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1 lntroduction

The advantage of silicon pk icsisits p ial for lary lei ion The key enabler
there is the very high index contrast: as discussed in the previous chapter. light can be
confined into a submicron waveguide code and guided in bends with radii of only a few

micrometers In addition. the p ial of waft le p ing. integration of active

d (topics di d further in this

components, electronics and even I11-V

ide core introd a significant problem of its own:

book). However. the submicron w
Coupling light into and out of the chip to the outside world. The standard for transporting,
light at telecom wavelengths is single-mode fiber where the optical mode has a mode-field
diameter of 10 4pm at 1350nm and 9 2pm at 1310nm This is itlustrated in Figure | When
Jjoined together at the interface. coupling efficiency from one waveguide to the other is of the

order of 0.1% (-30dB)

Bringing electrical signals off-chip is a relatively trivial challenge: a galvanic contact should
be established. which can be done through wire-bonding schemes or flip-chip bumps
Electrical signals can be easily routed over various levels. materials and cross-sections
However. things become somewhat more complex when very high-spced signals need to be

transferred: at that point careful RF design is required. and the effects of termination.

{ i

and come into play  Similar constraints apply for photonics:

light cannot just change direction. and when ling between wa ides. one necds to take

care of mode maltching. reflections and crosstalk
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Fignre 1: Optical mode size of a single-mode fiber and a silicon photonic wire wascguide, drawn to scale

Thercfore, efficiently converting light from a fiber into a submiicron on-chip silicon
waveguide and vice versa due to reciprocity. s a non-tnvial challenge Thus chapter wall

discuss the vanous approaches to address this problem

| s for coupling arc im-plane coupling. also often referred to as edge

The most common
coupling. and grating couplers, wlich cnable the coupling of hht from the surface of the

chip. These two solutions are schematically represented i Figure 2

the technical metrics which determme the cfficacy of a specific coupling solution. so we can

compare the different implementations on a somew hat objective basis

2.1 Coupling mechanisms

1f we consider the coupling between two single-mode optical wavegudes. the modes in both
wayeguides should be matched both in real space and in k-space (impulse) Real-space
matching means that the spatial distribution (1 ¢ the mode profile) of one waveguide should
be converted into the mode profile of the other wavegude. such that the overlap integral is
maxiized [ 17 If the modal overlap 1s not good. this will result in coupling to non-guided

radiation modes. or 1f onc of the wa des 1s multi-mode, coupling to unwanted guided

modes which can cause interference and mode-beating witiun the circuit

Matching in k-space means that the difference in propagation vector between the guided
modcs of both waveguides is efficiently transformed by the coupler This includes differences
in magmtude and direction: This is the optical cquivalent to impedance matching used m the
microwave regime. and the cffects of imperfect matching are similar: additional losses.

scattering and especially back-reflection

1t 1s important to note that coupling ber cen optical modes 1s bidirectional  unless strong
nonlear or nonreciprocal effects come into play. the coupling ¢fficiency of a particular
coupler in one direction 1s the same as in the other direction In the case of single-mode
wayeguides. mode-to-mode coupling efficicney 1s equivalent to the overall power coupling
efficicney In the case of mulumode waveguides, this 1s no longer the case. and there we
shouid makv a distincion buiseen the puser coupled 1 the desifed guided niodé aia
between exaitation of unwanted higher order modes: Furthermore. if the sertical symmetry of
the waveguide 1s broken, coupling between the different polarizations which are guided by the

waveguide can oceur

Figure 2: The 4o most common coupling solutions: () in-plane couplers, (b) aut-of-planc couplers

In the next section, we will discuss some genene concepts relating to fiber-to-chip waveguide
coupling. and introduce a number of metnes to evaluate the different solutions. In section 3
we focus on in-planc mode converters for edge-coupling solutions. while 1n sechion 4 we give
a detailed overview of grating couplers for surface coupling Scchion 3 steps away from fiber-
based coupling solutions, looking at the options of coupling hight from free space In the
conclusion 1n section 6. we recapitulate the different solutions and put them next to onc

another based on the critema we defined in scetion 2
2 Fiber-to-waveguide coupling

Before d ing the miost approaches of fiber-to-waveguide coupling, we will
P!

introduce some generic concepts which are common to all solutions First of all. we will look
at the generic problem of coupling between two wavegude modes. and discuss the

mechamsms with which tlus can be efficiently accomphished Based on that. we will look at

We can discemn several common mechanisms to handle both the spatial and impulse
nismatch. and thes have all been demonstrated to couple light from high-contrast on-chip

waveguides to optical fibers. They are illustrared in Figure 3

Adiabatic transition: The simplest method to match the modes of two different

waveguide cross scctions 1s by a long adiabatic taper between the two wavegwides. The

length of the taper is mainly determuned by the h that has to be and by
the distance in k-space of the nearest modes w huch act as parasitic coupling channels. In
the case of silicon photonic wires and single-mode fibers, this mismatch 1s quite large. and
long @per sections arc needed. Most edge—coupling solutions. discussed further in this
chapler in section 3, are bascd on this principle

- Dillraction: Periodic gratings scatter light at cach grating tooth. and when all scattering
contributions are 1n phase. constructive interference oceurs. This effect can be used for
coupling between two waveguides: By carefully tuning the scattering cross section and the
peniod of the grating. the total scattered field can be tailored to match the target waveguide
mode as closc as possible In addition, the periodicity of the grating has its own impulse,
which transforms the 1mpulse mismateh benseen the two waveguide modes. Because of
this. the grating can also be used to change the direction of the hight: for off<chup coupling.
the light of the on-clip waveguide can be diverted out-of-plane. Such diffractive gratings
or grating couplers are now the most commonly used technique for surface coupling to
silicon photonic chips

- Multi-mode or multi-path interference: A similar mechanism to diffractive coupling 1s
multi-mode or multi-path coupling in tins approach. the Iight from the single-mode
waveguide 1s distributed over multiple channcls, which can be cither different paths, or the
modcs of a multimade wavegwde. By tuning the phase delays and magnitude of the

different contributions. the resulting ficld at the entrance of the target waveguide



comesponds closely to the wavegwide mode, enabling efficient coupling. A special case of
this mechamsim s evanescent coupling. as used m directional couplers i that case. the
light in two closcly spaced waveguides 1s distributed over two supemiodes {even and odd)
and depending of the coupler length, a fraction of hghtis coupled from one wavegmde to

the other

- Resonant coupling A final approach 1s to couple botl wayeguides to a resonant

structure Here. the coupling should not necessarily be very high. as long as both coupling
cfficiencics are malched Lo the other loss mechanisms in the resonator When properly
designed and close to the resonance wavelength, the resonator will efficiently couple the
light from the input fo the output Couphing between the resonator and the wavegdes can

be through various mechanisms, but most common s evanescent coupling

Figure 3: Conpling mechanisms: (a) adiabatic coupling, (b} diffractive coupling, (¢) multi-made coupling,

(d)

(d) resonant coupling

Wavelength and Bandwidth: Many potential applications require that the fiberchip
coupling solution has a broad coupling spectrum: The coupler should be able fo handle the
wavelength components in this spectrum with sufficient uniformuty . The operational
wavelength and bandwidih depends on the specifications set by the application, but in
general one specifies the 1dB- or 3dB-bandwidth. expressed m nm

Tolerances: As with mans mtegrated systems. packaging 1s one of the most complex and
costly steps of the eatire fabncation process The coupling to the outside world should
thercfore be tolerant and robust, to facihiate the pigtatling process, Important tolerance
metrics for fiber couphing are positional alignment (typically expressed i micrometer for
a 1dB msertion foss penalty), angular tolerances and tempesature dependence Position,
angle and temperature can also affect the coupling wavelength and bandwidth

Density: The offclip connection density or pin density' 1s an important mietric. as the data
volumgs that need to be transported off-chip are mcreasing dramatcally. While a single
fiber can handle a huge bandwidth, the density with which thes can be integrated can be
important for high-bandwidth applications. or for other applications which require many
fibers (e g a fiber sensor readout system), Typical fiber arrays consist of a 1-D row of
fibers with a patch of 127um or 250pm Coupling solutions with a 2-D arrangement or a
Iigher densits will need custom developments and specialty fibers

