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Abstract 

From the dawn of optical communication, it was designed and intended to carry vast 

amounts of data. In recent years, such systems are being required over ranges that 

continuously grow shorter: within racks, servers, boards and even intra-chip. Silicon 

photonics is the research of electro-optic devices that are integrated in the silicon material 

platform, with potential for lower cost, smaller footprint, improved performance, reduced 

energy consumption, and compatibility with electronic integrated circuits. Silicon photonics 

is widely regarded as key enabler for the future progress of not only communication, but 

computer processing as well. 

Silicon is highly suitable for the realization of passive photonic devices. It is 

transparent over a broad wavelength range. The large contrast in refractive indices between 

silicon and silica allows for the confinement of optical devices in comparatively small cross-

sections within the silicon-on-insulator (SOI) platform. The fabrication of silicon photonic 

devices can benefit from the fabrication capabilities of electronic integrated circuits. On the 

other hand, silicon constitutes a less favorable platform for the realization of active devices.   

One category of components that are broadly used in optical communications 

systems are spectral filters. They are used primarily in wavelength-division multiplexing and 

de-multiplexing of channels. The principle of operation of photonic filters is based on 

interference, within structures such as Mach-Zehnder interferometers (MZIs) or ring 

resonators. The analysis and synthesis of these filters bear large similarity to those of digital 

filters. They are carried out most conveniently in the Z-domain, in terms of the locations of 

zeros and poles in the transfer function of the filters in the complex Z plain. 

The proper function of interference-based filters depends critically on the precise 

accumulation of phases along individual waveguide paths, or in other words: on control of 
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optical path lengths with deep sub-wavelength accuracy. Such precision over path lengths of 

mm and cm is beyond the capabilities of current fabrication processes. Hence some form of 

post-fabrication intervention is necessary to modify the response of devices. Active tuning 

solutions involve local heating, or the injection of carriers into p-n junctions. However these 

solutions require constant feedback, and increase the complexity of device fabrication and 

operation. A large variety of one-time, passive tuning mechanisms have been proposed in 

the literature as well.   

Research reported in this thesis addressed two main objectives:  

1. The proposition, analysis and design of new channel de-multiplexing filters, based on 

cascaded stages of MZIs with nested ring resonators, in a tree topology. The transfer 

function of the filters includes both zeros and poles, and belongs in the category of 

auto-regressive moving-average (ARMA) designs. Simulations show that the proposed 

configuration can provide broad, uniform pass-bands with sharp spectral transitions.  

2. The proposition, analysis and experimental demonstration of a new mechanism for 

post-fabrication trimming of SOI photonic devices, based on selective photo-removal 

of a photo-sensitive upper cladding layer. The cladding layer was a thin film of 

chalcogenide glass, which is transparent in telecommunication wavelengths. The 

illumination of the film with intense visible light leads to the local heating beyond the 

glass transition and to the fast lateral flow of the layer from hot to cold regions. 

Photo-removal modifies the effective index and group index of the hybrid 

chalcogenide-on-SOI waveguide, and the power splitting ratio of directional couplers. 

The tuning of these parameters is mandatory for the proper function of the filters 

proposed in this work, as well as other filter layouts. 

Experimental results include the adjustments of differential phase delay and group 

delay within MZIs, the tuning of directional couplers leading into ring resonators, and the 
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compensation of phase and group delay errors within cascaded MZI 14 and 18 channel 

de-multiplexer filters. Initial, unsuccessful attempts of fabricating ARMA filters are reported 

as well.  
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1. Introduction 

1.1 Motivation for silicon photonics 

The growing demand for high bandwidth data communication led the optical 

communication community to implement complex schemes in order to achieve larger 

capacity from the optical transmission medium of choice - the optical fiber [1]. As a result, 

the optical setups of these systems include large numbers of discrete optical elements and 

devices. In addition, there is great promise in the implementation of optical communication 

functionalities alongside microelectronics systems [2]. Progress in computer technology (and 

the continuation of Moore's Law) is becoming increasingly dependent on faster data transfer 

between and within micro-chips. For all these reasons, there is strong demand for the 

integration of photonic functionalities, in a similar manner to microelectronics. The ability to 

design and fabricate complex and detailed setups on very small footprint is regarded as a 

necessity for the implementation of photonic technologies on a mass production scale. 

These motivations make up the ground under the idea of silicon photonics. Silicon 

photonics is the study of photonic integrated circuits (PICs) which use silicon as an optical 

medium. Silicon can be patterned with sub-micrometer precision, into micro-photonic 

components. These operate in the short-wave infrared range, most commonly at the 1.55 

µm wavelength used by most fiber optic telecommunication systems. A silicon device layer 

typically lies on top of a lower cladding layer of silica in what (by analogy with a similar 

construction in microelectronics) is known as the silicon on insulator (SOI) material platform. 

The compatibility with the mature silicon integrated circuits (IC) manufacturing enables 

hybrid devices in which the optical and electronic components are integrated onto a single 

microchip. 

The use of silicon as an optical medium has several advantages [3]. Silicon has a 

broad band transparency window from 1.1 µm to 7 µm. The SOI platform provides a large 
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index contrast which scales down the footprint of the devices due to tight confinement of 

the modal intensity. The high quality of the SOI wafers leads to low losses. Silicon has a 

superior thermal conductivity compared to other photonic materials, such as GaAs. The 

optical damage threshold of silicon is also high compared to other photonic materials. The 

drawbacks of silicon mostly affect active photonic devices: the indirect bandgap of silicon 

hinders the realization of light sources, and the Pockels effect that underlies the operation of 

modulators in other materials is practically absent in silicon.   

1.2 The basic building blocks: waveguide and couplers. 

The most basic function of photonic devices is the guiding of light. There are numerous 

configurations for guiding electromagnetic waves through a specific path to a specific point. 

Devices which perform this task are called waveguides (WGs). A well-known WG is the coax-

line which is broadly used in the radio frequency (RF) domain. Its equivalent in the optical 

domain is the optical fiber. Optical fibers rely on the confinement of light to an optical 

medium (core) of a higher refractive index, surrounded by a lower index material (cladding). 

The propagation details depend on the indices contrast  n  and the core shape and size. 

The complete description of propagating waves is given in terms of solutions to the wave 

equation, which is a representation of Maxwell's equations in the relevant scenarios, with 

boundary conditions defined by the layers geometry, as will be shown in the next section. 

1.2.1 The wave-guiding condition  

Analyzing a WG system is done by looking for solutions of Maxwell's equation, which 

represent the propagation of electro-magnetic fields along the guiding direction and are 

confined in the near vicinity of the guiding structure core [4]. We consider mono-chromatic 

fields of a single frequency  . Thus, the electromagnetic fields are assumed to have the 

form: 
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where   is the propagation wavenumber along the direction of propagation z , E  and H  

are the electric and magnetic fields vectors ,respectively, and t  stands for time. An 

overhanging arrow represents a vector quantity. An overhanging tilde (~) sign denotes a 
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For convenience, we decompose the electric and magnetic field vectors and 
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In equation (1.3): 
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x y z T z Tx y z z j z            .                                        (1.4) 

Placing the propagating waveform (1.1) into these equations yields six new relations, 

which can be rearranged in the following manner: 

 2

2

2 2

2 2

ˆ

1
ˆ

0

0

T T z TE T z

c

T T z T z

c TM

T z c z

T z c z

j
E E z H

k

j
H H z E

k

E k E

H k H








    

 
     

 

  

  

 (1.5) 

where the cutoff wavenumber defined as: 
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2
2 2 2 2 2

02ck k n
c


     , (1.6) 

n  denotes refractive index, and:  

TE

TM

c

c

 


 

 


 





 (1.7) 

The solutions to these four equations may be classified in four categories, depending 

on whether both, one or none of the longitudinal components are equal to zero: 

0 0

0 0

0 0

0 0 /

z z

z z

z z

z z

E H TEM

E H TE

E H TM

E H HE EH

 

 

 

 

 (1.8) 

Transverse electric and magnetic (TEM) modes can exist only in two-conductor 

transmission lines such as the coaxial cable. The TEM condition in dielectric structures 

results in transverse electro-magnetic fields that are also equal to zero. In dielectric WGs in 

which the structural geometry varies in only one transvers direction ('one-dimensional' or 

slab WGs), the dominant modes are transvers electric/magnetic (TE/TM). For these modes 

the last two equations in (1.5), also known as the Helmholtz equations, determine the 

longitudinal component. The transverse components of the electric and magnetic fields of 

TE/TM modes can be found from the longitudinal components, using the first two equations 

in (1.5). In WGs of two-dimensional cross-sections, all modes are either HE or EH. 

Nevertheless, in many of these modes one longitudinal component is much larger than the 

other, and these modes may be considered as 'TE-like' or 'TM-like'.  

An intuitive model for the TE modes (a similar one can be shown for TM modes) can 

be derived by considering a TE – polarized uniform plane wave propagating in the z – 

direction by obliquely bouncing back and forth between the left and the right walls of the 

WG, as shown in Figure 1. 
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Figure 1 – A ray-optics model for a TE mode in a WG. 

The cutoff wavenumber ck  (1.6) determines the TE/TM solution through the 

Helmholtz equations: only particular choices of ck , (which in turn represent particular 

choices of the propagation constant  ), may satisfy the equations. Note that the cutoff 

wavenumber value is different within different parts of the waveguide, according to the 

refractive index. The cutoff wavenumber ck  is analogous to the wavenumber 0k n c  of 

a plane wave propagating in the ẑ  direction in a uniform medium if refractive index 
0n . The 

guiding solutions that we look to find require a real value for the cutoff wavenumber within 

the core, and an imaginary value in the cladding. We therefore conclude that any guided 

solution should obey: 

2 2 2 2

, 0

0 02 2 2 2

, 0

0

0

c core core

clad core

c clad clad

k k n
k n k n

k k n






   
  

   

                       (1.9) 

That above relation states the basic WG condition, which implies that a guided 

solution requires the existence of a higher-index region surrounded with a lower-index one. 

An effective index parameter can be defined to express the refractive index of the entire 

structure with respect to a specific solution: 
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n
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 (1.10) 

Each guided solution, which is also called a mode, is characterized by a transverse 

profile of the electromagnetic field that is retained along the WG, and by a propagation 

constant that governs the accumulation of phase. Both profile and propagation constant are 

wavelength-dependent. Most telecommunication optical fibers operate in the single-mode 

regime, meaning that only a single propagating solution is supported by their geometry at 

the wavelength range of interest. The WGs studied within this research are single-mode as 

well. 

1.2.2 COMSOL Simulations  

The calculation of mode profiles and propagation constants in a given geometry is a classic 

boundary condition problem, which is a mathematical term for differential equations with a 

set of boundary conditions. Those types of problems can be solved numerically by the finite 

element method (FEM). This method uses subdivision of the volume in which the problem 

should be solved into simpler parts, called finite elements. In analogy to the idea that 

connecting many tiny straight lines can approximate a larger arbitrary curve, FEM 

encompasses methods for connecting many simple solutions to equations within elements 

over many small subdomains, to approximate a more complex behavior over a larger 

domain. In this work I used COMSOL multi-physics software (mode analysis module) which 

employs FEM to calculate modes in any given geometry.  

Although in most cases the given geometry indeed requires a numerical solution, 

there are some basic cases in which a full or an approximate analytic solution can be 

formulated. In the two following sections those cases will be discussed. The basic trends of 
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WGs can be extracted from this analysis. The COMSOL calculation was used as a reference 

for comparison.  

1.2.3 Slab waveguide  

A dielectric slab WG is a planar dielectric sheet or thin film of a certain thickness d  in the x̂  

direction, and a refractive index that is higher than that of its surroundings, as shown in 

Figure 2. The structure is assumed to be infinite in the ŷ  and ẑ  directions. Wave 

propagation is in the ẑ  direction. The transverse profile of the electro-magnetic field of the 

propagating modes depends on x̂  only. 

 

Figure 2 – Schematic illustration of a dielectric slab waveguide 

Due to the lack of ŷ  dependence, the relations of equation (1.5) imply that in TE 

modes ( 0zE  ), the ,x yE H  components vanish as well. The solutions to the Helmholtz 

equation for remaining electric field component of the TE modes in the three regions, each 

one with different cutoff wavenumber, are of the following form: 

 

 

  

 

,

, 1

, 2

cos 0

exp

0exp

c core

y c clad

c clad

A k x for x d

E x B x d for x d

for xC x





 

   



,           (1.11) 

where: 

2 2 2

, 1,2 0 1/2 , 1/2c clad clad c cladk n jk       (1.12) 
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The boundary conditions state that the tangential components of the magnetic and 

electric fields, that is 
zH  and yE , are continuous across the dielectric interfaces at 0x 

and x d . The continuity of 
zH  is equivalent to the continuity of 

ydE

dx
 according to (1.5). 

Similarly, the normal components of the magnetic field must be continuous, since 

1
x y

TE

H E


   (from (1.5) for TE), this continuity follows from the continuity of yE . By 

applying these requirements on (1.11), the following equation is obtained:   

 
 , , 2 , 1

, 2

, , 2 , 1

tan
c core c clad c clad

c core

c core c clad c clad

k a a
k d

k a a





                     (1.13) 

This relation is called the characteristic equation for the TE modes of a slab WG. 

Equation (1.13) has one unknown parameter, in the propagation constant  . There is a set 

of discrete values of   that solve the characteristic equation. This implies that the WG can 

only support a discrete set of TE modes. These solutions for   are calculated numerically. 

