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Increasing demands in speed, bandwidth and power efficiency in computing and 

communications has led to a burgeoning of the field of silicon photonics. Given their 

compatibility with complementary metal oxide semiconductor technology, optical 

systems on silicon provide a low cost, scalable solution to meet future data demands. In 
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this dissertation, we address some of the issues necessary for optics to become a viable 

platform for applications such as data centers and microprocessors.  

First, using the concepts in coupled mode theory and finite difference time 

domain modeling, add drop filters are designed using coupled vertical gratings. The filter 

is further applied for use as a 1 by 4 wavelength division multiplexer offering bandwidths 

and a free spectral range unparalleled by state of the art alternatives such as ring 

resonators. Next, the issue of group velocity dispersion engineering in photonic lightwave 

circuits is addressed. By incorporating linear chirp into a single vertical grating, quadratic 

phase may be imparted to an incident wave. To overcome the loss limitations associated 

with the chirped vertical grating operating in reflection, a coupled chirped vertical grating 

structure is introduced for operation in transmission.  

The high index contrast in the silicon-on-insulator platform implies that weak 

coupling and equivalently small bandwidths, are difficult to achieve in channel 

waveguide geometries. We present the theory and experimental demonstration of a 

cladding-modulated Bragg grating implemented using periodic placements of cylinders 

along a silicon waveguide which enable a wide range of coupling strengths to be realized.  

Next, group velocity dispersion engineering by varying the waveguide geometry 

is studied in silicon nitride. Nonlinear loss mechanisms such as two photon absorption are 

shown experimentally to be absent in the fabricated waveguides at high optical 

intensities. Two-fold broadening of an incident pulse is demonstrated, showing that 

silicon nitride is a viable nonlinear material. 
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Finally, we present the first demonstration of a nonlinear optical pulse compressor 

implemented on silicon. Incident pulses undergoing self phase modulation followed by 

spectral re-phasing using dispersive elements result in temporal compression. The 

compression factors achieved are the highest demonstrated on a chip to date.  
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1. Chapter 1 

Introduction 

Future advances in computing and data centers are contingent on improvements in 

inter- and intra- circuit bandwidth and reductions in power per bit of data transmitted [1]. 

With long-range optical interconnects already in place for trans-Atlantic fiber optic 

communications and fiber to the home networks, efforts are now shifting towards 

replacing short-range electrical interconnects with their optical counterparts. The 

projected power efficiency, bandwidth and inter-channel interference offered by optical 

interconnects is unparalleled. A crucial consideration in developing practical components 

for optical interconnects relates to the compatibility of the material platform with 

complementary metal oxide semiconductor (CMOS) processes. CMOS compatibility 

ensures that these optical components may be seamlessly integrated with electronics. 

Therefore, silicon is widely adopted for realization of photonic lightwave circuits (PLCs). 

Low loss, highly compact waveguides form the backbone of the potential paradigm shift 

to optics. The SOI platform is ideal for achieving compactness, due to the large index 

contrast between silicon and its oxide, and large modal confinement. A variety of 

functionalities need to be realized in order to achieve the aforementioned goals of high 

bandwidth and power efficiency. These functionalities include low power, high speed 

switches [2-4], modulators [5-7], wavelength filters [8,9] and light sources [10,11]. While 

a variety of such functionalities have been demonstrated with good performance, 

practical solutions to several inherent drawbacks and deficiencies in the optical 
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interconnect toolkit are still glaringly absent. In my dissertation that follows, I will 

present research which solves some of these problems. With the use of novel integrated 

nanophotonic devices, viable solutions to problems pertaining to wavelength division 

multiplexing, dispersion engineering and optical time division multiplexing may be 

brought about. The use of nanophotonics to realize distributed resonant structures which 

allow both an amplitude and phase response to be engineered will be presented in chapter 

2 for the purpose of wavelength filtering and group velocity dispersion engineering. In 

chapter 3, we study the viability of alternate CMOS compatible materials for use in 

ultrafast non-linear optics applications. In chapter 4, the experimental conclusions 

derived from chapters 2 and 3 are combined to create an on-chip optical system. Discrete 

devices are combined to bring about emergent optical properties for use in the 

compression of optical pulses. Finally, we discuss the implications and conclusions of 

this dissertation and future directions. 

 

1.1.  Wavelength division multiplexing for increasing data capacity. 

In telecommunications, a technique for increasing the data capacity is often 

adopted whereby several data streams are carried at different wavelengths in the same 

medium. This technique, commonly known as wavelength division multiplexing 

(WDM) [12] relies on wavelength selective photonic components for implementation. 

Today, on-chip wavelength division multiplexing and their related functionalities are 

becoming more important for high bandwidth, low power interconnects for use in data 

centers and next generation computer processors.  
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Several approaches for integrated wavelength division multiplexing exist with 

each having their unique merits and drawbacks. These implementations may be 

subdivided into localized resonant structures, and distributed resonant structures. For 

optical interconnect applications, features such as interchannel crosstalk, footprint, 

bandwidth, free spectral range and insertion loss are of importance.  

 

1.1.1. Wavelength division multiplexing based on localized resonant structures 

Fabry-Perot resonators are the simplest example of localized resonant structures. 

Formed using two high reflectivity, low loss mirrors with a fixed cavity length, these 

resonators perform a “self-selection” of the modes; In free space, modes at frequencies 

which add in phase after each round trip interfere constructively and satisfy the equation, 

2
L m

π
π

λ
⋅ = ⋅ , where L is the cavity length, λ is the wavelength and m is the resonant 

mode number [13].   

Ring resonators are another example of localized resonant structures, and are 

commonly used as add/drop filters for use in on-chip WDM. Recent demonstrations of 

high order ring resonator filters have shown very good inter-channel crosstalk of <-30dB 

with relatively small footprints and insertion losses [8]. However, the localized nature of 

the resonance in ring resonators imply that they support multiple resonant modes, with 

the wavelength of resonance, λ governed by the equation, Lnm eff ⋅=⋅ )(λλ , where m is 

the resonant mode number, neff(λ) is the effective modal index and L is the effective path 
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length around the ring resonator. It follows that the free spectral range (FSR) of a ring 

resonator is given by [14],  

Lng
mm ⋅
≈−+ )(

2

1 λ
λ

λλ .    (1.1) 

where ng(λ) is the group index. For purposes of efficient bandwidth utilization, a large 

FSR is desired so as to enable multiple WDM channels to be incorporated. From Eq. 

(1.1), it follows that increasing the ring resonator’s FSR requires a ring with a small 

radius. However, bending losses in rings with small radii and insufficient coupling with 

the bus waveguide preclude ring resonator add/drop filters from being efficient while 

having a FSR exceeding ~20nm.  

 

1.1.2. WDM based on interferometry 

Several on-chip WDM devices are implemented using interferometry. Firstly, in 

arrayed waveguide gratings (AWGs), a multi-wavelength input propagates through 

several delay lines implemented as waveguides with different lengths [15,16]. 

Interference of wavelength components at the output which have a phase shift of a 

multiple of 2π allows the different wavelength components to be focused and separated 

into different output waveguides. The second well known device is the echelle grating 

[17, 18]. In echelle gratings, incoming light is propagated into free space where it hits a 

diffraction grating. The grating imposes a relative phase delay between different 
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wavelength components. Wavelength filtering occurs via refocusing and interference at 

the output, leading to separation of the different wavelength components.  

AWGs may be designed to have a large free spectral range, but at the cost of 

having a higher footprint. In addition, crosstalk levels are relatively high in AWGs as a 

result of phase noise arising from fabrication imperfections in the constituent waveguides 

[19]. Echelle gratings on the other hand have a smaller footprint while retaining the 

benefits of large FSRs. However, monolithic implementation of echelle gratings on a 

planar waveguide platform poses some fabrication difficulties.  

 

1.1.3. Distributed resonant structures 

Distributed resonant structures are brought about by imposing a periodicity in the 

effective index of the host material. This periodicity may be imposed in one, two or 

three dimensions. Examples of such structures include photonic crystals [20, 21], 

distributed Bragg reflectors [22], vertically etched waveguide gratings [23, 24] and 

sidewall modulated gratings [25, 26]. The periodic effective index modulation brings 

about Bragg coupling whereby incoming light interacts with the dielectric perturbation 

and couples to a counter-propagating mode. The strength of coupling is determined not 

only by the extent of the effective index modulation, but also the length of the coupling 

region. This wavelength selectivity and ability to control the bandwidth makes them 

possible candidates for WDM implementation. Unlike localized resonant structures 

where multiple wavelengths acquire a phase shift of m.2π leading to multiple resonant 

modes, distributed resonant structures operate in such a way that they only have one 
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resonant mode per grating order, and therefore circumvent limitations in the FSR. In 

chapter 2, we review the theory of these resonant structures, and present the design and 

characterization of an on-chip WDM device implemented using the sidewall modulated 

grating.  

 

1.2.  Material limitations of the silicon on insulator platform.  

The semiconductor nature of silicon implies a small bandgap (1.1eV), while the 

indirect nature of the bandgap precludes silicon from providing any gain [27]. Therefore 

a major limitation in the SOI platform is the difficulty in realizing a viable on-chip light 

source. Several methods to overcome this inherent drawback exist. The first approach 

involves altering silicon itself, through erbium doping. Erbium doping provides gain in 

the telecommunications wavelength region, and has traditionally been used in fiber 

amplifiers. The dominance of the 1.55um wavelength in telecommunications is 

contributed largely by the presence of a viable amplifier in that wavelength region. 

While Erbium doped Si for optical detection has successfully been demonstrated 

recently [28], Er3+ doping in silicon for light emission in Er3+ doped silicon is still in its 

nascent stages and further development is necessary for practical applications.  

Another method for light emission involves heterogeneous integration of III-V 

materials with silicon. Several III-V materials such as InGaAsP, GaAs and InP are good 

candidates to provide the gain required for lasing. Such lasers have been demonstrated in 

the form of vertical cavity surface emitting lasers [29, 30] and quantum well lasers [31]. 

The integration of III-V materials on silicon for gain has been demonstrated by utilizing 
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wafer bonding [32] for the realization of electrically pumped lasers close to 1.55µm. 

However, the good lasing performance is somewhat dampened by the incompatibility of 

the method with CMOS processes. Another option is Raman lasing in silicon, which was 

demonstrated in continuous wave operation [33]. However, the demonstrated laser 

required optical pumping, which poses a significant drawback for the realization of chip-

scale systems to be integrated with electronics. Much work still has to be done to find a 

viable integrated light source on silicon which is both CMOS compatible and power 

efficient. 

As a consequence of the small, indirect bandgap in silicon, a problem which 

plagues devices at high optical intensities is a phenomenon called two photon absorption 

(TPA) [34-36]. Two photon absorption occurs when the incident photon energy exceeds 

half the energy bandgap. In silicon, this occurs at wavelengths lower than 2.2µm, and the 

location of silicon’s band edge relative to the telecommunications wavelength results in 

TPA. When photons at a higher energy level fall to their resting state, they emit free 

carriers which in bulk silicon, have a lifetime on the order of microseconds. The 

implications of the free carriers are twofold. Firstly, losses from the nonzero TPA 

coefficient, βTPA and FCA preclude the use of high optical intensities. Particularly in the 

study of nonlinear phenomena in centrosymmetric materials such as silicon, high optical 

intensities are often adopted since the nonlinear refractive index scales with the incident 

intensity. Secondly, the decay of free carriers places an upper limit on switching 

dynamics. Consequently, all optical switches implemented on silicon are usually slower 

than other materials where the faster Kerr effect dominates. Somewhat related to the 
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latter effect is the prospect of free carrier accumulation if free carriers do not have time to 

dissipate before more free carriers are generated by an incoming E-field. This free carrier 

accumulation will also lead to severe attenuation in pulse amplitude and result in 

compromised nonlinear effects such as self phase modulation and four wave mixing.  

The free carrier density, Nc is governed by the following equation [37]: 

c

cTPAc tzN
tzE

ht

tzN

τυ
β ),(

),(
..2

),( 4
−=

∂
∂

   (1.2) 

Where t and z are the time and spatial coordinates respectively, E(z,t) is the incident 

electric field, h.υ is the incident photon energy, and τc is the free carrier lifetime. Figure 

1.1 shows the evolution of free carriers for an incident Gaussian pulse with a peak power 

of 10W and a full width at half maximum (FWHM) of 7ps. When the pulse arrives at 

time, t = 0ps, two photon absorption induces free carrier creation and the density 

increases. The finite free carrier lifetime results in a slow decay in Nc for t > 0. The 

generated free carriers in turn result in a rapid attenuation of the pulse amplitude. As the 

pulse propagates, the reduced pulse amplitude generates a smaller free carrier density. 
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Figure 1.1. Evolution of free carrier distribution along the direction of propagation, Z. 

 

Approaches to reduce the free carrier lifetime have been experimentally 

investigated. Promotion of free carrier recombination may be performed by altering the 

waveguide dimensions, and by ion implantation [38, 39]. The latter method comes at a 

cost of increased propagation losses in the ion implanted waveguide. The third method 

involves the use of reverse P-I-N junctions to sweep out free carriers quickly [33, 40]. 

State of the art methods for free carrier quenching have resulted in lifetimes on the order 

of 10ps [38]. However, for switching speeds to exceed 100Gbit s-1, a free carrier lifetime 

smaller than 2ps is needed. 

An alternative to merely reducing the free carrier lifetime would be to investigate 

other CMOS compatible material platforms which do not have the inherent drawbacks 

N
c
(1

/m
3
)

Time (ps) Z (m)
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from free carriers. Materials possessing a large band gap would meet this requirement, 

since the wavelength of interest is the 1.55um region. One such material is silicon 

nitride, which has a large bandgap of 5.3eV, implying that the onset of TPA occurs at 

wavelengths < 470nm. In chapter 3, we investigate nonlinear phenomena and group 

velocity dispersion in silicon nitride waveguides and present the detailed results. The 

conclusions of the study are applied to selecting a suitable platform for a nonlinear 

optical pulse compressor, the design of which is presented in chapter 4. 

 

1.3.  Self phase modulation in nanowire waveguides 

 Nonlinear pulse phenomena are governed by the nonlinear Schrodinger equation 

[41]: 

AAiA
t

Ai

z

A 2
2

2

22 2
γ

αβ
=+

∂
∂

+
∂
∂

     (1.3) 

where A(z,t) denotes the pulse electric field envelope as a function of space (z) and time 

(t), β2 is the group velocity dispersion of the medium and α is the waveguide loss 

parameter. The nonlinear parameter of the waveguide, 
effAc

n

.

. 02 ωγ =  where n2 is the 

nonlinear refractive index of the material, ω0 is the angular frequency, c is the speed of 

light in vacuum, and Aeff is the effective waveguide area. Therefore it follows that a large 

n2 and small Aeff is necessary for a large value of γ. In the case of silicon, two photon 

absorption and TPA generated free-carriers result in a modification of Eq. (1.3) [37]: 
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where βTPA represents the TPA coefficient, σ is the FCA coefficient and kc governs the 

effect of dispersion from free carriers. The density of free carriers is derived from [37]:  

   
c

c

eff

TPAc tzN
tzA

Aht

tzN

τυ
β ),(

),(
2

),( 4

2
0

−=
∂

∂
   (1.5) 

It follows from Eq. (1.5) that the generation of free carriers from TPA increases for larger 

pulse amplitudes. From Eq. (1.4), it follows that significant attenuation of the pulse 

amplitude occurs as a result of the free carrier generation. Therefore, for efficient self 

phase modulation, low peak powers are desirable to circumvent deleterious free carrier 

loss mechanisms.  

No analytical solution exists for Eq. (1.4), and therefore evaluation of pulse 

propagation dynamics is usually performed numerically. However, if we ignore 

dispersion, TPA and free carrier effects for the time being, an analytic solution 

elucidating the γ induced acquisition of nonlinear phase by the propagating pulse may be 

obtained. This condition is satisfied at very low powers or where free carriers are absent, 

and in media where the dispersive length is much larger than the nonlinear length. 

Introducing a normalized amplitude, U(z,t) where )2exp(),(),( 21
0 zPtzAtzU α−= , Eq. 

