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1 Introduction

Benefits of complementary metal-oxide-semiconductor (CMOS) process-

ing and integrated photonics combine in silicon photonics. The concept

was first proposed by Soref et al. in 1985 [2] and recommended for its

advantages to optical interconnects by Miller [3]. Both discussed in de-

tail the benefits of using mature semiconductor processing infrastructure

to realize silicon based planar optical waveguide circuits [4], [5]. CMOS

processing infrastructure for 200 mm wafers is capable of providing uni-

form device performance across the wafer. Furthermore, step-and-scan

lithography systems ensure high fidelity of devices and circuits, allowing

device designers to design dimensions down to 100 nm in linewidth [6].

CMOS processing makes it possible to realize technologies with very high

throughput and yield, thus enabling them to benefit from economics of

scaling. Due to material transparency of bulk silicon to infra-red wave-

lengths, it can be used as an optical waveguide, the most fundamental

integrated optics device [7]. Furthermore, other basic integrated optics

devices such as splitters, couplers, resonators, waveguides etc. can be re-

alized. The refractive index (n) of silicon at 1.55 μm wavelength is ∼3.5.

When surrounded by air (n=1) or SiO2 (n=1.46), silicon provides very high

index contrast to guided light. The high index contrast enables strong

confinement of light into small waveguide cross-sections. Therefore, nar-

row waveguide cross-section (∼0.1 μm sq.) can be used to guide light, and,

adjacent waveguides can be located proximal (<2 μm) with minimal cross-

talk [8]. The high mode confinement also enables compact bends (∼3 μm

bend radii) [9]. Together, these aspects allow extremely compact photonic

circuits. Fig. 1.1 shows a 200 mm silicon photonics wafer typically com-

prising dense waveguide circuits. The cross-section of the waveguide also

shows the guided optical mode which can have high confinement.

Active functions can also be realized in silicon photonics. This is en-

abled by factor of twenty difference in thermo-optic coefficients of Si and

SiO2 [10]. Thermo-optic effect is useful to actively tune the performance

of photonic circuits. However, the thermo-optic effects cannot reach GHz

range. For faster modulation, carrier plasma based dispersion effect can

be used. Plasma dispersion can be invoked by applying external elec-

15



Introduction

Figure 1.1: (a) 200 mm silicon photonics wafer, image source: imec, Bel-

gium. (b) Silicon photonics circuit with spirals, image source: IHP, Ger-

many. (c) Optical mode field distribution of an optical waveguide.

tric field to vary charge distribution across p-n junctions formed in silicon

by n − type or p − type dopants introduced through conventional CMOS

ion implantation process [11]. Furthermore, germanium epitaxial growth

has been demonstrated on top of crystalline silicon to realize infra-red

detectors [12]. Finally, silicon photonics processing within a CMOS line

facilitates the integration with electronics. This has been shown mono-

lithically by commercial foundries [13]. Further, an alternate monolithic

approach with SiGe bi-CMOS integration is also being investigated [14].

It is also possible to integrate silicon photonic dies with electronic dies

through flip-chip bonding or three dimensional (3D) integration, for exam-

ple by through-silicon-via (TSV) technology. Therefore, silicon photonics

is enabled by nanoelectronic infrastructure and promises to enable nano-

electronics for More-(of)-Moore1 and More-than-Moore2 requirements.

Although these reasons are promising to pursue photonic integration in

silicon, it is important to realize some of its pertinent challenges. These

include, achieving low insertion loss to sub-micrometer waveguides, low

propagation loss within waveguides, on-chip silicon photonic isolator, las-

ing in silicon etc. Finding a solution to these limitations requires an in-

depth understanding of guided mode field distribution to enable sufficient

overlap with active regions or high confinement within silicon. A change

from target silicon thickness by 1 nm or waveguide width by 2 nm results

in ∼1 nm spectral shift in the performance of a basic ring resonator in sili-

con photonics [16]. Thus, GHz range channel spacing in optical fiber based

telecommunication infrastructure, poses a severe challenge to even the

1’More-(of)-Moore’ refers to further scaling of silicon CMOS technology [15].
2’More-than-Moore’ refers to the integration of non-digital or new functionalities
with silicon CMOS through heterogeneous integration [15].
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robust electronic manufacturing infrastructure, simultaneously affirming

the relevance of extreme process control in silicon photonics. In this the-

sis, we study the effect of mode field distributions on fundamental prop-

erties of optical waveguides in CMOS photonics, such as, effective index

of the guided light, optical loss during transmission, light confinement

and birefringence. Options to vary these fundamental characteristics

through design, fabrication or post-processing are proposed and demon-

strated. Fabrication related variations are discussed and strategies to re-

duce fabrication dependence are investigated. We propose various waveg-

uide geometries and their applications, such as thermo-optically tunable

waveguides to achieve zero birefringence, magneto-optic effects to realize

an optical isolator, optical loss reduction and enhancement of non-linear

effects.

17





2 Planar Optical Waveguides

2.1 Slab mode theory

2.1.1 Analytical solution to slab waveguides based on Maxwell’s
equations

Dielectric slab waveguides are a simple geometry to analytically study

modes within an optical waveguide. It is an important step towards un-

derstanding the mode properties of the more complex high confinement

dielectric waveguide structures. Guided modes of a slab waveguide are

obtained starting from the Maxwell’s equations.

�× E +
∂B

∂t
= 0 (2.1)

�×H − ∂D

∂t
= J (2.2)

� ·B = 0 (2.3)

� ·D = ρ (2.4)

where E, H, B, D, J and ρ are electric field strength, magnetic field

strength, magnetic flux density, electric displacement, electric current

density and electric charge density, respectively.

Figure 2.1: Schematic representation of a slab waveguide with core(n1),

substrate(n2) and cladding (n3) layers.

Fig. 2.1 shows schematically the slab waveguide cross section. Let us as-

sume core index n1, substrate index n2 and top cladding index n3. The

behaviour of the slab waveguide can be understood by assuming the three
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Planar Optical Waveguides

layer model as shown in the schematic. It is assumed that the waveguide

is infinite in y and z directions and has finite thickness 2d in x direction.

Such waveguide supports finite number of guided modes. Assuming ma-

terial of each layer is non-magnetic and isotropic i.e. εo is scalar, μ=μo,

D=n2 εoE, B=μo H, J=0 and ρ=0, substituting these and applying curl on

both sides of Eqn. 2.1, the Maxwell’s equation can be simplified to,

�2E = μoεon
2
i

∂2E

∂t2
. (2.5)

Assuming time harmonic dependence of the electric field E as e−jωt, where

ω is the angular frequency, in phasor representation Eqn. 2.5 can be rewrit-

ten as

�2E + k2on
2
iE = 0 (2.6)

where ni i ∈ (1,2,3) is the refractive index of the three layers. κo is the

free space wave number given by ko = ω
√
εoμo. Electric field E is a phasor

quantity with both amplitude and phase. In phasor representation E is

function of both space (x, y and z) coordinates and frequency ω. Further

assuming a z dependence of E of the form e−jβz, where β is the longitudi-

nal propagation constant, Eqn. 2.6 can be rewritten as

∂2E

∂x2
+ (k2on

2
i − β2)E = 0. (2.7)

Eqn. 2.7 is known as the Helmholtz equation.

The field of a slab waveguide is in general a superposition of the trans-

verse electric (TE) and transverse magnetic (TM) modes. The field com-

ponent of the two polarizations are Hx, Ey and Hz for TE polarized waves

and Ex, Hy and Ez for TM polarized waves. By using Eqn. 2.7 the TE

scalar wave equation for the three waveguide regions takes the following

form,
∂2Ey

∂x2
− r2Ey = 0, x ≤ 0 (2.8)

∂2Ey

∂x2
+ q2Ey = 0, 0 ≤ x ≤ 2d (2.9)

∂2Ey

∂x2
− p2Ey = 0, x ≥ 2d (2.10)

where r2 = β2 − k20n
2
3, q2 = k20n

2
1 − β2 and p2 = β2 − k20n

2
2. For guided

modes the power should stay confined to the central region of the core.