An equivalent equation can be obtained for the TM modes by using the same procedure 

with the Helmholtz equation for the magnetic field, and applying the appropriate boundary 

conditions: 

 

2 2

, , 2 , 1

1 2

, 2
2

2

, , 2 , 1

1 2

tan

core core
c core c clad c clad

core core

c core

core
c core c clad c clad

core core

n n
k a a

n n
k d

n
k a a

n n

    
         

 
  
 

                                    (1.14) 

For example, let us set the refractive indices and core thickness to typical values of 

SOI devices at 1550 nm wavelength: 

1

2

3.48

1 220

1.45

core

clad

clad

n

n d nm

n
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Figure 3 shows the numerical solution for the propagation constant of the 

fundamental TE and TM modes. The effective index of the single TE mode according to the 

analytic solution is: 2.8352effn  . The effective index obtained using numeric COMSOL 

simulations is identical. The transverse profile of the yE  component of the TE mode is 

shown in Figure 4. Here too agreement between direct numerical simulation and the 

analytic solution is excellent.   

 

Figure 3 - Graphic solution of the characteristic equation of a slab WG.  

 

Figure 4 - Transverse profile of the electric field of the fundamental TE mode in a slab WG: analytic solution 

(blue) and COMSOL numerical simulation (dotted red). 

1.2.4 Waveguide modes 

In the case of a symmetrical WG, where the core layer is surrounded on both sides by the 

same cladding layer, it can be shown that the transverse profiles of field components are 
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either symmetric (even modes) or anti-symmetric (odd modes). The characteristic equation 

of TE modes (1.13) can be reduced to following forms: 

,

,

,

,

,

,

tan for even modes
2

tan for odd modes
2

c clad

c core

c core

c core

c core

c clad

d
k

k

kd
k





 
 

 

 
  

 

 (1.15) 

Defining the dimensionless quantities ,
2

c core

d
u k  and ,

2
c clad

d
v a , (1.15) may be 

rewritten as: 

tan

cot

v u u

v u u

 


  
, (1.16) 

subject to the constraint that 
2 2 2v u V  . Here V is the normalized frequency variable: 

   2 2 2 2

, , 0 0
2 2 2

c core c clad core clad A

d d d
V k k k n n k N     .                       (1.17) 

Where AN  is defined as the numerical aperture of the WG. 

Graphic solutions of (1.16) for various values of V  are shown in Figure 5. 

 

Figure 5 – Graphic solutions for the even (blue) and odd (red) TE modes of symmetric slab WGs, having 

different V numbers (green) 
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It is evident from the figure that there are small enough values of V : 0
2

V   , 

for which there is only one solution to the characteristic equations. For instance, in a 

different WG, the optical fiber with radial symmetry, the single mode condition is 

0 2.405
2

A

d
k N  where 

2

d
 is the core radius. In general, there will be 1M   solutions, 

alternating between even and odd, if V  falls in the interval: 

 1

2 2

MM
V

 
   (1.18) 

This expression describes the cutoff conditions for all possible guided modes in a 

symmetric WG. The highest order of guided mode is obtained by: 

2V
M floor



 
  

 
 (1.19) 

Let us now proceed with another, symmetric example: 

1

2

3.48

1.45 220

1.45

core

clad

clad

n

n d nm

n



 



 

The wavelength-dependent V  number for this geometry is: 
 
696

V
nm




 . 

Therefore, according to (1.18)  the shortest wavelength for which only one TE solution is 

supported is about 1400 nm. At 1300 nm wavelength the V number increases to about 

0.535 , for which the first odd solution is propagating as well. Figure 6 shows the 

transverse profiles of these two modes.  
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Figure 6 - Transverse profiles of the electric fields of the first even (blue) and odd (red) TE modes of the 

symmetric slab WG example, at 1300 nm wavelength 

When multiple modes are supported, each is characterized by its own propagation 

constant. An incident beam is typically divided among the supported modes, and each 

projection acquires a different phase. This situation is highly undesirable in most photonic 

devices, in which careful control over phase accumulation is mandatory. Therefore, the vast 

majority of silicon-photonic devices consist of single-mode WGs.  

1.2.5 Chromatic dispersion 

Chromatic dispersion imposes a stringent limitation on the transmission of high-bandwidth 

waveforms along single-mode optical WGs. It describes the dependence of the phase 

accumulation on wavelength. Chromatic dispersion might lead, for example, to the temporal 

broadening of pulses and to inter-symbol interference in the demodulation of data.  

Chromatic dispersion stems from the combination of two factors: material 

dispersion and WG dispersion. The first one is due to the variation of the refractive index of 

a bulk medium with wavelength. The second term is due to the WG geometry. A change in 

  modifies the expressions for the cutoff wavenumber, even if the refractive index of the 

medium remains the same. In addition, as will be seen in detail in subsequent sections, the 

boundary conditions between core and cladding vary with frequency. These lead to a 

dependency of    on frequency known as WG dispersion.  
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The devices used in this work are all made in the SOI platform, in which WG 

dispersion dominates over material dispersion. A first-order approximation for the 

dependence of effective index on wavelength can be simply obtained by solving for the 

propagating constant for two different wavelengths. The wavelength derivative of the 

effective index defines the group velocity index of the propagating mode:  

  0 0g eff

dn
n n

d
 


  .                                                       (1.20) 

Here 
0  denotes the central wavelength of interest. 

A linear relation between the accumulation of phase (effective index) and frequency 

(or wavelength) signifies temporal delay (or 'group delay') in the time domain. Therefore the 

first derivative term gn  is known as the 'group index'. It governs the group velocity in which 

modulating envelopes (or 'information') is propagating in the WG: 

g

g

c
v

n
  (1.21) 

First-order variations of the effective index with wavelength do not bring about 

temporal shape distortion.  

The second order approximation to the spectral dependence of the effective index is 

quantified in terms of the chromatic dispersion parameter: 

2

2

d n
D

c d




  , (1.22) 

or in terms of frequency:  

22

0
2 2 2

d
D

d c




 
    (1.23) 

The effect of the dispersion parameter on the propagation of broadband 

waveforms, centered around an optical carrier of frequency 0  along a WG of length L , can 

be expressed in terms of a frequency-domain response: 
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22

0exp
2

WGH j L


  
 

  
 

 (1.24) 

This response manifests in distortion to the temporal intensity profiles of 

propagating pulses, since the accumulated phase varies with frequency in a nonlinear 

manner. 

1.2.6 Rectangular-cross-section waveguides  

One-dimensional WGs cannot confine light in the transverse ŷ  direction. Therefore they are 

not practical for most planar integration purposes. More complex cross sections of WGs, 

with a two-dimensional geometry, are required to introduce a second dimension of 

transverse confinement. Analytic solutions to the modes of most two-dimensional cross-

sections can only be obtained subject to certain approximations. Although not strictly 

precise, these approximate solutions provide useful insight. One approximate formalism, the 

effective index method, is introduced below. In this approach, the two-dimensional WG is 

regarded as two orthogonality oriented slab WGs. By that, the solution is reduced to a 

super-position of several one-dimensional problems, each addressed by the slab WG 

formalism of the previous section. This solution procedure cannot account for the transverse 

modal profile, however it provides useful estimates for the propagation constant.  

The principle and process flow of this method is described in Figure 7. Here the 

method is shown for an effective index calculation of a ridge cross-section, which is one of 

the common structures for an optical WG. The entire process requires the calculation of four 

different slab WGs. First, the geometry is sliced on the ŷ  axis to three separate x̂ -oriented 

slab WGs, and the fundamental TE mode of each is solved. Then, the 'true' structure of the 

WG is replaced by three 'effective layers' in the ŷ  direction, each with an index that equals 

the effective index calculated for the corresponding slab. Finally, the TM mode of that slab is 

calculated. The TM mode is chosen here since this final slab is orthogonally orientated to the 
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previous geometry. The effective index of that TM mode represents an estimate of the 

effective index of the 'true', two-dimensional TE mode.        

 

Figure 7 – Illustration of the effective index method for estimating the propagation constant of the 

fundamental mode in a two-dimensional ridge waveguide. 

As an example, a ridge WG with the following parameters was analyzed using this 

method. 

1

1 2

2

3.48 150

1 70

1.45 700

coren h nm

n h nm

n w nm

 

 

 

 

 

Figure 8 – Schematic illustration of a ridge waveguide. 

The calculation provides the following estimate for the effective index of the 

fundamental TE mode: 

0, 2.73287eff TEn   
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An exact numerical solution of the same mode using COMSOL provided an effective 

index of 2.7201, in excellent agreement with the approximation. The transverse cross-

section of the numerical mode solution is shown in Figure 9. 

 

Figure 9 – Transverse profile of the electric field of the fundamental TE mode of a ridge waveguide, as obained 

using COMSOL numerical simulation.  

Several trends may be identified in the analysis of WGs: When the index contrast 

n  between core and cladding is increased, a smaller core is needed to maintain single-

mode operation. The relative confinement of the electromagnetic energy to the core region 

is increased. In addition, the dependence of the propagation constant on wavelength, or 

chromatic dispersion, becomes more pronounced, and the structure becomes more 

susceptible to losses due to surface roughness.  

 Typical SOI wafers used in photonics device fabrication have a 2 µm-thick silica layer 

and a 220 nm-thick silicon device layer which determines the WG thickness. The width of 

single-mode WG cores varies between 400 – 800 nm, depending on the specific design. Two 

commonly employed silicon WG designs, ridge and rectangular geometries, are shown in 

Figure 10 alongside the numerically calculated transverse profiles of their fundamental TE 

modes.  
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Figure 10 – Cross sections and calculated transverse profiles of the electric field components of the 

fundamental TE modes in a Ridge WG (left), and a rectangular WG (right) 

1.2.7 Propagation loss in waveguides 

Propagation loss mechanisms in WGs can be divided in three main categories: material 

absorption loss, scattering loss, and radiation loss. Material absorption is due to atomic or 

molecular transitions, or band-to-band electronic transitions in semiconductors. It relates 

directly to the imaginary part of the refractive index: 

  02 Imk n                                                        (1.25) 

Loss of intensity is described by Beer's law:  

    0 expI z I z  ,                                                 (1.26) 

where  I z  is the position-dependent electro-magnetic intensity, an 0I  is its value at the 

input facet. Material absorption at telecommunication wavelengths is negligible in both 

silicon and silica. 

Two dominant scattering loss mechanisms should be considered in dielectric WG: 

Rayleigh scattering due to fluctuations in the local refractive index on a sub-wavelength 

scale, and scattering due to surface roughness. Rayleigh scattering in crystalline silicon is 

very weak. Roughness-induced scattering may take place at the sidewalls of waveguide 

cores, and to a lesser extent at the vertical interface between device layer and cladding. 
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Sidewall roughness is strongly dependent on the quality of fabrication processes, and it is 

the dominant loss mechanism in straight SOI waveguides. For a given exponentially decaying 

auto-correlation of the surface roughness, the following limit can be established for the 

scattering loss coefficient of the fundamental TE mode: [5] 

2

4

0

8

core

g
k n w


  . (1.27) 

Here 
2  is the mean square deviation of the surface roughness from a flat surface, 

w  is the width if the WG, and g  is a numerical factor that depends on the confinement 

level of the mode to the core, and typically lies within the range of 0.4 - 0.8.  

Radiation loss in planar WGs is primarily due to bending. It stems from the imperfect 

overlap between the transverse profiles of modes in adjacent cross-sections that are laid out 

on a finite radius. Bending losses grow as bending radii become smaller, and they are 

strongly dependent on the level of confinement of the guided mode to the core layer: they 

are much reduced when the index contrast between the core and cladding is high as in the 

SOI platform. Experiments and simulations suggest that bending losses are negligible in ridge 

SOI waveguides at radii larger than 40 µm [6]. Radii as low as few µm can be supported by 

fully-etched rectangular waveguides.        

1.2.8 Couplers  

The next fundamental functionality that is necessary in optical devices is the coupling of light 

between WGs. Couplers serve as optical splitters/combiners with different ratios. There are 

several ways to realize these elements, such as: multimode interference (MMI), Y-junctions 

and directional couplers. The latter, which are the ones used in this research, are 

implemented by the placement of two waveguide cores at close and carefully controlled 

separation. 
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1.2.8.1 Coupled mode theory  

An introduction to coupled mode theory (CMT) is required for the analysis of directional 

couplers [7]. The essence of CMT is the treatment of compound waveguide structures as a 

super-position of simpler individual waveguides, with the modes associated with each one 

being perturbed by the presence of the others. These perturbations lead to coupling and 

exchange of power among the guided modes. A set of equations governing the evolution of 

an arbitrary number of modes an can be established. To that end, let us define the overall 

fields in a compound structure as a sum of individual fields: 

   

   

1

1

,

,

N

i i

i

N

i i

i

E a z e x y

H a z h x y












 (1.28) 

Here ie  and ih  are the normalized electric and magnetic fields of the unperturbed 

solutions for the mode in waveguide 1i N , and  ia z  are the amplitudes of these 

modes. Lossless propagation is assumed. The modes solve Maxwell's equations:  

0
ˆ

ˆ

T i i i i

T i i i i i

e j h j z e

h j e j z h

 

 

    

    
,       (1.29) 

for geometries in which ( , , )i x y z  is the dielectric constant of waveguide i  alone, and all 

other waveguides are absent. (The individual field profiles of course do not solve Maxwell's 

equations for the compound geometry described by the overall dielectric constant 

 , ,x y z ). 