Chip area: Given the costs induced by the fab. photomasks and processing steps. the
amount of chip area 1s a costly commodits The footprint of a coupler can therefore be a
significant factor 1n the cost of the chip, and in some cases the reduction in scale could be
severcly limited by the fiber coupler solution. A good example is given i [2]. where 90%
of the stlicon pholomics chip area is consumed by the couplers to an 8-fiber array
Processing complexity: Like CMOS processing. the fabrication of silicon photonics 1s

cvolving towards process flows where the performance of all components is closcly

2.2 Coupling mctrics
When looking at coupling solutions from a fiber to an on-chip wavegwide. there arc a number

of metncs, apart from the coupled power. by which to evaluate the coupling cfficiency

- Coupling efficiency For most applications. it1s imperative to lose as little light as
possible when making the transition from the fiber to the chip (and back). Power coupling
cfficiency. and 1ts complement insertion foss (IL). are usually expressed n % or dB per
mterface. With couphng efficiency comes also the question of where the other fraction of
the light 1s going, Couplers should have a low back-reflection into the fiber or on-chip
waveguide, and non-coupled Tight should be channeled or absorbed to avoud crosstalk We
arc generally iterested m the optical power in a speeific gutded mode, so the coupling
cfficiency should always be caleulated for the desired modes

- Polarization: A single-mode fiber actually supports two guided modes with orthogonal
polarization, which arc usually degenerate Because of that degeneracy. the actual
polanzation state in the fiber1s unknown in many situations. From a chip pomt of view.
the fiber polarization can be broken down i a transverse electne (TE) and a transverse
magnetic {TM) component The silicon waveguides can also support both polanzations
but unlike m the fiber. the ophical propertics of both polanzations are very different
Except fora few situations. 1t 1s important 1o have only a single polanzabhon i the silicon
way eguide. Still. from the fiber’s point af view, the silicon circuit should function
imespective of the polarization in the fiber Therefore. coupling both fiber polanzatons
correctly is an important requirement for a good coupling solution. A polarization
diversiy approach, which is discussed further in section 2 3. s an attractive solution to
this problem The most common metric to ¢valuate the polanization dependence 15
polarization dependent foxs (PDL), which is expressed in dB. either per interface or for

the entire chip

matched Changes to this process flow to implement a speeific coupling solution might
impact the performance of other components: This not just for the photonic building
blocks. but also for integrated clectronics. Therefore. coupler solutions should not violate
the design and processing rules of the fabrication flow  Forinstance. (3] descnbes the
issue of coupling structurcs penetrating the guard and seal ring and how that affects the
choice for a specific coupler Process complexity also adds to the overall costand yield
cquation. Therefore, coupling selutions which require few or no additional processing

steps are preferred to solutions which require sub | dedicated {post-) processi

When discussing various coupling solutions in the next sections. we will evaluate them
agawst these criteria, A summan overview of the performance of the different couplers 1s

givenin Table | on page 39

2.3 Poluarization Diversity

Because of their lugh index contrast, silicon photonic wire waveguides are usually very
birefringent. The propagation constant for the guided TE mode and the guided TM mode are
usually very different [4]. and 1 some situations only one polanzation is guided This means
that silicon photonic circuits are usually designed for operation in a single polanization, As
already mentioned i the previous scetion. in many cascs the incoming polarization in the
fiber 15 unknown. and a good fiber-chip coupler solution needs to process the light from the

fiber in such a way that the operation of the system 1s as polanzation insensitive as possible

One such approach is polarization diversity. illustrated in Figure 4 Light from the fiber s
coupled to the chip and split and the polanzations are physically separated and processed into
two different circuits If a polanzation converter is included in the cireut, then the two
polarizations could be made 1dentical on the chip, such that the photonic circuits can also be

identical At the output, the outgomy polanzations arc combined again using the same



approach From the point of view of the incoming and outgoing fiber link. the chip appears to

be polarization insensitive. while on-chip all circuits operate at a single polarization

The polanization diversity has some drawbacks. of course: First of all. twice the number of
circuits are needed Dug fo inevitable vadations in the fabrication process. the two circuits
will not necessarily function in an identical way Also. the polarization splitters and rotators
might not be 100% efficient. introducing additional losses and even interferometric crosstalk

within the chip

In the next two sections we will discuss the potential of polarization diversity with both edge

couplers and grating couplers

wentcal bty

e TE poteniation

Figure 4: Principle of a polarization diy ersity upproach using a slagle-polarization on-chip circuil: the

polarizations of the incoming light are d, p i and ined again at the

outpuL
3 Edge-coupling solutions

The most strmightforward way of coupling light off a chip is by routing it to the edge and butt-
coupling it to an optical fiber which is aligned to the axis of the waveguide This is

conceptually illustrated in Figure 3 While itis not necessary to change the propagation

direction of the light. the p i should be hed to avoid reflections. and

Figure 6: Adinbatic taper geometrics for silicon wires: (a) In-planc (2D) faper, (b) lincar 3D taper, ()
Stuircase taper, (d) inverted taper.

Creating a vertical taper structure is less trivial: an approach as in Figure 6b requires that the

layer thickness needs to be gradually changed along the taper”s length. This is incompatible

with the planar p ing technologies uscd for the fabrication of silicon pl ics An
altemative is shown in Figure 6¢: by stacking tapered layers. an increasingly thicker

waveguide core is built in a staircase geometry [5] Still. this requires processing of thick

silicon layers, which is not iy ible with a CMOS: patible process flow

An alternative. much more attractive approach to the 3D tapering problem is shown in Figure
6d Instead of widening the silicon waveguide core. it is narrowed down into a sharp tip. For
narrower width. the core will no longer be able to confine the light tightly. and the mode will
expand . A second waveguide core. processed in a lower-index overlay layer (silicon

oxynitride |6] or polymers [7]). will take over the confinement of the light

the mode in the w ide should how be expanded to match the mode in the optical

fiber

Spotsize

alignment
——

Singte-mode fiber

Figure 5: Edge coupling from a chip to an optical fiber,
3.1 On-chip mode conversion

311 Adiabatic tapers

The easiest approach to plish this is adiabatic tapering By slowly expanding the size of
the waveguide core. light will stay in the guided fundamental mode. and the mode size can be
cexpanded until it matches that of a fiber When the vanation is sufficiently slow, there is no
problem of reflections or scattering, and if the axis of the taper is straight and aligned with the
fiber. there is no need to change the direction of the light: the fiber can be butt-coupled to the

larger—core waveguide on the chip

Figure 6 illustrates a number of possible adiabatic taper solutions for silicon ph: ic wires

The simplest possible taper just flares out the silicon core in the plane of the chip, which can
be easily lithographically defined This expands the mode in the horizontal direction. but in

the vertical direction there is still a significant mismatch

~
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Figure 7: Width and height (3dB, 6dB and 12dB contour of the optical Inteasity) of ibe fundameotal
guided TE modc as function of the width of a 220nm thick silicon wire wa cguide. Based on [8],
resimulated in Fimmywave.
This inverted tapering approach can be understood more clearly from Figure 7, where the

modal width and height is plotted as function of the silicon wire width. We see that for narrow

wires the silicon loses confinement. and the mode expands both horizontally and vertically

Inverted taper-based li lutions have been d 1 with good performance 9]

