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COUPLING TO THE OPTICAL CIRCUITCOUPLING TO THE OPTICAL CIRCUIT

Butt coupling Butt coupling 
–– directly overlap the waveguide endsdirectly overlap the waveguide ends

EndEnd--fire coupling fire coupling 
–– focus the beam through a lensfocus the beam through a lens

Prism couplingPrism coupling
–– Surface coupling at a specific angle for each Surface coupling at a specific angle for each 

waveguide modewaveguide mode
–– Prism should have a higher refractive index than the Prism should have a higher refractive index than the 

corecore
Grating couplingGrating coupling
–– Surface coupling through diffractionSurface coupling through diffraction



Figure 4.11 Four techniques for coupling light to optical waveguides 

Phase matching conditionPhase matching condition
–– the components of the phase velocities in the the components of the phase velocities in the 

direction of propagation (direction of propagation (z z direction) to be the same. direction) to be the same. 

Figure 4.12 Light incident upon the surface of a waveguide 

Grating can be used as input and out couplerGrating can be used as input and out coupler
–– Propagation constant of the waveguide (without Propagation constant of the waveguide (without 

grating) grating) ββWW

–– Possible propagation constant due to the index Possible propagation constant due to the index 
modulation of the grating modulation of the grating ββpp

–– ΛΛ is the grating period, is the grating period, pp = = ±±1, 1, ±±2, 2, ±±3,3,……
–– But only negative value of But only negative value of pp can be used for coupling can be used for coupling 

into the waveguide, usually into the waveguide, usually pp = = --1.1.



Thus,Thus,

–– NN: the effective index of the waveguide mode: the effective index of the waveguide mode

–– nn33 is usually 1 (air).is usually 1 (air).

Because the refractive index of silicon is large, the Because the refractive index of silicon is large, the 
required period of gratrequired period of grat--ings in silicon for input/output ings in silicon for input/output 
coupling is of the order of 400 nm. coupling is of the order of 400 nm. 
The highest coupling efficiencies from gratings in silicon The highest coupling efficiencies from gratings in silicon 
have been reportedhave been reported
–– an output coupling efficiency of approximately 70 % for an output coupling efficiency of approximately 70 % for 

rectangular gratings.rectangular gratings.
–– 84 % for gratings with a nonsymmetrical profile.84 % for gratings with a nonsymmetrical profile.

A deep etch perturbs the refractive index of a given A deep etch perturbs the refractive index of a given 
waveguide more than does a shallow grating, hence waveguide more than does a shallow grating, hence 
enabling the coupling mechanism, it may also add more enabling the coupling mechanism, it may also add more 
loss due to increased scattering because of the loss due to increased scattering because of the 
increased abruptness of the refractive index.increased abruptness of the refractive index.

Figure 4.13 Waveguide coupler fabricated in the silicon layer of an SOI waveguide. 



The coupling efficiency is a function of The coupling efficiency is a function of 
–– (i) how well the fields of the excitation and the (i) how well the fields of the excitation and the 

waveguide modes match; waveguide modes match; 
–– (ii) the degree of reflection from the waveguide facet; (ii) the degree of reflection from the waveguide facet; 
–– (iii) the quality of the waveguide (iii) the quality of the waveguide endfaceendface; ; 
–– (iv) the spatial misalignment of the excitation and (iv) the spatial misalignment of the excitation and 

waveguide fields. waveguide fields. 
–– (v) the numerical aperture mismatch in which the (v) the numerical aperture mismatch in which the 

input angles of the optical waveguide are not well input angles of the optical waveguide are not well 
matched to the range of excitation anglesmatched to the range of excitation angles

–– (vi) the match of polarization(vi) the match of polarization

(i) Overlap of Excitation and (i) Overlap of Excitation and 
Waveguide FieldsWaveguide Fields

Overlap integral: Overlap integral: ΓΓ

–– EE: the waveguide field: the waveguide field
–– εε: the excitation field: the excitation field
–– The factor The factor ΓΓ lies between 0 and 1. lies between 0 and 1. 