The form of Eqn. 2.8, 2.9 and 2.10 implies that this requirement will be
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Planar Optical Waveguides

met by an oscillatory solution in the core region and evanescent tails in

the cladding and substrate regions. Assuming n1 > n2 ≥ n3, for guided

modes, range of β is given by kon1 ≥ β ≥ kon2 ≥ kon3. By applying the

boundary conditions, continuity of the tangential Hz component at x = 0

and x = 2d we obtain the eigen value equation of TE mode for a slab

waveguide,

tan(2dq) =
q(p+ r)

q2 − pr
. (2.11)

2.1.2 Effective index

Propagation constant β can be represented as β = koneff , where neff is

known as the effective index of the guided mode. Due to anisotropicity of

material distributions both the polarizations have different neff values.

2.1.3 Confinement factor

Confinement factor (T ) is calculated as,

T =
εovc
4

∫ R
nr(s).E

2(s).ds∫∞
Pz(s).ds

(2.12)

where numerator is integrated over region R and the lower integral is

evaluated over the entire cross-section. In the above equation, Pz rep-

resents the z component of the Poynting vector and vc, the speed of light

in vacuum. Confinement factor of a mode in a certain region R (TR) is

defined such that,

αmode = TRαR (2.13)

where, αmode is the optical mode loss/gain when guided within the waveg-

uide region. αR is the optical loss/gain per unit length in the bulk region

of the same material.

2.2 Waveguide types and properties

As shown in the previous chapter optical slab waveguide supports eigen

modes. In silicon photonics, slab-waveguide-like multimode regions are

utilized often to design areas of low optical propagation loss, reduce reflec-

tions in devices, and allow mode interference in interferometric devices.

As an example, arrayed waveguide gratings (AWGs) use multi-mode star

coupler regions to transition waveguides from compact strip waveguide
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to ridge waveguide and finally to arrayed waveguide region. Based on

the application waveguide cross-sections of different types can be imple-

mented. In this section we will discuss the most common silicon photon-

ics waveguide cross-sections and their characteristics. Unless mentioned

otherwise, most of the optical mode simulations are based on film mode

matching (FMM) method, FIMMWAVE software. FMM method is best

suitable for rectangular geometries, thin films and vertical sidewalls [17].

The FIMMWAVE tool also facilitates computation of confinement factor

and dispersion, thereby allowing analysis of sub-micrometer waveguides

mode properties.

2.2.1 Waveguide cross-sections

Choice of the waveguide cross-section is an important aspect of design-

ing silicon photonic circuits. Depending upon the targeted application,

different waveguide cross-sections offer more suitable mode characteris-

tics. Such fundamental waveguide mode characteristics are effective in-

dex, waveguide loss, mode confinement and birefringence. Simulations

are performed using the FMM method to compare the neff and T of the

fundamental TE optical modes of different waveguide geometries. Typ-

ically used abbreviations for simulations are, refractive index of silicon

(nSi=3.5), refractive index of SiO2 (nSiO2=1.46) and refractive index of air

(nair=1). Standard silicon on insulator (SOI) wafer thickness of 220 nm is

used, shallow slab thickness=70 nm, ridge waveguide core width=500 nm,

strip waveguide width= 500 nm and height=220 nm, and slot waveguide

rail width=300 nm and slot width=100 nm. For slab waveguide simu-

lations perfectly matching layers were used as terminations of the sim-

ulation window. For all other geometries the simulation window size is

assumed to be sufficiently large (greater than 1 μm wide and 1 μm high)

so that the electric-field intensity of the guided fundamental quasi-TE

mode is negligible at the simulation window boundaries. All simulations

are performed for 1.55 μm wavelength. In Fig. 2.2(a) slab waveguide dis-

cussed in the previous section is schematically shown together with the

simulated intensity profile of the fundamental quasi-TE mode. For such a

waveguide the fundamental quasi-TE mode field intensity spreads across

the slab structure and is only bound by the material discontinuity of the

top (air) and bottom (SiO2) claddings. Intensity of the optical mode is

maximum within the silicon slab region. Due to material asymmetry the
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intensity maximum is closer to the bottom cladding. Fig. 2.2(b) shows the

schematic of a ridge waveguide. Compared to a slab waveguide the ridge

waveguide introduces a material index contrast in the horizontal direction

by a partial etch of the 220 nm silicon layer. For the etched region slab

height of 150 nm (h) is assumed and the width of the core is assumed to be

500 nm (w). The ridge mode intensity profile is concentrated within the

core region and spreads further into the shallower slab region. The waveg-

uide mode results are also highlighted in Table 2.1. The slab waveguide

fundamental TEneff is simulated to be 2.86 which is higher than TEneff

of the ridge waveguide mode, 2.52. As illustrated in the intensity distribu-

tions of the fundamental mode, the T of the slab waveguide is high (0.82).

In comparison the studied ridge waveguide geometry has smaller funda-

mental mode field T (0.76). The reduced T in ridge waveguide is due to

greater overlap of the optical mode field with the claddings.

Figure 2.2: Schematic of waveguides with height H and Si as the core

region. Bottom cladding is SiO2 and top cladding is air. Below, intensity

plot of fundamental quasi-TE mode for, (a) slab waveguide and, (b) ridge

waveguide with ridge height h and core width w.

In Fig. 2.3(a) strip waveguide is shown schematically together with the

simulated intensity profile of the supported fundamental quasi-TE mode.

The strip waveguide differs from the ridge waveguide in having a com-

plete etch of the slab region adjacent to the core. This introduces high

refractive index contrast in the horizontal direction. Standard SOI wafer

thickness of 220 nm (H) and waveguide width of 500 nm (w) is used for

simulations. For such a waveguide the fundamental quasi-TE mode field

intensity distribution is more concentrated than ridge waveguide due to

an even higher refractive-index contrast introduced in the horizontal di-
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rection due to a complete etch of the silicon layer. Intensity of the fun-

damental quasi-TE optical mode has a maximum within this core silicon

region. Due to material asymmetry, the intensity maxima is closer to the

bottom cladding in the vertical direction, but centred (due to symmetry)

in the horizontal direction.

Figure 2.3: Schematic of waveguides with height H and Si as the core

region. Bottom cladding is SiO2 and top cladding is air. Below, intensity

plot of fundamental quasi-TE mode for (a) strip waveguide and, (b) slot

waveguide.

Fig. 2.3(b) shows the schematic of a slot waveguide. Compared to a strip

waveguide the slot waveguide introduces another material discontinuity

in the horizontal direction by a complete vertical etch between the silicon

core of a strip waveguide. The resultant waveguide is a combination of

two adjacent silicon rails separated by a narrow slot region. For simu-

lations of slot waveguide, height of the rails is 220 nm (H), width of the

rails is 250 nm (w/2) and the slot width (s) 100 nm. Due to the nar-

row slot region, optical mode field intensity distribution of the fundamen-

tal quasi-TE mode of the slot waveguide has a maxima in the low-index

slot region. This characteristic of slot waveguide distinguishes it from

all previously discussed waveguide cross-sections. Slot waveguide char-

acteristics have been proposed and studied in [18]. The strip waveguide

fundamental TEneff is 2.41 which is less than TEneff of the ridge waveg-

uide mode, 2.52. This reduced neff is due to smaller size of the strip

waveguides. The confinement of the strip waveguide is still high (0.78).

In comparison to strip waveguide, the slot waveguide geometry has peak

intensity in the low index slot, therefore, the TEneff for slot waveguide is
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significantly smaller (1.76). T within silicon rails of the slot waveguide is

also considerably reduced (0.45).

Table 2.1: Optical mode effective index (neff ) and confinement (T ) for dif-

ferent waveguide geometries illustrated in Fig. 2.2 and Fig. 2.3.