The overall fields do solve Maxwell’s equations for the entire geometry: 

0
ˆ( ) :

ˆ( ) :

T

T

a E j H j z E

b H j E j z H

 

 

    

    
                                              (1.30) 
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In placing  (1.28) into (1.30), multiplying (1.30)a by the conjugate of H  and (1.30)b 

by the conjugate of E , subtracting the two resulting equations from one another, and 

integrating over the transverse cross-section, we may isolate the propagation constant of 

the overall field: 

*

,

*

,

i ij j

i j

i ij j

i j

a H a

a P a
 




, (1.31) 

where: 

* *1
ˆ

4
ij j i i j

ij ij j ij

P e h e h zda

H P K

      

 

  (1.32) 

and: 

  *

4
ij j j iK e e da


     (1.33) 

Here P  is a power matrix, and H  is a matrix that describes the self-coupling and 

evanescent coupling terms among the different waveguides according to their modal 

overlap. Note that the diagonal terms of the tensor P  represent the propagation of power 

in individual waveguides. Equation (1.31) can be differentiated with respect to *

ia  (or ja ) 

and rearranged as: (note that j  is the derivate of  exp j z ) 

ij j ij j

j j

d
P a j H a

dz
         (1.34) 

In matrix form, it becomes: 

d
A j A

dz
 P H  (1.35) 

Where A  represents a vector containing the amplitudes of the modes.  
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We now restrict the discussion to forward propagating modes in two single mode 

WGs. In this situation the first and the second composite modes are even and odd, 

respectively, with propagation constants of 
even  and odd . Assuming normalized fields, the 

power matrix takes up the following form: 

1

1

X

X

 
  
 

P . (1.36) 

Here ,ijX P i j   is the overlap integral between the single modes. 

Following orthogonalization and diagonalization, the solution for the propagation of 

the individual modes amplitudes is brought to the form: 

     0A z z AT  (1.37) 

where:   

 
     

     

cos sin sin

sin cos sin

Sz jB Sz jC Sz
T z

jD Sz Sz jB Sz

  
  

  
                                (1.38) 

, ,B C D  are related to the level of symmetry between the two individual WGs and 

to X . The transfer matrix suggests that power is being transferred periodically between the 

two WGs in propagation along ẑ . The spatial period of power transfer depends on the 

difference between the propagating constants of the even and odd super modes: 

2

even oddS
 

  (1.39) 

For a symmetric coupler, (1.39) can be written also by (see definitions in (1.34)): 

 
 12 21 11 22

22 1

K K X K K
S

X


  
 


                                               (1.40) 

In case the two WGs are identical, and sufficiently separated so that the overlap 

integral X  is negligible, we obtain: 
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  *12 21
12 2 2 1

2 4

K K
S K e e da


 


                                    (1.41) 

Note that (1.41) can be calculated when the field distribution of each single WG is 

known, without any knowledge on the super mode effective indices. This notion is relevant 

only for the case of symmetrical coupler and weak coupling. In other cases, calculation of 

the coupling coefficients requires knowledge of the propagating constants of the super 

modes, or by approximation, through calculating the overlap integral X .  

The power guided in each WG is obtained from the solution of (1.37): 

     
2

i i jP z a z Xa z   (1.42) 

Often input light only appears in a single port (for example, in the first one). 

Assuming once again weak coupling between identical WGs, the power appearing in each 

WG is simply given by:  

   

   

2

1

2

2

cos
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P z Sz
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 (1.43) 

Maximum power transfer from WG1 to WG2 occurs at the coupling length: cz L : 

2
cL

S


  (1.44) 

In Figure 11, a 3D COMSOL simulation of the optical field along a coupler is shown, 

demonstrating the periodic transfer of power between the two WGs:  
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Figure 11 - 3D COMSOL simulation of the optical field magnitude along a directional coupler between 700 nm 

width Ridge WGs with 300 nm separations gap between cores. 

The coupled mode theory may be put to the test in the analysis of a coupler 

between two one-dimensional slab WGs, for which the fields distribution can be expressed 

analytically as previously discussed. A coupler comprised of two 500 nm-thick, symmetric 

slab WGs, with different separation distances between cores, was simulated using two 

formalisms. First, the two super-modes supported by the joint structure were solved using 

COMSOL numerical analysis, and the coupling length was determined using (1.39). 

Alternatively, the profiles of the individual WG modes were used to numerically calculate 

the coupling coefficients following (1.41), with no analysis of the joint structure. The two 

calculation methods are illustrated in Figure 12. Inserting (1.11) into Eq. (1.41) we find that 

the coupling length increases exponentially with the separation s  between cores:  

   expcL s A qs  , (1.45) 

where q  is the exponential decay parameter of the field in the cladding:  

 
22

0 cladq k n   (1.46) 
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Figure 12 – Analysis of a directional coupler between two one-dimensional Si/SiO2 slabs, with 500 nm-thick 

core layers and a separation of 300 nm between cores. Top – transverse profiles of the symmetric (right) and 

asymmetric (left) modes of the structure, as obtained using COMSOL numerical analysis. Bottom – illustraiton 

of the calculation of the coupling coefficient based on the overlap between the modes of individual slabs, 

carried out using matlab.  

Figure 13 shows the coupling lengths obtained using the two calculation methods, 

as a function of the separation distance between the two cores. Two devices were 

considered, both with silicon cores (refractive index of 3.48 RIU). In one case silica cladding 

was considered (refractive index of 1.45 RIU, right panel), and in the other a cladding index 

of 3.45 RIU was considered instead (left panel). In both cases, agreement between the two 

simulation procedures is very good. Results are practically indisinguishable for the high index 

contrast case, while small-scale differences can be observed in the analysis of a low-contrast 

device. The coupling distance closely follows an exponential dependence, as expected. 

Shorter coupling length is found for the high-index cladding, as expected, due to the smaller 

confinement of modes to the cores.  
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Figure 13 – Calculated coupling lengths in a coupler formed of two slab waveguides with 500 nm-thick silicon 

core layers (refractive index of 3.48 RIU). Analysis was carried out based on the super-modes of the compound 

structure (labeled 'COMSOL'), and based on the profiles of modes in individual waveguides (labeled 'matlab'). 

Left – cladding refractive index of 3.45 RIU. Right – cladding refractive index of 1.45 RIU (silica).  

1.2.8.2 Directional Coupler 

The directional coupler has two input ports and two output ports. It is convenient to 

describe this element transmission using the transfer matrix formalism of (1.39) above, 

where 1/2 1/2/in outE E  are the two inputs/outputs optical fields: 

1 1

2 2

1

1

out in

out in

jE E

E Ej
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1
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Figure 14 – Schematic layout of a directional coupler (left), and its transfer matrix (right).   

The coupling coefficient   denotes the fraction of incident optical power in a given 

input port which is cross-coupled to the output of the other port. In a device based on weak 

coupling between two identical WGs, the coupling coefficient is simply given by: 

 sin Sz  . The coupling coefficient is wavelength-dependent. 

So far we considered the two most-basic functions of a photonic integrated 

platform: the guiding of light and the coupling of optical fields between paths. Guiding and 

coupling allows for the construction of basic photonic devices, such Mach-Zehnder 

interferometers (MZIs) and ring resonators, the attributes of which are addressed later. 
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These, in turn, can be cascaded to achieve more complex functionalities. In this work, I focus 

on optical filters, which constitute an enabling technology for wavelength division 

multiplexing (WDM) systems [3]. Their most common application is in the multiplexing and 

de-multiplexing of closely spaced channels; however, they also play major roles in gain 

equalization and dispersion compensation, microwave photonics and sensors. The design of 

photonic filters is based on a powerful and useful analog between their properties and those 

of digital filters, which is addressed next.   

1.3 Digital filter concepts for the description of optical filters 

In this section, I present a few relevant digital filters concepts along with comparisons 

between digital and optical filters [8]. An important advantage of this comparison is that 

numerous algorithms, developed for digital filters synthesis, can be used for the design 

optical filters as well [9]. Digital filters are linear time invariant (LTI) systems, hence their 

operation is most conveniently described in the frequency domain. The Fourier transform 

converts time-continuous signals to a continuous frequency variable f . Its equivalent for 

discrete signals is the discrete time Fourier transform (DTFT). The main mathematical tool 

used for analyzing digital filters is the Z-transform, which is an analytic extension of the 

DTFT. In the following T  denotes the sampling interval and /h H  are the impulse response 

/ frequency response functions, respectively: 

     
 

   exp 2

exp 2

n

n n

H f h nT j fnT H z h nT z

j fT z





 


 

   


          (1.47) 

A fundamental property of the Z-transform relates  1h n  to  H z  by: 

   11 n

n

h n z z H z


 



   (1.48) 

A delay by a single sampling interval is therefore represented as multiplication by 

1z in the Z-domain.  
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The output of a discrete linear system can be generally described by weighted  ,a b  

sums of previous delayed inputs  x  and previous delayed outputs  y : 

            0 1 11 1M N

feedforward feedback

y n b x n b x n b x n M a y n a y n N                      (1.49) 

The Z-transform results in a transfer function that is a ratio of polynomials. The 

transfer function of any system can be fully characterized by its set of values for which the 

numerator and denominator polynomials vanish ('zeros'  mz  and 'poles'  mp , 

respectively):  

  
 

 

 

 

0 1

1 1

MM
N Mm

mm

m m

N N
n

n n

n n

z z zb z
B z

H z
A z

a z z p



 



 

 

  



 

 
                             (1.50) 

The parameter  stands for gain. In passive filters, the transfer function cannot be greater 

than one, therefore  has a maximum value defined by  
  exp

max 1
z j

H z


 .    

Digital filters may be categorized into the following groups: 

 Moving Average (MA) filters, which include only zeros and no poles. They are also 

referred to as Finite Impulse Response (FIR) filters, and consist only of feed-forward 

paths. 

 Auto Regressive (AR) filters, which have only poles and contain feedback paths only. 

 Auto Regressive Moving Average (ARMA) filters, which include both poles and zeros. 

Both AR and ARMA filters are also referred to as Infinite Impulse Response (IIR) filters. 

The system's magnitude response in the frequency domain is given by: 

   
 

2

expz j
T H z





                                                 (1.51) 
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Several design principles can be drawn from zeros and poles analysis. The zeros 

define the points in the Z-plane in which the transmission vanishes. Therefore, the location 

of zeros close to the unit circle leads to stronger suppression of specific frequencies and a 

larger extinction ratio. The poles are related to the feedback weights. Therefore, higher 

poles magnitudes represent stronger feedbacks which result in sharper frequency response. 

The following provides a description of two basic examples, and their integrated optics 

equivalents. 

1.3.1 Single stage filters 

Single stage moving average filters 

MA filters contain only zeros, meaning they are comprised of delays in feed-forward paths. 

The equivalent optical device of a single-zero MA filter is the MZI, which consists of two 

couplers connected back-to-back with unequal delays as shown in Figure 15.  

1 2
1

inE

2

inE

1

outE

2

outE

1l z   

Figure 15 – Schematic illustration of a Mach-Zehnder Interferometer (MZI). 

The relative unit delay between the two paths can be represented in the Z domain. 

The transmission from input port 1 to output port 1, for instance, is given by: 

 

 
1 1

1 2 1 2

1

1

in

out

E z
z

E z
        ,                                              (1.52) 

where 1/2 are the coupling coefficients of the two couplers as above. 

The transfer function has a single zero, located at: 

 
 

1 2

1 21
z

 

 



                                                  (1.53) 
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As noted earlier, a zero on the unit circle results, in principle, in an infinitely high 

extinction ratio. This objective is met, for example, with the choice of: 

 
1 2 0.5                                                             (1.54) 

From the optics standpoint, balanced couplers lead to equal transmission in the two 

paths and maximum visibility of the interference patterns. The power transfer function the 

filter is given by (1.55), and illustrated in Figure 16: 

   2sin
2

delayT
T




 
  

 
                                               (1.55) 

 

Figure 16 – Frequency response of a single-stage MZI, with a differential group delay of 12.425 ps. 

Single stage auto regressive filters  

AR filters have only poles in their transfer function, meaning that their outputs consist of a 

sum of delayed feedbacks. A ring resonator with two couplers, as shown in Figure 17, is the 

simplest optical waveguide realization of an AR filter with a single-pole:     

1
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Figure 17 – Schematic illustration of a ring resonator. 

The cross-port transmission, from input port 2 to output port 1 given by: 
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                                          (1.56) 

Where 
1020log L    is the round-trip loss in dB for propagation through the ring, and 

  stands for the loss coefficient, in dB per unit length. The single pole is located at: 

 
1 21 1p                                                        (1.57) 

As mentioned earlier, sharp transmission features are achieved when the pole is 

located as close to the unit circle in Z space as possible. The magnitude of the pole is 

restricted to less than unity by the coupling coefficients and losses along the ring waveguide. 

Attempts are often made to minimize these loss factors [10]. The transmission of the filter, 

for 
1 2    , is given by: 

  
     

2

2 21 2 1 cos 1
T

T

 


    


   
                                 (1.58) 

 

Figure 18 – Frequency response of a ring resonator, with a propagation delay along the ring T of 12.425 ps, and 

two couplers with equal coupling coefficients of 0.076. The WG loss is of 3.5 dB per cm. 

The through port of the same ring has an ARMA transmission with both a zero and a 

pole: 
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Let assume that there is only one bus WG, so 
1 0  . In this case (1.59) becomes: 
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                                                 (1.60) 

To achieve maximum extinction ratio, the zero location should be: 

 2

2

1 1
1

z


 


    


                                              (1.61) 

This coupling ratio value is called “critical coupling”.  

The Q factor is a well-known parameter used in quantifying the sharpness of filters. 

It is defined as: 

 0Q






,                                                                         (1.62) 

where   is the full width at half maximum of the spectral transmission features 

(wavelength separation between the 3 dB points), and 0  is the wavelength of maximum (or 

minimum) transmission. The sharpness of the filter is defined through the pole location. 

Subject to critical coupling conditions, that location depends on propagation loss along the 

WG. The Q value may be related to the location of the pole, and to the coupler and 

waveguide parameters. These relations are derived next. First, the FWHM has to be found. 