(i) Overlap of Excitation and (i) Overlap of Excitation and 
Waveguide FieldsWaveguide Fields

By Gaussian approximation of the fieldsBy Gaussian approximation of the fields

–– Using the mathematical identityUsing the mathematical identity

–– Thus, field coupling efficiencyThus, field coupling efficiency

(i) Overlap of Excitation and (i) Overlap of Excitation and 
Waveguide FieldsWaveguide Fields

Power Coupling EfficientPower Coupling Efficient

Table 4.2 Table 4.2 



(ii) Reflection from the Waveguide Facet(ii) Reflection from the Waveguide Facet

Reflection coefficient for TE polarizationReflection coefficient for TE polarization

Reflection coefficient for TM polarizationReflection coefficient for TM polarization

Reflectivity Reflectivity RR = |= |rr||22

(ii) Reflection from the Waveguide Facet(ii) Reflection from the Waveguide Facet

Figure 4.14 Reflection at an air/silicon interface 

(ii) Reflection from the Waveguide Facet(ii) Reflection from the Waveguide Facet

Normal incidentNormal incident
–– 31% (1.6 dB loss)31% (1.6 dB loss)

SingleSingle--layer Antilayer Anti--reflection Coating (Vreflection Coating (V--coating)coating)

–– Refractive IndexRefractive Index

–– Thickness: Thickness: ttarar ==λλ/4 =/4 =λλ00/4/4nnarar

–– Can be achieved by using Silicon Can be achieved by using Silicon OxynitrideOxynitride
SiOSiOxxNNyy (SiO(SiO22 1.46 1.46 –– SiSi33NN44 2.05)2.05)

(iii) (iii) The Quality of the Waveguide The Quality of the Waveguide EndfaceEndface

CleavingCleaving
–– The quality is excellent for crystalline silicon waferThe quality is excellent for crystalline silicon wafer
–– Varies for SOI waferVaries for SOI wafer

PolishingPolishing
–– Most common methodMost common method
–– Polish by lapping with abrasives with sequentially Polish by lapping with abrasives with sequentially 

decreasing grit sizesdecreasing grit sizes

EtchingEtching
–– Chemical or Dry etchingChemical or Dry etching



(iv) (iv) Spatial Misalignment of the Spatial Misalignment of the 
Excitation and Waveguide FieldsExcitation and Waveguide Fields

For the Waveguide and Excitation FieldsFor the Waveguide and Excitation Fields

The coupling efficiency isThe coupling efficiency is

(iv) (iv) Spatial Misalignment of the Spatial Misalignment of the 
Excitation and Waveguide FieldsExcitation and Waveguide Fields

If the Excitation Field is misIf the Excitation Field is mis--aligned with an aligned with an 
offset A in the y directionoffset A in the y direction

The coupling efficiency is then The coupling efficiency is then 

or

(iv) (iv) Spatial Misalignment of the Spatial Misalignment of the 
Excitation and Waveguide FieldsExcitation and Waveguide Fields

The coupling efficiency is The coupling efficiency is 
decreased by a factordecreased by a factor

For For wwyy = = ww00 = 5 = 5 μμm, m, 
A A = 2= 2 μμmm
–– ψψ = = 0.85  (0.7 dB)0.85  (0.7 dB)

Figure 4.15 Effect of an offset A on the electric field overlap and the power 
coupling efficiency 

Robust Coupling to Waveguides for Robust Coupling to Waveguides for 
Commercial ApplicationsCommercial Applications

Figure 4.16 Schematic of vertical and horizontal waveguide tapers 



Robust Coupling to Waveguides for Robust Coupling to Waveguides for 
Commercial ApplicationsCommercial Applications

Insertion loss of less than 0.5 dB/facet Insertion loss of less than 0.5 dB/facet 

Figure 4.17 NVT taper to aid waveguide coupling, from Bookham Technology. 

Robust Coupling to Waveguides for Robust Coupling to Waveguides for 
Commercial ApplicationsCommercial Applications

Figure 4.18 Fiber-to-fiber performance of two of Bookham Technology's 
NVT taper, connecting the two fibers to a variable optical attenuator. 