Waveguide Effective Index(neff ) Confinement(T )

Slab 2.86 0.82

Ridge 2.52 0.76

Strip 2.41 0.78

Slot 1.76 0.45

2.2.2 Single mode regime: strip waveguide analysis

Depending upon selected parameters optical waveguides can be single or

multi-mode. For most applications single mode regime is preferred due to

difficulty in coupling light selectively to higher order modes and resulting

excessive inter-modal cross-talk. Single mode condition can be satisfied by

varying geometric or material parameters of the waveguide. To study the

effect of waveguide dimensions to mode properties, we consider a 220 nm

high strip waveguide with varying width. The strip waveguide is embed-

ded in the centre of a 2 μm X 2 μm area of SiO2 material. Material index

of Si (3.5) and SiO2 (1.45) are unchanged. FMM mode solver is used for

simulations. Waveguide width is iterated in steps of 50 nm from 150 nm

until the second quasi-TE mode is observed above cut-off (neff=1.45). This

condition is preserved until w=550 nm. For this range of widths, variation

in neff and T is plotted in Fig. 2.4.

Figure 2.4: Variation of neff and T with width within the single mode

regime of silicon strip waveguide of height 220 nm.
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For w=150 nm, quasi-TE mode neff is 1.46 and T is 0.01. This is a

weakly guiding mode with majority of the mode intensity outside silicon

strip waveguide. Such a waveguide has a high probability to couple out

of the waveguide through small-bends, substrate leakage or scattering of

light [19]. However, as the width of the waveguide increases, both neff

and T increase until T almost saturates to a value between 0.7-0.8. For

example, the waveguide width of 450 nm has neff of 2.38 and T of 0.74.

This clearly shows high confinement of the waveguide mode within the

silicon core. Similarly increasing the height of the waveguide or material

index contrast between core-cladding would also increase the neff and T

within the single mode regime.

2.2.3 Optical loss in waveguides

Although bulk silicon is transparent to infrared light, losses in silicon

based waveguides are non-negligible. One of the main reasons for losses

within silicon waveguides is the scattering due to sidewall roughness. To

increase light confinement in the waveguide it is typical to etch the slab

vertically by dry-etch (such as by reactive ion etching (RIE)) or wet-etch

processes to obtain strip or ridge waveguides Fig. 2.2 and Fig. 2.3. Al-

though such processing is essential to obtain sufficient index-contrast for

high confinement of light, it is a significant contributor to optical loss due

to residual nanometric roughness on the etched vertical sidewalls. An-

other important contributor to loss is substrate leakage of optical mode.

Further, it is also possible that light is absorbed by impurities in silicon

or through surface absorption.

It is evident from Fig. 2.3 that the optical mode size reduces from ridge

waveguide to strip waveguide. The vertical etch step creates nanometer-

scale roughness on the sidewalls of the waveguide. Such roughness, even

in nanometer regime, can contribute to losses as high as 10-20 dB/cm for

silicon waveguides [20]. For strip/ridge waveguides scattering induced

losses are often the most dominant contributor to optical mode propaga-

tion loss. Optical mode in a ridge waveguide experiences less scattering

due to a shallow etch close to the core of the waveguide compared to deep

etch in a strip waveguide. In the case of slot waveguide, the guided optical

mode overlaps significantly with the etched vertical side walls of the slot

region. Impact of sidewall roughness can be reduced by improving the

etch recipe to minimize the resultant sidewall roughness. However, this
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can often be the most difficult approach due to limitations of the lithog-

raphy process. The effect of the surface roughness on the scattering loss

in dielectric waveguides has been theoretically studied and formulated

[21]. The formula is represented by a function characterized by root mean

square (RMS) roughness σ and the correlation length of the surface rough-

ness lc; the upper bound of the scattering loss αmax, as given in [21], is

shown below.

αmax =
σ2κ

k0d4n1
(2.14)

where, k0 is wavevector of the light in vacuum, d, the half-width of the

core, and n1 represents the effective index of a silicon slab with the same

thickness as the core. The factor κ depends on the waveguide geometry

and the statistical distribution (Gaussian, exponential, etc.) of the rough-

ness, in which the correlation length lc is included. According to [22], κ

is on the order of unity for most practical waveguide geometries. Thus,

scattering loss is inversely proportional to d4. In other words, it will in-

crease in photonic wire waveguides with an ultra-small core. A roughness

of only 5 nm, for instance, would cause a 60 dB/cm scattering loss in a

400 nm-wide core made of a 200 nm-thick silicon slab whose neff is 2.7.

To achieve a practical scattering loss of a few decibels per centimetre, the

surface roughness should be about 1 nm or less [23]. While there may

also be others, there are two pertinent methods to reduce the impact of

sidewall roughness:

• Post-processing

A commonly used method is to use post processing by covering the waveg-

uides with silica (SiO2). This reduces the refractive index contrast be-

tween silicon sidewall and cladding material interface. Surface trimming

such as thermal oxidation of a thin top layer of silicon, or, laser ablation

of the top surface of silicon, are other post-processing methods used for

reducing the roughness on the surface of the waveguide [24], [25].

• Device design

It is also possible to reduce impact of surface roughness by selecting ridge

waveguide geometry thereby reducing the vertically etched surface area.

In a different approach, it is also possible to increase the size of the waveg-

uide (for e.g. larger width) so the optical mode is highly confined within

the waveguide and does not overlap significantly with the etched side-

walls [26]. Adiabatic tapering-out of strip waveguides is commonly used in
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straight sections to improve the performance of complex silicon photonic

devices and circuits. Furthermore, Rayleigh scattering is inversely pro-

portional to fourth order of wavelength. Therefore, shorter wavelengths

are more impacted by sidewall roughness induced scattering than longer

wavelengths.

Other loss mechanisms

• Substrate leakage

Careful choice of low-index substrate thickness is necessary to avoid light

couple into the high index substrate. To avoid this problem, buffer layer

such as buried oxide in SOI wafers of 2-3 μm thickness can be used to

isolate the light guiding top surface (220 nm c-Si) of the wafer [27].

• Surface absorption

Si surface is susceptible to acquiring dangling -OH bonds. These -OH

molecules have absorption tail extending into the 1.55 μm wavelength

regime. Therefore in silicon photonics circuits operating at 1.55 μm wave-

length -OH bonds on the surface may contribute to absorption of light

[20].

• Impurities

During fabrication contamination such as metal impurities may be em-

bedded in the SiO2 cladding or Si core during fabrication. These impu-

rities may contribute to scattering and absorption of the guided optical

mode within the waveguide [28].

2.2.4 Dispersion

Dispersion is the temporal spread of light pulse or wave packet as it propa-

gates through a material medium. Consequently it is dependent upon ma-

terial index; which is itself a function of wavelength n(λ). This is known

as material dispersion Dm. For bulk material systems Dm is the only con-

tributor to total dispersion. However, for high confinement waveguides,

the waveguide geometry strongly effects the dispersion of effective index,

yielding waveguide dispersion, Dw. Total dispersion, D, is then a sum of

Dm and Dw. Group index ng of a waveguide is related to its neff as shown

in Eqn. 2.15. Further, dispersion equation is shown below (Eqn. 2.16).
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ng = neff − λ
∂neff

∂λ
(2.15)

D =
1

c

∂ng

∂λ
(2.16)

As discussed in [29] ng and D significantly depend upon the mode field

distributions within a strip waveguide. Since the mode field distributions

of a quasi-TE and quasi-TM mode are different we observe different na-

ture of ng variation in the Fig. 2.5 below.

Figure 2.5: Group indices derived from transmission spectra in TE and

TM polarization. Strip waveguide width is 525 nm and height 226 nm.

Red and blue dots indicate measurements applying laser diodes and

broadband LED light source respectively. Source:[29].

The simulations methods considered in the Fig. 2.5 are plane wave method

(PW), eigenmode expansion (EME), beam propagation method (BPM) and

finite difference time domain method (FDTD).