Using (1.58): 
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     (1.63) 

Using a second-order approximation of the cosine term for small angles T : 
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   ,                                                       (1.64) 
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The half maximum frequencies are obtained: 
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                                                     (1.65) 

The relation between spectral bandwidths in units of frequency and wavelength is 

given by:  

 
2

2
2 2

4

c
f

c
 

  


 


 

 
    




                                             (1.66) 

The FWHM therefore equals: 
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                                   (1.67) 

The FWHM can be related to the pole magnitude (1.57): 
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                                                                  (1.68) 

The Q-factor is related to the pole magnitude according to: 
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                                                         (1.69) 

As the pole location approaches the unit circle, the Q-factor increases towards 

infinity. For a ring with a single drop port ( 1 0  ), under critical coupling conditions(1.61), 

the Q-factor depends on propagation loss along the ring, according to: 

 
2 21 1

gLncT
Q

  

   
 

 
                                                   (1.70) 

(1.70) can be written in terms of the logarithmic loss in dB per unit length  : 
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Let us define:   20exp 10q


 , so (1.71) can be rearranged as: 
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              (1.72) 

The approximation in the transition before last is valid for low propagation losses (or 

high-Q resonators). Placing back the definition for q : 
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                                                      (1.73) 

The above relation provides a very convenient procedure for the estimate of WG 

loss, through the measurement of the Q factor of a resonator. For example, losses of 3.5 

dB/cm correspond to a Q-factor of 88,000. A single transmission notch from the drop 

transfer function is shown in Figure 19, for two different loss values. The obtained values 

match perfectly to the calculation according to (1.73). 

 

Figure 19 – Simulated transfer function of ring resonator with 0.5 mm circumference and a single drop port, 

designed for critical coupling. A single transmission notch is shown. Propagation losses were 3.5dB/cm (blue) 

and 7dB/cm (red). The obtained Q factors are 88,000 (blue) and 44,000 (red).  
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Thus far, the locations of zeros and poles were restricted to the real Z axis. However, 

larger design freedom would require that zeros and poles are placed arbitrarily over the 

entire complex Z plane. In the mathematical description, general pole and zero locations are 

supported with the introduction of an arbitrary phase term, so that 1z is replaced by 

  1exp j z  . From the optics perspective, delays are seldom integer multiples of a 

particular reference wavelength of interest with absolute precision. These residual 

accumulated phases manifest in propagation along the WG:  exp delayj T j  . These 

additive phase delays can be the outcome of arbitrary fabrication variations, or the outcome 

of careful synthesis. In any event, they must be controlled for the designed filter to function 

properly. 

1.3.2 Multi stage filters 

A multi-stage filter can be implemented by cascading MAs and ARs filters [9]. Each 

stage implements a single zero or pole, to create a general transfer function as in (1.50). At 

each stage any combination of input/output can be used. The location of each zero/pole is 

independent from those of the other stages, and can be designed through the choice of 

coupling coefficients and phase delays. There are specific lattice topologies of rings/MZIs for 

which advanced synthesis algorithms of poles/zeros locations are available. The number of 

stages, or the order of the filter, that can be achieved is restricted by losses of the device: 

each stage adds to the overall losses.  

1.3.2.1 1x8 De-multiplexer 

A specific example of cascaded MA filters architecture consists of three MZI stages, 

with differential delays that are integer multiplies of a unit delay, in a tree topology as can 

be seen in Figure 20. The first stage (A) consists of a single MZI, whose differential delay is 

the longest. The second stage (B) includes two MZIs, with a differential delay that is half of 
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that of stage A. Lastly, stage C is comprised of four MZIs, with a differential delay that is one 

fourth of that of stage A. The differential phases within all MZIs must be carefully designed, 

as discussed later. 
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Figure 20 - Schematic illustration of 1X8 channel de-multiplexer, implemented in cascaded MZI topology. The 

locations of zeros are plotted following each stage: Red for stage A, green for stage B, and purple for stage C. 

The transfer function for each port is of the general form (for 1 2 0.5     ): 

          4 2 1

, ,

1
1 exp 1 exp 1 exp

8
i A B n C i

stage A stageB stage C

H z j z j z j z              
     

     (1.74) 

In each multiplicative term, the '+' sign corresponds to the response of the cross 

port, and the '-' sign describes the transfer of the through port of the certain MZI. 1,2n   

denotes the number of the particular MZI in stage B, and  1,2,3.4i   is the number of the 

specific MZI element in stage C. The locations of the zeros for each output port of each stage 

are shown in the figure. The differential phases within all MZIs are derived with respect to 

A . In stage B, ,2B A   and ,1 2B A
   . The differential phase delays within stage C, 

with respect to A , are the following: ,1 ,2 ,3 ,4
3, , , 0

4 4 2C C C C
         .  

Each of the eight output ports of stage C is characterized by seven zeros on the unit 

circle. The zeros positions cover seven out of the eight integer multiples 4m   radians, 
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0,1 7m  . In each port, however, a different specific multiple of 4  radians is not 

covered by a zero. Recall that a zero on the unit circle represents the blocking of 

transmission at a particular frequency, with an infinite extinction ratio. Consequently, each 

of the eight output ports passes through a specific, distinct frequency and blocks-off others. 

The theoretical frequency-domain transfer functions are shown in Figure 21. 

 

Figure 21 – Theoretical power transfer functions of cascaded MZI, 1x8 de-multiplexer filter, with a basic 

differential path length of 200 µm. 

1.3 Trimming techniques 

1.3.1 Phase delay calibration 

As was shown in the previous section, advanced optical filters are highly dependent on 

precise coupling ratios, phase delays and group delays. Sufficient accuracy of these 

parameters is very difficult to achieve with open loop fabrication. For instance, a small 

deviation in the width of a ridge WG can cause a substantial change of the effective index. 

The sensitivity of the effective index to geometrical variations can be estimated based on the 

effective index method (section 1.2.5). Given the etch depth used in our process, the ridge 

WG is represented in the final phase of the calculation by a symmetric slab with indices of 

2.5092/2.8352 RIU for the core and cladding, respectively. The dependence of the ridge WG 

effective index on the WG width is plotted in Figure 22, based on both by the effective index 

method (noted as 'Matlab') and direct numerical simulations of the 2D profile ('COMSOL'). 
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Figure 22 – Variation of the effective index of a Si/SiO2 ridge waveguide (in %), as a function of parasitic 

changes to the ridge width (in %). The 'nominal' width of the ridge is 700 nm. It is etched in a 220 nm-thick 

silicon device layer to 70 nm depth. Calculations are made using the effective index method ('matlab'), and by 

direct numerical simulations of the two-dimensional structure ('COMSOL'). 

According to the analysis, a 1% deviation in the ridge width would lead to a 0.05% 

change in the effective index, and an equal change in delay. The significance of these 

variations can be examined with respect to the wavelength scale. A 1 mm-long waveguide 

covers about 1,700 wavelengths. A 0.05% variation in the effective index of such a 

waveguide would modify its effective delay by 0.877 wavelength units. Therefore, an 

uncertainty of 1% (or 7 nm) in the width of the 1 mm-long ridge waveguides makes the 

optical phase at its output completely random.  

As an illustration, the transfer functions of a MZI with a 1 mm-long path imbalance, 

with and without a 1% error in WG width, is shown in Figure 23. The situation is made worse 

for rectangular WGs, in which a 1% error in width corresponds to 0.4% variation in effective 

index. Geometric variations might also modify the waveguide dispersion behavior, and lead 

to modifications in the group delay index. 



M.Sc. Thesis, Dvir Munk, Faculty of Engineering, Bar-Ilan University   38 
 

 

Figure 23 - Simulated transfer functions of MZIs comprised of ridge WGs, with a path imbalance of 1 mm. Red – 
nominal design. Blue – with 1% variation to the widths of ridge WGs.   

Uncontrolled phase delays are unacceptable in the realization of integrated photonic 

filters. Hence, procedures for the post-fabrication trimming of optical paths are mandatory. 

Most mechanisms reported to-date change the optical parameters of the waveguide by 

intervening in its periphery. Optical trimming procedures can be broadly classified in two 

categories: active dynamic tuning, and permanent passive post fabrication trimming. 

Common active solutions rely on the driving of current along pre-patterned metallic 

heaters [11] [12], or on the injection of free carriers into p-i-n junction structures [13]. These 

techniques are very precise, and can compensate for phase-delay errors on the order of . 

However, active tuning approaches add to the complexity of fabrication and operation of 

devices that are otherwise passive, and require continuous closed-loop feedback. 

 

Figure 24 – Literature examples of active post fabrication tuning techniques: Use of metallic heaters (right, 
[11]), and injection of carriers to p-i-n junctions (left, [13]). 
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One-time, permanent post-fabrication trimming is preferable when the device 

temperature is sufficiently stabilized. Numerous mechanisms have been applied towards 

permanent post-fabrication trimming of photonic integrated circuits. Examples include 

irradiation of polymer layers with intense ultra-violet or visible light [14] [15], use of liquid 

crystals [16], photo-induced stresses and photo-elasticity [17]. Other methods include 

patterning of a thin, upper silicon nitride film [18], and local oxidation of the surface of 

silicon [19]. Most previous reports deal with phase delay modifications, whereas trimming of 

the group delay is not often addressed. Group delay modifications are required, however, 

for example in the adjustment of free spectral ranges (FSRs) of MZI filters. 

1.3.2 Coupling ratio calibration 

As was described in the previous sections, the locations of poles and zeros depend also on 

the coupling ratios of directional couplers. This dependency becomes highly significant in 

complicated multi-stage filters, and in ARMA filters as will be shown in subsequent chapters. 

For example, if the widths of ridge WGs in a directional coupler designed for a 50/50 ratio is 

changed from 700 nm to 707 nm, and the separation between the WGs is changed from 300 

nm to 303 nm, the power coupling ratio of the device would become 52/48.  

An optional solution to this problem is the use of a tunable device known as a 

symmetric coupler, or a zero-order MZI [8]. This device consists of two identical couplers 

with the same  , in a MZI form with nearly equal paths, and some mechanism for tuning 

the residual differential phase delay   of the MZI. The transmission of the device is that of a 

MZI with a very wide FSR, so that it is practically constant over the entire spectral range of 

interest. That nearly-constant value may be modified by changing the phase delay. The 

equivalent coupling coefficient for such device can be written as: 

   24 1 cos
2

mzi


  

 
   

 
                                          (1.75) 
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This device can achieve full tuning range between 0 and 1 for identical couplers with

0.5  . If the couplers are not identical, or if their coupling ratios deviate from 0.5, the 

tuning range becomes smaller and the transfer function becomes wavelength-dependent. 

The relative phase between the two output ports of the device depends on  . In contrast, 

the difference between the phases at the two output ports of a directional coupler is always 

2
 .      

1.4 Photo-sensitivity effects in chalcogenide glasses 

Chalcogenide glasses (ChGs) are amorphous semi-conducting materials that contain one or 

more of the chalcogen elements of the periodic table: S, Se or Te. ChGs are characterized by 

a broad transparency window, high refractive index, and pronounced optical nonlinearities 

[20-22]. ChGs also exhibit numerous permanent photo-induced modification effects [23, 24], 

ranging from refractive index variations [25]  to material reflow and mass transfer [26].  

1.4.1 Photo-darkening effect 

Photo-darkening is associated with a shift of the optical bandgap when the material is 

illuminated with bandgap light. The resulting change in absorption spectrum goes hand-in-

hand with a modification of the refractive index as a function of frequency, due to the 

Kramers - Kroning relations. For instance, a change in the refractive index of As2S3 by as 

much as 0.05 RIU was shown in [27]. 

1.4.2 Mass transfer effect 

Structural changes through a mass-transfer effect refer to a viscous flow in the glass: 

absorption of bandgap light raises the temperature of illuminated regions above the glass 

transition temperature gT . The temperature gradient initiates a fast lateral flow of the liquid 

layer, from hot to cold regions, in the direction normal to the forming groove. 
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1.4.3 Post-fabrication trimming techniques using chalcogenide glasses 

Photosensitivity is used in direct lithography and in trimming of MZIs and ring resonators 

fabricated in ChGs [28, 29]. ChGs also serve as a photo-sensitive upper cladding of WG made 

in other material platforms, such as SOI [30]. Photo-induced structural or index 

modifications to the chalcogenide layer can tune the propagation properties of the entire 

WG. Such modifications can be applied with relatively simple optical setups, and using 

closed-loop procedures, meaning that the response of the device is constantly monitored as 

it is being tuned. Canciamilla et. al [27] demonstrated a 2 shift in the phase delay along a 

SOI ring resonator, by photo-darkening in a ChG upper cladding (Figure 25). The effective 

index of the ring WG was modified by as much as 0.016 RIU [15].  

 

Figure 25 – Left - illustration of the trimming of the transfer function of an SOI ring resonator by photo-

darkening in an upper cladding layer of chalcogenide glass [27]. Right – measured transfer functions following 

several steps of illumination [27].  

In this work, the mass transfer effect is employed in entirely removing the upper 

cladding ChG layer. Compared with photo-darkening modifications, much larger changes in 

effective index and group index may be obtained. The method also allows for the tuning of 

directional couplers.  
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1.5 Objectives 

This research has two main objectives. First, to design a multi stage de-multiplexer filter for 

optical communication systems, which provide better passband uniformity and better out-

of-band rejection than those of cascaded MZI designs. Second, to present and employ a new 

trimming mechanism that uses photo-sensitivity effects in upper cladding layers of ChGs. 

The filter synthesis is based on a combination of MZI and ring, to achieve a high 

performance single ARMA stage. The analysis of this filter and the design of cascaded 

architectures based on multiple basic units are discussed in chapter 2. Experimental 

demonstrations of post-fabrication trimming include:    

 The calibration of differential phase delay corrections within MZIs. The process is 

carried out in a closed-loop configuration: the transfer function of the device is 

continuously monitored as it is being trimmed. The goal of this first experiment was 

to obtain phase tuning with high precision. 

 The post-fabrication tuning of differential group delay within MZIs. This correction is 

necessary to achieve the proper ratio between the group delay within a ring 

resonator and the differential group delay of a MZI that make up the ARMA filter. 

 The post-fabrication adjustments of the coupling ratio of a directional coupler 

leading into a ring resonator.  