(1.4) becomes [41]: 
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where P0 is the pulse peak power. The real and imaginary parts of U may be separately 

accounted for by rewriting U(z,t)  = |U(z,t)|.exp(iφNL). Equating the real and imaginary 

parts of Eq. (1.6) and solving, we arrive at the analytical solution for the nonlinear phase 

acquired by a pulse propagating in a nonlinear medium: 

   ( ) ( )L
NL e

P
tUtL α

α
γ

ϕ −−⋅⋅= 1),0(, 02
    (1.7) 

It may be seen from Eq. (1.7) that the nonlinear phase acquired follows the time varying 

envelope of the pulse, with the maximum nonlinear phase occurring at at z = L and t = 0 

where we obtain, ( ) αγϕ α /10max
LeP −−= . It is the intensity dependence of the nonlinear 

phase which gives rise to the spectral broadening. For efficient self phase modulation, α 

should be as small as possible, and γ and P0 as large as possible. In chapter 3, self phase 

modulation is studied in silicon nitride nanowire waveguides. Free carrier effects are 

shown to be absent in this medium. In addition, self phase modulation in silicon nanowire 

waveguides are used in chapter 4 for highly efficient pulse compression. The degree of 

self phase modulation and equivalently, spectral broadening is shown to determine the 

shortest pulse duration achievable upon compression. 

 

 

 

 



13 
 

 
 

1.4. Optical time division multiplexing 

In addition to increasing the data capacity of a transmission medium by 

multiplexing several data streams at different wavelengths, a similar augmentation in 

data capacity may be brought about in the time domain, by interleaving several data 

streams at low data rates to a single, high speed data stream. This technique is known as 

optical time division multiplexing (OTDM), and relies on the temporal width and quality 

of the pulses used to carry data. Optical time division multiplexing is prolific in long 

haul communications such as internet networks [42-44]. Due to limitations in the 

modulation speeds available through electronics, optical multiplexing strategies which 

are much faster and which provide much better fiber-optic bandwidth utilization have 

been sought and developed to provide much greater data speeds. However, possibly 

owing to the absence of a viable integrated, CMOS compatible pulse compressor, 

OTDM has not seen much headway in the field of short-range optical interconnects for 

applications in microprocessors and data centers.  

Since the data capacity is dependent on the pulse duration, pulse compression is 

often employed prior to time domain multiplexing. The requisite short pulses necessary 

for ultrafast OTDM are difficult to derive directly from mode locking, and subsequently, 

pulse compression is often used to create them [45]. In chapter 4, we demonstrate the 

design and experimental characterization of a monolithically integrated optical pulse 

compressor. Discussions about the limitations imposed by the chosen material platform 

and possible solutions will be presented. 
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1.5. Dissertation Outline 

In the dissertation that follows, nanophotonic devices for CMOS compatible 

optical interconnects will be presented to provide practical solutions for next generation 

computing.  In chapter 2, the theory, design and characterization of coupled, distributed 

resonant structures will be presented for the purpose of providing a viable solution for 

on-chip wavelength division multiplexing. Our approach aims to be low loss, ultra-

compact and provide a breakthrough in bandwidth utilization compared to state of the 

art technologies.  

The next part of the chapter will focus on the application of distributed resonant 

structures for the generation of group velocity dispersion. Given the proliferation of 

integrated optics for use in all optical signal processing, the issue of pulse broadening 

and inter-symbol interference over long propagation distances needs to be addressed. 

Particularly in the silicon on insulator platform where the index contrast between Si and 

SiO2 is large, varying signs and magnitudes of dispersion may exist in a waveguiding 

platform. The same dispersion element may be used in optical signal processing 

applications.  

In chapter 3, we study the nonlinear properties of silicon nitride grown via plasma 

enhanced chemical vapor deposition, and show that it is a viable material for photonic 

lightwave circuits and nonlinear optics. Alteration of the silicon nitride waveguide into 

strip and channel waveguide geometries with varying degrees of modal confinement 

allow varying signs and magnitudes of dispersion to be engineered. This is made 

possible by the relatively large refractive index of 2.0 in silicon nitride. The ability to 



15 
 

 
 

engineer dispersion in waveguides is is important for a variety of applications such as 

pulse compression and four wave mixing. The presence/absence of nonlinear losses is 

studied up to high peak intensities, and the results are compared to the popular silicon on 

insulator platform. Using a highly confined waveguide geometry, a large nonlinear 

parameter, two orders of magnitude larger than that in single mode fibers is 

demonstrated. 

By applying the dispersive elements studied in chapter 2 and the material 

considerations studied in chapter 3, we demonstrate an integrated optical system in 

chapter 4 – a nonlinear optical pulse compressor. The theory of the pulse compressor is 

presented, with the governing nonlinear Schrödinger equation being solved using the 

split step Fourier method. The largest pulse compression factors measured on a chip to 

date were demonstrated using this two-stage compressor design. 

Finally, we discuss the implications of the contributed work on the field of 

photonics in chapter 5. Future directions based on the research presented in this 

dissertation are also outlined. 
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2. Chapter 2 

Distributed resonant structures for on-chip wavelength 

filtering and dispersion engineering 

 

Localized resonant structures may be used effectively for wavelength filtering 

applications. Self-selection of modes from the resonator’s effective path length 

determines which wavelengths are passed and dropped. The optical intensity 

enhancement from increased photon lifetimes in the resonator depends on the quality 

factor of the resonator, which in turn influences the bandwidth of each resonant mode. 

As described in chapter 1.1.1, this resonant mechanism leads to multiple resonant modes 

which are spaced by a free spectral range inversely proportional to the path length of the 

cavity – a phenomenon which limits the amount of bandwidth which may be used for 

data channels. An alternate method of implementing wavelength filters is through 

distributed resonant structures, which possess only one resonant wavelength per grating 

order. This chapter discusses the use of distributed resonant structures for the purpose of 

imparting a phase and amplitude response to incident optical fields.  

 

  

2.1.  Coupled mode theory formalism for analysis of coupled distributed resonant 

structures 
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Distributed resonant structures arise when a periodicity in the plane of wave 

propagation is imposed on the guiding dielectric material. Photonic crystals [20] and 

distributed Bragg reflectors [22] are examples of such resonant structures. Another 

example is the sidewall modulated waveguide Bragg grating under study in this section 

[25, 26]. Bragg reflection arising from the periodic modulation of the dielectric material 

may be described using coupled mode theory [46], which treats the index modulation as 

a perturbation of the unperturbed eigenmodes of the structure. The strength of Bragg 

coupling is determined by the extent of this dielectric perturbation, and the length over 

which the dielectric perturbation exists and the two eigenmodes can interact. When the 

phase matching condition is satisfied such that the forward and backward propagation 

constants differ by an integer multiple of 
Λ
π2

, where Λ is the perturbation period, Bragg 

coupling occurs.  

 

 

Figure 2.1. Schematic of a coupled sidewall corrugated Bragg grating structure. 
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Consider the coupled waveguide grating structure shown in Figure 2.1. Two 

channel waveguides with fixed length, L, are placed side by side with a separation 

distance, G. The two waveguide have non-identical widths, W1 and W2 respectively 

resulting in different effective indices and propagation constants. By introducing periodic 

sidewall corrugations of amplitude ∆W1 and ∆W2 to the right (WG1) and left waveguides 

(WG2) respectively, the modulation of the waveguides’ effective indices brings about the 

Bragg effect. In particular, three Bragg conditions arise. The first two Bragg conditions 

govern the self coupling of forward and backward propagating waves within waveguides 

1 and 2. The third Bragg condition arises from the refractive index perturbation from the 

two inner waveguide sidewalls, and results in a cross coupling effect where an input 

wave in WG1 couples into a backward propagating wave in WG2. The following coupled 

mode theory equations govern the device operation [46, 47]: 
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where E1 and E2 are the complex field amplitudes of the forward wave in WG1 (right 

waveguide) and the backward wave in WG2 (left waveguide). The Bragg detuning,  

B

m
Λ

−−=∆
π

λβλβλβ
2

)()()( 21    (2.2) 

where β1,2 are the propagation constants of the E-fields in WG1,2 and m is an integer. 

Phase matching is achieved when ∆β(λ) = 0, and contra-directional coupling occurs. The 

coupling coefficient, κ(z) = κo.f(z), where κo is the maximum value of the coupling 
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coefficient and f(z) = cos2(π.z/L) is the apodization function, given as a function of the 

longitudinal coordinate, z. The apodization filter modulates the coupling coefficient 

from zero at the extreme ends of the waveguides to its maximum value at the center. It is 

necessary to reduce out of band side lobes which cause crosstalk in adjacent channels. 

 

2.2.  Application to wavelength selective add/drop filter 

A ubiquitous component in communications is the wavelength division 

multiplexer (WDM). Traditionally used in fiber optics to increase the capacity of the 

transmission medium, a WDM multiplexes several data signals at different wavelengths 

onto the same fiber. Today, WDM is being researched as a necessary component for 

optical interconnects in next generation’s computer architectures in order to surpass the 

bandwidth, speed and power efficiency constraints in conventional electronics. 

Add/drop wavelength selective filters are the building block of WDMs, and desirable 

characteristics for these filters include a low insertion loss and small footprint. Good 

crosstalk suppression is important to ensure that inter-channel interference does not lead 

to high bit error rates. Another practical consideration is the add/drop filter’s sensitivity 

to temperature fluctuations. Therefore approaches to low power thermal stabilization 

need to be incorporated into the WDM design. 

Several methods for implementing add/drop filters for WDM exist with various 

tradeoffs. Firstly, high order ring resonators have shown promising results, with 

relatively large bandwidths of 2nm and interchannel crosstalk < -30dB demonstrated 

with small footprints [8]. The drawback however, is the small free spectral range of 
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~20nm, which limits the number of channels which may be implemented. Arrayed 

waveguide gratings (AWGs) overcome this limitation, as they may be designed to have 

a free spectral range exceeding 90nm [15, 16]. However, the main drawback in AWGs is 

their lack of compactness, and high inter-channel crosstalk. Using the structure shown in 

Figure 2.1a, an add/drop wavelength selective filter may be designed to be compact, 

have a large FSR and relatively low inter-channel crosstalk. In addition, a large add/drop 

filter bandwidth. The large bandwidth would ensure that small temperature fluctuations 

would not shift the incoming data signal out of the passband and result in leakage of data 

to adjacent channels. 

The coupled mode theory presented in the previous section provides an 

introduction to a possible add/drop filter implemented using the coupled waveguide 

grating structure shown in Figure 2.1. The first two Bragg conditions which govern the 

self coupling of forward and backward propagating waves within waveguides 1 and 2 

determine the filter’s free spectral range. Since the self coupling stop bands in WG1 and 

WG2 result determine the maximum wavelength range of operation, a larger value of 

(neff1 – neff2) will result in a larger free spectral range, where neff1,2 denotes the effective 

index of WG1,2. From Eq. (2.1), it follows that the center wavelength, λFSR1,2 of the upper 

and lower limits are calculated using, λFSR1,2=2.neff1,2(λFSR1,2).ΛB. Our selected values of 

W1 = 500nm and W2 =400nm result in a free spectral range which exceeds the entire 

telecommunications band, and allows many add/drop channels to be accommodated. 

The third Bragg condition is responsible for the cross coupling and brings about the 

add/drop functionality of the filter.  
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From a WDM design perspective, the ability to tailor the add/drop filter 

bandwidth and wavelength is important. The bandwidth is related to the coupling 

coefficient, κ0 through the relation, 
effn⋅
⋅

=∆
π

κλ
λ 0

2

, for κ0.L >>π, implying that a larger 

coupling coefficient leads to a larger add/drop filter bandwidth [47]. Qualitatively, the 

coupling coefficient depends on the extent of overlap between E1 and E2 with the 

dielectric perturbation, and is described by the equation, 〈=
40

ω
κ E1|∆ε|E2〉 , where ω is 

the angular velocity, ∆ε is the dielectric perturbation, and E1,2 are the electric fields in 

WG1,2 normalized to unity power flow [46]. In order to achieve a large bandwidth, a 

large cross coupling coefficient is required. This may be achieved by decreasing the gap 

width, G between the two waveguide gratings, or by increasing the sidewall modulation 

amplitude on WG1,2.  

The add/drop channel wavelength is determined by the effective indices of WG1,2. 

From the phase matching condition described by Eq. (2.2), it follows that the add/drop 

channel wavelength, λB is governed by the equation, )]()(/[
21 BeffBeffBB nn λλλ +=Λ . For 

demonstration of tailoring of the add/drop filter bandwidth and channel wavelength, we 

utilize the following parameters. W1 = 500nm and W2 =400nm, ∆W1 =50nm and ∆W2 

=30nm. neff1,2 for these values of W1,2 are calculated using a fully vectorial, 3D beam 

propagation method. The calculated propagation constants provide a more accurate 

measure of the Bragg wavelengths as compared to prior work [48], where the effective 

indices were calculated in 2D. It follows from Eq. (2.1) that for λB = 1.55µm, ΛB = 

318nm. Using Eq. (2.2), λFSR1 is calculated to be centered at ~1.59µm and λFSR2 is 
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calculated to be centered at ~1.51µm. Increasing the FSR limits may be achieved by 

increasing W1 or decreasing W2. In increasing the value of W1, inverse tapers can be used 

to ensure that only the fundamental mode is excited [49]. The stop bands brought about 

by the Bragg conditions within WG1 and WG2 lead to a small reduction in the FSR. 

Using a cladding modulated Bragg grating implementation described in chapter 2.5, 

weaker coupling coefficients within WG1 and WG2 may be implemented leading to 

smaller spectral bandwidths from self-Bragg coupling. This will enable the device FSR to 

be extended. Dispersion plots for 2β1, 2β2 and β1+β2 are shown in Figure 2.2, where β1,2 

are the propagation constants for WG1,2. The intersection points of each of the three plots 

with the horizontal dotted line, 2π/ΛB illustrate the three Bragg conditions leading to the 

FSR limits and the wavelength of operation of the add/drop filter. 

 

 

Figure 2.2. Dispersion plots for 2β1, 2β2 and β1 + β2. Intersection points with 2π/Λ denote 
that the Bragg condition is satisfied, which gives rise to the add/drop filter’s FSR limits 

and channel wavelength. 
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2.2.1. Finite difference time domain modeling 

In order to design the add/drop filter, we perform finite difference time domain 

simulations to study the spectral characteristics. Due to computational constraints, the full 

3D problem is reduced to a 2D one. We stress that the 2D analysis is an approximate one 

but allows us to get a qualitative understanding of the device characteristics. The 

effective index of the slab infinite in the vertical direction is used in place of the material 

refractive index of silicon to perform the analysis. We model four devices with identical 

lengths, period, and sidewall modulation amplitude and vary G from 160nm to 300nm. 

The period is adjusted to 305nm in the simulation to obtain the cross coupling condition 

at 1.55µm. The modeling results are shown in Figure 2.3. The results demonstrate the 

tunability of the drop port’s bandwidth by adjusting G. The filter bandwidth decreases 

from 5nm to 2nm as G increases from 160nm to 300nm. The stop band centered close to 

1.57µm in each plot arises from the self coupling in WG1, and is the upper limit of the 

filter free spectral range.  

 

2.2.2. Fabrication and experimental characterization of add/drop filter 

Fabrication of the add/drop filters is performed using electron beam lithography, 

reactive ion etching followed by plasma enhanced chemical vapor deposition of the SiO2  
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L = 400µm, G=160nm, ∆λ=5nm 

(a) 

L = 400µm, G=200nm, ∆λ = 4nm 

(b) 

 

L = 400µm, G=250nm, ∆λ = 3nm 

(c) 

L = 400µm, G=300nm, ∆λ =2nm 

(d) 

Figure 2.3. Modeled transmission spectra of add (red) and drop (blue) ports for L = 
400µm and (a) G = 160nm, (b) G=200nm, (c) G=250nm and (d) G=300nm. 

 

overcladding. Bragg reflectors implemented by modulating the sidewalls of a waveguide 

are realized using single step lithography, and are thus advantageous over other Bragg 

reflector formats which require multiple lithography steps. Propagation loss measured 

using the cutback method was 6dB/cm. Several add/drop filters with different values of G 
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are fabricated in order to demonstrate tailoring of the filter bandwidth. All fabricated 

add/drop filters are terminated with inverse tapers in order to improve coupling efficiency 

and to minimize Fabry Perot oscillations in the measured spectra. The drop and 

transmission port spectra are measured using an optical spectrum analyzer with a 

broadband optical source adjusted for TE polarization as the input. Light from the 

broadband source is coupled via a tapered fiber into the add/drop filters for 

characterization. Figure 2.4 (a) – (c) shows the measured add and transmission port 

spectra for G = 60nm, 104nm and 160nm for L = 400µm. The stop band observed in the 

transmission port at ~1585nm in each of the three plots is a result of the self-Bragg 

coupling of WG1, and agrees well with the value of λFSR1 calculated earlier. It is observed 

that the drop port wavelength is slightly red shifted to 1560nm. This observed shift is 

likely due to the fabricated value of W2 being slightly larger than the design. The 

measured add/drop filter bandwidth is observed to decrease from 3nm to 1.9nm and 

1.5nm as G is increased, as expected from the reduction in cross coupling strength. The 

reduction in coupling strength is also evident in the smaller amount of power coupled into 

the drop port for G = 160nm. Figure 2.4 (d) shows a plot of the measured value of ∆λ as 

G is varied showing the inverse exponential relation between the two parameters. The 

asymmetric shape observed in the measured spectra is a result of imperfect tapering of 

the coupling coefficients from the input of the filter to the center, and again from the 

center of the filter to the end. By further optimization of the apodization filter, further  
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Figure 2.4. (a) – (c) Measured transmission (red) and drop port (blue) spectra for 
fabricated add/drop filters. (d) Plot of measured ∆λ as a function of G showing the 

inverse exponential relation. 