2.2.5 Birefringence

Birefringence is the property of a light guiding medium of anisotropic

refractive index distribution. Due to the anisotropicity of refractive in-

dex, light experiences different propagation constants along the two or-
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thogonal axes. This leads to phase differences between the two orthog-

onal modes. Single mode optical fibers for example have typically non-

birefringent structure due to radial material symmetry. However, pla-

nar optical waveguides are generally strongly polarization sensitive i.e.

strongly birefringent. It is important to note that in bulk optics bire-

fringence is the optical property of a material having refractive index de-

pendent upon polarization and direction of the propagating light. In this

thesis the birefringence specifically refers to modal birefringence of the

planar waveguide. The polarization-holding capacity of an optical waveg-

uide is measured in terms of its beat length lb, which is defined by

Lb =
2π

βx − βy
=

λ

Δneff
. (2.17)

Achieving a non-birefringent geometry is non-trivial. Among the waveg-

uides illustrated in Fig. 2.2 and Fig. 2.3 slot waveguide is usually the most

and ridge waveguide can be least birefringent.

For applications such as telecommunications it may be essential to achieve

non-birefringent integrated optical circuits. For such applications the po-

larization diversity approach is often utilized. In implementing such ap-

proach photonic circuit is designed for single polarization. Butt-coupling,

polarization splitter and rotator can be used to realize a polarization di-

versity scheme schematically illustrated in Fig. 2.6.

Figure 2.6: Schematic representation of a edge coupling based polariza-

tion diversity approach in a strongly polarization dependent 220 nm SOI

platform. Source: ePIXfab silicon photonics tutorial, University of Gent.

Alternatively, as shown in Fig. 2.7 incoming randomly polarized light

from the single mode optical fiber can be split into two orthogonal chan-

nels through a 2D polarization splitting grating coupler. The two orthogo-

nal beams propagate through identical circuits. Finally, the two identical

polarizations are recombined orthogonally through a 2D grating and cou-

pled back onto a single mode optical fiber. Specifically for slot waveguides

directional coupler based approach to handle different polarization states
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has also been proposed [30].

Figure 2.7: Schematic representation of a 2D grating assisted polariza-

tion diversity approach in a strongly polarization dependent 220 nm SOI

platform. Source: ePIXfab silicon photonics tutorial, University of Gent.
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3.1 Polarization issues

Capacity to handle arbitrary polarization states is important for waveg-

uide devices, specially for telecommunication applications where single

mode fibers are used. Therefore, integrated optic waveguides and circuits

which can interface with single mode fibers seamlessly accepting the ran-

dom polarization states are useful. If the waveguide material is used to

achieve gain, it is important to have high confinement in the waveguide

for both TE and TM polarization modes, to produce equal gain. However,

when an optical gain device is operating in the saturated regime, there

can be polarization-dependent gain, especially if the overlap of the modes

at TE and TM polarizations is not high. To use optical non-linearities,

it is also important to have high overlap between the two polarization

modes in the region of the non-linear material, as otherwise the inten-

sity distribution of the optical field, and thus the magnitude of the optical

non-linear effect, would depend on the state of polarization. In Publi-

cation I and Publication II, multiple waveguide geometries, which guide

both quasi-TE and quasi-TM mode within the single mode regime with

varying degrees of overlap, are proposed.

3.1.1 Cross-slot waveguide

Cross-slot waveguide is proposed in Publication I. The cross-slot waveg-

uide is schematically shown in Fig. 3.1. The device was first reported in

[31]. However, in [31] it was shown that non-birefringence geometry can-

not be easily realized. In Publication I we show that non-birefringence

can be achieved in cross-slot waveguide, and, non-birefringent state may

be attained by actively tuning the device through thermo-optic tuning.

Fig. 3.1 shows typical geometric and material parameters used for the

cross-slot waveguide simulations such as rail width, wr, rail height, h,

vertical slot width at the center of the slot, ws, vertical slot base width,

wb (wb = ws for perfectly vertical slot), horizontal slot height, hs, depth

of the horizontal slot, d, and thickness of the cover material, c, along
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with the refractive indices of different material layers. If nh = nv, the

cross-slot configuration is called ’uniform’, whereas when nh �= nv it is

’non-uniform’. We use refractive index of the substrate, nSiO2 as 1.46 and

rails, nSi as 3.58 for all simulations. In a cross-slot device it is possible to

achieve non-birefringent structure through design of the waveguide cross-

section geometry or post-processing by selecting appropriate atomic layer

deposition (ALD) cladding material (nv), and/or its thickness c. In Fig. 3.2

equal neff for quasi-TE and TM modes, shown by arrow, are observed for

both uniform (nh = nv = nSiO2 = 1.46) and non-uniform (nh = nSiO2 = 1.46

and nv = 1.63) configurations, when vertical slot width, ws=120 nm and

d is centred (d = (h − hs)/2). For simulation of the uniform structure we

have used wr=200 nm and h = 400 nm and for non-uniform structure,

wr=160 nm and h = 380 nm. A similar study showing the design of non-

birefringent cross-slot waveguide with angled sidewalls is also shown in

Publication I.

Figure 3.1: Schematic of a cross-slot waveguide.

The cross-slot waveguide also lends itself to polarization diversity, i.e.,

spatial localization of the quasi TE and TM modes. Therefore, the mode

properties can be tailored, as an example, variation of T with depth of the

horizontal slot is shown in Fig. 3.3 (a). It is shown that it is possible to

achieve equal T of the two modes in the spatially localized horizontal and

vertical slot regions. Equal confinement is obtained for d 	220 nm, which

is close to the vertically centered horizontal slot waveguide. Parameters

used for simulation are wr=160 nm, h=450 nm, ws=100 nm, wb=60 nm,

hs=80 nm, c=100 nm and nh = nv = 1.46. The above example shows the

possibility to change the mode characteristics in the design stage, or later,

through post-processing.
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Figure 3.2: Equal neff for quasi-TE and TM modes, shown by arrow, are

observed for both uniform (nh = nv = nSiO2 = 1.46) and non-uniform

(nh = nSiO2=1.46 and nv=1.63) configurations.

Figure 3.3: (a) T of the quasi-TE/TM modes with variation of depth in

cross-slot waveguide is shown, and (b) variation of neff of quasi-TE and

TM modes with temperature (T ) for angled-wall cross-slot waveguide.

In Fig. 3.3(b), possibility to tune birefringence actively by thermo-optic

means to realize zero birefringence is also shown. Importantly, during

simulations we have assumed same temperature variation for the cross

slot waveguide, therefore, both quasi-TE and TM modes are assumed to

be influenced by a single heater source, unlike independent tuning of op-

tical modes in typical polarization diversity schemes. Parameters used in

simulation for Fig. 3.3(b) are, wr = 160 nm,h = 380 nm,ws = 100 nm,wb =

60 nm,hs = 100 nm,d = 41 nm, c = 100 nm and nh = nSiO2 = 1.46,nv =

1.63 and ∂nSiO2
∂T = ∂nh

∂T = ∂nv
∂T = 10−5 K−1 at T=298 K.

Recently, cross-slot waveguide based directional coupler in III-V mate-

rial system has been shown by Xiaoguang et al. [32].
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3.2 Non-reciprocal devices

Realizing optical isolator and circulator functions is one of the remaining

key challenges in silicon photonics[33]. Typically, such devices are based

on non-reciprocal magneto-optic effects, and two main approaches use ei-

ther, the Faraday rotation or, the non-reciprocal phase shift (NRPS) in

waveguides [34]–[35]. Faraday rotation requires phase matching between

TE- and TM-polarization modes, which is difficult to achieve. For this

reason, there have been substantial efforts to utilize non-reciprocal phase

change. The Faraday rotation can be considered as coupling between the

two linear polarizations, but more fundamentally it is viewed as a differ-

ence in phase velocities between the two circular polarizations, induced

by this magneto-optic coupling. NRPS is the change in the phase velocity

of a linearly polarized guided wave from the same effect, and this change

is in opposite directions for the two propagation directions in a waveguide.

In Publication II we study the Faraday effect while in Publication III we

utilize the NRPS to study non-reciprocal waveguides.