 

  



M.Sc. Thesis, Dvir Munk, Faculty of Engineering, Bar-Ilan University   43 
 

2. Filter Synthesis 

2.1 The auto-regressive moving-average filter 

In this section I discuss ARMA optical filter architectures, which allow for the independent 

design of pole and zero locations. Formally, the through-port response of a ring resonator 

includes a pole and a zero, but their locations are inter-dependent. ARMA responses can 

also be realized by cascading AR and MA filters, however this solution path increases loss 

and footprint. Instead, by combining a ring resonator inside a MZI as shown in Figure 26, an 

ARMA response with a maximally flat pass-band can be obtained.  

 1

inE

2

inE

1

outE

2

outE1z

2z

ring

 

Figure 26 – Schematic illustration of a single-stage ARMA filter 

It is instructive to analyze the transfer function of the device in terms of the phase 

delays acquired in both arms of the MZI. The lower arm consists of a simple delay, so that: 

  delay delayT                                                          (2.1) 

The phase accumulated in the upper arm is that of a ring resonator through port: 
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                      (2.2) 

Here ring  is the coupling coefficient leading into the ring, as illustrated in Figure 26. 

The power transfer of entire structure is therefore given by: 

  
   2sin
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ring delay
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                                         (2.3) 
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Transmission and rejection occur when the phase difference is an integer multiple of 

. A flat pass-band response requires that the phase difference is nearly constant around the 

central transmission frequency: 

 
   ring delayd d

d d

 

 

 
                                                     (2.4) 

This condition can be met if the ring is at anti-resonance:  2 1ringT m     , 

by setting: 

 
1 1

1 1

ring

delay ring

ring

T T




  
 
  
 

.                                                   (2.5) 

A simple solution is to set 2ring delayT T . The ring anti-resonance can be shifted to a 

frequency of choice by controlling  . Since the goal is to flatten the MZI passband, which 

occur at  2 1delayT n   ,     is set to shift the ring’s anti-resonance condition to 

2 2ring delayT T m     . The proper ARMA response therefore depends on careful 

control over the phase delay within the ring and the coupling coefficient leading into the 

ring. A typical response of such a device is shown in Figure 27. Compared with a single MZI 

stage, a much flatter passband can be obtained. 

 

Figure 27 – Simulated frequency response of an ARMA filter. Propagation losses along the ring waveguide are 

3dB/cm, the coupling coefficient into the ring equals 8/9, and the group delay along the ring is 3.1 ps.   
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A flat bandpass filter can also be obtained by cascading several AR stages [31]. This 

topology is characterized by a larger footprint and potentially higher losses. In addition, 

residual ripples appear within the pass band, as opposed to the perfectly flat transmission 

provided by the ARMA design.  

2.2 Cascaded auto regressive moving average filters 

The filter from the previous section can be cascaded in order to obtain a multi-stage filter 

with a maximally flat passband [32]. Figure 28 shows a 1x4 filter consisted of three ARMA 

stages. The coupling ratio to the ring in the ARMA stages is determined according to (2.5), 

and the ratio between the ring length and the differential delay within the MZI is the same 

for all stages. The differential phases in each ARMA stage obey the anti-resonance condition 

(as mentioned in the section above). The choice of differential group delays follows similar 

considerations to those taken in the 1x8 cascaded MZIs filter. The delay length in the first 

stage is twice that of the second stage and the rings circumferences are derived from those 

lengths.  

To obtain four separate channels, the differential phase in one of the MZIs in stage B 

( 1B ) is designed to ,1 2MZI

B   at a central optical frequency   of interest, as was 

explained in the discussion of the 1x8 filter. The differential phases at the same   within 

MZIs A  and 2B  is taken as zero. These choices of differential phases within the MZIs affect 

the choices of phases within the corresponding rings. The phase delays within the rings in 

stages A  and 2B  are ,2

ring ring

A B    , to obtain anti-resonance at 2ringT m  . The 

differential phase within the ring of stage 1B  is set to ,1 0ring

B   so that anti-resonance is 

obtained in  2 1ringT m   . The frequency-domain responses of the four outputs of this 

filter, alongside those of an equivalent MZIs-only design, are shown in Figure 29. The 

flatness of passbands is much improved.          
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Figure 28 - Schematic illustration of a multi-stage ARMA filter  

 

Figure 29 – Solid: theoretical frequency responses of the four output ports of a 1x4 ARMA filter. The basic 

delay length is 0.5 mm and the ring coupling ratios are the same as those in Figure 27. Dotted – theoretical 

frequency responses of a corresponding filter using MZIs only.   

 This analysis can be extended to a 1x8 multiplexer, using the scheme form section 

1.3.2.1 and replacing each MZI with an ARMA filter. The phases in the rings and delays of 

each stage are listed in Table 1. The frequency-domain responses of the eight outputs of this 

filter, alongside those of an equivalent MZIs-only design, are shown in Figure 30. 
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MZI  

Ring  

A  0    

1B  
2

  0  

2B  0    

1C  
4

  
2

  

2C  3
4

  
2

  

3C  
2

  0  

4C  0    

Table 1 - list of phases for a 1x8 cascaded ARMA filter 

 

Figure 30 - Solid: theoretical frequency responses of the four output ports of a 1x8 ARMA filter. The basic delay 

length is 0.5 mm and the ring coupling ratios are the same as those in Figure 27. Dotted – theoretical frequency 

responses of a corresponding filter using MZIs only.   
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3. Post trimming using mass transfer effect 

A main objective of this research was to present and employ a new trimming mechanism 

that uses upper cladding layers of ChGs. Due to the unique ability to apply significant 

changes to the WG cross section, this trimming technique has a high potential in tuning 

phase and group indices and directional couplers. In the following section these abilities will 

be estimated using COMSOL and MATLAB simulations. I conclude this section in simulations 

that demonstrate the trimming process of two high-orders filters.        

3.1 Trimming of phase and group indices  

As noted in the introduction, the properties of propagation along a WG are defined by the 

solutions to Maxwell's equations within the boundary conditions represented by its cross-

section. In most cases of interest, no analytic solutions are available. Instead, the properties 

of propagating modes, such as their effective index effn  as a function of wavelength and 

transverse profiles of the different elements of the electromagnetic field, are obtained 

numerically.  

The transverse profile of the fundamental transverse electric (TE) mode of a 700 nm-

wide SOI ridge WG (with air upper cladding), with height of 220/150nm in the center/sides, 

is shown in Figure 31. A comparison between the modal properties with and without an 

upper ChG cladding layer is provided in Table  2 .  

 

Figure 31 - Cross section and simulated transverse profile of the electric field of the funnamdental TE mode of 

a Ridge WG. 

/Air ChG
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  1.54effn um    1.56effn um    0 1.55effn um    0

dn

d



  groupn  

Air 2.7263 2.714 2.7201 0.95325 3.67335 

ChG 2.842 2.833 2.8376 0.6975 3.5351 

Table  2 - Calculated effective indices at several wavelengths, and group index at 1550 nm, of SOI ridge 

waveguides with and without an upper cladding of ChG. 

The results suggest that the local removal of the ChG cladding layer from above an 

underlying SOI waveguide might modify its effective index and its group velocity by as much 

as 3.7%. The minimum phase velocity modification is defined by the trimming setup 

parameters and capabilities. The optical path length of a WG following the removal of the 

upper ChG layer from above a segment of length bL  equals: 

   , , , , ,'

eff

eff ChG b eff Air b eff ChG b eff Air eff ChG

L n

L

L n L L n L L n L n n



 



         .                   (3.1) 

Here L  and 'L  is the initial and modified optical path lengths, respectively. L  is 

the overall physical length of the WG, and , /eff Air ChGn  are the effective indices of the WG 

without / with ChG upper cladding, respectively. L  is the change in optical path length, 

which is proportional to bL . For example, a change of   radians in the accumulation of 

phase can be realized with: 

2
b

eff

L
n





 (3.2) 

According to Table  2 , 0.1175effn   at 1.55 m  , resulting in phase changes 

of: 

0.476
rad

m



   (3.3) 
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The smallest removal length is determined by the parameters of the mass transfer 

setup which is discussed later. Due to the diffraction limit, photo-removal steps of less than 

1 µm are difficult to implement. Therefore, photo-removal with the above parameters is not 

suitable for fine-tuning of phase delays in small increments. Fine adjustments of phase 

delays can be obtained with partial photo-removal of the upper ChG cladding to finite 

residual thickness, or the implementation of an intermediate low-index buffer layer between 

the silicon core and the upper cladding which reduces effn . On the other hand, the large 

changes in index are favorable in group delay modifications.  

3.2 Trimming of coupling ratio of a directional coupler  

The power coupling coefficient in a directional coupler depends on the length of the region 

in which the two waveguides are placed in close proximity. It can be expressed in terms of a 

coupling length cL  , inserting (1.44) into (1.43):  

2sin
2 c

L

L




 
  

 
 (3.4) 

cL , in turn, is given by the effective indices of the two joint modes that are 

supported by the dual-waveguide structure: a fundamental even mode and a second-order 

odd mode [33], according to (1.39) and (1.44): 

 2
c even odd

eff eff

L
n n

 


 
 

 (3.5) 

The effective indices of the two modes are obtained numerically. Figure 32 shows 

examples of the calculated transverse profiles of the two modes, alongside their calculated 

effective indices and the anticipated coupling length. The horizontal air gap between the 

two cores is 300 nm.  
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Figure 32 - Cross section and simulated transverse profile of the electric field of the funnamdental TE mode of 

a directional coupler between two ridge WGs: Even mode (left) and odd mode (right). 
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For that geometry, a 50/50 coupler can be realized following a length of about 16 

µm. 

The coupling coefficient is modified with the removal of the ChG upper cladding 

from part of the coupler length, as illustrated in Figure 33. 

 

Figure 33 – Photo-removal of the upper ChG layer from above part of the directional coupler length: 

Illustartion (left) and top-view microscope image (right). 

Partial removal effectively forms two couplers with different lengths and coupling 

coefficients, cascaded in series. Let us define 
/Air ChG

cL  as the coupling lengths of the two 

segments with different upper claddings, and denote /Air ChGL  as their physical lengths. The 

respective coupling ratios are: 
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Using the matrix formalism is shown in the introduction we can represent the two 

cascaded segments as a single equivalent coupler: 
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with an equivalent coupling coefficient, which is depends on the physical length of the 

segment from which the ChG cladding is removed: 

  2 1 1
sin

2

Air Air

T ChG Air ChG

c c c
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.                     (3.8) 

Here L  is the overall length of the coupler. Replacing cL  with S  according to (1.44) 

   2sinAir ChG Air Air ChG

T

S

L S L L S S



 
    
 
 

.                                 (3.9) 

For example, a certain coupler covered with a ChG clad layer, can be tuned to 

different coupling ratios by removing the ChG from parts of its length. Figure 34 shows the 

calculated coupling ratio of a 14 µm-long coupler between two ridge waveguides, which is 

initially designed for 50% transmission at a specific wavelength when fully covered with a 

ChG upper cladding, versus the ChG removal length. 
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Figure 34 - Coupling ratio of a 14 µm-long directional coupler between two ridge WGs, as a function of the 

fraction of its physical length that is free of ChG upper cladding. 

 This tuning range can be made wider by using a longer coupler. The coupling ratio 

oscillates with physical length, with a period of 2 cL . The partial removal of the ChG layer 

from a coupler that is several 
cL  periods long might result in a higher modification of the 

coupling ratio. However the broader tuning comes at a cost. As can be seen in (1.41) or 

(1.39), the coupling coefficient S  is wavelength dependent, meaning that the periodic 

variation of the coupling ratio (1.43) changes between different wavelengths. When a short 

coupler is used this wavelength dependence is weak. However, long couplers exhibit 

pronounced wavelength dependence. Therefore, a compromise must be made between the 

coupling coefficient tuning range and wavelength independence. 

 Another way to improve the tuning range is using different WG geometries, such as 

fully-etched rectangular rib WGs, and different transvers separations between the WGs, to 

increase S . Simulations examples of the tuning of the coupling ratios of two different 

couplers, a long device of ridge WGs and a short device of rectangular WGs, are shown in 

Figure 35. 
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Figure 35 – Calculated power coupling ratios of two different couplers .Different curves correspond to different 

lengths of sections not covered by ChG upper cladding (see legend). Top: a 305 m-long directional coupler 

formed between two 700-nm wide, partly etch (70nm) silicon-photonic ridge waveguides. The transverse 

separation between the waveguides cores is 300 nm. Bottom: a 50 m-long directional coupler formed 

between two 500-nm wide, fully-etched silicon-photonic rib waveguides. The transverse separation between 

the waveguides cores is 200 nm.  

This tuning of coupling ratios becomes instrumental in trying to achieve the precise 

values required by the ARMA design. 

3.3 ARMA filter calibration process 

The formal analysis of the ARMA filter, shown in the introduction section, draws two design 

rules: (a) the differential phase within the ring at a reference wavelength of choice should 

meet the anti-resonance condition    ; and (b) the coupling coefficient must be related 

to the group delays within ring and MZI according to: 

1 1

1 1

ring

delay ring

ring

T T




  
 
  
 

 (3.10) 

It is often preferable to choose the two delays as integer multiples, in order to 

obtain a periodic frequency response. In this work I choose: 
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8
0.5

9

delay

ring

ring

T

T
   . (3.11) 

Both conditions can be met by photo-induced modifications to the overlaying ChG 

layer on top of the coupler and ring. Figure 36 shows the simulated frequency response of 

an ARMA filter at three stages; before any trimming ( 0  0.667ring   25%error  ), 

after differential phase trimming (    0.667ring   25%error  ), and after the 

proper adjustments of both differential phase and coupling ratio (    0.889ring  ). 

The trimming process requires the removal of the ChG upper cladding from a 20 µm-long 

segment of the ring circumference, and from an 8 µm-long segment of the coupler length.  