Insertion losses can be casily lower Lhan | dB per coupler [10], [11] and because the mode

conversion process is adiabatic. the couplers support a wide wavelength range

However. inverted tapers are not necessarily easy to make While the patterning can be done
in the same process layer as typical silicon wire waveguides. a narrow tip is required The best
inverted tapers are therefore defined by thermalty oxidizing the silicon tip [12] thereby

achieving a tip width of less than 13nm

Also, the inverted taper is only part of the process It also requires an overlay waveguide with

a large core, which is not necessarily easy to define in a planar silicon photonics process,



especially not when several metallization levels are also required As discussed further. a
typical overlay waveguide is a few micrometer thick, which will ereate a rather large

topography on the wafer

Inverted tapers also require a quite large footprint for the adiabatic mode expansion Typical
taper lengths are between 100pm and 300pm  Most people use lincar tapers. but by using
optimized taper profiles. the taper length could be reduced somewhat: Close to the wire,
where the mode is quite compact. the transition can be faster than in the narrower scctions
[13]. creating a kind of inverted hom { 14| But the footprint is not just dictated by the taper
itself: the coupler needs to accommodate the mounting of the fiber. and waveguides need to

be routed to the edge of the chip

312 Non-adiabatic in-plane mode conversion

Instead of using an adiabatic conversion between the fiber mode and the waveguide mode.
one can Irs 1o focus the light of the fiber directly into the optical waveguide A common
solution to this is the use of lensed fibers. where the end facet of the fiber is curved to provide
a focusing effect However, such fibers are expensive. and even though the coupling
cfficiency to a silicon waveguide is much better than that of regular fibers To obtain high
coupling efficiency. the numerical aperture (NA) of the lens should be close to the NA of the
waveguide Even then it will be difficult to obtain a good modal overlap between the focused
fiber mode and the photonic wire mode: Due to the high refractive index contrast. the optical
mode in the photonic wire has a sharp discontinuity at two of its four interfaces From a
practical packaging point of view. the limited depth of focus now requires an additional
alignment step. Even though lensed fibers are regularly used for specialty packaging (e g

lasers) they add a significant cost to the component

An alternative approach is the use of multi-mode interference This concept was first
proposed by Spihler in [17], where the coupling was optimized by sending the light through a
sequence of multimode waveguide scctions. The reflections and phase delays of the different

modes were tuned such that the resulting ficld at the output was fiber-matched An example is

shown in Figure 8b The concept can be extended to puides with lar shapes,

where the distinction between the multimod: h and an optimized in-plane lens

gradually disappcars

Both approaches discussed here consist of planar mode expanders. As already mentioned, this
solves only part of the fiber coupling probiem However. as we will see in section 4 on grating

couplers. in-plane mode expanders are still a very useful component

3.2 Coupling on-chip tapers fo fibers

With inverted tapers, and in a lesser extent multimode and lens-based tapers. we can now

il

mode which is

couple the light from a submi silicon guide to a larger w
better fiber matched The remaining problem is now to couple this mode to the actual optical
fiber. For this, the core of the fiber should be aligned perfectly with the on-chip waveguide
This requires special packaging methods. First of all, the on-chip waveguide has to be
terminated in an optically smooth facet, to avoid reflections and umwanted scatiering
Sccondly, the fiber should be mounted such that the optical axis is aligned with the waveguide
and the facets are as close together as possible As the fiber. with its cladding, has a diameter
of about [25pm this means the chip has to be cleaved or polished at the correct position, or

mounting structures for the fiber have to be micromachined in silicon chip

In section 2 2 we mentioned that the commonly used fiber has a mode size of about 10pm
This is quite large to incorporate on a silicon chip. given the amount of topography that would

be required for processing Also, such a large mode needs to be decoupled from the silicon

Instead of performing the lensing in the fiber. one could also consider building the lens on the
chip. This is illustrated in Figure 8a By partially ctching a region of a broad silicon

waveguide, a planar lens can be constructed. which focuses light into a photonic wire [15]

The performance of this type of structure is quite broadband, with coupling effici

betwcen -0 5dB and -2dB

(a)
— . focusing
i~ > lens
/ -~
|
™~ generic multi-mode
\-‘____ — inlerference
o
b
< (b)

Figure 8: Nonadiabatic in-plane converters. (a) Lens-assisted mode expansion [15] Fleld plot courtesy of
Karel Van Acoleyen. (b) Multimode-interference based mode expanslon [16] Ficld plot courtesy of Bert

Luyssacrt

substrate, which is located typically only a few micron below the silicon waveguide level

b

Therefore, the common solution for end-facet coupling of silicon ic chips is to use
a small-core fiber with a higher numerical aperture. Such fibers have a mode size which is
around 3pm Transition between high-NA fibers and standard single-mode fibers can be

accomplished with tapered fibers or even just by a butt-coupled splice. The latter introduces

an additional coupling loss of about 0 5dB

One of the important metrics for fiber coupling is alignment tolerance. As plotted in Figure
9a. the alignment tolerance for a high-NA fiber and matched waveguide is only 0.5um in all
directions for a 1dB penalty | 18] A standard single-mode fiber, coupled to an on-chip
waveguide of about 6pum wide waveguide, has about double the alignment tolerance, but with

an ovenall lower insertion loss (Figure 9b)
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Figure 9: Misalignmenl penalty on the insertion loss due fo fiber misalignmend. (a) a 3pm fiber aligned lo

a4.5pm silicon rib guide, (b) a standard singl de fiber aligned with a 6 um square wai eguide.

Measurcment dala courtesy of Lars Zimmermann, TU Berlin [18]

Aligning optical fibers with a horizontal waveguide is therefore far from trivial. One possible

solution is depicted in Figure 10. using silicon V-g i d with the spot-si



converter | 19] Using sclective wet ctching, V-grooves can be micromachined in the silicon
substrate. providing a lithographically aligned support for optical fibers. Howeser. the
ahgnment precision ts determuned largely by the control of the wet ¢teh process. which can
introduce vanation larger than the [dB alignment tolerance of the fiber More about

packaging and fiber-pigtailing 1s discussed in Chapter 11

suspended oxide
waveguide

izon Wite
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Fignre 10: V—uroosc fiber alignment emhedded with inveried taper spol-size eonverter | 19]

3.3 Polarization splitters and rotators

As discussed 1 section 2 3, any good coupling solution should be able to handle both fiber
polanzations. and make sure they are bemg processed on the chip in the nghtway The
mechanism of the myerted tapers 1s m essence polanzation-agnostic the adiabatic tapering
converts both the TE and the TM mode of the fiber to the equivalent mede i the silicon
wavegde and vice versa However, as we already mentioned. the silicon waveguides
themsclves are very polanzation sensitive for most on-chip components. the TE response will
be significantly different from the TM response Therefore. the polanizations should be split.

and for an cfficient polanzation diversity circuit, they should also be rotated

12l wayeguite
{TM ground model ™

Wide myvOguUde
(1] [TE gromng moge)

Figure 11: Polarization splitter components. (a) Directional conpler based [22], (by Mode-cyolution hased

polarizatinn splitter bised on [20]

An altemative 15 again an adiabatic transition. In a so-called mode-cvolution polanzation
spliticr, the shape of the waveguide 1s gradually changed such that the TE and the TM light
preferentially reside in a different seetion of the waveguide The TE mode 1s the ground mode
of the oniginal wavepuide. where the core width s larger than the height. Likewise. the
ground mode of a thicker but narrow er waveguide will have a TM nature. By adiabatically
ntroducing such a vertically orented core i the vicinty. TM light will migrate to the sccond

core and TE will stay in the oniginal core

332 Polarization Filter
A polarization sphitter 1s never perfect and a commonly used figure of merit besides the
inscrtion loss 18 the ranio of transnuttance {(typically expressed in dB) between the

polanzations in the output ports o the pofarization extinction ratio (PER)

In order to improve the PER onc can use a polanization clean-up filter [23] A straightforward
solution would be to cascade scveral polarization splitters with a resulting PER improvement

1n proportion with the number of polanzation splitters. An altemative which is especially

331 Polanzaton sphiters

To sphit the TE and the TM modc 1n silicon wire wayeguides, one can again usc various
mechanisms As we want to spht two modes with a very different propagation constant, we
can use multimode interference in a directional coupler to split the two polanzations: By
designing the waveguides such that the beat length in the dircctional coupler for TE and T™M
are a non-integer Naction (e.g. 3/2, 5/3....). the length of the coupler can be designed such that
the TE modc 15 coupled to onc waveguide and TM to the other wavegwide However. the beat
length of both modes 1s very dependent on the geometric parameters of the waveguides. and
the interferometne nature of the component also makes 1t wavelength-sensitive, partially

negating onc of the benefits of the imverted taper coupler

A more clegant approach 1s to make usc of the difference m confinement bebween the TE and
TM modes using a directional coupler By making the gap betwsen the waveguide n the
direchional coupler sufficiently large. we can make sure that only the lowly confined T™M
mode couples to the neighboring waveguide while the highly confined TE mode stays in the
same waveguide This approach. illustrated m Figure |1a. 1s simple n 1ts concept and since
the confinement 1s not very wavelength dependent. 1s a more wavelength inscasitive approach
to sphit the polarizations than the purcly mulimode interference based directional coupler