3.2.1 2D slot waveguide

To utilize Faraday rotation, multiple requirements have to be met. Non-

birefringence is required to maintain the phase relationship between po-

larizations. Good optical mode overlap with magneto-optic material is

needed for an efficient magneto-optic effect. High overlap between the

two polarization modes is necessary for the magneto-optic effect to cou-

ple power efficiently between polarizations. Thus, there is strong interest

in looking for waveguide configurations where both the quasi-TE and the

quasi-TM modes are guided in the same region. To achieve strong light

and magneto-optic matter interaction slot waveguide configuration while

meeting the above requirements on polarization can be an asset. In or-

der to simultaneously meet the multiple criteria we propose various slot

waveguide geometries in Publication II. When appropriately designed,

these 2D slot waveguide geometries allow zero birefringence and high

overlap of the orthogonal polarizations. The studied geometries include

closed 2D slot waveguide, open 2D slot waveguide (Fig. 3.4) and o-slot and

u-slot waveguides (Fig. 3.5). O-slot concept is shown in Fig. 3.5 but due

to its impractical shape it is excluded from simulation studies. The closed

2D slot, open 2D slot and u-slot waveguide geometries are compared for
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neff , T and magneto-optic effect. In Eqn. 3.1, κ is the coupling of the two

orthogonal polarization modes by Faraday rotation due to the magneto-

optic slot material, θF is the Faraday rotation in the bulk material. Their

ratio κ/θF is defined as the overlap coefficient between the polarization

modes in the slot:

κ/θF =
2noωεo
4ko

∫ ∫
slot

E∗
TE,xETM,ydxdy =

no

2Zo

∫ ∫
slot

E∗
TE,xETM,ydxdy.

(3.1)

Closed 2D Slot waveguide: In cross-section, 2D slot waveguide may

be described as a super-position of horizontal and vertical slot waveguides

with thin rails and wide slot regions. With increasing height h, neff

decreases for the quasi-TE mode but increases for the quasi-TM mode,

and non-birefringence can be achieved by tuning the aspect ratio of the

slot for w=300, 500 nm (Fig. 3.6). For w=300 nm, equal confinement for

both polarization modes is reached at a value of h, higher than the non-

birefringence height (Fig. 3.6b). Mode overlap κ/θF increases with h, as

shown in Fig. 3.6(c).

Figure 3.4: Schematic of a practical geometry for (a) closed 2D closed slot

waveguide and (b) open slot waveguide.

Figure 3.5: Schematic of (a) O-slot waveguide and (b) U-slot waveguide.

In Fig. 3.7, the variation with under-cladding thickness clow is studied

for w=300,500 nm geometries. For w=300 nm, with increase in clow, the

quasi-TE neff increases, but the T in the slot first reaches a maximum
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value and then decreases. This is due to the larger overlap of the quasi-

TE mode field with the thicker high-index under-cladding. However, the

neff of the quasi-TM mode increases with a thicker clow and the T in

the slot region also increases as the mode field for the quasi-TM polar-

ization is confined to the slot by the bottom and top parts of the frame.

κ/θF for the polarization modes in the slot decreases with increasing clow
since the two modes are affected differently by this horizontal layer. For

w=500 nm, less variation in under-clad thickness is allowed for single-

mode operation. neff is not affected significantly, T in the slot is about

twice as large as with w=300 nm, and κ/θF decreases with increasing

clow. Isotropic medium behavior (non-birefringence) or equal T is achieved

for w=300 nm, but not for w=500 nm. The effect of varying overcladding

thickness ctop with w=300,500 nm is studied in Fig. 3.8. With increasing

ctop, neff values for both polarization modes increase. In the single-mode

regime, the T values first reach a maximum and then decrease, except

for the quasi-TE mode when w=500 nm, for which T increases monotoni-

cally with increasing ctop. The value of κ/θF increases for both w=h=300,

500 nm geometries with increasing ctop, and it is again much larger when

w=500 nm. Zero birefringence is achieved with both slot sizes and equal

T for w=500 nm. The results in Fig. 3.7 and Fig. 3.8 have significantly

different characteristics since the top Si layer (ctop) is different from the

bottom Si layer (clow). Because of the overcladding deposition on the side-

walls of the slot, the overcladding provides the slot confinement effect for

both polarizations. The simulation results demonstrate the flexibility of-

fered to the designer in realizing closed 2D slot waveguide with custom

mode properties. All geometries presented above do not suffer from ex-

treme lithographic constraints. Further the sub-100 nm features such as

ctop or clow are realized through depositions steps which are often timed to

obtain nanometric accuracy. In Publication II, a similar analysis for open-

2D slot waveguide and u-slot waveguide shows that high mode overlap,

confinement in the low index region and non-birefringence of the optical

modes can be achieved with appropriate design or post processing.
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Figure 3.6: Variation in (a) neff , (b) T and (c) κ/θF for change in aspect

ratio in a practical closed 2-D slot waveguide when w=300,500 nm, clow =

30 nm and ctop = 60 nm. L=600 nm for w=300 nm and L=800 nm for

w=500 nm.

Figure 3.7: Variation in (a) neff , (b) T and (c) κ/θF for change in clow in

a practical closed 2-D slot waveguide when w=h=300, 500 nm and ctop =

60 nm. L=600 nm for w=300 nm and L=800 nm for w=500 nm.

Figure 3.8: Variation in (a) neff , (b) T and (c) κ/θF for change in thick-

ness of top-cladding ctop in a practical closed 2-D slot waveguide when

w=h=300, 500 nm and clow = 30 nm. L=600 nm for w=300 nm and

L=800 nm for w=500 nm
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3.2.2 Asymmetric slot waveguide

Magneto-optic device based on Faraday rotation requires phase matching

between polarizations which is non-trivial. Therefore there is also signifi-

cant interest in single polarization NRPS based devices. A non-reciprocal

isolator and circulator devices based on NRPS can be realized as Mach-

Zehnder interferometers [36]. Some of the highest efficiencies achieved

for NRPS have been published for silicon waveguides integrated with

magneto-optic garnets [37], [38]. However, there still remain further chal-

lenges in integrating garnet materials with semiconductors [35, 39, 40].

In Publication III we present the results of modelling silicon slot waveg-

uides with magneto-optic material filling the slot. Magneto-optic poly-

mers [41] or polymer composite materials [42] are of particular interest,

since they are promising for integration with slot waveguides and have

shown high magneto-optic coefficients. NRPS properties of slot waveg-

uides are studied using a model for a 1-dimensional, 5-layer slab waveg-

uide, illustrated in Fig. 3.9. We limit our study to structures with the

shown symmetry for refractive indices of materials, which is a typical case

for vertical slot waveguides. The layer 3 is a slot filled with a magneto-

optic material, having refractive index ns and a thickness hs. The layers 2

and 4 are high-index rails with refractive index nr and thicknesses hl and

ht, respectively. The waveguide is surrounded by a low-index material of

the semi-infinite layers 1 and 5, with refractive index nc. Optical wave

propagation is in the direction of the z-axis, and interfaces between the

slabs are normal to the x-axis. For the TM-polarization, the main elec-

tric field component of the guided wave is Ex, but a guided mode also has

an axial component Ez. These two orthogonal components of the electric

field have a phase difference of π/2, so at locations where neither of them

is zero, there is elliptic polarization, in the plane of propagation. With an

external magnetic field in the direction of the y-axis, normal to this plane

of the electric field of the wave, magneto-optic effect causes coupling be-

tween the orthogonal components of the electric field of the wave, similar

to the Faraday rotation. This causes a shift of the propagation constant.

In a symmetric waveguide, elliptic polarizations at mirror-image locations

are of opposite handedness, so the total magneto-optic phase shift cancels

out to zero. Therefore, some asymmetry in the waveguide structure is

required to generate the NRPS effect.
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Figure 3.9: Asymmetric slot waveguide as a 5-layer slab structure.