 

Figure 36 – Simulated frequency response of an ARMA filter. Left – with arbitrary initial values of differential 

phase and coupled coefficient into the ring; Center – following the tuning of differential phase; and Bottom – 

following the adjustment of both differential phase and coupling coefficient according to design.  
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4. Fabrication process, characterization and trimming setups 

In order to test the tuning method experimentally, a fabrication process for silicon photonics 

devices was developed. The process is reviewed in the first section of this chapter. The 

second section provides an overview on the characterization setup used to measure the 

response of photonic devices. The mass transfer effect, used in device trimming, was 

implemented by another setup that is discussed in details in the last section of this chapter. 

4.1 Fabrication process 

This section is dedicated to the fabrication process of our ChG-on-SOI photonic devices. The 

main phases of the process are described in Figure 37 below.  

 

Figure 37 – Process flow of ChG-on-SOI device fabrication. 

The detailed description of the process is given in two main parts: fabrication of the 

basic SOI devices (4.1.1) and of the top ChG cladding (4.1.2). Lastly, the packaging technique 

of our devices is presented (4.1.3). 
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4.1.1 Si-Photonics device fabrication 

Most of the Si-photonic devices used in this research were fabricated using an in-house 

process that had been developed by our group and collaborators in the BIU Nano-

Technology Institute facilities. In the later stages of the study, collaboration with the 

industrial silicon fab Tower-Jazz enabled the design and fabrication of more complex 

cascaded photonic circuits. In the following a detailed description of the in-house fabrication 

process is given. 

4.1.1.1 Wafer preparation  

Our substrates are 8” SOI wafers manufactured by SOITEC Company. The wafers consist of 

three layers: a 220 nm-thick upper Si device layer, a 2-µm-thick, lower cladding buried oxide 

layer (BOX), and a 750 µm Si handle layer, as shown in Figure 38. Wafers were diced into 1x1 

cm2 dyes, in which devices were fabricated. 

 

Figure 38 - Schematic cross-section of the SOI wafers used in this work. 

The samples were cleaned in preparation for electron-beam (e-beam) lithography. 

All cleaning procedures took place in a cleanroom atmosphere: in our case, the class 100 

facilities of BIU Nano-Technology Institute. 

4.1.1.2 Electron-beam lithography 

The second phase in the process is electron-beam writing. In this stage a high-resolution, 

pre-designed pattern is imprinted on a special polymer resist, using a scanning electron 

beam. First a ZEP-520A e-beam resist from Zion was spin-coated on the SOI dye, using a Suss 
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MicroTec Delta 6RC Spinner. The ZEP resist is characterized by a high sensitivity to the 

writing beam, and shows high resistance to plasma etching with a selectivity of 1:1 

comparing to Si. The etching of Si to a depth of 220-240 nm requires a 300 nm-thick resist 

layer. Based on the ZEP-520A datasheet, a spinning recipe at 4,000 RPM for 60 s was chosen, 

followed by a 3 min of baking on a hot plate at 180 C.  

The next step was the patterning of the waveguide geometry into the electron resist 

using a high resolution e-beam lithography writer. In this work patterns were made using the 

CRESTEC 9000C EBL system. The writing parameters are summarized in Table 3. The 

waveguide layouts were drawn by commercial ‘Adobi Sketchup’ program (*.dxf file), and 

converted into the dedicated CABEL software of the e-beam system. A minimum field length 

of 60 µm was chosen, to reduce discontinuities (stitching) that may occur when the e-beam 

motorized stage moves between adjacent fields in the writing process. 

Parameter Value 

Field size 60 µm 

Number of dots 20,000 dots per field length 

Acceleration voltage 50 kV  

Writing current 100 pA 

Dose 0.1 [µsec/dot] 

ZEP-520A sensitivity 133 µC/cm2 

Table 3 - E-beam lithography parameters 

Following the writing process, a developer is applied in order to remove the resist 

from the irradiated areas. Development was done by immersing the sample in ZED 
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developer for 35 s, following by 30 s in isopropanol that acts as a stopper, and drying the 

sample under nitrogen flow.  

4.1.1.3 Reactive ion etching  

In order to transfer the written pattern to the Si device layer, a dry plasma etching process is 

undertaken. In this stage a RIE-ICP VERSALINE machine by PLASMATHERM was used. To 

accurately etch thin Si layers with vertical sidewall patterns, a directional ion etching method 

and a dedicated Si slow-etch recipe were established and carefully calibrated. The process 

parameters are summarized in Table 4. Following etching, resist leftovers are removed by 

immersing the dye in NMP striper for 5 min in a sonication chamber, followed by 1 min of 

immersion in deionized water that act as a stopper. 

Parameter Value 

Gas pressure 37.5 µPa 

SF6 gas flow 65 ccm 

CHF8 gas flow 10 ccm 

Chuck temperature 25 C 

RIE RF power 100 W 

Si Etching rate  3.82 nm/s 

Table 4 - Reactive ion etching recipe parameters. 

4.1.2 Fabrication of chalcogenide glass upper cladding 

The fabrication of the ChG upper cladding includes three stages: Photolithography, ChG 

deposition and lift-off processes. 
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4.1.2.1 SiO2 buffer layer evaporation 

The direct evaporation of ChGs directly on the Si waveguides resulted in large excess 

transmission losses. The loss mechanism is not fully understood at the moment. We suspect 

that bubbles may be formed at the interface between glass and waveguide, or that charges 

remain trapped at the surface. This issue requires further investigation. Use of a thin SiO2 

buffer layer at the interface between the two materials was found to reduce losses 

dramatically, depending on its thickness. On the other hand, a thick buffer layer reduces the 

modal confinement to the upper cladding and compromises photo-induced changes to the 

effective index. An optimum thickness of 50 nm was chosen. SiO2 was evaporated using an 

SBT ion-beam sputtering chamber system, at a vacuum of 9 µPa and a rate of 0.03 nm/s. To 

improve the ChG confinement factor, higher-index buffer layers can be considered, such as 

Al2O3 (1.75 RIU), ZnO (1.93 RIU) or TiO2 (2.4 RIU). 

4.1.2.2 Photolithography 

Small window regions in which the upper ChG cladding would be deposited are defined by 

photo-lithography. Since the photo-induced variations to the effective index are rather large, 

small ChG patches of few tens of microns lengths are usually sufficient for the necessary 

tuning. In the first step of this process stage, a suitable photo-resist is spin-coated onto the 

substrate. The selected optical resist should be at least 5 times thicker than the evaporated 

ChG layer. In our case, a 600 nm-thick ChG layer was applied, hence an AZ 4562 photoresist 

was deposited at 9 µm thickness. The spinning rate was 2500 RPM, followed by 1 min of soft 

bake at 110 C. The next step is photolithography exposure using a Suss MJB 4 mask aligner. 

Small patches of 100  100 µm2 were exposed to UV radiation from a 193 nm wavelength 

source for 10 s. Following exposure, the sample was developed for 5 min in AZ 726 

developer followed by 2 min immersion in deionized water used as a stopper. In the end of 

the process, open windows in the resist could be observed.   
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4.1.2.3 Thermal evaporation of chalcogenide glasses 

We used the thermal evaporation technique for the deposition of the thin ChG layer. First, a 

precisely weighted solid piece of ChG, depending on the thickness needed, was placed in a 

metal boat used for boiling the ChG in the evaporation chamber. Then the boat was 

connected to a current source inside a vacuum chamber alongside a glass slide holding the 

SOI sample (Figure 39). The evaporation process was performed at a vacuum of 0.3 µPa with 

an evaporation rate of 0.5 nm/s. 

 

Figure 39 - Thermal evaporation chamber used in the deposition of chalcogenide glasses: outside (left) and 

inside (right) view. 

4.1.2.4 Lift-off 

After the sample was covered with ChG, the final step of lift-off is performed. In this step the 

sample is immersed in acetone and inserted into a sonicator for 60 s, operating at 80 MHz 

frequency. The ultrasonic waves remove the resist and the overlaying ChG layer from above 

the entire sample except for the exposed windows. An example of the results can be seen in 

Figure 40. 
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Figure 40 - A Si-photonic MZI with a ChG patch deposited on top. 

4.1.3 Packaging 

In cases a precise phase calibration is needed, for example in cascaded filters where relative 

phase between different elements should be adjusted, a careful close-loop trimming process 

is mandatory. Since the trimming procedure involves moving the chip using a motorized 

stage across a focused laser beam, a stable and semi-permanent connection between the 

chip and the input/output fibers is necessary. To that end the bonding of input and output 

fibers to the chip vertical grating couplers is preformed using a UV-cured optical adhesive. In 

the following a description of the process is given. (For a discussion of vertical grating 

couplers see next section). 

4.1.3.1 Fiber holders 

A custom-made perspex mechanical holder was designed and fabricated. A SOLID WORKS 

schematic drawing of the holder is shown in Figure 41. 
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Figure 41 - Design of a Perspex fiber holder used in the bonding of input and output fibers to devices under 

test. 

The holder contains an 80 facet, designed for the optimal coupling angle of the 

vertical gratings. The facet includes a V-grove slot for holding the fiber. Attachment of the 

cleaved bare fiber to the V-grove is performed by Norland 68 optical adhesive. 

4.1.3.2 Attaching the holder to the chip  

The attachment of the holders carrying the optical fibers to the chip was done for one port 

at a time, in the following manner: First we attached the Perspex holder to a three-axis 

linear motorized stage using a custom-made arm. Next the UV-cured glue was applied to the 

bottom part of the holder where the attachment to the chip takes place. Next the fibers 

were positioned for maximum coupling of optical power into the device, and the holder was 

fixed by curing the glue with UV radiation lamp (see Figure 42). 

 

Figure 42 – Attachment of fibers to the SOI chip using a UV-cured adhesive. 
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The connection of multiple fibers required a horseshoe-type holder, supporting a 

fiber bundle. The sample with attached fibers was then placed in a hard case, for safe 

transportation between different stages and benches (Figure 43). 

 

Figure 43 - Image of a packaged SOI device. 

4.2 Characterization setup 

4.2.1 Vertical grating couplers 

Coupling of light into a Si-photonic chip is one of the initial challenges which need to be 

overcome in order to measure devices response. In the case of small-core devices, the 

straight-forward butt coupling between fiber tip and waveguide facet is difficult, and results 

in large losses due to modal mismatch even under optimal alignment (Figure 44). 

 

Figure 44 - Illustration of the fiber-to-chip coupling problem: core size mismatch between a standard fiber and 

a silicon photonic waveguide 
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Coupling efficiency can be much improved using special coupler geometries, 

designed to expand the waveguide optical mode to match that of the input fiber, such as 

expanded or inverse tapers [34] [35]. A different approach relies on grating structures, 

imprinted on the device surface, to couple an input beam at a specific angle to the 

waveguide core as illustrated in Figure 45. This method enables phase matching to a 

particular propagation constant within the waveguide, causing the excitation of a specific 

mode. 

 

Figure 45 - Illustration of a vertical grating coupler. 

Efficient coupling requires that the propagation constant component of the incident 

beam in the z direction matched the propagation constant of the waveguide mode, as 

shown in Figure 46: 

 0 3 sinz ak k n    (4.1) 

Here 0 3k n  is the wave-number of the incident wave coming from a medium with refractive 

index 3n  (typically air), and a  is the angle of incidence. 
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Figure 46 - Phase index matching condition for an input light beam that is incident at an angle 

In the standard case the condition above cannot be met, since   is by definition 

higher than 0 3k n  (otherwise there is no guiding), and since  sin 1a  . A grating printed on 

the waveguide surface can compensate for the propagation constant mismatch. The grating 

represents modulation of the effective index of the waveguide with a period  . The grating 

introduces efficient coupling for a set of propagation constants: 

2
p

p
  


, (4.2) 

where p  is a positive or negative integer. Only negative diffraction orders may potentially 

lead to phase matching. Typically the grating is designed based on 1p   : 

 
  0 0 3
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k n k n
k neff n



 



   
 

.                           (4.3) 

Using the parameters of the TE mode of our ridge waveguide ( 2.72effn  ), an 

incidence angle of 10a    and a wavelength of 1550nm, the necessary grating period is 

609nm  . 
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4.2.2 Characterization setup 

Our characterization setup is based on the vertical coupling method described above. The 

setup includes two three-axis motorized piezoelectric linear stages, driven by a hand-held 

controller. Input and output fibers were mounted on the stages at the designed angle, using 

a custom-made arm as shown in Figure 47. 

 

Figure 47 - Device characterization setup, including the coupling of light to/from standard fibers using vertical 

grating couplers. 

Standard, cleaved single mode fibers were used. The SOI dye under test was placed 

on a temperature-controlled stage, operated through a Labview software interface with 0.1 

C stability. Measurements began with finding the optimal alignment for maximum coupling, 

using the amplified spontaneous emission of an EDFA as a broadband input source and an 

ILX power meter at the output of the device. When maximum coupling efficiency had been 

reached, the input and output ports of the device were switched to the light source and 

receiver of a LUNA optical vector network analyzer, respectively. The instrument was 

configured to measure the complex-valued, frequency-domain transfer function of the 

device under test across the entire C band (1529-1569 nm), with 0.02 nm spectral 

resolution. The laboratory setup is shown in Figure 48. 
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Figure 48 - Laboratory setup for device transfer function characterization 

4.3 Passive Si-photonic devices characterization 

4.3.1 Si waveguides 

As mentioned in the introduction, the photonic WG is the most basic building block of any 

integrated circuit. Its characteristics directly affect the performance of the entire integrated 

circuit, hence special care must be taken in the design, fabrication and characterization 

process of the basic WG to obtain best quality. We based our design primarily on ridge WGs, 

partially etched to a depth of 70 nm. Using this design, the guided optical mode is less 

exposed to roughness at the sidewalls, resulting in considerably lower propagation losses. 