 

reductions in the ripples observed at higher wavelengths may be achieved, thus reducing 

crosstalk levels. 

 

2.2.3.  Design and characterization of 1 by 4 WDM 
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Using the add/drop filter developed in the previous section, we proceed to 

implement a 1 by 4 WDM device using coupled vertical gratings. Figure 2.5 shows the 

device schematic for the 1 by 4 WDM. The device consists of a central waveguide 

grating, WG1 with a width, W1=500nm, and sinusoidally corrugated sidewalls with a 

period Λ=318nm. Four waveguide gratings with different widths, W2, W3, W4, W5, are 

coupled to the central waveguide in order to create 4 drop ports at different wavelengths, 

spaced equidistance from one another. The target features of the WDM are a low 

insertion loss, flat transmission response, and low inter-channel crosstalk. In addition, the 

WDM channel bandwidth is designed to be large in order to reduce the power required 

for thermal stabilization to counteract temperature fluctuations. As before, ∆W1 is 50nm, 

and ∆W2,3,4,5 which is the sidewall modulation amplitude for each of the 4 drop ports is 

30nm. The 3dB bandwidth of each of the four channels is designed to be 3nm. Channel 

separation is designed to be 6nm, corresponding to twice the target 3dB bandwidth. 

W2,3,4,5 are adjusted to meet the target channel separation. As a result of the wavelength 

dependence of the optical mode and the cross coupling coefficient, a fixed gap width at 

shorter wavelengths will result in a decrease in the overlap integral of counter-

propagating fields with the sidewall perturbation, leading to a smaller cross coupling 

coefficient and bandwidth. This effect is somewhat counteracted by the slight increase in 

modal confinement as the coupled grating width is decreased. Due to the two opposing 

effects, the difference is expected to be small and therefore, identical gap widths may be 

used to achieve a 3nm bandwidth for the four channels. The designed 1 by 4 WDM is 

fabricated with L = 450µm, G2 = G3 = G4 = G5 = 60nm in order to meet the target 

bandwidth of 3nm. 
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Figure 2.6 shows the measured spectra of drop ports 2 – 5 including the 

transmission port. The WDM spectra are normalized by the measured fiber-waveguide 

coupling. The demonstrated WDM has a low insertion loss of 1dB, a flat top response 

with < 0.8dB of ripple within the 3dB passband and 16dB inter-channel crosstalk 

suppression. The flat top response will ensure that minimal amplitude distortion of data 

being transmitted through the channels occurs. The target design parameters of 3nm 

channel bandwidth and 6nm average channel separation are achieved. It is observed that 

the channel spacing is quite even, to an accuracy of 0.5nm. The demonstrated 1 by 4 

WDM is ultracompact, having a total device footprint of (1.6µm X 950µm) < 2 X 10-9 m2. 

Key advantages of the WDM implemented using coupled vertical grating add/drop filters 

are the large free spectral range, flat response and ultra-small footprint. High order ring 

resonators are widely used as wavelength filtering devices. State of the art ring resonator 

filters featuring large 3dB bandwidths of 2-3nm have high out of band rejection ratios of 

up to 40dB, but have a limited FSR of ~20nm [8]. Since the FSR of ring resonators scales 

inversely with the radius, decreasing the ring radius may offer larger FSRs, but at the cost 

of larger bending and coupling losses, and poor drop efficiency [51]. Arrayed waveguide 

gratings (AWGs) may be designed to have large FSRs exceeding 90nm [15,16], but at the 

expense of a larger device footprint and inter-channel crosstalk. Our approach 

circumvents the limitation in the FSR, since each coupled grating add/drop filter has only 

one resonant wavelength. In order to further extend the useable bandwidth into the L-

band, W1 may be increased in order to red shift the self-Bragg coupling wavelength 

(1585nm) from WG1 and in so forth, obtain an even larger FSR. Consequently, 

wavelength division multiplexers with a larger number of channels may be implemented.  
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Figure 2.5. (a) Schematic of 1 by 4 WDM implemented using coupled vertical grating 
add/drop filters. Ls = 50µm. Light incident at WG1 is cross coupled into Ports 2 – 5 at the 

respective Bragg wavelengths. 

 

However, the inter-channel crosstalk in our device falls short of that demonstrated in high 

order ring resonator filters [9]. Several approaches to improve the crosstalk may be taken. 

By increasing the sidewall modulation in WG1 and WG2, similar coupling coefficients 

and bandwidths may be obtained even with larger values of G. This approach will reduce 

some of the crosstalk induced by coupling of co-propagating modes between the two 

waveguides. In addition, further optimization of the apodization filter will enable 

reductions in sidelobe levels thus leading to an improvement in crosstalk. The inter-
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channel crosstalk suppression of 16dB achieved in our 1 by 4 WDM is close to the value 

of WDM components used in optical interconnects such as transceivers [52]. 

 

 

Figure 2.6. (a) Measured spectral characteristics of 1 by 4 wavelength division 
multiplexer implemented using cascaded coupled vertical grating add/drop filters. (b) 

Enlarged plot of measured spectral characteristics of Port 2. 

 

The replacement of electrical interconnects with their optical counterparts is 

expected to proliferate next generation’s data centers and computer systems. The WDM 
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demonstrated here is ideally suited for inter-chip level communications since it is 

implemented on a CMOS compatible SOI platform, with an ultra-small footprint. The 

large crosstalk suppression also ensures minimal crosstalk between adjacent WDM 

channels. Fluctuations in the operating temperature and fabrication inaccuracies can lead 

to shifts in the resonant wavelength. For smaller channel bandwidths, the fractional shift 

in wavelength can be significant. Therefore a larger bandwidth per channel has the 

benefit of reducing the need for active thermal tuning to ensure input data is multiplexed 

to the correct ports. Using the thermo-optic coefficients for silicon (1.86 X 10-4/oC) and 

silicon dioxide (1.0 X 10-5/oC), the shift in channel wavelength for port 4 as a function of 

temperature is calculated and shown in Figure 2.7. Due to the large bandwidth, data 

transmitted through port 4 can withstand temperature fluctuations of ± 12oC without 

shifting out of the 3dB channel passband. Therefore, lower power consumption is 

required for active thermal stabilization since it is only required that the temperature is 

kept within this range to ensure that incoming data is routed to the correct ports without 

detriment. If desired however, thermal tuning of individual channel wavelengths may be 

performed to further counteract fabrication induced inaccuracies, and also to achieve 

reconfigurable add/drop multiplexers. Independent tuning of each channel may be 

performed thermally by placing micro-heaters on top of each add/drop filter [53]. 
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Figure 2.7. Calculated shift in center wavelength for port 4 as a function of change in 
temperature. 

 

2.2.4. Discussion 

Coupled mode theory formalism has been introduced and applied to analyzing 

and designing distributed resonant structures. One such structure is an add/drop filter 

implemented on silicon based on coupled vertical gratings. Experimental 

characterization of fabricated devices shows the feasibility of tailoring channel 

bandwidth and wavelength. The add/drop filter concept is extended to implement a 1 by 

4 WDM. Characterization of the fabricated WDM shows a 3dB bandwidth of 3nm, 

channel separation of 6nm, < 0.8dB ripple in the passband of each channel, an insertion 

loss of 1dB, and 16dB of interchannel crosstalk suppression. In addition, the device is 

ultracompact, having a footprint of < 2 X 10-9m2. The demonstrated WDM is not FSR 

limited within the C-band, and may be further modified to increase its FSR to include 

the L-band. The large channel bandwidth reduces the energy required for active thermal 
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tuning to reduce temperature fluctuations. The small device footprint, efficient allocation 

of bandwidth and potential for low power operation make the demonstrated WDM 

ideally suited for optical interconnects for implementation of next generation computer 

network architectures. 

 

2.3.  Application to on-chip group velocity dispersion engineering. 

As seen in previous sections, the issue of compactness in photonic lightwave 

circuits (PLCs) is an important one. Optical interconnects adopted for applications in 

computing and communications strive to take up a small device footprint, so as to 

maximize chip area and minimize the physical size of the chip. The silicon on insulator 

platform is particularly useful for achieving this goal, given its large index difference 

with SiO2. The advantage of high mode confinement useful for miniaturization and 

optical nonlinearity enhancement [54,55], brings with it the concomitant increase in the 

effects of waveguide geometry on the group velocity dispersion (GVD) [49]. As the 

speed, complexity, and size of the future integrated nanophotonic systems on a chip 

increases, the issues of GVD will become even more pronounced. GVD induced pulse 

spreading can lead to inter-symbol interference leading to data loss. Therefore, the issue 

of GVD engineering for compensation of pulse spreading in PLCs will become 

increasingly pressing. Aside from preventing pulse degradation, the ability to engineer 

GVD is essential for various linear [56-59] and non-linear applications [60, 61] such as 

signal processing and optical pulse compression. To date, few viable options for 

generating large GVD exist in the nanophotonics toolkit. 
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Several options for dispersion compensation in long haul fiber optic 

communications exist, including dispersion compensating fibers (DCFs) [41] and 

chirped fiber Bragg gratings [58, 59]. However, these fiber-based solutions are not 

easily used in integrated photonic platforms. An equivalent analogue to the DCF would 

be a waveguide with dispersion opposite in sign to that being compensated for. 

However, unlike DCFs which have low losses on the order of 0.5dB/km, SOI 

waveguides have losses on the order of 1dB/cm, implying that the lengths required to 

generate adequate amounts of GVD will lead to unacceptable losses. Chirped fiber 

Bragg gratings are possible candidates but pose the challenge of requiring heterogeneous 

integration with the PLCs, including cumbersome use of a circulator.   

Having identified the need for a solution to GVD engineering, we proposed to 

study a compact, dispersive element on SOI. Using the concepts and theories developed 

in chapter 2.1, a distributed resonant structure implemented using a sidewall modulated 

waveguide is adopted for GVD engineering. A linear chirp is applied to the period of a 

single sidewall modulated waveguide in order to generate a quadratic spectral phase. 

Our GVD device implemented with the chirped, sidewall modulated Bragg grating 

(CBG) extends the simple sidewall modulation technique used in the past to construct 

lasers [63, 64], resonant filters and couplers [26, 48, 65]. We show numerically and 

experimentally that by controlling device parameters such as type of apodization, and 

magnitude and sign of the chirp, the GVD properties of our device such as bandwidth, 

wavelength of operation, sign and magnitude of dispersion can be tailored to meet the 

needs of various chip-scale applications. Given that the CBG operates in reflection 

mode, we also discuss how low loss integration of the CBG into chip-scale photonic 
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circuits. A single chirped, sidewall modulated Bragg grating is first considered, followed 

by a coupled chirped Bragg grating structure and the relative merits of the two 

approaches are discussed. 

 

2.3.1. Design of dispersive element implemented using a chirped, sidewall 

modulated Bragg grating 

A schematic of the single chirped, sidewall modulated Bragg grating is shown 

Figure 2.8. The mean width, nmW 500=  and height, nmH 250=  of the waveguide 

result in an effective mode index, 2.63effn =   and are chosen for single mode operation at 

the chosen Bragg wavelength, 1.55o mλ µ= . The mean CBG period, 

nmneffoo 295).2/( ==Λ λ . Linear chirp is applied to the CBG to introduce quadratic 

phase and hence linear group delay within the reflection band. The CBG period at any 

point, z  is given by
2 2

( ) . .
2

o
o

F z
z

L Lπ
Λ

Λ = Λ + , where F is the chirp parameter and L  is 

the device length [66]. The total chirp in period for a fixed F  is 
2

. oF

Lπ
Λ

∆Λ = . 
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Figure 2.8. Schematic of sidewall modulated chirped Bragg grating. 

 

The large sidewall modulation of 50nm on our CBG devices implies that in 

contrast to weakly coupled chirped fiber Bragg gratings (CFBGs) in silica, they are 

operating in a strong coupling regime. Moreover, the relatively short length of strongly 

chirped device may not meet the slowly varying envelope approximation. While coupled 

mode theory as described in section 2.1 can provide a qualitative understanding of the 

interplay between device parameters on the generated GVD, finite difference time 

domain (FDTD) simulations are more accurate in order to study their characteristics. The 

effective index of a slab of height, H infinite in the y-direction was used in place of the 

material refractive index of silicon to reduce the problem to two dimensions (2D). 

Although the reduction of the 3D to a 2D problem is approximate, this method retains the 

salient spectral characteristics [67] and has shown good experimental agreement for 

similar structures [68]. The effectiveness of different apodization filters [69] in achieving 

a flat-top response and in-band ripple suppression is first investigated. The reflection and 

group delay spectra for L=100µm and ∆Λ=7.5nm are shown in Figure 2.9. While all 

apodization filters are effective in suppressing group delay ripple, asymmetric Blackman 



 
apodization [69] is most effective in maximizing the CBG bandwidth while maintaining a 

flat response. Therefore we adopt asymmetric

further studies of the effect of 

∆Λ from 4nm, 7.5nm to 12nm for a CBG with 

bandwidth, i.e., 38nm, 60nm and 88nm, respectively 

calculated GVD ie. 7.0x10

respectively. This trend is found to be in agreement with observa

CFBGs [58]. 

Figure 2.9. (a) Reflectivity and (b) group delay spectra for CBG with 
∆Λ=7.5nm with different apodization filters applied. Green 

cosine, black – raised cosine, blue 

 

 
 

] is most effective in maximizing the CBG bandwidth while maintaining a 

flat response. Therefore we adopt asymmetric Blackman apodization for our CBGs for 

further studies of the effect of ∆Λ on the CBG devices. Figure 2.10 shows that increasing 

from 4nm, 7.5nm to 12nm for a CBG with L=100µm results in a wider reflection

bandwidth, i.e., 38nm, 60nm and 88nm, respectively and correspondingly, a smaller 

calculated GVD ie. 7.0x105ps/nm/km, 3.3x105ps/nm/km and 2.1x10

respectively. This trend is found to be in agreement with observations in weakly coupled 

(a) Reflectivity and (b) group delay spectra for CBG with L
with different apodization filters applied. Green – no apodization, pink 

raised cosine, blue – symmetric Blackman, red – asymmetric Blackman.
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] is most effective in maximizing the CBG bandwidth while maintaining a 

Blackman apodization for our CBGs for 

shows that increasing 

results in a wider reflection 

and correspondingly, a smaller 

ps/nm/km and 2.1x105ps/nm/km 

tions in weakly coupled 

 

L=100µm and 
no apodization, pink – 
asymmetric Blackman. 



 

Figure 2.10. (a) Reflectivity and (b) group delay spectra for asymmetrically Blackman 
apodized CBGs. Solid lines denote

∆Λ =

 

2.3.2. Experimental characterization of chirped sidewall modulated Bragg gratings

The designed CBG 

silicon on top of a 3µm oxide layer 

by reactive ion etching. 

using plasma-enhanced chemical v

fabricated structures before PECVD deposition of SiO

should be noted that the fabrication process of the CBG is more challenging compared to 

that used in the past [26, 

sidewall modulation amplitude from 0 to 50 nm) 

period of the sidewall modulation) 

linearity of the lithograph

 
 

. (a) Reflectivity and (b) group delay spectra for asymmetrically Blackman 
apodized CBGs. Solid lines denote 100L mµ= ; dotted lines denote 200L m=

4nm∆Λ = , red – 7.5nm∆Λ = , blue – 12nm∆Λ = . 