The dielectric tensor for an isotropic magneto-optic slot material having

refractive index ns is, with the selected direction for the magnetic field,⎡
⎢⎢⎣
n2
s 0 −iεxz

0 n2
s 0

iεxz 0 n2
s

⎤
⎥⎥⎦ (3.2)

Here, non-diagonal elements couple x- and z-components of the electric

field, with εxz = 2nsθF /k0, where θF is the specific Faraday rotation in the

material, and κo= 2π/λ. The shift of propagation constants βf and βb, for

forward and backward propagation, respectively, is given by a perturba-

tion calculation Eqn. 3.3 as,

Δβ = βf − βb = ωεo

∫
E∗(x)ΔεE(x)dx (3.3)

where, the dielectric perturbation tensor δε has only the non-diagonal el-

ements of Eqn. 3.2, and its diagonal elements have values of zero. The

mode field distribution of unperturbed waveguide is normalized to unit

power. For the TM mode,

Δβ = 2iωεo

∫
εxzEx(x)Ez(x)dx. (3.4)

For a slab waveguide, the longitudinal field component can be expressed

in terms of the transverse component,

Ez(x) =
i

β

dEx(x)

dx
(3.5)

with propagation constant β of unperturbed waveguide. We get,

Δβ =
−2ωεo

β

∫
εxzEx(x)

dEx(x)

dx
dx. (3.6)

This can be integrated, inserting ωε/β = 1/(Zoneff ), with Zo, the impedance

of free space and neff = β/k0, to give,

Δβ =
∑
j−1..5

−1

Zoneff
εxz

[
E2

x(x
+
j )− E2

x(x
−
j )

]
. (3.7)
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The sum is over different layers, and it is including squares of the electric

field amplitude inside the layer at the two interfaces, at the positions x−j
and x+j . Unperturbed solutions giving the mode field distribution and the

effective index neff were solved with a thin-film matrix method [43] for a

5-layer slab model. In modeling NRPS, we concentrate on the fundamen-

tal TM mode, and mainly look for structures guiding only the fundamental

mode for the TM polarization. As εxz has a non-zero value only in the slot,

there is only one term in the sum of Eqn. 3.7. All calculations are made for

the wavelength λo = 1.55 μm. For magneto-optic operation, the require-

ments for waveguide properties differ from those typically expected from

slot waveguide structures. It is seen from Eqn. 3.7 that the goal is to maxi-

mize the change in normalized intensity across the slot layer. High NRPS

is important for having short device lengths, but an important figure of

merit is the ratio between values representing NRPS and waveguide loss

[35],[40]. Magneto-optic material can contribute fundamental absorption,

and the loss from this can be calculated as a product of the material bulk

attenuation coefficient and the mode confinement factor in the magneto-

optic material. The confinement factor T in the slot is calculated as [44],

Γ =
ns

Zo

∫ x+
3

x−
3

∣∣E(x)
∣∣2 dx. (3.8)

For simulations, we use SiO2 with nc = 1.46 as the surrounding cladding

material, and the slot layer refractive index was taken to be ns = 1.50. The

required asymmetry can then only be achieved by a difference of the rail

widths, which can also be considered as an offset of the slot position from

the waveguide center. As typically NRPS was observed to increase with

increased asymmetry, we decided to have the width of ht = 50 nm for the

narrower rail, as a lower limit for a practical waveguide. This leaves two

free parameters: the wider rail width hl and the slot width hs. Fig. 3.10

shows the δβ/(εxz) contours and the single-mode region boundary for this

material combination. The achieved optimum δβ/(εxz) coefficient is at a

high level (about δβ/(εxz) = 1.13 μm−1). Interestingly, the confinement

factor in the slot is T = 0.6 for such an optimal single mode waveguide,

which is even lower than the value of T= 0.69 for the previously published

magneto-optic waveguides with high NRPS [37, 38, 45].

For silicon waveguides both from [37, 38, 45] and in the examples given

here, the values for δβ/(εxz) are at the same level, and this roughly rep-

resents the maximum achievable with slot or strip waveguides. With

the presented asymmetric slot waveguides based device silicon photon-
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ics can take advantage of the high Verdet constant based magneto-optic

polymeric nano-composites.

Figure 3.10: δβ/εxz in μm−1 of an asymmetric 5-layer waveguide as a

function of widths of the wider rail hl and slot hs. Here ht=50 nm, and

nr=3.48, nc=1.46, ns=1.5. Contours are drawn for values of δβ/εxz=0.80,

0.85,..,1.25 in μm−1, from bottom to top, respectively. Dashed line shows

the boundary of single mode operation for quasi-TM modes.

3.3 Non-linear properties

The etching processes used in the manufacturing of silicon photonics typi-

cally result in angled sidewalls, which affects properties of the slot waveg-

uide. The angled sidewalls provide improved accessibility from top, which

has been proposed to be used in sensing applications [46]. Schematic of a

angled sidewall slot waveguide is shown in Fig. 3.11.

In Publication IV we demonstrate complete filling of such a dry-etched

angled-sidewall slot structure with TiO2 grown by the ALD technique.

Fig. 3.12(a) shows that the slots are completely filled. Titania (TiO2) is

one of the most common ALD grown materials, and it is also a promis-

ing candidate for an ALD grown nonlinear slot filling material. It has a

refractive index of 2.2. Moreover, it has been reported to exhibit a very

large nonlinear index n2 for an oxide; it is about 50 times larger than n2

of SiO2 [47]. Using prism coupling measurements, optical loss of the ALD
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grown TiO2 has been observed to be less than 1 dB/cm [48], which is sev-

eral times smaller than the typical loss in the slot waveguide itself. In

Fig. 3.12(b), the laminate consists of alternating 10 nm layers of Al2O3

and TiO2. The refractive index of Al2O3 is 1.64; note that by varying the

layer thicknesses, the Al2O3-TiO2 laminate therefore enables range of re-

fractive index between 1.64 and 2.2 [49]. Further, it has also been shown

that the ALD nanolaminate may have potential to be used in the manu-

facture of highly nonlinear nanocomposites with excellent precision [50],

[51].

Figure 3.11: Schematic of thin film filled slot waveguide and introduction

of its parameters.

Figure 3.12: SEM of a cross section of slot waveguide test structures filled

with a) ALD grown TiO2, b) laminate of alternating layers of Al2O3 and

TiO2.

Angled sidewalls also affect the T properties of the waveguide, which has

been briefly discussed in earlier studies [52],[53]. However, the compar-

isons have been made between slot waveguides with different cross sec-

tional area, and it is therefore difficult to observe the fact that the angled

sidewalls actually enhance the vertical confinement of the optical field

[46], [54]. We also study the effect of the sidewall angle and filling ma-
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terial on the nonlinear properties of the waveguides. In order to evalu-

ate the expected performance of real all-optical devices, non-linearities in

each part of the waveguide need to be taken into account. The effective

non-linearity of the mode is calculated as:

γ =
n2

Z2
o

∫ |E(x, y)|4 · n2(x, y)dA∣∣∫ Re {E(x, y)×H∗(x, y)} · uzdA
∣∣ , (3.9)

where uz is a unit vector. This equation gives the neff change of the

waveguide mode caused by the optical power in units 1/W. In silicon based

all-optical devices, the non-linear loss parameter α2 is of an essential im-

portance. In order to determine a figure of merit (FOM) for the non-linear

neff change against α2 in the waveguide, ratio between the two is deter-

mined:

FOMn2/α2
=

∫ |E(x, y)|4 · n2(x, y)dA∫ |E(x, y)|4 · α2(x, y)dA
(3.10)

Note that even when the filling material is assumed to exhibit no non-

linear loss, some nonlinear loss exists in the waveguide, because a small

fraction of the electric field resides in the silicon rails with a consider-

able nonlinear loss. The refractive index values and nonlinear parameters

used in calculations are shown in Table 3.1. Fig. 3.13 shows the effective

nonlinearity and FOM n2/α2 in TiO2 filled slot waveguides as a function

of wsb and ws. Note that for silicon, FOMn2/α2
= 1.42 · 10−7 m. It has

also been plotted into Fig. 3.13 to give a reference for the performance

of silicon waveguides. The effective nonlinearity is not much affected by

the sidewall angle, indicating that the vertical mode compression is not

very significant with TiO2 (n = 2.2) as the cover material. The n2/α2 FOM

decreases with increasing sidewall angle. The decrease of FOMn2/α2
indi-

cates weakened mode confinement of the mode into the slot, with a larger

fraction of the optical field in silicon, the mode experiences a higher non-

linear loss. Despite being highly nonlinear for an oxide, TiO2 still has

a lower nonlinearity than silicon. Therefore, materials with higher non-

linearity would be desired to realize extremely nonlinear slot waveguide.

