waveguide core SO as to form an
inner waveguide 1 in the complete structure of Fig.
17. "The first (inner) waveguide 1  is a strip
waveguide having a substantially rectangular. CTOSS-
20 section. ' |
| Ag seen in Fig, 14, an outer silicon layer 4
18 arr'ariged on top' of a handle wafer 9, which is much
+hicker than the outer silicon layer 4. A buried oxide
layer 10 (not shown) or defect layer 11, such as an
25  implanted hydrogen layer, can be arranged between the
outer silicon layver 4 and the handle wafer 9. : |
As seen in Fig. 15, the outer silicon layer 2
and the handle wafer 9 are then attached on top of the
patterned inner core layer 3 leaving a thin separatlng
30. gap 5, which 1s lese than 500 nm, between the outer
silicon layer 4 and the inner waveguide 1. The sepa- |
"ratlng gap 5 can be an alr gap Or filled with some ma-:
terial. For example, the separatlng:gap can be made: of
'a thin oxide layer. (not ‘shown) that is deposited on

35 top of the first or the second silicon layer 3, 4 be-

fore arranging them on top of each other. Alterna-

| tively, an alr gap can be left between the outer sili-
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con layer 4 and the inner waveguide 1 by placing fix-
tures (not shown), such as thin patterned oxide lay-
ers, that attach the two silicon layers together, only
outside the coupling region. ;

As seen in Fig. 16, the handle wafer 9 1s de-
tached from the outer silicon 1ayer 4. The handle wa- -

fer 9 is detached from the outer silicon layer 4 along

‘the defect layer 11 and the surface quality of the

outer silicon layer 4 is then improved by e.g. polish-
ing. | |
As seen in Fig. 17, the second waveguide 2 is
then patterned lithographically into the outer silicon
core layer 4. | |
- - The defect layer 11 can be replaced by an ox-
ide layer 10, whereby before the attachment on top of

the patterned inner core layer 3 the unpatterned outer

silicon layer 4 and the héndle wafer 9 form a silicon-
on-insulator wafer. After said attachment the handle

wafer 9 is removed by grinding and/or etching and

thereafter the buriéd oxide layer 10 is removed by a

highly selective etching process which does not reduce

‘the surface quality of the outer -silicon layer 4.

Additional trenches, can also be etched into
the inner core layer 3 in order to locally increase the
thickness g, of the separating gap 5 between the inner

core layer 3 and outer core layer 4, as shown in Fig.

9.

| Again,d -. qreferring to Fig. 10, additional
trenches can also be etched into the inner core layer 3

in order to form an adiabatic transformer that converts

EXAMPLE
'~ The operation of a coupling structure accord-
ing to the invention was simulated with full-vectorial

modal analysis by using a commercial TempSelene soft-
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ware. In the simulation the following parameters and
dimensions were used: TE polarization, calculation
area 8x12 um’ (64x512 points), A = 1550 nm, H, = 8 um,

1

H = 3 um, h, = 1.5 um, W, = 3 um, and g,= 50 nm. Fur-

2

thefmoré, the refractive index was 3.5 (silicon) for

both aneguide cores, 1.5 (oxide) for a thin buffer

| laver on top of the inner waveguide 1 filling the

separating gap 5, and 1 -(air) for the "surrouhding
baékground material. Along the adiabatic coqpling
structure the width W, of the lower wavegui‘de | coi‘é was
changed from 3 to 2.8 um: ; | |
| Figure 11 presents the simulated intensity
distribution of the fuhdamental TE mode in different
crogss-gsections of the adiabatic coupiing Strqcture. It
clearly d'emonvstratesa the coupling of 1light £from thé
inner waveguide  to the outer waveguide. - Furthér off
from tﬂhé range W, = 3 -- 2.8 um, pfactically all the
power of the fundamental mode is confined only 1into
one of the two waveguides. | '
The invention is not limited to concern the
above presented embodiment examples only, but many
variations are possible within the inventional idea

determined by the claims.
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CLAIMS

1. A structure comprising an adiabatic cou-
pler for adiabatic coupling of light between two opti-
cal waveguides (1, 2), said structure comprising an

5 inner waveguide (1) disposed inside the structure and
an outer waveguideo(z)odisposed on top ofband“longitu-;

dinally in alignment with the inner waveguide (1),

each of the inner and outer waveguides having a

refractive index of at least 2.5 and being arranged on

10 a common planar substrate, °characterised in that the inner

waveguide (1) is a strip wavegulde having a substan-

tially rectangular cross-section and patterned into an
inner core layer (3); that the outer waveguide (2) is
a rib -waveguide which is thinner than the inner
15 wavegulde and patterned :Lnto an outer . core layer (4) ,
: and that the cores of the inner and outer waveguldes
are separated by a gap (5) the thickness (gs) of said
"gap (5) being 1less than 500 nm, whereby the optical
' power 18 acoupled from one waveguide to another by
20 changing the width of at least one of the waveguldes
forming thereby a longitudinal coupling reglon along
‘the coupler. o

2. A structure according to claim 1, character-
ised in that the inner core layer (3) is silicomn. |
25 - 3. A structure accordlng to claim 1 or 2,
characterlsed in that the outer core layer (4) is silicon.

4. A structure according to any of claims 1
to 3, characterised in that the refractive index of the in-

‘ner waveguide (1) is substantially equal to the re-
30 . fractive :Lndex of the outer waveguide (2). |
‘ | 5. A structure accordlng to any of claims 1
to 4, characterised in that the core width (Wl) of the
inner wave__gu:Lde (1) ig changed while .the core width
| (W,) of the outer waveguide (2) remailns unchanged
- 35 along the coupling region of the coupler.