On the other hand, ridge waveguides are more susceptible to bending losses. In the first part 

of this section, the propagation losses of ridge WGs are experimentally characterized, as well 

as the coupling losses of the grating couplers. In the second part, the group index of the 

ridge WG is characterized through the analysis of a MZI device. 
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Figure 49 - Top-view SEM image of Si ridge waveguide (left), and of a SEM image of a FIB-processed cross 

section (right). 

Figure 49 shows a scanning electron microscope (SEM) top-view image of a BIU-

made waveguide, alongside a focused ion beam (FIB)-processed cross section showing the 

main structural dimensions. Figure 50 shows an atomic force microscope (AFM) surface scan 

analysis for the same waveguide.   

 

Figure 50 - Atomic force microscope scanning profiles of a silicon-photonic waveguides: area scan (left) and 

line scan (right). 
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4.3.1.1 Propagation losses 

The coupling and propagation losses were characterized using a series of WGs with various 

lengths. End-to-end losses for each of the WGs were recorded. A graph showing the losses 

(in dB) vs. WG length (in mm) is plotted in Figure 51. 

 

Figure 51 - Measured end-to-end losses of silicon-photonic ridge waveguides of different lengths 

A straight-line trend is observed in the results of Figure 51, crossing the y axis at the 

-16 dB point. This value represents an estimated coupling loss of 8 dB for each vertical 

grating coupler. The propagation losses per unit length are estimated based on the slope of 

the graph as 3.1 dB/cm.  

An alternative method for the evaluation of WG propagation losses is based on the 

analysis of a ring resonator. The sharpness of a ring resonator in terms of Q-factor is related 

to the losses inside the ring, as formulated in (1.73). Figure 52 shows the measured transfer 

function of a 125 µm-circumference ring resonator (Figure 53). The measured Q-factor is 

about 61,000, which according to (1.73) indicate propagation losses of 5.2 dB/cm. The 

additional 2 dB/cm, in comparison to the loss parameter found for the straight WG, are due 

to bending losses of ridge WGs in the 20 µm-radius ring.     
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Figure 52 - Measured normalized power transfer function of a ring resonator with 125 µm circumference. 

 

Figure 53 - Top-view SEM image of a Si-photonic ring resonator with 125 µm circumference. 

While the propagation and coupling losses fall short of those obtained in state-of-

the-art facilities, or using specialized cross-sections [36] [37], they are nevertheless 

respectable and sufficient for the proof of the concept of this research. Sidewall roughness is 

a main contributor to WG losses. Hence the smoothing of the walls, using processes such as 

oxidation [38], may help improve overall losses considerably. 

4.3.1.2 Group index 

The group index of the relevant ridge WG can be extracted from the transfer function of 

either a MZI interferometer or ring resonator, through the spectral periodicity of the 
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transmission. According to (1.55) the period of a MZI transmission is 
2

delayT


  , or in 

wavelength units (using (1.66)): 

2 22

2 delay groupc T n L



  






    (4.4) 

Figure 54 shows a measurement of a MZI device with a differential path imbalance 

of 1 mm. The observed FSR corresponds to a group index of 3.73 RIU. Comparison with the 

simulation results from Table  2 shows a residual disagreement of 0.05% between simulation 

and experiment. 

 

Figure 54 - Measured normalized power transfer function of a MZI with 1 mm differential path imbalance. 

4.3.2 Characterization of coupling length 

As shown in section 1.3.2, the extinction ratio of a MZI transmission is directly related to the 

coupling ratio of the MZI couplers. Assuming negligible losses in the MZI arms, infinite 

extinction ratio is obtained when the coupling ratio of both directional couplers is 0.5  . 

A series of similar MZIs were fabricated with different physical lengths of the directional 

couplers. The transverse separation between the ridge WG cores in all couplers was 300 nm 

(see Figure 55). The maximum extinction ratio of about 30 dB (Figure 54) was obtained for a 
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coupler length of 14 µm, indicating a coupling length 
cL  of 28 µm for the chosen WG 

geometry. Simulation results suggest an optimal coupler length of 16 µm (section 2.2). The 

relatively large discrepancy (12.5%) between simulation and measurements is mostly due to 

propagation losses in the MZI arms.      

 

Figure 55 - A FIB cross-section of a directional coupler within a silicon-photonic MZI device. 

4.4 Photo-induced mass-transfer trimming setup 

Response trimming based on selective photo-induced mass transfer of As10Se90 ChG layers 

was carried out using a 532 nm laser source. The absorption of incident light at this 

wavelength, in this particular composition, was evaluated from spectroscopy measurements, 

seen in Figure 56 below.    
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Figure 56 - Measured relative absorption spectra of As2S3 (magenta) and As10Se90 (red) ChG compositions. 

The absorption spectrum was measured for a 1.5 µm-thick ChG layer, evaporated on 

a microscope slide and compared with bare microscope slide used as a reference. Results 

show that the As10Se90 layer absorbs around 50% of the incident light at 532nm wavelength. 

The refractive index of the layer could be estimated based on the spectral periodicity and 

knowledge of layer thickness. A value of 
10 90As Sen  = 2.35 RIU is found. 

The photo-induced mass transfer setup was based on a table top LECIA LM 

microscope with an ASI MS-2000 motorized stage. The setup included a 532 nm COHERENT 

DPSS 532-100 laser source, shown in Figure 57. The laser was coupled into the 50 

microscope objective lens from an angled dichroic mirror. The laser power was 20 mW, 

focused to a spot-size diameter of ~ 1.5 µm. The illumination intensity was on the order of 1 

MW/cm2. 
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Figure 57 - Schematic illustration of the mass-transfer-based trimming setup (left), and a photo of the setup 

(right). 

The device under test was attached to a microscope slide and mounted on the 

three-axis motorized stage. The sample was translated through the focused laser beam 

along a pre-defined path, using a LABVIEW program. The scanning procedure controlled the 

translation rate and the number of repeating paths, as necessary. In case a precise closed-

loop trimming was needed, input and output fibers were semi-permanently glued to the 

device to allow for the measurement of transmission spectrum during trimming (see earlier 

section). A special objective lens with a long working distance of 1.5 cm was used in these 

cases, to avoid obstruction by the fiber holders. 
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5. Results 

5.1 group index calibration 

The group delay of a MZI with a path imbalance of 1 mm was adjusted using selective photo-

removal of the upper ChG cladding from a 500 µm-long segment of the longer arm. The 

transfer functions before and after photo-removal are shown in Figure 58. The free spectral 

range of the device was modified by 1%, indicating a change in the group index of 2% in the 

irradiated sections [39].  

Simulations suggest a larger change in group index, by 3.8%. There are several 

possible explanations for this difference: first, the removal of the ChG layer was not 

complete, and a residual 50 nm-thick layer remained following mass transfer. Second, small 

angular misalignment between the waveguide core and the scanning trajectory of device 

through the focused laser beam may have led to an effective removal length that was 

shorter than 500 µm. Lastly, the simulations of Chapter 3 did not take into the account the 

presence of an intermediate silica buffer layer between the silicon core and ChG cladding 

(see more below). The intermediate layer reduces the modal confinement in the upper 

cladding. Nevertheless, a change of 0.07 RIU in group index was achieved, much larger than 

those of previous works.  

 

Figure 58 – Measured transfer functions of a SOI MZI, before (blue) and following (red) the photo-removal of 

an upper ChG cladding layer from part of the WG core in the long arm.  



M.Sc. Thesis, Dvir Munk, Faculty of Engineering, Bar-Ilan University   77 
 

5.2 phase index calibration 

The differential phase of a single stage MZI was tuned over a range of about  radians in 

three steps, as shown in Figure 59. Each step involved the removal of the chalcogenide 

upper cladding from a 10 µm-long section of the longer MZI arm, as can be seen in Figure 

60. Cladding photo-removal from a 1 µm-long segment of the MZI arm, which corresponds 

to the spatial resolution limit of our setup, leads to a modification in differential phase by 

0.105 rad.   

 

Figure 59 – Three steps of differential phase adjustments within a single MZI. The accumulated length of upper 

cladding photo-removal following each step is noted in the legend. 

 

Figure 60 - Top-view optical microscope image of a SOI MZI following the photo-removal of the upper cladding 

layer from four 10x10 µm
2
 patches. 
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The experimentally observed ratio of differential phase modification per photo-

removal length is four times smaller than the prediction of simulations reported in Chapter 

3. The difference is, again, partially due to the silica buffer layer. Table 5shows the re-

calculated effective index and group index of the ridge WG, with and without the ChG upper 

cladding, with the 50 nm-thick buffer layer included. The difference effn  between effective 

indices before and after photo-removal is reduced to 0.0417 RIU, instead of 0.117 RIU with 

no buffer layer. The corresponding differential phase sensitivity is 0.17 rad/µm. This 

expected sensitivity is still about 70% larger than what was experimentally observed. The 

results suggest the possibly incomplete removal of the upper cladding. Table 5also shows 

that the buffer layer has a much more modest effect on the group index variation: photo-

removal of the upper cladding, with the buffer layer in place, modifies the group index by 

3.3%. Without the buffer layer, the corresponding change was 3.8%. 

  1.54effn um    1.56effn um    0 1.55effn um    
0

dn

d



  groupn  

Air 2.7413 2.7293 2.7353 0.93 3.6653 

ChG 2.782 2.7721 2.777 0.76725 3.54425 

Table 5 - Calculated effective indices at several wavelengths and group index at 1550 nm, of SOI ridge 

waveguides covered with 50 nm SiO2 buffer layer, with and without an upper cladding of ChG    

The phase delay sensitivity of about 0.1 rad per 1 µm of photo-removal length is too 

large to allow for fine-tuning of the differential phase within the MZI. More careful phase 

adjustments can be achieved based on photo-darkening instead of photo-induced mass 

transfer, or using an even thicker buffer layer.  
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5.3 coupling ratio calibration 

As mentioned in section 3.1.2, the coupling ratio of a directional coupler can be tuned using 

selective photo-removal of the upper cladding layer [40]. The ChG layer above a long 

directional coupler of length 305 11 cL m L  , leading into a ring resonator, was 

removed in several steps. The choice of a long coupler is due to the low ratio of S S  in the 

ridge geometry of WGs forming the coupler (see Chapter 3). This low ratio limits the tuning 

range of the coupler according to (3.9), forcing the use of long couplers. The wavelength 

dependence of the coupler manifests in the measured ring transmission: the extinction ratio 

varies strongly between notches at different wavelengths. The measurements are shown in 

Figure 61, alongside corresponding simulations.  

Figure 62 shows a magnified view of the measured transmission in two spectral 

periods, following seven photo-removal steps. Corresponding simulations are shown as well. 

The tuning of the coupler also modified the overall phase delay within the ring itself, since 

the coupler makes for part of the ring. This manifests in residual variation of the resonance 

wavelengths following each step, which were not included in simulations. These variations 

may be simply corrected, if necessary, by phase tuning within the ring as described in the 

previous subsection.   

 

Figure 61 - Right - Measured spectral transfer functions of a silicon-on-insulator race-track resonator. Different 

curves correspond to different lengths of sections within the directional coupler that are not covered by 

chalcogenide upper cladding (see legend). Left – corresponding simulations. 
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Figure 62 – Right – Measured spectral transfer functions of a silicon-on-insulator race-track resonator. 

Different curves correspond to different lengths of sections within the directional coupler that are not covered 

by chalcogenide upper cladding (see legend). Left – corresponding simulations.  

5.4 Multi-stage moving average filters calibration 

5.4.1 1x4 cascaded MZI 

The post-fabrication tuning of a 1x4 de-multiplexer filter consisted of 3 MZIs with 2 mm and 

1 mm differential delays is shown below. As discussed in Chapter 1, specific differential 

phases are required within the MZIs in order to achieve four separate passband windows in 

the output ports. Figure 63 shows the transmission of the device immediately following 

fabrication. Arbitrary differential phases lead to unbalanced transmission and elevated 

cross-talk. Selective photo-removal of the upper cladding was used to adjust the differential 

phases, and obtain the designed response (Figure 64). A top-view image of the removed 

regions is provided in Figure 65.  
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Figure 63 - Measured power transfer functions from the common input to the four output ports of a cascaded 

1x4 MZI channel de-multiplexer, immediately following fabrication. 

 

 

Figure 64 - Measured power transfer functions from the common input to the four output ports of a cascaded 

1x4 MZI de-multiplexer, following the post-fabrication trimming of differential phase delays. 
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Figure 65 - Top-view optical microscope image of part of one MZI within a 1x4 channel de-multiplexer, 

following the trimming of phase delay through the photo-induced mass transfer of the upper cladding layer 

along seven vertical lines. 

5.4.2 1x8 cascaded MZI 

A 1x8, cascaded MZI de-multiplexer filter was fabricated in TOWER-JAZZ facilities. The device 

requires a large footprint that is difficult to cover in point-by-point e-beam lithography. The 

layout of the device is as described in Figure 20, with a fundamental differential path length 

200l m  . Prior to calibration, the transfer function from the input port to a single 

output port showed lack of periodicity, suggesting a non-integer ratio between the 

differential delays in cascaded stages. The delays can be observed by taking the inverse-

Fourier transform of the complex-valued frequency response, as measured by the optical 

vector network analyzer. The inverse transform recovers the FIR of the filter, which consists 

of eight impulses. Ideally, the impulses should be of equal magnitude, and equally spaced in 

time. As shown in Figure 66, the shortest delay is longer than half of the next one. The 

photo-removal of the upper ChG cladding was used to modify the group index and improve 

the ratio between the group delays within the filter (Figure 67). The response of one output 

ports of the device, following tuning, is plotted in Figure 68. A well-defined pass-band with 

improved periodicity is observed.     
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Figure 66 – Measured time-domain impulse response between the common input and a single output port of 

an as-fabricated 1x8, cascaded MZI channel de-multiplexer filter. 