Loss for particular modes of a waveguideLoss for particular modes of a waveguide
–– mode selective approaches such as prism mode selective approaches such as prism 

coupling or grating coupling can be usedcoupling or grating coupling can be used
Total loss of the waveguideTotal loss of the waveguide
–– endend--fire coupling or butt coupling are fire coupling or butt coupling are 

attractive owing to the simplicityattractive owing to the simplicity

Insertion Loss and Propagation LossInsertion Loss and Propagation Loss
Insertion LossInsertion Loss
–– The insertion loss of a waveguide or device is the The insertion loss of a waveguide or device is the 

total loss associated with introducing that element into total loss associated with introducing that element into 
a systema system

–– Include both the inherent loss of the waveguide itself Include both the inherent loss of the waveguide itself 
and the coupling losses associated with exciting the and the coupling losses associated with exciting the 
device. device. 

Propagation LossPropagation Loss
–– Loss associated with propagation in the Loss associated with propagation in the 

waveguide or device, excluding coupling waveguide or device, excluding coupling 
losses. losses. 



(i) the cut(i) the cut--back methodback method
(ii) the (ii) the FabryFabry--Perot resonance methodPerot resonance method
(iii) scattered light measurement(iii) scattered light measurement

A waveguide of length LA waveguide of length L1 1 
–– then cut short to become Lthen cut short to become L22

The propagation loss The propagation loss 

Figure 4.19 Scatter of optical loss measurements with waveguide length 

(ii) (ii) The The FabryFabry--Perot Resonance MethodPerot Resonance Method

FabryFabry--Perot cavity formed by the Perot cavity formed by the endfacesendfaces..
TransmittanceTransmittance

Maximum and Minimum TransmittancesMaximum and Minimum Transmittances



(ii) (ii) The The FabryFabry--Perot Resonance MethodPerot Resonance Method

Ratio of the maximum to the minimumRatio of the maximum to the minimum

Thus, the propagation lossThus, the propagation loss

(ii) (ii) The The FabryFabry--Perot Resonance MethodPerot Resonance Method

ααLL = 0.023= 0.023

Figure 4.20 Plot of the Fabry-Perot transfer function for three different 
mirror reflectivities

(ii) (ii) The The FabryFabry--Perot Resonance MethodPerot Resonance Method

Figure 4.21 Fabry-Perot scan of a single-mode waveguide. 

(ii) (ii) The The FabryFabry--Perot Resonance MethodPerot Resonance Method

Figure 4.22 Fabry-Perot scan of a multi mode waveguide. 



The measurement of scattered light from the The measurement of scattered light from the 
surface of a waveguide can be used to surface of a waveguide can be used to 
determine the loss.determine the loss.
Optical fibers can be used to collect scattered Optical fibers can be used to collect scattered 
light from the surface of a waveguide, and can light from the surface of a waveguide, and can 
be scanned along the surface be scanned along the surface 
An image of the entire surface can be made, and An image of the entire surface can be made, and 
the decay of scattered light determined the decay of scattered light determined 
accordingly. accordingly. 
–– Only suitable for the waveguide with high propagation Only suitable for the waveguide with high propagation 

loss due to scattering.loss due to scattering.

ElectrorefractionElectrorefraction: a change in real refractive : a change in real refractive 
index, index, ΔΔn, n, with an applied electric field with an applied electric field 
(also known as EO)(also known as EO)
ElectroabsorptionElectroabsorption: : a change in the a change in the 
imaginary part of refractive index, imaginary part of refractive index, ΔΔαα, , with with 
applied electric field (also known as EA)applied electric field (also known as EA)

The The PockelsPockels EffectEffect (also known as the linear (also known as the linear 
electroelectro--optic effect)optic effect)
–– The real refractive index change, The real refractive index change, ΔΔn, n, which is which is 

proportional to the applied field, proportional to the applied field, EE

–– It is dependent upon the direction of the applied It is dependent upon the direction of the applied 
electric field with respect to the crystal axes.electric field with respect to the crystal axes.