Experimental characterization of chirped sidewall modulated Bragg gratings

CBG device was fabricated on a SOI wafer with a 250nm layer of 

µm oxide layer using electron-beam (e-beam) lithography followed 

 SiO2 cladding was deposited over the fabricated Si structure 

enhanced chemical vapor deposition (PECVD). SEM micrographs of 

fabricated structures before PECVD deposition of SiO2 are shown in 

should be noted that the fabrication process of the CBG is more challenging compared to 

 48, 65] since the implementation of apodization (i.e., tapering of 

sidewall modulation amplitude from 0 to 50 nm) and chirp (i.e., rapid change in the 

period of the sidewall modulation) is more demanding in terms of the resolution and the 

linearity of the lithographic process required to achieve the desired filter function
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. (a) Reflectivity and (b) group delay spectra for asymmetrically Blackman 
200L mµ= . Black – 

Experimental characterization of chirped sidewall modulated Bragg gratings 

fabricated on a SOI wafer with a 250nm layer of 

beam) lithography followed 

cladding was deposited over the fabricated Si structure 

apor deposition (PECVD). SEM micrographs of 

 Figure 2.11.  It 

should be noted that the fabrication process of the CBG is more challenging compared to 

apodization (i.e., tapering of 

and chirp (i.e., rapid change in the 

is more demanding in terms of the resolution and the 

the desired filter function.  



 

Figure 2.11. SEM micrographs of (a) apodized and (b) unapodized parts of the CBG.

 

The characterization of the fabricated CBG devices was performed using TE

polarized light from a broadband source (1.52

Light reflected from the CBG device is re

input port of an optical spectrum analyzer where the reflection spectrum is obtained. We 

fabricated test samples with an access waveguide around 200

CBG structure. For the dispersion 

oscillations in the measured reflection spectrum of the device.  The resonator is defined 

by two reflectors, the cleaved input facet of the Si waveguide and the CBG.  We use a 

method similar to that reported in 

component from the cleaved input facet to the point of reflection in the CBG may be 

experimentally determined using the relation, 

range of the FP resonator and t

 
 

. SEM micrographs of (a) apodized and (b) unapodized parts of the CBG.

The characterization of the fabricated CBG devices was performed using TE

from a broadband source (1.52µm to 1.62µm) connected to a circulator. 

Light reflected from the CBG device is re-routed through the circulator and enters the

input port of an optical spectrum analyzer where the reflection spectrum is obtained. We 

d test samples with an access waveguide around 200µm in length in front of the 

the dispersion characterization, we use Fabry-Perot (FP) resonance 

oscillations in the measured reflection spectrum of the device.  The resonator is defined 

cleaved input facet of the Si waveguide and the CBG.  We use a 

method similar to that reported in Ref. 70: the length traversed by each wavelength 

component from the cleaved input facet to the point of reflection in the CBG may be 

experimentally determined using the relation, 
( )

2

2c
g

l
n

λ
λ

=
∆

, where ∆λ is the free spectral 

range of the FP resonator and the value of gn  is fixed at 4.2. The total group delay is 
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. SEM micrographs of (a) apodized and (b) unapodized parts of the CBG. 

The characterization of the fabricated CBG devices was performed using TE-

m) connected to a circulator. 

routed through the circulator and enters the 

input port of an optical spectrum analyzer where the reflection spectrum is obtained. We 

m in length in front of the 

Perot (FP) resonance 

oscillations in the measured reflection spectrum of the device.  The resonator is defined 

cleaved input facet of the Si waveguide and the CBG.  We use a 

y each wavelength 

component from the cleaved input facet to the point of reflection in the CBG may be 

is the free spectral 

is fixed at 4.2. The total group delay is 



 

subsequently found using 

Finally, the GVD is obtained using the derivative of the group delay w

wavelength. Since the GVD of the access waveguide is two orders of magnitude lower 

than that of the device [20], the measured dispersion is dominated by that of the CBG. 

Typical experimental data of the 

fabricated CBG with ∆Λ

with the numeric model

average waveguide width adjusted 

causing a 20nm shift of the center wavelength of operation determined experimentally. 

 

Figure 2.12. (a) Simluated and measured reflection spectrum showing FP
L=100µm  and ∆Λ=-7.5nm. (b)  Measured Group Delay for CBGs with

lines denote linear fit to measured data. Green 

 

 
 

subsequently found using 
22

( )
c gl n

c c

λ
λ

×
=

∆
, which is independent of the value of 

Finally, the GVD is obtained using the derivative of the group delay w

wavelength. Since the GVD of the access waveguide is two orders of magnitude lower 

than that of the device [20], the measured dispersion is dominated by that of the CBG. 

data of the reflection spectrum is shown in Figure 

= -7.5nm∆Λ  and 100L mµ= . The reflectivity data is compared 

modeling result obtained for the same CBG geometry but with the 

average waveguide width adjusted to 520W nm=  to account for fabrication inaccuracies

causing a 20nm shift of the center wavelength of operation determined experimentally. 

(a) Simluated and measured reflection spectrum showing FP
7.5nm. (b)  Measured Group Delay for CBGs with 

lines denote linear fit to measured data. Green – ∆Λ=-4nm, red – ∆Λ=
∆Λ=12nm. 

40 
 

, which is independent of the value of gn . 

Finally, the GVD is obtained using the derivative of the group delay with respect to 

wavelength. Since the GVD of the access waveguide is two orders of magnitude lower 

than that of the device [20], the measured dispersion is dominated by that of the CBG. 

Figure 2.12a for a 

. The reflectivity data is compared 

CBG geometry but with the 

fabrication inaccuracies 

causing a 20nm shift of the center wavelength of operation determined experimentally.  

 

(a) Simluated and measured reflection spectrum showing FP-oscillations for 
 L=100µm. Solid 

∆Λ=-7.5nm, blue – 



41 
 

 

 
 

The modeled result shows good agreement with the envelope and bandwidth of the 

measured spectrum. 

Within the device bandwidth in Figure 2.15a, the period of the FP oscillations 

increases as wavelength increases, implying negative (i.e. normal) dispersion. Three 

fabricated CBG devices with L=100µm and ∆Λ = -4nm, -7.5nm and 12nm were 

characterized in terms of their group delay (Figure 2.15b). The GVD is extracted from the 

slope of a linear fit applied to the experimental data. The expected GVD values for 

L=100µm, ∆Λ = -4nm, -7.5nm and 12nm from the simulations are -0.070ps/nm, -

0.033ps/nm and 0.021ps/nm respectively; the measured GVD values are -0.067ps/nm, -

0.032ps/nm and 0.020ps/nm respectively, showing good agreement between the numeric 

and experimental results. Note that as expected, changing the sign of the chirp changes 

the sign of the dispersion (Figure 2.15b.). 

In this work we investigate CBGs limited in length to 100µm, because the high 

resolution writing window of our e-beam system is 100µm. However, it should be noted, 

that longer CBGs are highly desirable for several reasons. Firstly, with longer CBGs we 

can achieve close to 100% reflectivity even for large ∆Λ  (Figure 2.13a). Secondly, the 

ripple in both the reflection and group delay spectra can be significantly reduced for 

longer asymmetrically apodized CBGs [69] (see Figure 2.10a and Figure 2.10b 

comparing 100L mµ=  and 200L mµ=  for fixed ∆Λ ). 
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2.3.3. Discussion  

By introducing the sidewall modulation to waveguides of arbitrary dimensions, a 

CBG may be integrated with the waveguide for efficient dispersion compensation. As an 

example, a 300nm by 500nm Silicon waveguide exhibits GVD of 1100ps/nm/km [20]. 

Figure 2.13 shows the pulse spreading experienced by a 200fs pulse propagating into a 

6cm waveguide. The dispersed pulse is subsequently re-compressed via GVD 

compensation using a CBG with L = 200µm and 7.5nm∆Λ = − . It is seen that the 

compensated pulse is minimally distorted as a result of the good ripple suppression 

enforced by the apodization filter. 

 

Figure 2.13. Modeled pulse spreading through a 6cm long waveguide with a dispersion of 
1100ps/nm/km and pulse restoration using a CBG with L = 200µm and ∆Λ=-7.5nm. 
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It should be noted that efficient chip-scale integration of reflective devices such as 

our CBG will commonly require an integrated circulator [58] which remains a challenge 

for the Si photonics material platform. At present however, we can explore two 

alternative integration approaches, (1) using a directional coupler at the cost of a 6dB 

power penalty or (2) using a pair of coupled waveguide grating structures similar to those 

described in section 2.2 which may be designed as coupled CBGs to simultaneously 

compensate for GVD and reroute the compensated data without the power penalty. The 

analysis and experimental characterization of this coupled chirped grating structure will 

be discussed in detail in the next section. 

In summary, the CBG device proposed here provides a platform to engineer 

normal or anomalous dispersion for photonic systems applications including GVD 

compensation in silicon waveguides. The experimental tests of the designed and 

fabricated devices validate the 2-D FDTD method used for modeling of the CBG 

structures. Asymmetric Blackman apodization was found to be most effective in 

suppressing group delay ripple while maximizing the useable bandwidth. The 

experiments demonstrated a dispersion value of 7.0x105ps/nm/km in a wide spectral 

range of about 40nm in the near infrared spectral range of 1.55µm. Both normal and 

anomalous dispersion has been demonstrated. The operating bandwidth may be adjusted 

and arbitrary amounts of dispersion achieved by adjusting the sign and magnitude of the 

chirp. The tunability of the CBG bandwidth makes it highly suitable for accommodating 

ultrashort pulses with high spectral content. 
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2.4. Group velocity dispersion engineering operating in transmission using 

coupled chirped sidewall modulated Bragg gratings 

The dispersive element presented in chapter 2.3 provides a means of generating 

large, linear GVD with minimal ripple for optical signal processing and to counteract 

pulse broadening. However, because the GVD is generated upon distributed reflection of 

the incoming optical field, a difficulty exists in routing the compensated data. One 

method to reroute the compensated data involves using 3dB couplers, however this 

brings with it a concomitant loss of 6dB. An alternative would be to use a circulator, but 

due to the lack of a viable on-chip circulator, cumbersome heterogeneous integration 

with a fiber-based one would have to be performed in order to allow lossless rerouting 

of the reflected data. In order to circumvent the issues associated with rerouting reflected 

data, we present a device geometry that allows for conceptually lossless operation, and 

demonstrate GVD values of up to 8.4 X 105 ps/nm/km. It is evident that the ability to 

efficiently compensate for GVD will become increasingly important as silicon photonics 

gradually shifts from niche development to the mainstream. 

 

2.4.1. Theory and modeling of coupled chirped sidewall modulated Bragg gratings 

A schematic diagram of the proposed device is shown in Figure 2.14. As before, 

the device is implemented using an SOI wafer with a 250nm thick silicon layer of Si on a 

3µm thick layer of buried oxide on a silicon substrate. Two channel waveguides with 

chirped vertical gratings (CBGs) [26, 25, 71] are placed side by side such that we have  
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Figure 2.14. Schematic diagram of coupled CBG device. W1 = 500nm, W2 = 400nm, ∆W1 
= 50nm, ∆W2 = 30nm. 

 

three Bragg matching conditions [46]. The first two Bragg conditions satisfy coupling of 

the forward and backward propagating modes for each of the individual waveguide 

gratings and are of less interest. The third Bragg matching condition arises from the cross 

coupling between these two waveguide gratings. This condition may be described using 

the coupled mode theory (CMT) equations in Eq. (2.1) [46, 47, 66], with a few 

modifications. In this device where the coupled gratings are chirped, the phase function, 

L

z
z

2

2
0

.
.)(
π

φ
Λ
∆Λ

=  where ∆Λ is the total chirp in the grating period, Λ0 is the average CBG 

period and L is the device length [66]. The Bragg detuning, 
0

21

2
)()(

Λ
−−=∆

π
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where β1, 2(λ) are the propagation constants for the forward mode in waveguide 1 and the 

backward mode in waveguide 2 respectively. The period of individual CBGs at any point, 

z is given by
L

z
z .)( 0 ∆Λ+Λ=Λ . In the case of the coupled gratings, the coupling strength 
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is determined by the gap width, G and the modulation amplitudes, ∆W1,2 of gratings 1 and 

2 respectively. As before, we set values for ∆W1 at 50nm, ∆W2 at 30nm and Λ0 at 305nm 

to ensure that the Bragg detuning is zero at 1.55µm. Due to the current limitation in the 

device lengths that we can fabricate without stitching in our electron-beam (e-beam) 

lithography system, we limit L to 100µm. Consequently, to ensure transmission of close 

to 100%, we set G at 80nm. The small value of G results in a large coupling strength 

(~285/cm) [48] and thus for better accuracy over CMT, we perform 2D finite difference 

time domain (FDTD) simulations, with a 5nm by 10nm grid size, to analyze the device. 

The modeling results are approximate because of the reduction of the 3D problem to a 2D 

one. The effective index of the silicon slab of height 250nm, infinite in the horizontal 

direction is used in place of the material refractive index of silicon. Symmetric Blackman 

apodization is applied to suppress group delay ripple in the spectra [69, 71].  The 

modeled transmission and group delay characteristics for devices with ∆Λ = 4nm and 

7nm are shown in Figure 2.15a and 2.15b respectively. We observe that the group delay 

characteristics are relatively linear within the passband, with minimal group delay ripple. 

The corresponding average values of GVD within the two passbands are 0.078ps/nm and 

0.039ps/nm and the resultant transmission bandwidths are 25nm and 37nm. 

The transmission of the gratings is lower than 100% and decreases for larger ∆Λ 

owing to the lower effective coupling for each wavelength component. Transmission 

close to 100% may be achieved for longer device lengths. The out of band sidelobe 

observed at 1.5µm in Figure 18a is a result of small G. Since gratings 1 and 2 behave as 

waveguides outside of the main transmission band, coupling of co-propagating modes 
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Figure 2.15. (a) Transmission spectra and (b) group delay of coupled CBG device for 
G=80nm, L=100µm, ∆Λ = 4nm (solid black line) and 7nm (dotted red line) calculated 

using 2D FDTD. 

 

between the adjacent waveguides can occur. Some light couples from the right grating 

into the left grating, and undergoes a reflection under the left grating’s Bragg condition, 

0
2

2
2

Λ
=

π
β   centered at 1.5µm, resulting in a small out of band sidelobe (Figure 2.18a). 

The unwanted coupling may be eliminated by increasing G since the maximum power 

transfer varies inversely with κo for β1 ≠ β2. Since the bandwidth is a function of both ∆Λ 
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and κ, ∆Λ may then be increased to achieve the same bandwidth. Additionally, the sign 

of the dispersion may be changed by inverting the direction of the chirp in order to 

generate either normal or anomalous GVD. Applications requiring larger bandwidth may 

be accommodated by increasing ∆Λ. 

 

2.4.2. Experimental characterization of fabricated devices 

The coupled CBGs were fabricated using e-beam lithography and reactive ion 

etching. A 2µm thick SiO2 overcladding layer is deposited over the device using plasma-

enhanced chemical vapor deposition. Scanning electron micrographs of fabricated 

devices are shown in Figure 2.16. Experimental characterization of the fabricated devices 

was performed using a technique similar to that used in Refs. 70 and 71. The cleaved 

facet of the input waveguide and the start of the device form mirrors which result in  

 

Figure 2.16. SEM micrographs of fabricated coupled CBG devices. Apodization of the 
grating amplitude is shown at the (a) input and (b) center sections of the fabricated 

device.  
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Fabry Perot (FP) oscillations with period, ∆λ in the transmission spectra. The resulting 

cavity length, lc is a function of wavelength and is found using 
λ

λ
∆

=
..2

2

g
c n

l . The group 

delay, τ as a function of wavelength is then given by 
c

ln cg ..2
=τ . Assuming the group 

index, ng = 4.4 (calculated using a fully vectorial beam propagation method for the left 

waveguide), we obtain the GVD using the slope of a linear fit to the extracted group 

delay. Figure 2.17a shows the transmission characteristics of fabricated devices for ∆Λ = 

4nm and 7nm showing the FP oscillations. The results clearly show the extension in 

bandwidth from 15nm to 21nm as ∆Λ increases from 4nm to 7nm. The bandwidth is 

lower than that expected from FDTD calculations. This is a result of the lower effective 

coupling coefficient obtained from G being slightly larger than 80nm in the fabricated 

devices; SEM micrographs in Figure 2.16b. show that G obtained is slightly larger than 

80nm. The relationship between G and κ is inversely exponential due to the evanescent 

decay of the fields from the grating.  

The smaller achieved bandwidth implies that we expect a larger GVD value. This 

is attributed to the group delay being distributed over a smaller wavelength range. Indeed 

we observe slightly larger GVD values from those predicted by the modeling results. 

Figure 2.17c shows plots of the measured group delay and the linear fits to the measured 

experimental data. The GVD for ∆Λ = 4nm and 7nm are 0.084ps/nm and 0.042ps/nm 

respectively. For better characterization of the transmission characteristics, we terminate 

all ports with inverse tapers [11] to eliminate FP oscillations.  Figure 2.17b shows the  
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Figure 2.17. (a) Measured transmission for (a) ∆Λ=4nm (solid blue line) and 7nm (dotted 
red line) showing FP oscillations, and (b) for ∆Λ=4nm in the absence of FP oscillations. 
(c) Measured group delay for ∆Λ=4nm (blue stars) and 7nm (red squares) with linear fits 

to measured data. 
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transmission of the fabricated device with ∆Λ=4nm and inverse tapers, demonstrating the 

flat top profile and effectiveness of the applied apodization in minimizing ripple. 