 

Figure 67 – Measured time-domain impulse response between the common input and a single output port of a 

1x8, cascaded MZI channel de-multiplexer filter, following the correction of differential group delay errors 

within individual MZIs. 
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Figure 68 - Measured power transfer functions from the common input to a single output port of a 1x8 

cascaded MZI de-multiplexer filter, before (dotted red) and following (blue) the post-fabrication trimming of 

differential delays. 

5.5 Auto regressive moving average filters 

Several ARMA filters were fabricated with different designs. Figure 69 and Figure 70 show 

top-view optical microscope images of two ARMA filters with different delays and different 

coupling lengths into the ring. The measured transfer function of the shorter ARMA (Figure 

71) exhibits a lack of periodicity, indicating that the differential group delay within the MZI 

and the group delay within the ring do not meet the correct ratio of two. Due to the absence 

of periodicity, the phase relation between the MZI and ring is effectively scanned as a 

function of wavelength. For instance, around 1557 nm correct differential phases are 

achieved, as can be noted in the comparison with simulation. The relatively high sidelobes 

between the pass band windows are due to an incorrect coupling ratio leading into the ring.  

The longer ARMA suffered from high propagation losses in the MZI delay path, due 

to the small bending radii chosen in the layout (see Figure 70). These high losses practically 

eliminated the longer arm of the MZI, effectively turning the device into a simple ring 

resonator with very low extinction ratio, as can be seen in Figure 72. A phase drift between 

different periods can be seen in the measurements, indicating that this design also has an 

incorrect ratio between group delays. 
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Three more attempts to fabricate an ARMA filters were carried out, using different 

layouts (Figure 73). In one of the layouts the standard directional coupler to ring was 

replaced with a symmetric coupler (as discussed in section 1.3.2, see Figure 74). Those 

attempts resulted in very high losses, the causes of which are still under study. The two 

filters of Figure 73 were also cascaded into a 1x4 channel de-multiplexer filter, consisting of 

three ARMA stages (Figure 75). 

The results suggest that the ARMA filters layout needs to be revisited. The 

fabrication and tuning of ARMA filters that meet the designed response are subjects of 

ongoing work in our group.                                 

 

Figure 69 - Top view of an ARMA filter with a differential path imbalance in the MZI of 86 µm, and coupling 

length into the ring of 17 µm. 

 

Figure 70 - Top view of an ARMA filter with a differential path imbalance in the MZI of 500 µm, and coupling 

length into the ring of 20 µm 
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Figure 71 – Measured (blue) and design simulated (red) transfer functions of the device shown in Figure 69. 

 

Figure 72 – Measured (blue) and design simulated (green) transfer functions of the device shown in Figure 70. 

The red trace shows the simulated transfer function assuming propagation losses of 8.5 dB/cm. 

 

Figure 73 - Top view of ARMA filters with differential path imbalances in the MZIs of 2 mm (left), and 1 mm 

(right). 
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Figure 74 - Top view of an ARMA filter with a symmetric coupler leading into the ring. 

 

Figure 75 - Top view of a cascaded 14 channel de-multiplexer filter, consisted of three ARMA stages with 

differential path imbalances within the MZIs of 2 mm and 1 mm. 
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6. Summary 

6.1 Auto regressive moving average filters  

Unique architecture for the implantation of optical channel de-multiplexer filters was 

proposed as part of this research. The addition of ring resonators within cascaded MZI 

stages results in ARMA filters, which may be designed for a flat passband with sharp spectral 

transitions. The expected transfer function of the filters was calculated in numerical 

simulations. This combination of ring and MZI requires high accuracy of the phase delay 

within the ring and a very precise coupling ratio of the ring coupler. The scaling of this filter 

to multi-stage architectures was discussed, and design rules for the differential phases 

within each fundamental unit were established. The fabrication of these high performances 

filters relies on the precise calibration of phase delays and coupling ratios of individual WGs.       

Previous studies showed the successful cascading of four identical ARMA filters in 

lattice architecture [32, 41]. In these works, p-i-n diodes were used in the active control of 

phases. In addition, the directional couplers were realized using the symmetric structures, in 

which the coupling ratio is adjusted through differential phase tuning. The lattice filters were 

switched between bandpass and band-stop functionalities. To the best of my knowledge, 

our suggestion to flatten the response of tree-topology cascaded filters using the ARMA 

design is a first of its kind. Further, the design is based on simple directional couplers, which 

take up smaller footprint, and relies on the processing of an upper ChG layer for potential 

broad tuning. In [42] a flat passband transmission was obtained by replacing each stage of 

the 1x8 MZI de-multiplexer with a MZI lattice filter. In that work the flatness of the passband 

comes at the expense of large footprint.     
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6.2 Trimming method 

In this research, a new method for the one-time, permanent post-fabrication trimming of 

silicon-photonic devices was proposed, analyzed and demonstrated experimentally. The 

method relies on selective photo-removal of an upper cladding of ChG, via a mass transfer 

effect. The proposed method is simple and quick to implement. The trimming method 

addresses all fundamental parameters of PIC building blocks: phase delays, group delays and 

coupling ratios. High-precision control over phase delays can be achieved in a closed-loop 

tuning setup, with the device connected to semi-permanent fiber holders, and with an 

intermediate buffer layer of silica in between the silica core and the ChG cladding. The 

response of the device could be monitored continuously while it was being modified.   

The method was experimentally demonstrated in the tuning of several different 

components, made of partially-etched ridge waveguides. Differential phase delays within 

MZIs were modified using photo-induced mass transfer. The sensitivity of the process was 

on the order of 0.1 rad per 1 µm of photo-removal length. Group index trimming was 

demonstrated using the photo-removal of the upper cladding from a section of one arm of a 

MZI. The FSR modification indicated a 2% change in the group delay index of irradiated 

segments. 

Changes to the coupling ratios of directional couplers, using cladding photo-removal, 

were theoretically and numerically analyzed as well. Results suggest that the coupling 

coefficient per unit length of directional couplers, made of ridge waveguides and fully-

etched waveguides, may be modified by as much as 10% and 45%, respectively. Tuning was 

experimentally demonstrated in the trimming of 300 µm-long directional couplers leading 

into race-track resonators, comprised of ridge waveguides. Photo-removal enabled the 

continuous adjustment of the coupling ratio at specific wavelengths, from over-coupling 

through critical coupling to negligible coupling. The extinction ratios of individual resonances 
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were varied between 4 – 40 dB. The trimmed devices were monitored over more than 3 

months showing good stability [40]. The analysis shows that use of fully-etched waveguides 

would support the tuning of 50 µn-long couplers between 0-100% power coupling ratios, 

with much reduced wavelength dependency.  

Lastly, photo-induced mass transfer was used to adjust differential phase and group 

delays within individual MZIs in 1x4 and 1x8 cascaded channel de-multiplexer filters. The 

post-fabrication tuning correctly aligned the transfer functions of the devices with their 

intended design. These last examples demonstrate the applicability of the proposed 

technique to the fabrication of practical devices.  

Several layouts of ARMA filters were designed and fabricated, including a 1x4 

channel de-multiplexer filters based on cascaded ARMA stages. Design errors in individual 

group delays within these devices were too large to compensate by post-fabrication tuning. 

The devices will be fabricated again based on corrected layouts. 

6.3 Future work     

The most immediate and direct objective of on-going work is the repeated fabrication of 

ARMA and cascaded-ARMA devices, and the employment of the tuning methods developed 

in this work in the adjustment of their transfer functions. The ChG-on-SOI platform may find 

other applications as well, such as in all-optical nonlinear signal processing within PICs. The 

pronounced nonlinearities and lack of two-photon absorption (TPA) make ChGs a favorable 

platform for such realizations [43]. Silicon, on the other hand, exhibits pronounced TPA at 

telecommunication wavelengths, which strongly restricts the propagation of intense 

waveforms. The hybrid platform developed within this research could enhance the nonlinear 

all-optical signal processing capabilities of SOI. A main challenge in nonlinear ChG-on-SOI 

devices would be careful geometric control over modal confinement in the two layers. 
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 תקציר

משחר הופעתן של מערכות תקשורת אופטית, הן נועדו להעברת נפחי מידע גדולים ביותר. 

בשנים האחרונות, הצורך במערכות אלו הולך וגדל עבור קיום תקשורת לטווחים הולכים ומתקצרים, 

גבי -בין שרתי מחשב, כרטיסים, מעבדים ואף בתוך שבבים של מעגלים משולבים. פוטוניקה על

בסיס -אופטיים משולבים, על-יקון פוטוניקס( הינו תחום מחקר העוסק בהתקנים אלקטרוסיליקון )סיל

מדים קטנים, ביצועים משופרים, לעלות נמוכה, מסיליקון כמערכת חומרים עיקרית, בעלי פוטנציאל 

גבי סיליקון -צריכת אנרגיה מופחתת, ותאימות עם מעגלים אלקטרוניים משולבים. פוטוניקה על

די רבים כטכנולוגיה קריטית להמשך התפתחות מערכות התקשורת מחד, ויכולות י-נתפסת על

 החישוב מאידך.

הוא שקוף בטווח רחב של סיליקון הינו חומר מתאים ביותר למימוש התקנים פוטוניים פסיביים. 

סיליקון של גדול בין ערכי מקדם השבירה האורכי גל, כולל אלו המשמשים בתקשורת. בנוסף, הפער 

גבי -סיליקה מאפשר הולכה של אור במבנים בעלי שטח חתך קטן יחסית, במערכות סיליקון עלושל 

יצור התקנים אלו מתבסס על היכולות המפותחות בהתמדה . (Silicon-on-insulator, SOI)מבודד 

הינה מערכת חומרים מתאימה פחות למימוש  SOIעבור מעגלים אלקטרוניים משולבים. מאידך, 

 יים אקטיביים.התקנים פוטונ

משפחה אחת של רכיבים המצויים בשימוש נרחב במערכות תקשורת אופטית הינה מסננים 

בסיס אורך הגל -ספקטרליים. רכיבים אלו משמשים בעיקר לצורך ריבוב והפרדה של ערוצים על

זנדר -הנושא. עקרון הפעולה שלהם מבוסס על התאבכות, במבנים כדוגמת אינטרפרומטרי מאך

(Mach-Zehnder Interferometers, MZIs) או מהודי טבעת ,(ring resonators) ניתוח וסינתזה של .

מסננים אלו דומים במידה רבה לתהליכים המשמשים במסננים ספרתיים. הללו עושים שימוש 

 המרוכב.  Z, ובקביעת מקומם של אפסים וקטבים במישור Zבהתמרות 

לוי באופן קריטי בצבירה מדויקת של הפאזה תפקודם התקין של מסננים מבוססי התאבכות ת

י גלים ספציפיים, או במלים אחרות: בשליטה על הדרך האופטיות בדיוק גבוה כהאופטית לאורך מולי

לפיכך נדרשים הליכים השגה בטכנולוגיות הייצור הקיימות. -בהרבה מאורך הגל. דיוק שכזה אינו בר

ורם. פתרונות תיקון אקטיביים מבוססים על חימום לתיקון תגובתם של הרכיבים לאחר ייצ ייעודיים
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. ואולם, פתרונות אלו מחייבים משוב מתמיד, p-nמקומי, או על הזרקת נושאי מטען לתוך צמתי 

-ומגדילים את מידת המורכבות בייצור ותפעול הרכיבים. מספר רב של פתרונות קיזוז פסיביים, חד

 פעמיים מופיעים בספרות המחקרית.

 ריים של המחקר המפורט בעבודה זו היו שניים:יעדיו העיק

בסיס שרשרת -הצעה, אנליזה ותכנון של מסננים ספקטרליים לריבוב והפרדת ערוצים, על .1

בשילוב מהודי טבעת, ובתצורת עץ. תמסורת האות דרך מסננים אלו כוללת אפסים  MZIדרגות 

 auto-regressive moving-averageוקטבים גם יחד, והיא שייכת לקטגוריה של מסננים מסוג 

(ARMA) סימולציות נומריות מעידות כי התמסורת של מסננים אלו עשויה ליצור תחומי תדר .

 של העברה אחידה, ומעברים חדים בין תחומי תדר מועברים לחסומים.

 SOI -הצעה, אנליזה ויישום ניסיוני של מנגנון חדש לתיקון תגובת התדר של רכיבים פוטוניים ב .2

צורם. השיטה מבוססת על הסרה סלקטיבית של שכבת מעטה עליונה, באמצעות לאחר יי

שכבה זו . (chalcogenide glass)הארה מקומית. השכבה העליונה עשויה מזכוכית קלקוגנית 

שקופה באורכי הגל המשמשים לתקשורת. חשיפה של השכבה להארה ממוקדת וחזקה באורך 

של  (glass transition)רטורת המעבר הזגוגי גל נראה מובילה לחימום מקומי מעבר לטמפ

הסרת השכבה העליונה  חמים לקרים יותר. מאזוריםהשכבה, ולהסעה מהירה של החומר 

מובילה לשינוי במקדם השבירה האפקטיבי של מוליך הגלים ובמקדם השהיית החבורה, 

ללו חיונית ומובילה גם לשינוי במקדם הצימוד של התקני מצמד כיווני. שליטה בפרמטרים ה

 לתפקודם של המסננים הפוטוניים המוצעים במסגרת עבודה זו, כמו גם של מסננים אחרים.

המתוארות בעבודה זו כוללות כיוונון של השהיית הפאזה והשהיית החבורה  הניסיוניותהתוצאות 

, שינוי מקדם הצימוד לתוך מהודי טבעת, ותיקון שגיאות ייצור בהשהיות  MZIהיחסיות בתוך מסנן

ערוצים.  8ואף  4הפאזה והחבורה היחסיות בתוך מסננים ספקטרליים המשמשים להפרדה של 

ראשונים )ולא מוצלחים( לייצור המסננים המורכבים יותר, אשר תוכננו במסגרת העבודה,  ניסיונות

 להמשך עבודה.מתוארים אף הם, לצד מסקנות 
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