1201, 121

Interesting to filter out the TM mode. is to use a wavegwide scetion such as a nb waveguide
which only guides the TE mode and in that way radiates anay the unwanted TM mode
Simularly. a waveguide bend with a sufficiently small bending radius will have a higher loss

for the TM mode than for the TE mode

333 Polarization Rotators

The polanzation sphiter is only part of the solution for a polanzation diversity circmt, One of
the polanzations (mostly TM) now needs to be converted to the main on-chip polarization
(typically TE). For this a polarization rotator is needed Typically one prefers to perform the
routing functionalities in the TE mode since the bending radius can be taken very small

(around 3pm) without introducing exuberant losses. Again. the rotation can be accomplished

using different 1 with and multi-modc interference being the

most common solutions. As with the polarization splitters, adiabatic polanzation rotators are
based on the principle that the TF. mode is the ground mode of a *horizontal® waveguide core,
while the 1M mode is the ground mode of a “veriical” waveguide core. An adiabalic
polarization rotator Lries (o gradually ‘rotate” (he core. Note thal simply changing width and
height of the core will not work: The TE-polanized light will remain in the TE mode. even ifit
1s no longer the ground mode. and likewise for the TM-polanzed hght A symmetry-breaking
1s required to actually rotate the polanzation. As twisting a rectangular core is difficult to
accomplish in a planar fabneation process. altemative geometries are required. An example is

shown in Figure 12a [24]. [25], [26]
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Figure 12: Polarization rotator geome(ries. (1) Adiabatic made-evolution rotator [24], (b) multimode
inferference polarization rotator [27]

Polarization rotation can also be accomplished usmg multimode mterference The simplest
form is just using 2 modes. as in a directional coupler To accomplish polanzation rotation.
the TE and TM polanizauon should be coupled mto a wascguide with two orthogonal modes
which have a 50750 mixed polanzation state Again. one needs to break the ssmmetry of the
waveguide for this purpose This was proposcd in [28]. using a partially ctched cladding
posttioned with an offset to the silicon wayeguide core. A more fabrication-frnendly approach
which docs not require a special cladding matenal, 1s shown in Figure 12b |27] A partial etch
of the waveguide also creates an asymmetne waveguide with 2 inbrnid TE/TM modes wath
different propagation constants [29] By choosing the length of this waveguide correctly. the
beating between the o modes will result in a coupling from the T™ to the TE mode (and the
other way around) The cfficicney of these components can be very high, up to -0 3dB or

higher. and very broadband Typically one charactenzes a polanzation rotator using the

I matie
fiber core

Figure 13: Grating coupler. () Principle: light from a (ncur-} yertical optical fiber is diffracted into the
wiveguide. (b} Grating-conpler hased measurement setup with 1o fibers

However. there is one considerable challenge in surface coupling: Light needs to make a
dramatic change n direction from the on-chip wavegwide to the fiber And as with cdge

couplers. the mode size mismatch needs to be overcome as well

The most common solution to this problem s the grabing coupler a diffraction grating 1s
designed such that all the scattered contributions interfere constructively n a vertically
radiated wave which 1s as much as possible fiber-matched This s shown in Figure 13 In the
past decade. the graung coupicr fas Gstabinticd 1iseilas the standaid solution. but saith

varicts of flavors based on different fabrication strategles or appheations Thesc are discussed

in detarl i the fotlowmg seclion

msertion loss and the polarization conversion effictency (PCE). 1.¢ the fraction of transnuitted

light that ends up in the cornect polanzation

3.4 Edge coupling: conclusion

The most straightfornard coupling solution for silicon phiotonic chips is cdge-couphing. This
lias been the standard for photorie mtegrated circutts m many matenial systems. and it can be
applicd to silicon as well Taverted tapers provide a simple and cfficient coupling mechanism
that. when combined with on-chip polarization splitters and combuners. cnables broadband

polarization msensitine coupling between fiber and silicon waveguides

The mam difficulty with edge couphing hes in the post-processing and packaging Silicon
wafers have to be diced. and facets need to be cleaved. polished or micromachmned before the
fiber can be attached. This 1s a significant drawback i a wafer-seale manufacturing system.

as 1t precludes wafer-seale testing of the photonie components

4 Surface Couplers

In electronies. the standard way 1o contact the clectnical crvcuits 1s through mictal pads on the
top surface of the chip. This allows for wafer-scale testing by probing the individual chips on
the wafer or even the entire wafer itself without need for intermediate packaging or post-
processing steps As discussed i the previous section, edge couphing does not provide this
advantage. so for photomics an alternative strategy is needed that allows vertical coupling of

light to and from the chip. This will ¢nable wafer-scale testing

Also. surface couplers introduce several other advantages: The density ot optical ‘pins” can be
much higher The couplers can be positioned anvwhere on the chip (especially those for
testing) and do not need to be routed to the edge. Chips can be probed with fibers onented at

an angle closc to the vertica)

Grating couplers arc not the only way of achieving surface coupling to a fiber There exist
somie alternatives which are used for specific (rescarch) applications, and these are briefly

discussed in paragraph 4 7

4.1 Grating couplers: operating principle

A grating coupler consists of a penodic refractive mdex modulation in or close to the
waveguide core. [n siticon photonics. grating couplers arc most often implemented as etched
grooves in the silicon wayveguide core [30-32| Every such groove acts as a scatterer. Other
ways to implement a refractive index grating is by adding metal lines |33[ or etching
subwavelength features that act as an effective medium [34-37] When hghtis incident from
the wavegude on the chip, some combinations of wavelength, grating period and oft-chip
angle will causc all scattered contributions to be in phasc. and thus a coherent phase front
radiates away from the chip, This condition called the Bragg condition. illustrated in Figure
I4a. occurs when the phase delay between the diffraction of two adjacent grating teeth 1s
exactly 27 (or a multiple thereof). For the directions where this phase condition is not met. the

contributions of all the grating teeth will mterfere destructively

() (b)

Figure 14: Operational principle of a grating coupler. () Plhiase ronts in real space, (b) K-vector diagram.



An alternative way of caleul the d fora grating coupler is m k-space.

P ]

shown in Figure [4b A periodic structure like a diffraction grating carmies its own impulse
K=2m/A. which can be transferred to the photons in the waveguide The conservation of

mn the z-d herefore dictates thatk, = B+m K m=0.+1_+2. )

Shown  Figure 14b. there 1s a solution form=1 While in the out-of-plang direction, the
nonpenodic structure of the waveguide does not pose any restrictions. except that the

maghitude of the k-vector in the top and bottom cladding should match k =ngaa ko

We sce that for hight from the waveguide. there are in gencral bwo solutions. an upward and a
downward radiatig wave The respective angles of these wases depend entirely on the
matenal index of the top and bottom cladding matcnal The fact that there are two solutions
poscs a problem for the coupling efficiency somehow the light must be forced wto the
dircction of the fiber. and not the substrate Solutions for thus are discussed further in section

42

Fora given wavelength and cladding matenal. the period of the grating determines the
outcoupling angle For a perfectly vertical angle. we find that the grating period A relates to
the optical wavelength A as A =X/ ngp . with nep the average refractive index of the grating
which can be approximated by a hinear relationship (a weighted average of the etehed and the
unetched region) according to the coupled mode theory. as the wave 1s propagating in the
fundamental mode in the grating [38] This situation for vertical coupling. shown in Figure
15b. 15 called a second-order grating. because there 1s now also a solution for m = 2: The

grating can now reflect light back into the waveguide: This makes diffraction gratings

somewhat less sutable for pure vertical and most p | grating use a

coupling angle of Y° to 12° off the vertical This can be cither fornard coupled. using a period

which 1s larger than the pure second-order penod (Figure 15¢) or backward coupled. with a

optical fiber mode will therefore be far from perfeel An approach to improve this overlap is

discussed m paragraph 4 2

Note that there is an equivalence in deseribing a grating coupler from the fiber point of view
or from the wayveguide pont of view  As the coupling efficiencics arc always expressed as

mode-to-mode coupling. they are always bidirectional

atched grating

= e

Figure 16: Ficld plot of an etched grating coupler, illustrating the effect of the first grating teeth and the
exponential decay of light in the waveguide, The grating coupler is designed in a 220nm silicon layer with
2 70nm etch, and a period of 630nm [31].