 

2.4.3. Discussion  

In addition to GVD compensation, the presented device may also be useful for 

integrated photonics applications requiring dispersive elements. For example, two such 

gratings with chirp values equal in magnitude but opposite in sign may be used as 

matched dispersive elements for performing temporal Fourier transforms [72,73]. This 

eliminates the need for heterogeneous integration of fiber-based dispersive elements with 

integrated photonics circuits.  

In this section, we have proposed a dispersive device implemented on SOI 

constructed with coupled chirped vertical gratings for on-chip GVD engineering. The 

coupled mode theory of the device is presented in addition to a numerical study using 

2D FDTD. The modeling and experimental results are found to be in good agreement. 

The demonstrated technique is effective for efficient engineering of normal or 

anomalous dispersion necessary for various applications. Importantly, the technique 

does not require an on-chip circulator for lossless operation, resolving the issue of using 

lossy directional couplers for data rerouting. 
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2.5. Alternate Bragg grating scheme for achieving weak coupling 

In previous sections, a common theme was the sidewall modulated Bragg grating 

for generating a phase and amplitude response. The chosen sidewall modulation 

amplitude of 30-50nm was selected because of the limitations in resolution in the e-

beam writer used to pattern these structures. Due to the high modal confinement and 

strong overlap integral of the E-fields with the sidewall modulation, the small sidewall 

modulation amplitude leads to a strong coupling coefficient. Therefore, the dynamic 

range and resolution of the modulation depth and, consequently, that of the coupling 

coefficient of the sidewall modulated Bragg gratings are limited. However, there exist a 

number of devices, such as narrow bandwidth WDM components, that require Bragg 

gratings to have weak and precisely controlled coupling coefficients. In this section, we 

introduce a novel, cladding-modulated distributed resonant structure (C-DRS) 

implemented in SOI that overcomes the current sidewall modulated Bragg grating 

limitations in the dynamic range, resolution and precise control of the coupling strength. 

To the best of our knowledge, this is the first demonstration of the proposed concept. 

The coupling under the Bragg matching condition is implemented using periodic 

placements of silicon cylinders in the cladding at a fixed distance from a single mode 

silicon waveguide. The coupling strength of the C-DRS depends on the diameter and the 

distance of the periodically placed silicon cylinders allowing small values of coupling 

strength necessary to achieve narrow spectral response characteristics to be achieved. 

We present the design and numerical simulations of example devices, as well as their 

fabrication and experimental validation. 
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2.5.1. Theory and modeling of the C-DRS Structure 

The C-DRS device is shown schematically in Figure 2.18 and consists of a central 

single mode silicon waveguide and a periodic array of silicon cylinders of diameter W, 

situated a distance d from the edge of the waveguide, and with period ΛB. W is chosen to 

be 200nm to avoid supporting resonant modes inside the cylinders. By periodically 

placing silicon cylinders on both sides of the waveguide, a Bragg effect arises. The period 

of the cladding modulation, ΛB will be chosen to satisfy the Bragg condition at a 

wavelength of about 1.55µm for the TE-polarized mode. Since the field amplitude of the 

propagating mode decays exponentially outside the waveguide boundaries, the extent of  

 

Figure 2.18. Cladding-modulated distributed resonant structure. Cladding cylinder 
diameter, W=200nm. Separation distance between waveguide and cladding denoted by d. 
Waveguide height, a and width, b are 250nm and 500nm respectively. Buried oxide layer 

thickness = 3µm. SiO2 overcladding thickness = 2µm. 
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the evanescent tails residing in the silicon cylinders and hence the strength of mode 

coupling can be varied by adjusting the distance d. We first calculate the coupling 

coefficient of the C-DRS as a function of distance, d. The coupling coefficient, κ of a 

Bragg grating may be found using coupled mode theory (CMT) [46,69]: 

2 2

24
o

eff

n E dxdy
k

n
E dxdy

κ

∞ ∞

−∞ −∞
∞ ∞

−∞ −∞

∆ ×

=
∫ ∫

∫ ∫
       (2.3) 

where ko is the free space propagation constant, ∆n is the refractive index perturbation 

and E is the unperturbed TE-polarized electric field. A fully vectorial beam propagation 

method is used to calculate the spatial distribution of the E-field and the effective 

refractive index, neff (found to be 2.63). It should be noted that for very small values of d, 

the CMT assumptions break down [46] and, consequently, the results obtained from 

using CMT become less accurate. κ is found as a function of d from Eq. (2.3) using the 

corresponding spatial distribution of the E-field and the result is shown in Figure 2.19. 

The inverse logarithmic relationship between κ and d is a direct result of the exponential 

nature of the decay in modal amplitude away from the core-cladding interface.  
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Figure 2.19. ∆λ (red) and κ (black) for W = 200nm and L=100µm as a function of d 
calculated using CMT (solid lines) and FDTD (circles). Experimental ∆λ and κ for 

devices A and B are marked with squares. 

 

From CMT we expect that the stop band of the device increases as the coupling 

strength increases (i.e., as the index modulation becomes larger). The width of the device 

stop band is defined here as the width between the zeros of the central lobe, and may be 

found also from CMT [74] as:  

     

1
2 22

1
g

L

n L

λ κ
λ

π

 × ∆ = +  ×    
     (2.4) 

where ng is the group index, estimated to be 3.8 [26] and L is the device length. The 

relationship between ∆λ, calculated using κ found earlier, and d is plotted in Figure 2.19. 

2D finite difference time domain (FDTD) simulations conducted to confirm the device 

characteristics obtained from CMT, are also plotted in Figure 2.20. Although the 
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numerical method includes approximations from reduction to 2D using the effective 

index method, it should give more accurate results than that obtained with CMT, 

especially for small values of d where CMT assumptions are no longer valid. The filled 

and unfilled circles in Figure 2.19 show the values of ∆λ for several devices with 

100L mµ=  found using FDTD and κ calculated from them using Eq (2.4) respectively. It 

is evident that the disparity between ∆λ calculated using CMT and 2D FDTD becomes 

larger for small values of d due to the decreased accuracy of CMT.   We also observe in 

both the CMT and FDTD plots, that ∆λ approaches a limit of ~5nm as d increases. For 

Lκ π<< , ∆λ becomes increasingly dependent on L explaining the limiting behavior for 

weak coupling. For πκ >>L. , κ becomes the dominant factor on the value of ∆λ. 

For experimental validation, we choose two example device geometries i.e. 

device A with 100L mµ= , 200d nm= , 300B nmΛ =  and device B with 70L mµ= , 

 

 

(a) (b) 

Figure 2.20. 2D FDTD simulation results. Transmission for (a) L=100µm, d=200nm, 
W=200nm, ΛB=300nm (device A) and (b) for L=70µm, d=50nm, W=200nm, ΛB=295nm 

(device B). 
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50d nm= , 295B nmΛ = . The calculated coupling coefficients, 43/cm and 921/cm for 

device A and B, respectively, are more than one order of magnitude different, and 

correspond to operation in the weak-coupling and strong-coupling regimes respectively. 

Figure 2.20 shows the modeling result of the transmission spectra for these two devices. 

As expected, the bandwidth and the extinction ratio for a device with larger d (see Figure 

2.20a) is smaller than that for smaller d (see Figure 2.20b). ∆λ for the weakly coupled 

device is 7nm as opposed to 13nm for the strongly coupled device. The observed side 

lobes may be eliminated by apodizing the C-DRS device. Apodization by adiabatically 

decreasing the values of the coupling strength towards the input/output facets of the 

device, may be implemented using two approaches. The first is to gradually decrease W 

towards the ends of the device while the second approach involves gradually increasing 

the distance, d towards the ends of the device. The latter approach is more practical for 

experimental realization than the former method, because it does not rely on high 

resolution lithography. These methods achieve an effective tapering of κ from its 

maximum value in the device’s center to 0 at the input/output facets of the device.  

 

2.5.2. Fabrication and measurement 

The devices with the design configurations A and B were fabricated on a SOI 

wafer with a 250nm silicon layer and a 3µm buried oxide layer on a silicon substrate. 

Electron beam (e-beam) lithography and reactive ion etching were used to pattern and 

define the device geometry. A SiO2 over-cladding layer was deposited on the etched 

structure using plasma enhanced chemical vapor deposition. The ends of the access 
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waveguides were terminated with inverse tapers for efficient fiber-to-waveguide coupling 

[68]. In particular, for device A which possesses small coupling strength and hence a 

narrow stop band and a small extinction ratio, the inverse tapers are necessary to prevent 

Fabry-Perot oscillations from washing out the signal we wish to measure in the 

transmission spectrum. Figure 2.24a shows SEM micrographs of the fabricated device 

with configuration B before the SiO2 deposition. The transmission spectra of the devices 

were measured and the experimental results are shown in Figures 2.21a and 2.21b. ∆λ and 

the value of κ calculated using Eq. (2.4) for the two devices are denoted by the filled and 

unfilled squares respectively in Figure 2.22. Even though mL µ70=  for device B, 

πκ >>L.  and therefore κ is the dominant factor on ∆λ. κ calculated from Eq. (2.3) should 

therefore be similar to that for mL µ100= . The extinction, ∆λ and κ calculated for device 

B show good agreement with the FDTD results presented in Figure 2.20b. The slight red 

shift in the position of the stop band may be attributed to the central waveguide being 

measured to be slightly larger than 500nm due to the proximity effect during e-beam 

writing process, resulting in a higher neff and longer corresponding Bragg wavelength. 

Similarly, we observe a slight difference between the measured and the designed values 

of the bandwidth. ∆λ is slightly larger than expected for both devices A (8nm measured 

compared with 7nm expected (Figure 2.20a)) and B (16nm measured compared with 

13nm expected (Figure 2.20b)). In the case of device A, the small difference of 1nm is 

well within experimental error and the larger extinction observed is likely due to d being 

slightly smaller than 200nm as a result of the larger central waveguide width. In the case 

of device B, the discrepancy is likely due to the cladding columns being larger than 
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200nm in diameter and the distance d being smaller than that of the target value again due 

to the proximity effect of the e-beam writing process. Due to the nature of the mode 

profile of the E-field in the waveguide, the evanescent tails extending outside the 

waveguide boundaries into the silicon cylinders give rise to the effective index 

modulation needed for realization of the Bragg effect. The exponential decay of the fields 

away from the waveguide boundary leads to an exponential relationship between the 

 

(a) 

 

(b) 

 

(c) 

Figure 2.21. (a) SEM micrographs of fabricated devices. (b) Measured transmission for 
device A and (c) device B. 
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distance, d and κ. Therefore, due to this exponential dependence, small deviations from 

the desired value of d leads to large deviations in the grating response for small values of 

d, and less so for large values of d. 

 

2.5.3.  Discussion 

It should be noted that the demonstrated C-DRS device may be useful for on-chip 

switching and add-drop filtering applications. By integrating several C-DRS with slightly 

different values of ΛB, the device could be used to route data at different carrier 

frequencies (i.e., wavelengths). For example, smaller values of κ with sufficiently long L 

to achieve ~100% efficiency/extinction ratio will allow a larger number of narrow band 

dense WDM channels, whereas a large value of  κ will accommodate fewer number of 

channels but each with much wider bandwidth. To circumvent the limiting behavior of 

the bandwidth observed in Figure 2.19, devices with small values of κ can be made 

longer such that πκ >>L. . For example, for d=200nm and mmL 3.2=  such that 10. =Lκ , 

we can achieve a narrow bandwidth filter with ∆λ = 0.9nm (see Eq. (2.4)) 

Compared with alternative grating schemes such as sidewall modulated and 

surface relief gratings, the cladding modulated Bragg gratings requires an additional cost 

in area of [2*(d+W)] nm. Therefore, this grating scheme is ideally suited to applications 

requiring small coupling strengths/bandwidths. Given the highly confined nature of the 

mode in the waveguide used in the design, it is difficult to achieve weak coupling in both 

the sidewall modulated and surface relief gratings. In the latter case, even small grating 

etch depths result in large coupling strengths. For other applications where strong 
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coupling is desired and space constraints exist, the single-step lithography sidewall 

modulated grating scheme should be used instead for the aforementioned benefits in 

compactness and ease in fabrication.  It should be noted that the channel waveguide used 

in this demonstration was used for its benefits of compactness and larger effective index 

modulation from the silicon cylinders. Other waveguide geometries such as single mode 

rib waveguides may be used in place of the channel waveguide for the benefits of lower 

propagation loss and lower sensitivity to deviations in d, but at the expense of being less 

compact. 

In summary, we have designed, fabricated and experimentally validated a novel 

cladding-modulated Bragg grating using SOI material platform which allows large 

dynamic range, resolution and precise control of the coupling strengths of the C-DRS. 

Devices with weak and strong coupling strengths differing by an order of magnitude 

were demonstrated experimentally confirming the numeric predictions.  The C-DRS 

approach is more realistic from a fabrication standpoint compared to other on-chip 

Bragg grating designs since accurate control of the separation distance, d is more easily 

realized. Hence, the dynamic range, resolution and control of the coupling strength are 

no longer limited by the capability of the direct write e-beam lithography system. This 

method of creating Bragg gratings enables weak coupling coefficients to be realized to 

meet narrow bandwidth requirements in switching and add-drop filtering applications. 
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2.6. Summary 

Coupled mode theory formalism is introduced and applied to the analysis of 

several silicon photonic devices. A 1 by 4 WDM is demonstrated using coupled vertical 

gratings and features very low loss and wide bandwidth. The large bandwidth offers a 

high tolerance to fabrication errors and temperature fluctuations making it particularly 

suitable for low power operation in next generation’s microprocessors and data centers. 

Next, two dispersive elements are designed and studied. Linear chirp is applied to 

the structures in order to introduce a quadratic phase. The effect of apodization is first 

studied in a single chirped vertical grating for reducing group delay ripple. Large values 

of either normal or anomalous dispersion are generated over bandwidths which may be 

tailored according to application needs. In order to overcome the drawback of 3dB 

coupling loss associated with re-routing the compensated data, a coupled chirped 

vertical grating structure is introduced and studied. The device enables group velocity 

dispersion with low group delay and out of band ripple to be generated while 

simultaneously rerouting the compensated data, thus avoiding any concomitant loss. 

Lastly, to overcome the limitations in the coupling coefficient from the high 

modal confinement in silicon channel waveguides, a Bragg grating implemented with 

periodically placed cylinders in the cladding is introduced. Coupled mode theory 

calculations, FDTD simulations and experimental results are compared, showing that 

both weak and strong coupling can be achieved using the method. The cladding 

modulated Bragg gratings will be particularly useful for applications requiring small 

bandwidth such as dense WDM. 
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3. Chapter 3 

Nonlinear Optics using Silicon Nitride 

 

The silicon on insulator platform has been extensively studied for optical 

interconnect applications primarily because of their compatibility with CMOS processes 

which power the semiconductor industry. The cost effectiveness and technological 

advantages from a fabrication standpoint brought about by working with silicon are 

unparalleled. However, silicon possesses several inherent drawbacks which make it less 

desirable for certain applications. The small energy band gap of 1.1eV implies that 

significant two photon absorption (TPA) exists at the telecommunications wavelength. 

The TPA coefficient disappears only at wavelengths exceeding 2.2um. Silicon’s small 

band gap coupled with its indirect nature contributes to the generation of free carriers at 

higher powers. Particularly in nonlinear applications where high optical intensities are 

involved, the detrimental effects of TPA become more pronounced [35, 36, 75]. Given 

these inherent drawbacks, it would be of great interest to identify a CMOS compatible 

material, which possesses a larger bandgap and consequently, negligible TPA coefficient. 

The ideal candidate would also have a relatively large refractive index in order to achieve 

compact photonic lightwave circuits, and for the enhancement of nonlinear effects. The 

importance of identifying alternatives to silicon is evidenced by the emergence of CMOS 

compatible materials which meet these requirements in recent years. One such material 

platform is high index silica glass, which has been studied extensively for numerous 
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nonlinear applications such as four wave mixing [76], optical parametric oscillation [77] 

and pulse compression through high order solitons [78]. 