6. A structure according to any of claims 1
to 5, characterised in that the coupler has a first end (6)
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and a second end (7), and that at the first end (6)
the core width (W;) of the inner waveguide (1) 1is
higher than the core thickness (Hi:) of the 1inner
waveguide (1) while at the second end (7) of the cou-
pler the core width (W;) of the inner waveguide" (1) is

smaller than the core thickness (H;) of said. outer. -

°wavegtiide (2) .

| 7. A structure according to any of claims 1
to 6, characterised in that the coupler is dlsposed to
couple llght efflclently between the fundamental modes
of the inner waveguide - (1) and the outer . wavegulde
(2) . -

8. A structuie according to any of claims 1
to 7 , characterised in that the thickness of the gap (SQ)
between the inner and outer core layers (3, 4) |
creases locally outside the coupling reglon for e11m1~""

nating any unwanted optical coupling between the inner

and outer core layers.

9. A structure according to claim 8, ‘character-

ised in that the thlckness of the gap (5) between the
inner waveguide (1) and the outer waveguide (2) 1n-
creases | adiabatically along a multi-step tapering
structure outside the coupling region.

10. A structure according to any of clalms 1

to 9, characterised in that outside the coupllng regilon

the inner waveguilde (1) ig transformed from a highly

multimoded strip waveguide into a rib waveguide that
has only one or at least much less modes, the trans-
formation being carried out .adiabatically along - a
multi-step tapering structure. | |

| 11. A structure according to any one of .the |
claims 1 to 10, characterised in that the coupler forms a

mlcromechanlcal sw1tch oY modulator that is controlled

by a relative movement of the 1inner and outer

waveguides (1, 2) for changing the thickness of gap

(g3) between the waveguides.
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12. A structure according to c¢laim 11, charac-

terised in that the coupler forms a polarizer or a po-

larization splitter.

~13. A method for manufacturing a structure

comprising an adiabatic coupler for adiabatic coupling

of light Dbetween two optical waveguides, a first

waveguide (1) and a second waveguide (2), each of the

‘waveguides having a silicon core and being arranged on

a common silicon substrate, the first waveguide (1)
being a strip waveguide having a substantially rectan-
gular cross-section and the eecond waveguide (2) being

a rib waveguide which is thinner than the inner

waveguide characterised 1n that

- an inner silicon layer "(¢3) is arranged on a planar

 gsubstrate (12) to form an inner core layer (3),

- the first waveguide (1) 1is | patterned into the inner
core layer (3). by etching trenches (8) around the
waveguide core, ' |

- an outer silicon layer (4), which is thinner than
the inner silicon 1ayer (3) 1s attached on top of
the patterned in.neJ; core layer (3) and the first
waveguide (1) to form an outer core layer '(4) so
that the thickness of the gap (5) between the outer
core layer (4) and the first waveguide (1) 1s less
than 500 nm, and | -

- the second waveguide (2) is patterned into the outer
core layer (4), | |

SO that in theacompietedzstructure the first waveguide

(1) is an inner w°aveguide which is embedded in the

"structure and the second waveguide (2) ig an outer

waveguide which is on top of the inner waveguide and

"~ on or adjacent the surface of the structure.

14 . Method according to claim 13, characterised 1n
that the inner and outer core layers (3, 4) are made

of monocrystalline silicon.
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15. Method according to claim 13 or 14 charac-

terised in that after the patterning of inner waveguilde

(1) into the inner core layer (3)

- the outer silicon layer (4) is arranged on top of a
handle wafer (9), which :'Ls° muc;h thicker ‘than. the

outer silicon layer (4),

- - the outer silicon layer (4) and the handle wafer (9)

are then attached on top of the patterned inner core
1ayer - (3) leaving a thin separating gap- (5) between
the outer silicon layer (4)°énd the - inner ﬁavéguide
(1), and o | e
- the handle wafer (9) is detached from the outer
silicon layer (4) in order to allow the lithographic
patterning of the outer silicon layer. (4). | | -
16. Method according to claim 15, characterised in
that a buried oxide layer (10)  1is arrangedabetwéenithe
outer silicon layer (4) and the handle wafer (9).
17.aMethod according to claim 16, characterised in
that before the attachment on top of théopatternéd in-
ner core layer (3) the unpatterned outer silicon layer
(4) and the handle wafer (9) form a silicon-on-
insulator wafer, and after said attachment the handle

wafer is removed by grinding and/or etching and there-

‘after the buried oxide layer (10) 18 remdvedo by a

highly selective etching process which does not reduce
the surface quality of the outer silicon layer (4) .

18. Method according to claim 15, characterised in

that a thin defect layer (11), such as an 1implanted
hydrogen layer, ig arranged between thqé outer silicon
layer (4) and the handle wafer (9). |

19. Method according to claim 18, characterised in

that after the attachment on top of the pattefned in-

ner core layer (3) the handle wafer (9) is detached

from the outer silicon layer (4) along the | defect.

layer (11) and the surface quality of the outer sili-

con laver (4) is then improved by e.g. polishing.
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20. Method according to any of claims 13 to
19, characterised in that additional trenches, are etched
into the inner core layer (3) in order to locally in-
crease the thickness (gs) of the separating gap (5)

5 between the inner core layer (3) and outer core layer

(4) .

21. Method according to any of claims 13 to
20, characterised in that additional trenches are etched

into the inner core layer (3) in order to form an adia-

10 batic transformer that converts the strip-shaped inner

waveguide (1) to a rib waveguide.

SUBSTITUTE SHEET (RULE 26)
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