The finite size of the grating coupler has another effect: Depending on the exact parameters.
there will be about 12 to 20 periods covering the size of the fiber core. Because the number of
scattering point 1s relatively small. and the scattering cross scction of each tooth is relatively
large. the Bragg condition will cxhibit a relatisely large bandwidth This is shown in Figure
17b The typical grating coupler from |31] has about 5dB (30%) peak coupling cfficicncy. and
a3dB bandwidth of about 60nm  Similar numbers have been reported by [40-42]. with
coupling cfficiencics going closc to 50% While the bandwidth is large compared to classical
low-contrast gratings [43]. it is small compared to the hundreds of nm reported for edge
couplers. In many cases a larger bandwidth is required. or even several wavelength bands

nced to be coupled. This 1s discussed in some more detail i paragraph 4 6

sub-second-order grating (Figure 13a) This problem with vertical coupling can posc a
problem for cfficient pigtailing. but also for the integration of components which require true
vertical coupling. such as VCSELs Possible solutions for true vertical coupling are discussed

in paragraph 43

In the case of the commonly used 220nm thick silicon core, the effective index of the core 1s
about 2 8 for a wavelength of 1550nm and TE polarization For a 70nm ctch. the effective
index isabout 2.3 A true sccond-order grating would therefore have a penod of 590nm
Forward coupling at 10° would require a period of 630nm [39]. while backward coupling

would require a period of 345nm

- supetsirate
\1/ °
sebstrute

{uhk=p (b)k=p ldk<p

Figure I5: Grating coupler with different perind (a) < 2™ order, (b) exactly 2" order, (c) > 2™ order,
The Bragg condition only descnbes an infinitels long grating. and does not take into account
the other requirements for efficient fiber coupling In a finite grating, every grating tooth will
scatter some light. reducing the remaiming hight in the wavegwide This, in effect. causes an
exponential decay of the power in the waveguide mode. Also. at the first tecth the grating is
not veta fully periodic structure. so some scattered light of those first tecth will not combine
with the coherent flat phase front radiated by the rest of the grating. This is shown in the
radiated ficld plot in Figure 16. Obviously. the exponential decay in the waveguide will also

induce an asymmetry in the radiated wave The overlap of this wave with the symmetric

CouplingEtficiency 1dB]

1w 1510 1540 1550 1570 (b
Wavelength [um]

Figure 17: The grating coupler simulated in Figure 16. (a) SEM micragraph, (b} Measured coupling
spectrum for o fiber at 10° [31].
Unlike a typical edge coupler. grating couplers couple dircetly to a single mode fiber. with a
core size of about 10pm Therefore, the tolerances for misalignment are higher than for the
edge coupler This i1s shown in Figure 18a The lateral misalignment tolerance for 1dB
coupling penalty is larger than [pm in the longitudinal dircction. it 1s even better. but 1n
Figure 18b we do sce a shift in peak wavelength as we move the fiber along the axis of the

on-chip waveguide
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Figure 18: Misulignment toleraaces for the grating coupler in Figure 16 and Figure 17. Mcasuremen! data

courtesy of Michael Vanslembrouck



As alrcady mennioned several times hroughout 1his chapter. the small sihcon waveguides are
strongly buefnngent This means the Bragg condition for the TE and the T™M waveguide
made will be very different. and a grating coupler designed for a given waselength and
couphing angle will therefore only work for a single polarization, cither TE or TM

Approaches to address lhis issue and still enable polarization diversity on a chip, are discussed

in paragraph 4 4

The one-dimensional line gratings. as deseribed here and shown in Figure 13, couples hight
from a fiber to a waveguide whose width 1s fiber-matched Thisis typically 10pm or wider
This wavegwide still has Lo be tapered down to a single-mode wire wavcgude While the
arating coupleritself can be quite compact, a Linear taper should be at least 150pm long

Solulions to tius problem are discussed 1 paragraph 4.3

4.2 Optimizing grating coupler efficiency

The simple grating coupler presented n the previous paragraph has a coupling cfficiency of
about 30% (-3 22dB). While this 1s good enough for most rescaich purposes. better coupling
15 requured for most real-world applications: a lugh coupling loss 1s not only detrimental to the
overall power budget. but the ight that 1s not coupled correctly can give 11se to crosstalk

clsewhere on the chip

The coupling efficiency of the grating coupler is determuncd mainly by dorectionality and
modal overfap When looking from the peispective of the waveguide. the light needs to be
sent as much as possible mto the night diffraction order. 1.e the first order upward diffraction
Also. reflections have to be mininuzed. Once diffracted. the field profile should match as

much as possible the mode of the optical fiber at the correct angle

wave Figure 19b shows the simulated coupling efficiency of the grating coupler m Figure 16
for a changing thickness of the BOx laser Coupling efficiencies can vary from -2 7dB and -
7 3dB bebween the best and worst oxide thickness: We also se that the 2pm buned oxide

used by many groups 1s not optimal for graling couplers operating at 1550nm

The cffect of the buried oxide can be enhanced by incorparating a more cfficient reflector in
the substrate. Two examples are shown m Figure 20 Instead of a simgle mterface. a
distributed Bragg reflector can be embedded [45 1], {46} Of coursc. building such a reflector in
an off-the-shelf SOL substrate 1s not possible Therefore, n this case, all layers. mcluding the
wasveguide layer. consist of PECVD deposited amorphous silicon and oxide. Coupling

cfTiciency of this grating coupler is close to 70% (-1 6dB)

Burled oxide
{¥utrase e

Figure 20: Grating coupters with a holtom mirror (1) Grating coupler in deposited amorphous on top of a

DBR mirror stack [45]. SEM picture courtesy of Shankar Kumir Selvaraja (b) Bonded grating nith gold

421 Improving directionahity Bottonr miiror

1n a regular (near-)second-order grating coupler. the Brage condition has two solutions: an
upward and downward radiating wave Somchow, that unwanted downward wave should be
suppressed or redirected i the upward direction. This can be accomphshed by incorporating a
mirror in the substrate [n effeet. a silicon-on-msulator substrate alrcads has such a murror
embedded- the interface between the buried oxide (BOx) and the silicon wafer This 1s shown
m Figure 19a Specular reflection at this interface 1s around 17% for a wave incident at 10
degrecs So without any special tnicks, there 1s already a fraction of downward radiated light

being recyeled

Couplmgefficiency (¢8]

05 o7 09 1 &) 15
Bunied ouide thickness [nm) (b}

Figure 19: Rellection at the buried oxide interface (a) Principle, {b) Coupling efficiency at 1550am and 8°

angle as function of buricd oxide thickness [4] Simuliation duta conrtesy of Dirk Tailluert,

However. the refleeted wave will interfere with the original upward wave, so the cffect of the
recyehing can be either positive or negative. To maximize the upward couphing cfficiency. the
interference should be constructive This can be accomphished by choosing the nght thickness

of the buried oxide. to tune the path Tength difference between the upward and the reflected

*bottom’ mirror [47]. SEM picture courtesy of Frederik Van Lacre.
While amorphous silicon can have relativels low losses [48] 1t 1s not straightforward to
integrate active components in it Therefore. an alternative way to add a bottom reflector a
standard silicon substrate 1s to usc a bonding technique First. a top oxide and reflector is
deposited. and subsequentiy the entue structure is bonded upside down onto a carnier, after
which the original substrate is removed. The top murror then becomes a bottom reflector. An
example, making use of BCB and a deposited gold mirror. 1s shown m Figure 20b [47] The
coupling cfficiency. at 69%. 1s comparable with that of the DBR murror in amorphous silicon

The top mirror can also be processed in silicon. as demonstrated in [49]

422 Improving directionality: Grating profile optimzation

Adding a murror under the grating 1s an effective way of improving the grating coupler
dircctionality, but it 1s far from straightfonsard from a fabrication pont-of-vicw Therefore,
mstead of trving to reeyele the downward radiated light. we can try to suppress the downward
diffraction order altogether This can be done by optinuizing the grating profile. The general
principle 1s shown in Figure 2Ja for an etched grating: the mamn scattening points within one
period are located at the comers of the eteh profilc. By now tumng the tooth width and depth,
the phase difference between the upward components 1s 271 while between the downward
components 1t1s 1 This way, the downward diffracted wave will expenence sigmificant
destructive interference and will be much weaker than the upward wave [50]. From a Founer
optics point of view [31]. [52], one can see the grating as a bary phase graling which is
different for downwards diffracted light and for upwards diffracted ight For the downward
diffracted light. the grating is a zero-phase grating which means that the first diffraction order
1s suppressed. For the upwards diffracted Light, the grating behaves as a m-phase grating such

that only uncven diffraction orders exist. Thas just illustrates the principle. because of the high



refractive index coatrast, the grating has to be numerically optimized This results in a praling
teeth that are ticker than the standard silicon waveguide core Therefore, to fabricate such an

optimized grating, additional fabrication steps are needed

(4 Constructive G&=2n Ad=2n
Interference

Destructive
Interference

Figure 21: Improving the dircctionality by optimizing the gratiay profile (33). (a) prineiple, (b) fabricated
graling