Silicon nitride (SiN) is another promising CMOS compatible material, possessing 

a large energy band gap of 5.3eV, and a relatively large refractive index of ~2.0 thus 

enabling dense integration of PLCs [79, 80]. Importantly, the Kerr coefficient of 

amorphous silicon nitride deposited using plasma enhanced chemical vapor deposition 

(PECVD) was recently found to be 2.4 X 10-15 cm2/W [75] – an order of magnitude 

larger than that in silica glass. This relatively high measured third order nonlinear 

coefficient motivated us to continue the study of silicon nitride as a viable nonlinear 

material. In this chapter, we study the dispersive properties of PECVD prepared silicon 

nitride waveguides. The PECVD process is the preferred process for film deposition 

because it may be performed at low temperatures below 400oC. In addition, we show that 

the GVD can be engineered by changing the waveguide geometry. Moreover, when we 

increase the input signal power levels of 200 fs pulses derived from an optical parametric 

oscillator (OPO) operating at a center wavelength of 1550 nm, we observe at the output, 

spectral broadening due to self phase modulation. Lastly, the nonlinear losses in silicon 

nitride waveguides are characterized. The results and analyses of these observations in 

silicon nitride waveguides are presented and discussed in this chapter. 

 

3.1.  Group velocity dispersion engineering in SiN waveguides 

The ability to engineer GVD in waveguides is of paramount importance for a 

number of nonlinear applications. Anomalous dispersion is necessary for the formation 
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of optical solitons, whereas normal dispersion is important for applications such as pulse 

compression. By altering the waveguide geometry and varying the extent of modal 

confinement, it is possible to generate varying signs and magnitudes of GVD. This 

effect is facilitated by the relatively large SiN refractive index compared with that in 

SiO2, which will serve as the waveguide cladding.  

We studied the GVD properties of various silicon nitride waveguide geometries 

and identified three geometries with representative dispersion properties for 

demonstration: (i) a 500nm by 1µm channel waveguide, (ii) a 800nm square channel 

waveguide and (iii) a 1µm square strip waveguide with air as the upper cladding. Using 

the Sellmeier coefficients for silicon nitride [82] and silicon dioxide [83], the effective 

indices of the quasi-TE modes in 3D as a function of wavelength are calculated using a 

fully vectorial beam propagation method from RSoft. The waveguide geometries and 

their effective areas are shown in Figure 3.1. The group indices, 
ω
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effeff  where ω is the angular velocity, are calculated 

from the obtained effective indices. The material dispersion of bulk silicon nitride is 

calculated to be 0.083ps2/m at a wavelength, λ=1.55µm which is weakly normal. Figure 

3.2 shows that we can achieve anomalous dispersion values of -0.62ps2/m (strip 

waveguide) and normal dispersion values as high as 0.58ps2/m (500nm by 1µm channel 

waveguide) at 1.55µm. These values are significantly different from the material 

dispersion of silicon nitride. The effect of the waveguide geometry on the GVD is 

significant, enabling us to engineer varying magnitudes of either normal or anomalous  
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Figure 3.1. SiN waveguide geometries studied for GVD engineering and their effective 
areas. 

 

 

Figure 3.2. Calculated (a) group index and (b) GVD of silicon nitride waveguides with 
different geometries. 
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dispersion. The 500nm by 1µm channel waveguide and the 1µm strip waveguides result 

in modes which are more confined, leading to a greater waveguide contribution to the 

GVD and larger GVD values. 

Experimental verification of the GVD is performed using a method similar to that 

in Ref. 55, where integrated Mach Zehnder interferometers (MZIs) are fabricated and 

used to extract the group indices from the resulting oscillations for TE polarized input 

light. Our waveguide integrated MZIs are fabricated on PECVD prepared silicon nitride 

films. The deposition process [81] results in low stress films and is desirable because of 

the low process temperature (350°C). Films between 500nm and 1µm in thickness are 

first deposited. The waveguides are patterned using electron-beam lithography and 

defined using reactive ion etching [79, 81]. Scanning electron micrographs of the 

fabricated SiN waveguides are shown in Figure 3.3. The channel waveguides with SiO2 

cladding are covered with silicon dioxide using PECVD whereas the strip waveguide is 

left uncovered. The difference in length between the two arms of the interferometer is 

520um. To eliminate noise induced error in extracting the GVD, we make a first order 

approximation to the measured data. Since the expected GVD is approximately constant 

within the wavelength range of the measurement (1.53µm – 1.6µm), the average GVD 

value can be extracted from the gradient of the plot of ng vs. λ using the relation, 

λπ
λ

β
d

dn

c
g⋅

⋅⋅
−=

2

2

2 2
. Figure 3.4a shows a typical example of the interference fringes 

obtained from the MZI implemented with the 800nm square channel waveguides with 

SiO2 cladding. The extracted group indices are shown in Figure 3.4b. The ng for the 1µm 

square strip waveguide is largest followed by the 800nm square channel waveguide and  
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Figure 3.3. Scanning electron micrographs of fabricated SiN MZI and waveguides. 

 

 
 

Figure 3.4. (a) Typical MZI fringes from 800nm square channel waveguide of silicon 
nitride with silicon dioxide cladding. (b) Measured group indices for 500nm by 1µm 

channel waveguide (blue diamonds), 800nm square channel waveguide (red circles) and 
1µm square strip waveguide (black squares). 

 

500nm by 1µm channel waveguide, in agreement with the modeling results shown in 
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0.86 ps2/m, 0.28 ps2/m and -0.57 ps2/m for the 500nm by 1µm channel, 800nm square 

channel and 1µm square strip waveguides, respectively. 

 

3.2.  Nonlinear losses in SiN waveguides 

Next, we study the presence of two photon induced optical losses in the silicon 

nitride waveguides fabricated using PECVD. We use 200fs pulses centered at 1.55µm 

from an OPO pumped by a Ti:Sapphire laser at a center wavelength of 830nm. A 0.5nm 

bandpass filter is used to reduce the bandwidth of the ultrashort pulses resulting in ~7ps 

output pulses. The output from the filter is amplified using an EDFA and introduced into 

a 5mm long 800nm square channel waveguide. The output of the waveguide is 

monitored as we increase the EDFA gain. The long pulse duration ensures negligible 

temporal pulse broadening in either the fiber or waveguide. Therefore, the peak power 

may be calculated using the pulse duration, laser repetition rate of 76MHz and measured 

average power. We obtain a linear relation between the input and output peak power, 

shown in Figure 3.5, implying the absence of nonlinear losses. The experiment confirms 

that TPA should not occur in silicon nitride at 1.55µm because photon energies at this 

wavelength are less than Eg(SiN)/2, where the energy band gap of silicon nitride, Eg(SiN) = 

5.3eV. The onset of TPA in silicon nitride is expected at λ~470nm in the blue region of 

the visible spectrum. In contrast, TPA induced loss in silicon is reported to occur at 

1.55µm at peak power intensities >80MW/cm2 [84] for ultrashort pulses and loss from 

TPA generated free carriers for longer pulses occurs at peak power intensities 

>50MW/cm2 [36]. Our fabricated silicon nitride waveguide did not exhibit nonlinear 
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losses up to peak power intensities of 12GW/cm2
 in the waveguide, which is two orders 

of magnitude higher than that in silicon. The demonstrated negligible losses at high peak 

intensities make silicon nitride a better candidate than silicon for nonlinear optics 

experiments and applications at high power levels. 

 

 

Figure 3.5. Measured output peak power vs input peak power levels for silicon nitride 
800 nm square waveguide with silicon dioxide cladding. 

 

3.3.  Self phase modulation in SiN waveguides 
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1.4W-1/m for the silicon nitride waveguide. A 500nm by 1µm channel waveguide made 

of silicon nitride with silicon dioxide cladding of length, L=6mm was fabricated and the 

measured loss was 4dB/cm. Next, we demonstrate self phase modulation of 200fs pulses 

at 1.55µm from an OPO. The pulses are first coupled from free space into a fiber before 

coupling into the silicon nitride waveguide. A single mode tapered fiber is then used to 

couple the pulses from the OPO into the 6mm silicon nitride waveguide. Since the high 

peak power of ultrashort pulses will experience nonlinear effects while propagating in 

the fiber, we carefully design our experiment to take advantage of the fiber nonlinearity. 

The interplay between the self phase modulation and anomalous dispersion in the fiber 

ensures, with careful design of the fiber length, minimal spectral broadening and high 

peak powers at the output of the fiber. The estimated coupling loss is ~7dB per facet. 

The experimental results on self phase modulation in the silicon nitride waveguide are 

shown in Figure 3.6a. First, we measure the output spectrum of the silicon nitride 

waveguide when the input fiber is deliberately misaligned from the waveguide to ensure 

low coupled power into the waveguide. The resultant low power spectrum (black dotted 

curve in Figure 3.6a) represents a purely linear response of the pulse propagating in the 

waveguide, while at the same time exhibiting any nonlinear effects occurring in the 

preceding fiber used to introduce the pulse into the silicon nitride waveguide. Some 

Fabry-Perot oscillations are present in the spectrum as a result of the cleaved waveguide 

facets and stitching error in the 6 mm long waveguide. Next we optimize the alignment 

of the fiber to waveguide setup to achieve maximum coupling into the silicon nitride 

waveguide. We estimate Po~500W inside the waveguide by including the coupling loss 

and estimated peak power at the entrance to the waveguide. The red solid line in Figure 
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3.6a shows the spectrum of the pulse at the output of the waveguide demonstrating 

appreciable spectral broadening. Comparing the FWHM of the broadened (red solid 

line) and the original spectra (black dashed line), the bandwidth has doubled from 14nm 

to 30nm. The broadening is attributed to self phase modulation of the pulse in the silicon 

nitride waveguide, which occurs due to the Kerr nonlinearity.  

(a) (b) 

Figure 3.6. (a) Spectrum of the measured (solid red line) and modeled (blue dotted line) 
pulse broadening due to self phase modulation in a 6mm long silicon nitride channel 

waveguide (500nm by 1µm). In contrast, spectrum measured at low power (black dashed 
line) does not exhibit waveguide induced spectral broadening. (b) Modeling of spectral 
broadening using the NLSE as a function of waveguide propagation loss for L=6mm 

(blue solid curve) and L=Leff(max)/2 (red dashed curve). The plotted spectral bandwidth is 
normalized to the bandwidth obtained for our waveguide with propagation loss of 

4dB/cm. 

 

Modeling of our experiments using the nonlinear Schrodinger equation (NLSE) 

[41] was performed to confirm the measured experimental results. The effect of self 

phase modulation arising from the optical nonlinearity in the silicon nitride waveguide 
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was modeled using the measured value of β2wg = 0.86 ps2/m, the calculated value of γwg 

= 1.4W-1/m and the experimentally measured loss coefficient, αwg=0.92/cm. The third 

order dispersion length for the waveguide is calculated to be ~60cm and therefore may 

be neglected. The input used in the model is a fit to the measured fiber output spectrum 

shown in Figure 3.6a. The blue dotted curve in Figure 3.6a shows the solution to the 

NLSE for the spectrum broadened by the waveguide. The estimated maximum nonlinear 

phase shift from the waveguide is about π radians. The extent of self phase modulation 

in the waveguide is limited by the propagation loss in the waveguide. Propagation loss is 

related to the waveguide effective length, wgwgeff LL αα /)]exp(1[ ⋅−−=  [41]. For the 

PECVD waveguides used in our experiment with 4dB/cm loss, the maximum achievable 

effective length, Leff(max) asymptotically approaches a value of 1/ αwg = 1.1cm. Modeling 

results using the NLSE in Figure 3.6b (blue solid curve) show that reducing the loss to 

1dB/cm will enable about 30% greater broadening. In addition, reduction of the loss will 

allow a larger Leff(max) to be achieved, and hence even greater spectral broadening by 

increasing the waveguide length. The calculated bandwidth for a waveguide length of 

Leff(max)/2 as a function of the propagation losses is shown as the red dotted curve in 

Figure 3.6b. The result shows that 60% greater spectral broadening may be achieved if 

the waveguide losses are reduced to 1dB/cm. Lower propagation losses may be achieved 

by high temperature annealing [85] to reduce the hydrogen content in the films and loss 

from material absorption or using films prepared using low pressure chemical vapor 

deposition [80, 86, 87]. 
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3.4.  Summary 

We have shown that silicon nitride waveguides fabricated from PECVD deposited 

films are viable nonlinear materials for various devices integrated into PLCs. The low 

temperature deposition process is economical and compatible with CMOS fabrication 

processes. The GVD of several silicon nitride waveguides has been studied 

experimentally in support of nonlinear optical interactions in this material. The results 

show that the GVD may be engineered by varying the geometry of the waveguide and 

demonstrate measured anomalous GVD values as high as -0.57ps2/m and normal GVD 

values as high as 0.86ps2/m. The absence of any observed nonlinear loss implies that 

high power levels may be used in silicon nitride waveguides for nonlinear optics 

applications without degradation due to TPA processes common to silicon at the 

telecommunications wavelength. Self phase modulation occurring in the fabricated 

silicon nitride waveguides is also experimentally demonstrated. A doubling of the 

FWHM pulse bandwidth is observed as a result of the nonlinear parameter of 1.4W-1/m 

in the silicon nitride waveguide. The relatively high nonlinear parameter, low nonlinear 

loss and ability to engineer GVD in waveguides make silicon nitride a good candidate 

for realizing a variety of optical functionalities utilizing nonlinear optical phenomena 

such as four wave mixing [87], soliton propagation and pulse compression. 

 

Chapter 3, in part, is a reprint of the material as it appears in: 
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• D.T.H. Tan, K. Ikeda, P. C. Sun, and Y. Fainman, “Group velocity dispersion 

and self phase modulation in silicon nitride waveguides,” Appl. Phys. Lett. 96, 

061101 (2010). 

The dissertation author was the primary investigator and author of this paper. The co-

authors listed in the publication assisted and supervised the research which forms the 

basis for this chapter. 
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4. Chapter 4 

Monolithic nonlinear optical pulse compressor on a silicon 

chip 

 

4.1.  Introduction 

In chapter 3, we investigated the nonlinear properties of silicon nitride, and 

showed that unlike silicon, it did not suffer from TPA and FCA. The absence of these 

nonlinear loss mechanisms imply that nonlinear optics applications performed on a 

silicon nitride platform are not dominated by the slower, free carrier recombination 

dynamics. Rather, the much faster Kerr nonlinearity comes into play thus enabling 

ultrafast response times in important applications such as switching. However, the 

drawback of silicon nitride is the considerably smaller nonlinear parameter. Chapter 4 

demonstrated two-fold broadening of a pulse spectrum at high peak input powers, using 

a waveguide with a nonlinear parameter of 1.4W-1/m. In silicon however, the nonlinear 

parameter can be two orders of magnitude higher, implying that for the same generation 

of nonlinear phase, much less power is required. Therefore, when considering which 

platform to use for a particular PLC application, it should be decided whether speed or 

required power for operation is more important. 

In this chapter, we leverage our knowledge of discrete devices studied in chapters 

2 and 3, and create an optical system on a chip. By combining several optical 

functionalities monolithically, emergent optical properties may come about which are 
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capable of performing more complex tasks. In the rapidly evolving fields of computing 

and telecommunications, extensive research efforts have been focused on all optical 

functionalities for wavelength division multiplexing (WDM), including on-chip optical 

parametric oscillators [77, 87] switches [2, 3] and wavelength conversion [54, 76, 89]. 

Similar to WDM, optical time division multiplexing (OTDM) provides an efficient 

means to tremendously enhance the capacity of a transmission medium by interleaving 

several low rate data streams in time, to produce a single data stream at higher rates 

which can exceed 1 Tbit s-1 [42-45]. Crucial to the implementation of ultrafast OTDM 

are short pulses, the generation of which is not trivial. Consequently, temporal 

compression [89, 90] is necessary to obtain short pulses from a longer pulse source. 

These short pulses derived from temporal compression are also essential for diverse 

applications including optical coherence tomography [91] and time resolved 

spectroscopy [92]. Such compression has been demonstrated in fiber based systems, 

including silica [89, 93], microstructure [94] and chalcogenide fibers [95]. However, 

these systems lack compactness, and are contrary to the general theme of CMOS 

compatible photonic integrated circuits. Furthermore, fiber-based compression systems 

generally require operation at higher powers to offset the weak third order nonlinearity 

in the host material. Although chip scale pulse compression based on high order solitons 

has recently been demonstrated [78, 96, 97], the requisite high compression factors 

(defined as the ratio of the output and input FWHM required for practical applications 

including ultrafast OTDM has yet to be realized on a CMOS compatible, integrated 

platform.  
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Fundamental to pulse compression is the acquisition of nonlinear phase through 

self phase modulation [41]. The third order susceptibility of the host material results in 

an intensity dependent phase shift which leads to the creation of new optical frequencies. 