Even though excellent nonlinear properties have been demonstrated with

polymer-clad silicon slot waveguides, inorganic materials have benefits

over polymers in terms of manufacturability and environmental stabil-

ity. One example of an inorganic highly nonlinear material is silicon

nanocrystals, which are reported to have nonlinearity of nearly 100 times

larger than TiO2. The refractive index of such a material system can be as

low as 1.55 [55], [56]. Therefore, angled sidewalls have advantages with

this material system, as seen in Fig. 3.14. The effective nonlinearity for Si
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nanocrystal filled slot waveguides is about 50 times larger than with TiO2,

and it increases significantly with angled sidewalls. Note that the n2/α2

FOM for silicon nanocrystals is 8 ·10−7 m, and for silicon it is 1.42 ·10−7 m.

The α2 of silicon nanocrystal filled silicon slot waveguides is therefore lim-

ited by FOMn2/α2
of silicon nanocrystals. It can be seen that with nearly

vertical sidewalls, FOMn2/α2
of silicon nanocrystal filled slot waveguides

is very close to that of silicon nanocrystal material, indicating strong opti-

cal confinement into the slot. FOMn2/α2
decreases slightly when wsb = 0,

due to a larger fraction of the field in the silicon rails when wsb is small.

Alumina (Al2O3) is one of the most common ALD materials. It is also a

very common material for Erbium doped waveguide amplifiers [57]. ALD

has been proven to be suitable for growing materials with well-controlled

doping [58] therefore, ALD filled slot waveguides are potential candidate

if silicon based emitters for telecommunication wavelengths are consid-

ered. The modal gain in a high-index-contrast waveguide can be calcu-

lated using the confinement factor T , which gives the ratio of the modal

gain in the waveguide to the bulk gain of the filling material [59].

Table 3.1: Material parameters used in the calculations, and the wave-

lengths for the given parameters.

Γ =
nAcεo

∫ |E(x, y)|2 dA∫
Re {E(x, y)×H∗(x, y)} · uzdA (3.11)

Sidewall angles typical of RIE can have an enhancing effect on the effec-

tive area and nonlinearity of mode in slot waveguides. On the other hand,

with larger sidewall angles, a larger fraction of optical power resides in

the silicon rails, increasing nonlinear loss. Therefore, for optimum slot

waveguide structure, proper balance between these effects needs to be

found, depending on the used nonlinear slot material.
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Figure 3.13: Effective nonlinearity and n2/α2 figure of merit in TiO2 filled

slot waveguides with wr=160 nm and h=260 nm, as a function of wsb at

different ws from 40 nm to 120 nm.

Figure 3.14: Effective nonlinearity and FOMn2/α2
in silicon nanocrystal

filled slot waveguides with wr=160 nm and h=260 nm, as a function of wsb

at different ws from 40 nm to 120 nm

Figure 3.15: Confinement factor for gain in Al2O3 filled slot waveguides

with wr=160 nm and h=260 nm, as a function of wsb at different ws from

40 nm to 100 nm.
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3.4 Low loss

Nanometric smooth sidewalls and surfaces for low-loss photonic wires are

not mandatory for traditional digital CMOS industry, therefore achieving

very low loss waveguides on a CMOS platform poses a challenge for CMOS

nanophotonics. Our study so far has focussed on the 1.55 μm wavelength

using silicon as the guiding material. CMOS technology also lends SiN

as a choice for photonic wire material. Previously, SiN based devices have

been demonstrated using strip and ridge waveguides, and the SiON based

‘A-shaped’ box waveguide [60, 61, 62, 63, 64]. Enabled by the broad spec-

trum transparency, moderately high refractive index ( 2.0) and low-loss,

Si3N4 based integrated optics is gaining prominence in diverse domains

ranging from telecom to life sciences [65, 66, 67, 68, 69]. Together, these

factors have contributed to interest towards developing a Si3N4 photonic

platform for the visible and very near infrared (VNIR) wavelength regime

(400-1000 nm) [70],[71]. However, the path to a mature Si3N4 technology

on the CMOS infrastructure requires foremost, the realization of passive

optical devices with low-losses.

In Publication V, a method to reduce surface roughness of the Si3N4 pho-

tonic wire waveguide manufactured on a 200 mm CMOS pilot-line is in-

vestigated. Non-optimized processing resulted in nanometer-scale surface

roughness and consequently high propagation loss. Over such a high loss

device, 40 nm Al2O3 is deposited by ALD technique. Si3N4 strip waveg-

uides possesses much lower material index contrast but nevertheless, at

shorter wavelengths (visible-VNIR), sidewall roughness remains the ma-

jor source of the waveguide loss because of the Rayleigh scattering, which

is inversely proportional to the fourth power of the λ. Therefore, the in-

fluence of scattering on the propagation loss is expected to be more pro-

nounced in Si3N4 material system at visible-VNIR wavelengths vis-á-vis

silicon photonics in the infrared regime1. In Publication V we have stud-

ied the influence of ALD deposition of a thin layer of Al2O3 on the surface

roughness and loss in a 220 nm x 500 nm Si3N4 based wire waveguide.

1 Refer [19], [72] for use of ALD layers to reduce waveguide propagation loss in
the infrared wavelength regime.
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3.4.1 Fabrication

A 200 mm bare Si wafer is used as the substrate. Firstly, plasma enhanced

chemical vapor deposition (PECVD) is used to deposit 2.4 μm SiO2 fol-

lowed by 220 nm thick Si3N4 layer. The silane, nitrogen and ammonia gas

flows are optimized for Si3N4 deposition at 400 C, which ensured CMOS

back-end compatibility. After the layer deposition, the waveguide and the

grating coupler (GC) are patterned by using 193 nm optical lithography

and RIE process. The waveguide is deeply etched (220 nm deep), and the

GCs are defined with different etch-depths by controlling the etch dura-

tion. Photo-resist is used as an etch mask for both the etch processes.

After dry etching, the wafers are cleaned by using oxygen plasma and

a wet chemical process. The widths of the waveguides are in the range

of 500+/-30 nm. After dicing, an Al2O3 film is deposited over a batch of

Si3N4 chips by ALD process. In this ALD process a 40 nm film of Al2O3 is

grown at 120 C by using tri-methyl aluminum (TMA) and H2O as precur-

sors with ALD TFS 200 equipment by Beneq. At the same time a silicon

dummy sample is coated in the same chamber and it is used for charac-

terization of the ALD grown film. After fabrication the cross-section SEM

micrograph of the Si3N4 wire is shown in Fig. 3.16.

Figure 3.16: SEM micrographs of the 40 nm Al2O3 ALD clad Si3N4 waveg-

uide cross-sections prepared using FIB milling. (a): SEM cross section im-

age of the dummy sample placed in the chamber during ALD deposition,

measured thickness of deposited Al2O3 is 39.9 nm. (b) Lower contrast

SEM image of deposited Al2O3 over the Si3N4 waveguide.

3.4.2 Experiment

The refractive index of 220 nm Si3N4 and 40 nm Al2O3 are determined us-

ing ellipsometry before and after ALD deposition, respectively. The rough-
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ness of the waveguide surface is compared prior-to and after 40 nm Al2O3

deposition using atomic force microscopy (AFM). The propagation loss in

the 500 nm wide wire is compared by cut-back method using spiral waveg-

uides of different lengths (1, 2, 4 and 7 cm). These measurements are per-

formed for the TE polarization using a tunable laser source emitting in

the range 890–910 nm and a single mode fibre at this wavelength range.