To implement a thicker grating. additional silicon needs to be added This can be done using

cpitaxy. and expeniments show indecd an improved grating performance from 30% to 33%

134] However, itis not strughtforward to control the tooth profile using epitaxy

Altemativels. the grating top laver can be deposited and subsequentls etched |33, (35| Using

an amorphous or polysilicon and embedded eteh-stop lasers. a better control of the grating

profile s possible. Coupling efficiencies of 70% have been reported [32[. 36| The graung

oveilay does not hase to be silicon but can be any material such as SiN [57]. as long as 1t

mtroduces a ni-phase difference Another approach is to start with a thick silicon core and ctch

the grating and entrance waveguide using an inverted taper |38]. [39]

22b. and gratings with coupling ¢fficienes up to 75% haye been demonstrated in combination

with a silicon overlas or thick core waveguide grating |32]. |61]. |62]
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Figure 22: Oplimizing modal overlap by apodizing the grating | 30]. (1) optimizing the scattering profile,

(b) schematic dvawing of apodization by changing the trench width
4.3 Grating conplers: true vertical coupling
When we considered the Bragg condition for perfect vertieal couphing in paragraph 4.1, we
noticed that there appeared an additional solution for the second-order diffraction: back nto
the silicon waveguide. While many solutions can get by with ilted fibers, verical coupling
facilitates matters considerably. and also cnables coupling from vertical cmitters, such as
VCSELs Reflections are notonly a problem when the hight comes from the wavegwide. The
Tight from the fiber will also be pariially reflected. as the 0" order backward diffraction
(which 1s specular refleetion) 1s sent back into the fiber Also, from the fiber pomtof view. a
simple periodic grating will not introduce a preference for “forward” or “backward” coupling:
the hight of the fiber 1s essentially sphit in two, This can be alleviated by breaking the
symmeuy. such as n the apodized grating discussed in paragraph 4.2 3 [63] ot with a slanted

gratng |64]

423 Improving modal overlap

The overlap of the diffracted wase with the optical fiber mode 1s determimed by the lateral
mode profile and the longitudinal mode profile. The Tateral mode profile of the ground mode
of a broad high-contrast silicon waveguide closely resembles a cosing with very small
evanescent tals. The profile of the optical fiber 1s more Gausstan-like, with more extended
tarls. However. by just opiimizing the silicon waseguide width, a 1D modal overlap of almost

100% can be obtaned, without any further engineering,

In the longitudinal direction, we've ulready showi in Figure 16 that there 1s a significant

h between the exp 11y decaying intensity profile i the waveguide and the
Gaussian-like fiber mode The maximal overlap between the exponential decaying ficld of a
unifom grating and the Gaussian profile of the fiber is 80% This provides much room for

optimization

The exponentially decasing field profile is induced by periodically scattenng a fixed fraction
of the remaining light in the wavegimde Therefore, to change the exponenbial profile into a
more fiber-matched profile. we need to tune the amount of scattered hght m cach grating
tooth, as shown in Figurc 22a The first gratimg teeth should only mimimally scalter, most of
the light should be scattered in the center. and the remaining light should be diffracted at the
end Also. the overall diffraction strength of such an apodized grating should be such that
there 1s no more light remaming in the wavegude at the end of the grating. Tuning the
scattering cross scetion of each mdividual tooth can be accomplished by changing the width
and depth. The latter1s difficult to achieve direetly. unless one makes use of local ctching
techniques such as focused 1on beam {FIB) wniting or by utilizing the lag effect n the dry
ctehing process [60] Changing the width can be done hthographically. but as the narrowcst
lines are typrcally well below 100am i width, vers good patteming (c-beam) is required to

make such gratings A simulated field plot of such an optimized grating 1s shown in Figure

A simple solution to obtain cfficient vertical coupling 15 10 “nick” the grating into non-vertical
coupling and subsequently redirecting the diffracted light in the vertical direction. Thus can be
casily accomphished by adding a refractive interface ar an angle, as shown in Figure 23a Such
a wedge 1s not strarghtfornard to make. as 1t1s a 3-dimensional structure, Figure 23b shows
such a wedge 1n polymer fabricated by imprinting a UV curable polymer with a focused-ion-
beam fabneated mold [65] Altematively, one can use an angled fiber for vertical fiber

coupling as shown in [66]

Figure 23: Vertical coupling using a wedge on the grating. (1) principle, (b) fabricaled structure with s
polymer wedge. SEM pictures couttesy of Jonathan Schrauwen

It 15 also possible to reduce the reflections by adding an additional reflecting structure. This
might scem counterintuttive. but if the phase delays are constructed properly, both reflections
can interfere destructivels. resulting ina gher transmussion. In Figure 24 this reflector 1s

fabricated by a decp-ctched slit in the waveguide |50] To get the phase delays nght. the width

and the posdon of thas shitm
introduces a symmctry-breaking, which results 1 a highly preferential coupling from the

vertical fiber mto one waveguide dircction
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Figure 24: Vertical coupling using an additional reflector in front of the grating [50) (2) Principle, (b)

Coupling efficiency and refeclion as funclion of waselength
4.4 Grating couplers and polarization

Because of the birefringence of the silicon waveguide. The Bragg conditions ata given

wavelength and angle will only be satisfied for a single polanization As the TE polarization is

the most commonly used in silicon waveguides (as it is the fund.

I mode when the core

width is larger than the thick , all grating couplers di: { up to this point are designed

for the TE polarization However, itis also possible to design a grating coupler for the TM
polarization For the regular 220nm thick SO layer, the effective index for the TM mode is

1 85, compared to the TE index of 28 When using a 70nm deep etched grating (same value

While for a 1-D grating this just shifts the Bragg condition. for a 2-D prating it also breaks the

symmetry between the two polarizations. This will result in a slighdy reduced rejection ratio

n N

and introd

some polad: loss for the overall chip [70]. Also, the changg in
the Bragg condition with a tilted fiber requires that the waveguides on the chip are no longer
ata right angle [71] Altematively, one can kecp the waveguides at a right angle and s tilted
grating instead However. even then it is not possible to fully decouple the polarizations with
a tilted fiber With a vertical fiber the polarizations are perfectly decoupled. but then an
additional symmetry is introduced: Each polarization can now be diffracted forvard or

backward This is OK for some receiver applications |23}, [72], but in many situations it is

preferable to have the light of ¢ach polarization in one waveguide, not two

Figure 23b shows the coupling efficiency for a 2-D grating coupler for both the TE and the
TM polarization in the fiber. We see that the coupling efficiency is slightly lower than for the

1-D grating which can be atiributed to the nonoptimized etch depth

Such grating couplers have been used to demonstrate polarization-diversity circuits with

d polarization-dependent loss [73] However, for tilted fibers the PDL is only low
near the peak coupling wavelength. This is shown in Figure 26. [n order to reduce the PDL for
a broader wavelength range. one has to use more complex shape holcs instead of circular

holes. This will successfully reduce the PDL to a minimum over the whole bandwidth of the

2-D grating coupler [32]

as for TE, but not optimized for TM), this will result in a grating period of 1040nm_ Coupling

efficiency for such a grating is somewhat lower than for TE at about 20% [67]

However. for many applications both fiber polarization needs to be coupled at the same time,
and to enable a polarization diverse circuit. these polarizations need to be physically splitinto
different circuits In this section. we will discuss two solutions to this problem: using a 2-
dimensional grating coupler. which acts as a polarization splitter, and using 1-D grating

couplers tuned to couple both polarizations

441 2D polarization-splitiing grating coiplers

The |-D grating shown in Figure 16 couples the TE polarization efficiently to the slab
waveguide However. from the point of view of a vertically oriented fiber. there is no
difference between the two polarizations Therefore, a 1-D grating oriented at a right angle o
the original grating coupler will couple the other fiber polarization. Overlaying the two 1-D
grating profiles will resultin a 2-D grating which can be patterned as a matrix of etched holes

[68] This principle is shown in Figure 252
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Figure 25: 2-D grating coupler |69] (a) Principle, (b) Coupling efTicicncy spectrum.