When appropriately combined with optical dispersion, pulse compression results. This 

dispersion may be distributed over the length of the nonlinear medium, leading to 

solitonic compression, or may be localized at the output of the nonlinear medium using a 

highly dispersive element. The theory and operation of such a dispersive element in 

silicon [71, 98] was presented in chapter 2.3, thus opening up vast prospects for all-

optical on-chip functionalities for which dispersion is a key requirement. Such an 

element has been absent from the on-chip nanophotonics toolkit and to date, most 

integrated optics applications requiring dispersive elements required heterogeneous 

integration with fiber-based components, resulting in less compact systems. Here, we 

demonstrate for the first time, a fully chip scale, compact, monolithically integrated 

nonlinear pulse compressor operating via self phase modulation in a silicon nanowire 

waveguide followed by re-phasing with an integrated dispersive element implemented 

using the coupled chirped sidewall modulated grating structure demonstrated in chapter 

2.3. Our material of choice here is the SOI platform, as we are aiming for low power 

operation and operation at moderate speeds. The requisite large acquired nonlinear phase 

for high compression factors is obtained at low input peak powers, owing to the large 

third order Kerr nonlinearity in silicon, high modal confinement in the carefully 

designed nanowire waveguide and consequently, large nonlinear parameter, γ [34, 36, 

41, 54, 99]. Optimal compression factors as high as 7.0 are achieved at a low input peak 

power of 10 W. 
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4.2.  Design and modeling of nonlinear pulse compressor 

The schematic of our nonlinear pulse compressor is shown in Figure 4.1a. Pulses 

at the input propagate through a 6 mm silicon nanowire waveguide (250nm by 500nm) 

which is cladded with SiO2 and undergo self phase modulation. Figure 4.1b shows the 

cross section and calculated quasi-TE mode profile for the nanowire waveguide. The 

output of the nanowire waveguide enters a dispersive grating (Figure 4.1c) which will 

provide the quadratic phase necessary to compensate for the frequency chirp acquired 

 

 

Figure 4.1. Schematic of the nonlinear pulse compressor. (a) Pulses at the input are 
spectrally broadened due to self phase modulation via the Kerr nonlinearity in the highly 

confined silicon nanowire waveguide. The pulse is then compressed by the dispersive 
grating leading to spectrally wide and temporally narrow output pulses. (b) Calculated 
quasi-TE mode profile for silicon nanowire waveguide used for self phase modulation. 

(c) Scanning electron micrograph of dispersive grating before deposition of SiO2 
overcladding. 
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in the nanowire waveguide and in so forth, bring about pulse compression. As illustrated 

in Figure 4.1a, the self phase modulation process will generate red shifted and blue 

shifted frequencies at the leading and trailing edge of the pulse respectively [41]. The 

anomalously dispersive grating is necessary to delay the red shifted component and 

advance the blue shifted component in order to approach a transform limited pulse. As 

described in section 2.3, the dispersive grating consists of two coupled, sinusoidally 

corrugated waveguide gratings [71, 98] with different average widths in order for cross 

coupling of the forward propagating wave at the input waveguide to the backward 

propagating wave at the output waveguide to occur. A positive, linearly chirped period is 

applied to generate the required anomalous dispersion across the transmission bandwidth. 

The large Kerr nonlinearity and small effective area (0.15 µm2) in our highly confined 

silicon nanowire waveguide enables significant self phase modulation induced nonlinear 

phase shift at low input powers and using short lengths. The calculated group velocity 

dispersion of the nanowire waveguide is 1070 ps/nm/km at 1.55 µm, implying dispersion 

lengths much larger than the waveguide length for pulses on the picosecond scale. 

Therefore the pulse dynamics are negligibly affected by the waveguide dispersion. We 

note that the negligible dispersive effect in the waveguide leads to a slightly lower 

compressed pulse quality, but higher compression factors as compared to normally 

dispersive media with comparable dispersive and nonlinear lengths [89]. Using the split 

step Fourier method, the dynamics of the nonlinear pulse compressor using 7 ps FWHM 

Gaussian pulses as the input are studied by numerically solving the nonlinear Schrodinger 

equation (NLSE) [41]. Using the split step Fourier method, the dynamics of the nonlinear 

pulse compressor using 7 ps pulses as functions of both input peak power and dispersive 
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grating length are studied by numerically solving the NLSE [41], taking into account two 

photon and free carrier effects [36-37]. The waveguide dispersion and effective 

waveguide modal area were obtained using a fully vectorial beam propagation method. 

The nonlinear refractive index of silicon used to calculate γ from the effective area was 

varied within the range of reported values [34-36, 54, 99] to obtain the best match to 

measured data. Experimentally measured values for waveguide propagation losses and 

grating dispersion were used.  

Pulse evolution is first monitored as a function of input peak power (Figure 4.2a). 

For clarity, the input peak power referred to in this chapter refers to the peak power 

coupled into the waveguide input, normalized to the fiber-waveguide coupling loss. We 

use a value of grating dispersion which is measured in the next section. For a fixed 

dispersive grating length, optimal compression is obtained when the frequency chirp 

acquired by a pulse with a specific, optimum peak power is maximally compensated for 

by the grating dispersion and we obtain a pulse closest to transform limited. Referring to 

Figure 4.2a, pulse duration is observed to decrease initially as low peak powers are 

increased up to the optimal peak power of ~10 W, resulting in an output pulse FWHM of 

1.1 ps. This is accompanied by an increase in peak power of the output pulses. Below the 

optimal peak power, the pulses have a single lobe and decrease steadily in duration as the 

power is increased. A decreasing compression factor observed at low powers is mainly 

due to the reduction in spectral broadening. At low input peak powers, even though the 

grating dispersion is smaller than that required to match the acquired nonlinear phase, the 

deviation of the pulse profile from that for optimal compression is small. This is because  
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Figure 4.2. Numerical results of the nonlinear pulse compressor using the NLSE. (a) 
Pulse intensity profile as a function of coupled input peak power for a fixed grating 

length of 500 µm. The advancement in time and increasing pulse asymmetry is a result of 
FCA. (b) Pulse intensity profile as a function of grating length for a fixed input peak 

power of 10 W. A multi-lobed profile develops and the grating length is increased due to 
the excess dispersion. 
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the sensitivity of the final pulse duration to the dispersion in the grating is lower for 

smaller input peak powers due to the reduced spectral content. Input pulses above the 

optimum peak power develop a multi-lobed profile and while the central lobe of the pulse 

does not broaden much, the presence of pedestals reduce the overall output peak power of 

the pulse (see Figure 4.2a). For higher peak powers, the amount of grating dispersion 

required to bring all frequencies in phase is reduced, and the excess dispersion from the 

fixed grating length is the cause of the multi-lobed profile. This effect is also evident in 

Figure 4.2b, where the output pulse is studied as a function of the dispersive grating 

length at a fixed input peak power of 10 W. The pulse broadens and develops pedestals as 

the grating dispersion used for compression is increased beyond its optimum value.  

The semiconductor nature of silicon implies a small optical band gap. The indirect 

nature of this bandgap leads to possible nonlinear losses in the form of two photon 

absorption (TPA) and TPA induced free carrier absorption (FCA). Due to TPA and FCA 

related losses, an input pulse with high peak power experiences a rapid reduction in its 

amplitude as it propagates into the silicon nanowire waveguide [35-37]. Since the extent 

of spectral broadening from self phase modulation scales with the peak power of the 

pulse, the reduction in pulse amplitude inside the nanowire waveguide limits the final 

pulse bandwidth and hence, compression factor. In addition, the free carriers generated 

by the leading edge of the pulse can lead to attenuation of the trailing edge and 

concomitant reduction in pulse duration and increase in pulse asymmetry [100]. 

Consequently, asymmetry of the pulse and temporal advancement of the pulse envelope 

is observed in Figure 4.2a to become more significant as the input peak power is 
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increased. For efficient compression, low powers are ideal such that reduction in pulse 

amplitude and temporal truncation of the pulses is minimal.  

To further study the detrimental effects of free carriers, we model the pulse 

evolution as a function of the input peak power taking into account TPA but in the 

absence of free carriers. The result is shown in Figure 4.3. As expected, the pulses evolve 

symmetrically without any temporal advancement in the pulse envelope. With the 

exception of a small power penalty in the presence of free carriers, pulses in the presence 

(Figure 4.2a) and absence (Figure 4.3) of free carriers evolve in a similar fashion at low 

input peak powers. However, the free carrier effects become increasingly significant at  

 

 

Figure 4.3. Pulse intensity profile as a function of coupled peak power for a fixed grating 
length of 500 µm in the absence of free carriers. The pulse evolves symmetrically without 

advancing in time. Pulse splitting is apparent at higher peak powers due to the larger 
acquisition of nonlinear phase shift as compared to the case with free carriers. 
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higher peak powers. Since the density of free carriers scales with the square of the 

incident intensity, pulse dynamics become FCA limiting at high powers. At input 

powers exceeding 12 W in the absence of free carriers, pulses acquire a larger nonlinear 

phase leading to more severe pedestals compared to the case where free carriers are 

present. Pulse splitting at higher powers observed in Figure 4.3 is a result of a larger 

deviation of the dispersion applied from that required to match the generated frequency 

chirp. In Figure 4.2a, pulse profiles at higher powers evolve much more slowly as the 

spectral broadening plateaus off as a result of FCA induced attenuation of pulse 

amplitude. The results imply that at higher powers, larger compression factors are 

achievable in the absence of free carriers when combined with a dispersive grating 

optimized to match the larger acquired nonlinear phase. 

 

4.3.  Design and measurement of dispersive grating 

In order to demonstrate pulse compression, we design the dispersive grating to 

provide both the bandwidth and dispersion required to compensate for the frequency 

chirp generated by self phase modulation. The dispersive grating used in the nonlinear 

pulse compressor was implemented on a silicon on insulator platform with 250 nm Si on 

a 3 µm buried oxide layer. Fabrication was performed using electron beam lithography 

followed by reactive ion etching and plasma enhanced chemical vapor deposition of the 

SiO2 overcladding. The average width of the right and left sinusoidally modulated 

waveguides which make up the dispersive gratings are 500 nm and 400 nm respectively. 

The amplitude of modulation is 50 nm and 30 nm for the right and left waveguides 
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respectively. The peak to peak separation distance between waveguides is 80 nm. The 

mean period of modulation is Λ0 =316 nm in order for the transmission band to be 

centered at around 1.545 µm. The total linear chirp in period is ∆Λ =3 nm, and is 

identical in both waveguides, leading to a period, z
L

z ⋅
∆Λ

+Λ=Λ 0)( , where 

22

L
z

L
≤≤−  , z is the longitudinal coordinate and L is the grating length. The sidewall 

modulation amplitude of each waveguide is apodized using a filter of the form, 

[ ] 4.1/)/4cos(3.0)/2cos(7.01)( LzLzzf ⋅−⋅+= ππ . In order to characterize the spectral 

properties of the dispersive grating device, we design an integrated Mach Zehnder 

interferometer [101] for operation with TE-polarized light.  The interferometer consists 

of a directional coupler to split the input field into two arms, one consisting of a 500µm 

long dispersive grating and a second arm consisting of a silicon nanowire reference 

waveguide (250nm by 500nm) with length, Lref = 3 mm, followed by another directional 

coupler at the output to recombine fields from the two arms. Using a broadband source, 

the output spectrum is measured using an optical spectrum analyzer (OSA) and the 

result is shown in Figure 4.4a. Within the transmission bandwidth of the dispersive 

grating, oscillations in the output spectrum will result due to constructive and destructive 

interference [101]. Using the generated oscillations across the transmission bandwidth, 

the path length difference as a function of wavelength can be extracted. Shorter 

wavelengths entering the dispersive grating device are transmitted first, and therefore 

have a larger path length difference with the reference arm. The path length difference, 

( ))()( 2 λλλλ gnL ⋅∆= , where ∆λ is the oscillation period and ng(λ) is the group index of 
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the waveguide. The larger period of oscillation towards the red edge of the transmission 

band is attributed to the shorter path length difference with the reference arm. Finally, 

the group delay introduced by the dispersive grating, τ(λ) is calculated using 

( ) cnLL gref )()()( λλλτ ⋅−= , where c is the speed of light in vacuum. The extracted 

group delay is plotted in blue in Figure 4.4b. Within the 3 dB bandwidth of the  

 

 

Figure 4.4. Characterization of dispersive grating. (a) Oscillations obtained from 
integrated Mach-Zehnder interferometer showing an increase in oscillation period at 

longer wavelengths. (b) Measured transmission (black) of the nonlinear pulse compressor 
and group delay (blue) of dispersive grating extracted from MZI oscillations. 
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dispersive grating, the group delay is very linear. Using the gradient of the group delay 

within the transmission bandwidth, the total calculated group velocity dispersion,

λ
λτ

d

d
D

)(
=  = 1.3 ps/nm for a grating length of 500µm, corresponding to 2.6 X 106 

ps/nm/km. In deriving the group delay, we assumed that the grating dispersion 

dominates. We note that the dispersion in the reference waveguide (1070 ps/nm/km) is 

three orders of magnitude smaller than that in the grating and may therefore be 

neglected. 

 

4.4.  Experimental characterization of the nonlinear pulse compressor 

Our nonlinear pulse compressor consists of a 6 mm long nanowire waveguide 

(250 nm by 500 nm) with a measured propagation loss of 6 dB/cm, and a 500 µm long 

dispersive grating, as designed in the previous section. Using a broadband source 

adjusted for TE polarization, the linear response of the pulse compressor is measured 

using an OSA and the result is shown as the black curve in Figure 4.4b. The 3 dB 

transmission bandwidth obtained is 11 nm. To generate input pulses for compression, 

200 fs pulses centered at 1.55 µm are derived from an optical parametric oscillator 

pumped by a Ti:Sapphire laser at 830 nm at a repetition rate of 76 MHz. The pulses are 

filtered using a bandpass filter centered at 1.546 µm with 0.5 nm 3 dB bandwidth to 

generate 7 ps pulses, followed by amplification using an erbium doped fiber amplifier 

(EDFA). The pulses are then adjusted for TE polarization before coupling into the 

nanowire waveguide which is terminated with inverse tapers to increase coupling 
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efficiency. A small amount of frequency chirp occurs in the EDFA but is negligible 

compared to that occurring in the silicon nanowire waveguide. Pulses exiting the 

compressor are spectrally characterized using an OSA. In order to measure the temporal 

profile of the pulses, the device output is amplified using a low noise EDFA before 

measurement with an autocorrelator. The temporal and spectral output of the EDFA is 

observed as a function of amplified power to ensure that no nonlinear effects such as 

soliton formation occur within the amplifier.  

To characterize the nonlinear pulse compressor, the spectral output is monitored 

as the input peak power is varied. Self phase modulation in the silicon nanowire 

waveguide is evident in Figure 4.5a which shows the spectral broadening increasing 

with input peak power. The 3 dB bandwidth of the dispersive grating (Figure 4.5b) is 

sufficiently large such that minimal truncation of the spectrally broadened pulses occurs, 

even up to an input peak power of 20 W. The observed spectral broadening is 

asymmetric, as expected from free carrier effects. Figure 4.5b shows the pulse temporal 

evolution as the input peak power is increased. The measured output pulse FWHM was 

obtained from the autocorrelation FWHM assuming a Gaussian deconvolution factor of 

1.41. Due to the limited autocorrelator scanning range of 15 ps, we were unable to 

accurately measure the autocorrelation FWHM of the pulse at the lowest peak input 

power (~10 mW). Therefore, we estimated a minimum pulse FWHM of 7 ps using the 

measured pulse bandwidth (0.5 nm) corresponding to a time bandwidth product of 0.44.  

Upon increasing the peak power, a gradual narrowing of the pulse occurs as 

theoretically expected from the generation of new frequencies from self phase 



91 
 

 

modulation. An increase in compression is observed up to an input peak power of 10 W, 

where a pulse FWHM of 1.0 ps (assuming a Gaussian deconvolution factor of 1.41) is 

obtained corresponding to a compression factor of 7.0 (see red curve in Figure 4.5b 

inset). At this input peak power, the nonlinear phase acquired by the pulse is optimally 

matched to the phase introduced by the dispersive grating leading to optimal 

compression. A further increase in input peak power is characterized by an increase in 

the number and level of sidelobe peaks in the pulse. A slightly shorter pulse FWHM of 

900 fs is obtained at a peak input power of 12 W representing a compression factor of 

7.8. However, the compression at this power level is not optimal since side lobes 

adjacent to the main pulse lobe begin to develop.  This is consistent with theory (see 

Figure 4.2a), since a larger nonlinear phase shift acquired at higher peak powers will 

require a smaller amount of dispersion to bring the new spectral components in phase. 