–– For lithium For lithium niobateniobate (LiNbO(LiNbO33) ) 
 rr3333 = 30.8= 30.8××1010--1212 m/Vm/V

–– Silicon has no Silicon has no PockelsPockels Effect due to Effect due to centrocentro--symmetric symmetric 
crystalline structurecrystalline structure



The Kerr EffectThe Kerr Effect (also known as the second (also known as the second 
order (nonlinear) electroorder (nonlinear) electro--optic effect)optic effect)
–– The real refractive index change, The real refractive index change, ΔΔn, n, which is which is 

proportional to the square of the applied field, proportional to the square of the applied field, EE

–– It is dependent upon the direction of the applied It is dependent upon the direction of the applied 
electric field with respect to the crystal axes.electric field with respect to the crystal axes.

–– For Silicon, For Silicon, ss3333 ≅≅ 1010--20 20 (V/m)(V/m)22

Figure 4.23 The Kerr effect in silicon as a function of applied electric field, at 300 
K and A = 1.3μm. 

The FranzThe Franz--KeldyshKeldysh EffectEffect
–– Both Both electrorefractionelectrorefraction and electro absorption (major) and electro absorption (major) 

near the Band Edge (1.07near the Band Edge (1.07μμmm) due to distortion of the ) due to distortion of the 
energy bands of the semiconductor upon application energy bands of the semiconductor upon application 
of an electric field.of an electric field.

–– The effect diminishes significantly at the The effect diminishes significantly at the 
telecommunications wavelengths of 1.31 telecommunications wavelengths of 1.31 μμmm and and 
1.55 1.55 μμmm. . 

–– For Silicon, at 1.07For Silicon, at 1.07μμm,m, if E = 2if E = 2××10105 5 V/cm V/cm  ΔΔn = 10n = 10--44

Figure 4.24 The Franz- Keldysh effect in silicon at 300 K and for two values of λ



DrudeDrude--LorentzLorentz EquationEquation
–– For absorptionFor absorption

–– For refractive indexFor refractive index

In siliconIn silicon

For example, For example, ΔΔNN = 5= 5××10101717

The thermoThe thermo--optic coefficient in siliconoptic coefficient in silicon

–– 66ººC temperature variationC temperature variation
 Refractive index change Refractive index change ΔΔnn = +1.1= +1.1××1010--33

–– For a 500 For a 500 μμm silicon waveguide device for the m silicon waveguide device for the ππ
phase changephase change
 Required power = 10 Required power = 10 mWmW, 7, 7ººC variation and C variation and 
ΔΔnn = +1.3= +1.3××1010--33



Isotropic, Anisotropic and Dry EtchingIsotropic, Anisotropic and Dry Etching

Typical isotropic Typical isotropic etchantsetchants are mixtures of are mixtures of 
hydrofluoric, nitric and acetic acids.hydrofluoric, nitric and acetic acids.
Typical anisotropic Typical anisotropic etchantsetchants are hot alkaline are hot alkaline 
solutions such as aqueous potassium hydroxide solutions such as aqueous potassium hydroxide 
(KOH), aqueous sodium hydroxide ((KOH), aqueous sodium hydroxide (NaOHNaOH), and ), and 
EDP (a mixture of EDP (a mixture of ethylenediamineethylenediamine, , 
pyrocatecholpyrocatechol and water) and water) 
Dry etching techniques can be used, such as Dry etching techniques can be used, such as 
reactive ion etching, which also tend to be reactive ion etching, which also tend to be 
anisotropic etches as they are typically related to anisotropic etches as they are typically related to 
the angle at which the etching beam or plasma the angle at which the etching beam or plasma 
impinges on the silicon. impinges on the silicon. 

Figure 4.25 Silicon crystal structure. 

Figure 4.25 Silicon crystal structure. 

In general, the {111} planes tend to etch slowly, the {110} In general, the {111} planes tend to etch slowly, the {110} 
planes rapidly, and the {100} planes at an intermediate planes rapidly, and the {100} planes at an intermediate 
rate rate 

Figure 4.26 Etching of silicon via isotropic and anisotropic etches. 



Figure 4.27 Example schematic of a complex shape etched into a silicon wafer. 

Etched VEtched V--groove, into which optical fibers are fixed in groove, into which optical fibers are fixed in 
order to achieve good alignment with optical waveguides. order to achieve good alignment with optical waveguides. 

Figure 4.28 Optical fiber in a V-groove. 