However, as we already discussed, a grating designed for a perfectly vertical fiber has the

drawback of introduci d reflecti Therefore. we prefer to slightly Gilt the fiber
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Figure 26: Polarization Toss for n ization-diverse circult with 2-D grating couplers [70]

4.4.2 1D polarization-splitting grating couplers

As explained in section 4.1, there is a fixed relation between the grating period, the
wavelength, the effective index of the waveguide mode and the angle of the fiber As the
effective index for the TE and TM mode of the slab waveguide is different (TM mode has a
lower effective index), they will diffract ata different angle for a given grating and
wavelength One can now choose the grating design such that the angle of the TE waveguide
mode is positive (forward coupling) and that of the TM waveguide mode is negative
{backward coupling), but with the same deviation from the vertical This is illustrated in
Figure 27a If we now reverse the situation, and look at it from the perspective of the fiber
(Figure 27b), the TE polarization will be coupled forward, while the TM polarization will be

coupled backwards [46], | 74-76].
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Fipure 27: Principle of the 1D polarization splitting grating. (a) k- cetor diagram (from the perspective of
the was cgurde, (b) polarization splitting function (from the perspective of the fiber)

If we go through the math for a silicon slab waveguide of 260nm thick at a wavelength of

1350nm. with an ¢ffective index of 2.87 for TE and 2 1 for TM. we can plot the coupling

angle of the fiber as a function of grating period (for 70nm etch) in Figure 28a. We find that

the absolute value of the coupling angle of the fiber1s 13° for both polarizations when the

uratmg period 1s 630am | 73]

However. 1t 1s possible 1o combine the function of the grating and the in-plane converter by
moving away from a straight-linc grating and stead use the grating diffracton iself for n-
planc spot-sizc conversion By curving the grating hings. the grating will act as an m-planc
diffractive lens | 77] The prineiple is explained i Figure 29a Instead of a global Bragg
condition. the condition is calculated locally. such that the light from the fiber is diffracted
towards a single point. This results in clliptical grating lines with a common focal pomt. The
focusing distance can be quite short. but the ellipse segments should still have a significant
overlap with the fiber mode In practice, the focusing distance can be less than 20pum without
asignificant penalty on the insertion loss. and a very short taper can be used. Such a short

grating 1s shown n Figure 29b

Actually, because the grating focuses the hight itself. the taper structure 1s not neeessary
Figure 29d shows a curved grating ctehed i a slab waveguide. with only a waveguide

aperture at the focal pomt [77] Sinular coupling efficiencics are measured for both types
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Figure 28: 1D polarization splitting grating. (4) Coupling angle for TE and TM mode as funetion af

grating period, with a crossing at 630nm and an angle of 15° (b) Measured coupling cfficiency of both
palarizations for this situation |73]. Data courtesy of Zhechao Wang, Yongbo Tang and Sailing He, KTH
Figure 28b shows the measured couphing efficiency of such a device | 73], where both

polanzations show a similar insertion loss of around -3dB, with an ¢xtinction ratio of over

10dB

A drawback of this approach compared to the 2-D graung is that an additional polanization
rotator is required to obtain identical polanzations 1 the two wascgudes, We already

discussed such components in paragraph 3 3 3Error! Reference source not found.

4.5 Grating couplers: Reducing the footprint

The grating couplers we have discussed up till now couple light from a fiber into a broad
waveguide This means an additional mode size converter is required to laterally compress the
light into a narrow photonic wire wayveguide An adiabatic taper for this purpose is typically

150pm long, but we have discussed more compact taper solutions m paragraph 3 1.2

cahtar line
£ e phalde an

non-cved graling

Figure 29: Curved grating coupler () Principle of the curves, (b) Focusing grating coupler in 1 waveguide
taper |77). Image courtesy of Frederik Van Lacre (¢) a similar device from |32, Image courtesy of Attiln
Mekis, Luxtera. (d) Facusing grating conpler in a slab was eguide with a collection way cguide opening in

the focal point (77). Image conrtesy of Frederik Van Lucre,

Because the Bragg condition can be tuned locally by changing the grating curves. there is no

more the requircment that the fiber and the on-chip waveguide are in the same vertical plane

For this. only the onentation of the ellipses needs to be changed with respect to the coupler

| 78] This will not improve the coupling efficiency in any way. but the advantage 1s that the

grating will now no longer reflect 1n a specular way. back into the on-chip waveguide

Such an off-avis grating also makes it possible to implementa 2-D polanization-sphtting
grating coupler, by overlaying two off-axis clliptical gratings. and etehing a correetly sized

hole at the intersection of the grating lines [50] Such a device is shown in Figure 30
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Figure 30: 2-D Cun ed graling coupler (a) Principle and (b, ¢) SEM picture of fahricated structures |79)
Images courtesy of Frederik Van Lacre, (d) A similar device from |32]. Image courtesy of Attila Mekis,
Luxtera
4.6 Grating coupler bandwidth
Graling couplers arc diffractive structures. and the coupling conditions denved in scetion 4 1
clearly show a wavelength-dependent behavior Still, because the grating has only a limited
number of pertods (to fit in the mode size of a fiber) and the individual scatterers quite strong,
the 3dB bandwidth of the grating 1s stll of the order of 60-80nm lncreasing the bandwidth is
possible by reducing the number of grating teeth and at (he same time increasing the strength

of the scatterer In sihicon. this 1s difficult without shrinking the grating: the bandwidth will
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Figure 31: Grating coupler + was clength duplexcr [83] (a) Principle (b) Measured coupling efficiency for

the 1550nm and 1310nm wavclength buad
4.7 Alternative surfuce coupling solutions

Even though grating couplers arc now the most commonly used vertical coupling scheme.

there arc some altematives that we will bricfly discuss here

increase. but the overall coupling efficiency will drop dramatically because of the smaller

overlap with the mode of a single-mode fiber

To have fewer tecth, but still retan a good overlap with the fiber mode. the period of the
prating should increase As the period of the grating 1s linked with the Bragg condition, this
imphies that the effective refractive mdex of the grating should be lowered This is difficult m
silicon, but grating couplers in silicon nitride have been demonstrated. with 1dB bandwidths

of around 100nm [80]. |81]

However. there 1s one particular situation where a silicon grating coupler can add additional
bandwidth- by using both the forward and the backward diffraction As with the 1-D
polanzation sphitter discussed carhier in paragraph 4 4 2, 1t 1s possible to design the grating in
such away that the Bragg condition for the forward and backward wave matches the same
fiber angle. in this case for two different wavelengths [82] This is shown in Figure 31, where
the prating coupler 1s designed to couple a wayclength band between 1490nm and 1550nm.

and another band around 1310nm

47.1  Gratmg coupler fiber probe

In this entire scchion. we considered a grating coupler which was integrated in the waveguide
on the optical chip. However. there 1s no requirement that the grating should be physically
attached to the waveguide: As long as the grating 1s sufficiently close to the waveguide for the

wavepuide mode to feel the tecth. there can be coupling

Instead of mounting the grating coupler on the chip. it can be mounted dircetly on the fiber
[84], |83], as shown in Figurc 32 Using a polymer curmg techmgue and underetch, a gold
grating 1s transferred to the fiber facet, but at an angle to keep the grating parallel with the
chip surface {84] This can even be done with polymicr curng using UV light transmitted

through the fiber core. which results m a very compact. self-aligned probe

s ngle mode
fiber core

Figure 32: Grating coupler fiher probe with gold mirror on the fiber facet () Principle (b) Fiber facet

imprinted with grating conpler. {c-c) Fiber facet with core-only cured poly mer facet [$4).