At higher peak powers, the fixed dispersion introduced by the grating is larger than the 

optimal value for a minimum time-bandwidth product and a reduction in compressed 

pulse quality from the excess dispersion occurs. We expect that nonlinear effects arising 

from interactions with free carriers will give rise to pulses which are increasingly 

asymmetric at higher input peak powers. It should be noted that the measured pulse 

profiles are symmetric owing to the nature of autocorrelation measurement. 

The blue curve in the inset of Figure 4.5b shows the profile of output pulses from 

a 6 mm reference nanowire waveguide in the absence of the 500 µm grating for a peak 

input power of 10 W. Plotted on the same figure is the measured (red) and modeled 

(black) output pulse autocorrelation at an input peak power of 10 W. As expected, the 

result shows that the presence of the dispersion applied by the grating is necessary for 
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pulse compression. Figure 4.5c plots the measured (blue diamonds) and calculated (red 

line) output pulse FWHM as a function of input peak power. We observe that as the 

input peak power is increased, the measured compression factor approaches a plateau 

value of ~7.7. The observed limit is due primarily to a higher than optimal dispersion 

introduced by the grating, and secondarily due to TPA and FCA effects in limiting the 

extent of spectral broadening. This secondary effect is also evident in Figure 4.5c where 

the modeled output pulse FWHM in the presence (red line) and absence of free carriers 

(black dashed line) is shown to evolve in a similar fashion at low powers, indicating that 

free carriers do not play a dominant role. At higher powers however, evolution of pulse 

profiles saturates in the presence of free carriers while continuing to evolve in the 

absence of free carriers. A discontinuity in the output pulse FWHM is observed at ~15 

W in the absence of free carriers as a result of the compressed pulse pedestals exceeding 

the 50% level. These observations are consistent with free carriers limiting the 

acquisition of nonlinear phase at high powers.  

The ratio of the output peak power to the input peak power is measured and the 

result is plotted in Figure 4.5d (blue circles), together with the calculated values (red 

line). The output peak power, P0 from the pulse compressor was calculated using, 

dttP

Pf
P ave

∫
∞

∞−
×

×
=

)(
0

υ
, where Pave is the average power measured, ν is the laser repetition  
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Figure 4.5. Characterization of the nonlinear pulse compressor. (a) Spectral output as a 
function of input peak power. (b) Autocorrelation traces as a function of input peak 
power. The inset shows the measured pulse autocorrelation profiles through a 6 mm 
nanowire waveguide (blue) and through the pulse compressor (red) at an input peak 

power of 10 W showing the compression brought about by the combination of nonlinear 
phase shift and linear dispersion in the grating. The calculated autocorrelation of pulses at 
the output of the pulse compressor at a peak power of 10 W is displayed as the black line 
in the inset. (c) Measured (blue diamonds) and calculated (red line) FWHM of the output 

pulse as a function of input peak power. Black dashed line denotes calculated output 
pulse FWHM in the absence of free carriers. A Gaussian deconvolution factor of 1.41 is 
applied to the autocorrelation FWHM to obtain the pulse FWHM. Star denotes FWHM 

calculated from measured pulse bandwidth assuming a transform limited pulse. (d) 
Measured (blue circles) and calculated (red line) ratio of output peak power to input peak 
power, normalized to coupling and propagation losses, as a function of input peak power. 
Star denotes measured ratio assuming a 7 ps Gaussian pulse (see methods).  A maximum 

is observed at an input peak power of 10 W representing the optimal tradeoff between 
compression factor and nonlinear losses. 
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Figure 4.5. Characterization of the nonlinear pulse compressor, continued. (c) Measured 
(blue diamonds) and calculated (red line) FWHM of the output pulse as a function of 
input peak power. Black dashed line denotes calculated output pulse FWHM in the 
absence of free carriers. A Gaussian deconvolution factor of 1.41 is applied to the 

autocorrelation FWHM to obtain the pulse FWHM. Star denotes FWHM calculated from 
measured pulse bandwidth assuming a transform limited pulse. (d) Measured (blue 
circles) and calculated (red line) ratio of output peak power to input peak power, 

normalized to coupling and propagation losses, as a function of input peak power. Star 
denotes measured ratio assuming a 7 ps Gaussian pulse (see methods).  A maximum is 

observed at an input peak power of 10 W representing the optimal tradeoff between 
compression factor and nonlinear losses. 

 

rate of 76 MHz, P(t) is the normalized pulse intensity assuming a Gaussian profile with 

pulse FWHM obtained from the measured autocorrelation, and f is the estimated fraction 

of energy carried in the main lobe. The average output power from the nonlinear pulse 

compressor was measured using a power meter. To calculate the ratio of output to input 

peak power, the peak output power is normalized to the measured propagation and 

coupling losses. The ratio of the output peak power to the input peak power is observed 

to increase first as the input peak power is increased, consistent with the reduction in 

pulse duration. The measured ratio is further observed to reach a maximum at an input 

peak power of 10 W where the compression is optimum, before it starts to steadily fall 
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off again from nonlinear losses. In addition, an increasing amount of energy is carried in 

the compressed pulse side lobes at higher input powers further contributing to the 

reduction in output peak power. The highest ratio of peak output to peak input power is 

obtained at an input of 10 W, representing optimal compression of the input pulses to a 

pulse FWHM of 1.0 ps. 

 

4.5. Discussion and summary 

The nonlinear pulse compressor demonstrated here will be useful for generating 

short pulses for a myriad of applications. However, in the context of optical information 

processing, consideration must be given to free carriers and the limitations they pose to 

realizable data rates. The 76 MHz repetition rate used here ensures that the free carrier 

lifetime is much shorter than the temporal separation of adjacent pulses. Consequently, 

free carrier accumulation which drastically reduces the input peak power is precluded. 

At higher data rates, self phase modulation is compromised [37] and compression cannot 

occur. To circumvent this problem, methods such as ion implantation or reverse biased 

P-I-N junctions [38, 62] may be used to greatly reduce free carrier lifetimes to below 

20ps and in so forth, eliminate free carrier accumulation at higher data rates. 

Furthermore, these methods can reduce FCA limitations on nonlinear phase acquisition 

at higher peak powers. Yin et. al reported that the relation, ν.τc ≤ 0.2, (where ν is the 

laser repetition rate and τc is the free carrier lifetime) should be satisfied for self phase 

modulation induced spectral broadening to take place without detriment [37]. Therefore, 

by adopting the aforementioned methods to reduce free carrier lifetimes, our nonlinear 
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pulse compressor may efficiently operate at the commonly used rate of 10 Gbit s-1 prior 

to multiplexing in 1.28 Tb/s OTDM systems [43, 44].  

Since the compression factor scales with the nonlinear phase generated through 

self phase modulation, our integrated nonlinear pulse compressor may be readily used to 

generate sub-picosecond pulses by increasing the effective length [41] of the silicon 

nanowire waveguide. The 6 dB/cm propagation losses in our waveguides may be 

attributed to sidewall roughness as well as stitching errors during electron-beam writing. 

Given that the waveguide losses may be realistically reduced to 1 dB/cm, longer 

effective lengths may be implemented to achieve greater compression at similar power 

levels. For a nanowire waveguide ~2.5 cm in length with 1 dB/cm loss, a pulse with a 

low input peak power of 2.5 W will generate similar amounts of spectral broadening and 

compression as that demonstrated in this section for optimal compression. In addition, 

for the same nanowire waveguide length and input peak power, the dispersive grating 

may be optimized such that the same compression factor may be achieved using shorter 

input pulses, in order to obtain even shorter pulses on the femtosecond scale. The 

method is therefore scaleable such that it may be used to derive ultrashort pulses for a 

variety of applications. The fully integrated, compact, monolithic CMOS compatible 

design makes it particularly useful for optical interconnects and for realizing ultrafast 

sources necessary to meet future bandwidth demands. 

Chapter 4, in part, is a reprint of the material as it appears in: 

• D.T.H. Tan, P.C. Sun and Y. Fainman, “Monolithic nonlinear pulse 

compressor on a silicon chip,” Nature Communications 1, 116, (2010).
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5. Chapter 5  

Conclusions and future directions 

This dissertation has investigated applications of silicon nanophotonics to 

wavelength filtering and nonlinear optics. The studies were conducted with the goal of 

integrating optics with electronics so as to break the bandwidth bottleneck faced by 

computing today. By engineering CMOS compatible dielectrics at the nanoscale, 

emergent properties arise enabling the manipulation of both the phase and amplitude of 

optical fields. 

We first reviewed coupled mode theory, which is used to describe distributed 

resonant structures. The coupled mode theory formalism was then applied to analyze 

coupled sidewall modulated waveguides, as well as single Bragg gratings implemented in 

silicon using sidewall modulation as well as through periodic placements of cylinders 

beside a central waveguide. The design of a low loss, 1 by 4 wavelength division 

multiplexer was supported by 2D FDTD modeling and experimental characterization of 

fabricated devices. The generation of group velocity dispersion was also executed by 

enforcing a linear chirp on both single and coupled sidewall modulated waveguides. 

Finally, we demonstrated an alternate Bragg grating mechanism for the purpose of 

overcoming e-beam resolution related limits in fabricating weakly coupled Bragg 

gratings. 

Having performed in depth studies on wavelength filtering devices which are 

directly applicable to speed and bandwidth enhancement in optical interconnects, we 

proceeded to investigate the material properties of silicon nitride. Given the speed 
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limitations brought about by silicon’s small energy bandgap and finite free carrier 

lifetime, alternative material platforms were sought to overcome this problem. Silicon 

nitride was chosen for its large energy bandgap, relatively large refractive index, ease of 

deposition and CMOS compatibility. Silicon nitride’s intrinsic material dispersion is 

weakly normal, but it was demonstrated that manipulation of the silicon nitride 

waveguide geometry could be performed to generate varying amounts of normal or 

anomalous dispersion. Monitoring the output peak power as a function of input peak 

power also confirmed the absence of two photon absorption up to optical intensities of 

12GW/cm2 – a characteristic which makes silicon nitride ideal for ultrafast nonlinear 

applications such as switching and self phase modulation. The latter effect was also 

investigated using 200fs pulses, where two-fold broadening of pulses with a peak power 

of 500W occurred through self phase modulation in a 6mm long waveguide with a 

nonlinear parameter of 1.4W-1/m. The study’s conclusions pertaining to the ability to 

engineer dispersion, absence of TPA and relatively large nonlinear parameter gives us an 

idea of how to extend the silicon nitride material platform to more sophisticated 

applications in all-optical signal processing. Particularly in applications where high 

speeds are paramount, silicon nitride would be a perfect candidate over silicon. 

In the next section, we combined the conclusions of the experimental studies in 

chapters 2 and 3, and investigated an application which required an intricate interplay 

between group velocity dispersion and waveguide nonlinearities. A nonlinear optical 

pulse compressor was designed on silicon which provided high compression ratios of up 

to 7.0 at a low input peak power of 10W. Silicon was chosen over silicon nitride for 

medium speed operation at lower power levels. The nonlinear Schrödinger equation was 
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employed to study pulse dynamics, and good agreement with experimental results was 

obtained. Re-phasing of spectrally broadened pulses from self phase modulation in a 

silicon waveguide using a carefully designed dispersive element presented in chapter 2 

resulted in temporally narrower optical pulses. Deterioration in power efficiency from 

two photon and free carrier absorption was evident from both numerical and experimental 

studies, indicating that low power operation is ideal for the silicon pulse compressor.   

A discussion of future directions based on the work presented in this dissertation 

is in order. The compact, low loss, wide bandwidth 1 by 4 wavelength division 

multiplexer on silicon is useful for increasing tolerances to fabrication inaccuracies and 

temperature fluctuations. However, in certain cases such as for dense WDM, it is more 

useful to have smaller channel bandwidths. Therefore, the study of methods to obtain 

smaller channel bandwidths warrants merit. Aside from increasing the gap width between 

the coupled gratings to derive a smaller coupling coefficient, it is possible to cascade the 

wide bandwidth WDM with ring resonators with small bandwidths in order to select a 

single mode of the ring resonator. A schematic of the proposed system is shown in Figure 

5.1. Individual ring resonators will be designed to have small bandwidths meeting the 

DWDM channel spacing of 50GHz. 

Having also studied silicon nitride as a promising PLC platform and nonlinear 

material, much more work can be performed in this direction. Firstly, the silicon nitride 

material platform may be investigated for applications in all optical signal processing. 

Switching is an ideal application for silicon nitride, providing much greater potential 

speeds than their silicon counterparts; all optical silicon switches are limited by state of  
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Figure 5.1. Schematic of wide bandwidth add drop filter cascaded with multiple ring 
resonators to create small bandwidth channels. 

 

the art free carrier lifetimes of tens of picoseconds [37]. To reduce the power necessary 

for nonlinear applications such as switching, it would be necessary to examine ways to 

reduce the propagation losses in our PECVD prepared waveguides. Hydrogen content in 

as-deposited silicon nitride films manifest themselves as N-H and Si-H bonds, both of 

which have absorption peaks around the 1.55µm wavelength [85]. Preliminary Fourier 

transform infrared spectroscopy confirm the presence of these bonds in our films. The 

presence of ammonia gas during film deposition is a main contributor to the presence of 

hydrogen in the films. Lower hydrogen content may be achieved by annealing at high 

temperatures exceeding 1000oC or by using alternate deposition techniques such as low 

pressure chemical vapor deposition (LPCVD). In both cases, the high temperature breaks 

the N-H and Si-H bonds thus releasing hydrogen while resulting in films with greater 
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stress. However, the high thermal budget required for these high temperature processes 

are not CMOS compatible, and therefore other alternatives circumventing the need for 

high heat are also worth exploring. Alteration of the deposition recipe to eliminate NH3 

will greatly reduce the hydrogen content. N2 gas will be used in this case to provide the 

nitrogen content in the deposited SiN films. Optimization of the deposition process to 

produce low stress films will also be important to generate thicker films. Reduced 

propagation losses derived from SiN film optimization will enable more efficient all-

optical signal processing applications to be executed at lower power levels. 

Establishing a low loss silicon nitride platform will open up new avenues to 

developing high speed, low loss optical pulse compressors. More efficient pulse 

compressors are a potential topic of research where greater progress can be made. The 

pulse compressor demonstrated in chapter 4 showed good performance and high 

compression factors. However, due to nonlinear loss mechanisms, the speed and power 

efficiency remain limited. By implementing the pulse compressor on a low loss silicon 

nitride platform, unprecedented operation speeds exceeding 1 Tbits-1 may be achieved.  

Firstly, to overcome the lower nonlinear parameter in silicon nitride waveguiding 

platforms, methods to increase the photon lifetime within the waveguide may be 

investigated to reduce the power levels required for self phase modulation. This may be 

realized using chirped photonic crystal waveguides, which provide a slow light 

enhancement of the nonlinear interaction of the optical fields by an order of magnitude. 

Combined with a longer achievable effective length in the photonic crystal waveguide, 

low power levels similar to those used in our silicon pulse compressor may be adopted 

for similar extents of spectral broadening. 
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Secondly, improvements in the compressed pulse quality may be investigated 

using the aforementioned silicon nitride photonic crystal waveguides. For the purposes of 

pulse compression, the ideal medium is one with a large nonlinear parameter and normal 

dispersion. A dispersion length on the order of the nonlinear length is ideal to create a 

linearized frequency chirp, which creates high quality compressed pulses with minimal 

pedestals. By gradually chirping the hole size of the photonic crystal waveguide, it is 

possible to operate at a region of high nonlinearity, large normal dispersion and close to 

100% transmission. To date, most work has been focused on photonic crystal waveguides 

realized on such material platforms as silicon [28, 36, 37], and III-V materials [38], most 

of which suffer from two photon absorption. In addition, studies of dispersion 

engineering on the band edge of these structures has focused almost exclusively on 

generating anomalous dispersion for the purpose of four wave mixing and wavelength 

conversion. For our purposes, it would be interesting to study the implementation of 

photonic crystal waveguides on silicon nitride in the context of efficient pulse 

compression. A large focus would involve generating a large normal dispersion over a 

wide bandwidth, so as to accommodate a large SPM induced spectral broadening 

necessary to achieve ultrashort compressed pulses. 

By integrating the nonlinear PHC with engineered large normal dispersion with 

an appropriately designed dispersive grating, ultrafast compression of optical pulses may 

take place giving rise to pedestal free compressed pulses. The absence of TPA induced 

free carriers in silicon nitride would circumvent the problem of free carrier accumulation 

experienced at higher data rates in silicon pulse compressors, thus enabling ultrafast 

operation of the nonlinear, CMOS compatible pulse compressor.  
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