Coupling cfficiency for such a fiber 1s somewhat less than with a regular graung. and the fact
that the distance bebween the graling and the waveguide cannot be controlled with the same
aceuracy as an ctch gratimg, makes the coupling strength less reproducible: However, the
coupling spectrum s similar to that of a regular etehed grating or a gold grating fabneated on

awaveguide

The mportant ads anfage of having the gratrag on the fiber instead of on the waveguide 1s that
the chip can now be probed on any location with a suitable waveguide  there 1s no need for
dedicated fiber couplers on the chip this means that components withim a circuit can be
dividually probed to test their response The requirement is of course that a sufficiendy

broad wascgwide scction 1s foreseen

472 Ivanescent fiber coupling

A coupling scheme with similar benefits 1s to use evanescent coupling between an optical
fiber and an on-chip wareguide Because the optical fiberis much larger, and protected by a
cladding. 1t 1s thinned down by heating and drawing the fiber [86] When correetly tapered
dow n. the onginal cladding will now become a core with a significant fraction of light
extending i the air outside the fiber The principle is dlustrated in Figure 33 Bringing the
fiber close cnough to the waveguide 1o ¢nable good coupling requires very accurate

posttioning

oxide. the cantilever will bend upward With proper processing. a vertical coupling can be

obtained [88]

4.8 Surfuce coupling: conclusion

Surface coupling has significant advantages over edge coupling, not the least the potential of
wafer-scale testing Grating couplers are the most commonly used structures to cnable surface
coupling, and while they have hnntations in bandwidth, polanzation and footprint. we have
discussed different techniques to improve on these weaknesses Note how ever that not all
these tricks can be arbitranily combimed: Itis difficult to combine a 2-D coupler or the 1-D
coupler with an overlay with apodization. Also. the bidirectional operation of a 1-D duplexer

15 difficult to combine with curved grating lincs

Sull, for many applications grating couplers arc the most promising solution to ¢nable simple

and efficicnt coupling
5 Free-space Coupling

Up to this pomnt. we have pnimarily focused on coupling hght to and from optical fibers
However. i some applications fiber coupling 1s not necessary, and this changes the
requirements for the coupling significantly For instance. hght from a chip could be coupled
to a photodetector or camera, where all the Iight 1s collected and there 1s no requirement for a
good overlap with a speeific mode. Also. different trade-offs between angular spectrum.

bandwidth, coupling efficiency and footprint are possible

341 Free-space edye coupiers
When coupling hight to free space. one of the key metrics 1s the numerical aperture (NA): the
angle spread n the far field over which lightis emitted or captured In general. we can

consider the NA to be inverscly proportional to the coupler area: The smaller the size of the

wEEeLtond
tapered
[

SLon wivegon

Fipure 33: Evancsceat conpling hetween fiber and on-chip waycguides (86|
As with the grating-coupler fiber facets. this techmgque allows to probe evenvwhere on the
chip Even better, 1t is not required to have a broad wascguide section a narrow wire will do
The cvanescent coupling 1s also used a lot to probe high-quality cavities directly” this way,
there 1s no need to design aceess wasepuides. which generally reduce the quality factor of the

cavity

473 Mirvors and cantilevers

More cxotic approaches to coupler ight through the chip surface include the use of mimors
(cither metal or by total intemal reflection) However, because of the small core size of silicon
waveguides. this technigue 1s not very efficient It has been used with larger, lower-contrast

wavegmdes [87]

Another altemative 1s to bend the on-chip wavegwide away from the chip surface This can be
done using techniques from MEMS fabncation. and by tunming the siresses in the chip films

This way. a waveguide can become a pre-stressed cantilever Upon release from the buried

emitting region (either the end facet. or the footprint of the grating coupler), the larger the NA
and the wider the angular spectrum of the emtted light Obviously. this also means that the

enission Into any specific direction 1s Jower

Both grating couplers and edge couplers can be used for frec-space oft-chip coupling For

edge couplers. the requirement of tapenng to a fiber-matched mode disappears. [tis possible
10 couple Tight from a silicon wire facet dircetly 1o free space the submicron core will have a
quite large NA, as shown in Figure 34a Also. some care 1s needed to avord reflechons at the

facet

L I
Emiling spol size fum} 4]

Figure 34: Tuning the numerical aperture for free-space coupling by changing the spot size. (a) cdge
couplers and (b} grating conplers. (¢) The numerical aperture, and its effect on the Rayleigh length, as
function of spot size.

512 Free-space gratung couplers
Grating couplers can also be used for free-space coupling [89] The coupler can be made
smaller or larger depending on the requirements for numenical aperture. 1t is also possible o
tune the size of the coupler (and thus the numerical aperture) in the two directions
individually This is shown in Figure 34b. In the lateral dircction the waveguide can be made

narrower. and thercfore the NA will become larger in the lateral dircetion, but the NA in the



longitudimal dircction wall remam the same By making the grating tecth stronger. the light
will be diffracted more at cach tooth, and the exponential decay (shown in Figure 16) will be
faster. resulting in a smaller spot radiated upward, and therefore a lugher numencal aperture
As the grating coupler s a diffractise structure, 1t witl also increase the bandwidth Likewisc.

1t1s possible to make a narrow -beam. narrow -band coupler by using a vers weak grating [90]

As with grating couplers for fibers, 1t1s also possible to make focusing grating couplers for
free-space coupling. One can now ¢ven change the cunved grating lmes such that the light s

focused above the chip. and the focal distance can be tuned for both x and 3 separately [91]

313 Opucal Phased Arrays

Up tilt now we have always considered a single couplhing structure for coupling light off-chip
However. we can also emplos multiple couplers in a coherent way By sphtiing hght over
several waveguides. one can ereate an optical phased array The combined emussion pattem of
several couplers 1s then deternmined by the enussion pattem of the individual couplers and
their respective phases and amphitudes In effect. this is a form of multi-path couphng as we
have described i paragraph 2 1Error! Reference source not found. The pnnciple 1s
illustrated m Figure 332 The simplest configuration s a periodic array of couplers, with a
fixed phase delay between the couplers. In this configuration, the phased ariay will behave as
amuch larger grating coupler A phased array of many small. wide-angle couplers emulting

phase will behave like a much larger, narrow -angle coupler

By playing with both amplitude and phase. the beam divergence can be tuned from a wide
angle to a narrow dirccted beam In prnciple, the emitted phase front can be tuned to a wide

extent: the more couplers. the better the control

B tuning only the phases. a lens can be programmed to focus hght on a specific point in
space [97] Thus 1s especally useful for sensing apphications where light 1s focused on a spot

and the reflection is coupled back into the photonic [99]

Instead of actively tuning the phases using phase tuners. one can also think of using an optical
phased array m whach the phases are tuned by tuning the wavelength with the use of delay
lines In such a wax. onc can fabneate a free-space dispersive beam steerer [ 100] that can find

applications in beam steering as well as in demulplexing | 101] and pulsc shaping [102]

Because of reciprocity, optical phased arrayvs can also be used to couple hght back onlo the
chip. This way. a chip can be made to capture hight from a tilted or ¢ven distorted phase front
1103| The OPA would then act as a coherent receiver allowing phase reconstruction to
improve the reception or to perform DOA (Dircction OF Arnval) estimation This can be used
in sensing applications where one for example wants to sense light that1s reflected from or

transmutted through a scattering medium [103]

6 Conclusion

In this chapter. we have tried to give a complete overview of optical coupling solutions

between silicon photonic waveguides and optical fibers (and in lesser extent free space). In
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solutions. This will be discussed further in this book
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Figure 35: Opfical phiased arrays. (a) The tafal cmission is a coherent superposition of the emission
paiterns of the individual couplers. (b) Optical phased array with edge conplers, (¢) Optical phased array
with grating couplers

While integrated optical phased arrays have been implemented i AlGaAs [92]. silicon

photonics could improve the performace through better pattern definition and a smaller

footprint

Optical phascd arrays can be implemented with edge coupling and grating couplers. Edge
couplers can be organized in a line array, as shown m Figure 33b. while with grating couplers
it1s even possible to define 2-D phased arrays The performance of these 2D arrays is still
Limited due to the low fill factor one can achieve as all the grating couplers need to be
accessed with an on-chip waveguide|93} Fora |D configuration. one does not have this

problem and a relatively high fill factor can be obtained

By changing the phasc relation between the couplers many functions are possible. A linear
phase shift betw een subscquent couplers will keep the shape of the narrow beam, but will

change the angle of emission Tlus was. off-chip beam steering 1s possible [94-98)

The chorce of coupling solution for a particular application will be dependent on the
operational specifications. and trade-offs that need to be made between coupling efficiency,

bandw idth. footprint and subscquent p qui
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