The GC measurements are performed by coupling unpolarized light from

a tungsten halogen white light source (400 nm –1700 nm) using a single

mode fibre into the waveguides. Another similar fibre is positioned above

the output GC to collect the light into an optical spectrum analyzer. The

coupling efficiency is determined from the fibre-to-fibre transmission. The

position of the fibre is optimized for maximum transmission.

3.4.3 Results

After fabrication air clad dies were characterized for roughness. RMS

surface roughness of 1.73 nm and peak roughness of 9 nm was measured

by AFM. Compared with previously reported loss versus roughness data

in [73] this is very high roughness level. However, after 40 nm Al2O3

coating RMS roughness of 0.42 nm and peak roughness of 	2 nm was

measured by AFM. Cut-back measurements prior to ALD coating were

indeterminable due to very high excess loss. After ALD coating cut-back

measurements are performed and results are show in Fig. 3.17

Figure 3.17: Graph shows cut-back measurement results after 40 nm

ALD deposition of Al2O3. Chip1 and Chip2 exhibit much reduced loss

of 4.9 dB/cm and 5.8 dB/cm, respectively.
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Firstly, both the dies show much reduced excess loss which enabled the

cut-back measurement. Secondly, the measurements are performed well

above the noise floor of the detector thereby making the cut-back measure-

ments reliable. Chip1 exhibited a waveguide loss of 4.9 dB/cm whereas

Chip2 showed a loss of 5.7 dB/cm. As with surface roughness results, the

ALD Al2O3 coated Si3N4 waveguides show loss values similar to previ-

ously reported Si3N4 waveguides in [73]. In order to ascertain the origin

of 	30 dB excess loss in the cut-back method results, white light measure-

ments are used to characterize the grating couplers. The results show that

the loss due to GCs at 900 nm wavelength is 20 dB (10 dB per GC). The re-

maining 10 dB loss is attributed to the bends in the spiralling waveguides

which have a bend radius of 10 μm. For Si3N4 waveguides the minimum

bend radius for almost lossless transmission is estimated to be 25 μm.

Optical images of the Si3N4 chips prior-to and after ALD coating of 40 nm

Al2O3 film are obtained using a CMOS camera. Images shown in Fig. 3.18

are obtained at the same magnification settings of the microscope and

similar ambient brightness, thus reducing the variations due to the cam-

era set-up and environment. Care was taken not to saturate the camera

by working at lower power. A comparison of these images clearly indi-

cates the reduction in the light scattering from the waveguides after ALD

deposition. By measuring the decay in the light intensity along the length

of the waveguide it is possible to estimate the waveguide loss due to scat-

tering before and after ALD coating. The experiment indicates extremely

high loss prior-to ALD coating (	60 dB/cm) whereas the loss after ALD

coating was 5-6 dB/cm, which re-confirms the loss measured by the cut

back method (Fig. 3.17). In Fig. 3.18(b) the slope appears to be positive.

This anomaly is attributed to the scattering due to contamination at the

edge of the acquired image. Publication V demonstrated a CMOS compat-

ible post-processing methodology to reduce propagation loss in 500 nm x

200 nm wire from very high to low-loss regime. Such a methodology can

also be used to tune the spectral performance of critically coupled devices

such as ring resonators while simultaneously improving the overall per-

formance of the passive circuits through reduction of surface roughness.
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Figure 3.18: Image captured through an optical microscope of Si3N4 wire

conducting light coupled through a GC. (a) Air clad ALD waveguide (b)

40 nm Al2O3 ALD coated Si3N4 wire.
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4 Summary and Outlook

4.1 Summary and future work

In this section previously discussed results are used as background to

propose a path forward for future investigations.

2D-slot waveguide demonstration

Thus far polarization overlap enabling 2D slot waveguides cross-sections

studied in Publication II, have not been demonstrated. However, box-

shaped waveguide [68], a similar geometry to the closed-2D slot waveg-

uide, has been demonstrated in the SiON material system. On this plat-

form, losses as low as 0.1 dB/cm have been shown. Such low loss is in-part

possible due to lower refractive index contrast in the SiON material sys-

tem. Since propagation loss in slot waveguide is strongly dependent upon

side wall roughness and index contrast, losses in SOI material system

are expected to be higher. Nevertheless, practical demonstration of the

2D slot waveguide geometries is an important next step. Furthermore,

although we have studied the issue of on chip polarization control, ini-

tial coupling of light into these non-birefringent waveguides is still to be

investigated.

On-chip Faraday rotation device

We have investigated in Publication II open 2D slot waveguides which

can be suitable devices for magneto-optic material integration. Sepa-

rately, in University of Arizona’s College of Optical Sciences, magneto-

optic polymers with magnetite nanoparticles embedded in a PMMA ma-

trix have been studied to realize magneto-optic nanocomposite. To demon-

strate a Faraday rotation device, an inverted open 2D slot waveguide can

be used, as shown in Fig. 4.1. The motivation to study such devices is

to utilize tailored highly magneto-optic nanocomposites and efficient in-

tegrated photonic design to enable high optical mode field overlap with

the magneto-optic nanocomposite material. Such a device can be realized

starting with an oxidized silicon wafer followed by optical lithography

to fabricate etched groove for inverted 2D slot in SiO2. Finally, ALD or

PECVD grown high index material can be used to realize the rails. Such

an inverted open-2D-slot geometry can be integrated with spin coated
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magneto-optic polymer as the final step. Intensity field of an inverted

2D slot is simulated with the FMM solver and shown in Fig. 4.2. Waveg-

uide groove width of 450 nm, waveguide depth of 220 nm and high index

rail of 40nm is used for simulations. Silicon (n=3.5) is assumed as the rail

material, and silica (n=1.46) as slot cladding material. PMMA (n=1.5) is

assumed to fill the slot. The quasi-TE mode neff of 1.57 and T of 0.12 is

obtained.

Figure 4.1: Step-wise schematic of the 2D waveguide fabrication process

to realize a Faraday rotation device with spin coated MO polymer mem-

brane on top.

Figure 4.2: Intensity plot of the quasi-TE mode in inverted 2D slot waveg-

uide.
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Very low loss waveguides

In Publication V we demonstrate that loss in Si3N4 integrated optical

platform can be significantly reduced with thin-film ALD layers. Such lay-

ers not only reduce surface roughness, but also reduce the refractive index

contrast at the surface of silicon or Si3N4 based waveguides. Although

we demonstrated that loss can be reduced from very high (>60 dB/cm)

to 4-5 dB/cm for Si3N4 based 500 nm strip waveguides at 980 nm wave-

length, it may also be possible to reduce loss from ’low’ to ’very-low’ regime

(<0.5 dB). Varying ALD laminate composition on top of the strip waveg-

uides of silicon or Si3N4 can be used to obtain a Gaussian index profile;

similar to graded index fibers. For fundamental quasi-TE modes, such

deposited layers will be symmetric, thereby preserving the polarization

state, and significantly reducing residual nanometric surface roughness

after processing. ALD based laminates of Al2O3 and TiO2 may be used to

realize meta-material characteristics by tailoring the composition of the

laminate to obtain gradually varying index to match cladding and core

refractive indices with suitable index gradients.

Throughout the study, care was taken to ensure practical geometries are

investigated. The presented studies provide the necessary foundations to

develop an integrated optics platform, which enables strong interaction of

non-Si materials with silicon photonics devices to overcome the material

limitations of silicon. Further, we have investigated the studied devices to

address critical limitations in silicon photonics, (i) non-birefringence, (ii)

non-reciprocal effects, and (iii) low loss waveguides.

4.2 Outlook

Silicon photonics and in general CMOS compatible integrated optical plat-

forms hold promise for the future of nanoelectronics. Today’s integrated

silicon photonics platforms enable high speed modulators, photodetec-

tors and various passive functionalities on SOI wafers [74]. Such tech-

nologies are undergoing various trials for telecom, datacom and sensing

applications. However, silicon photonics still faces various challenges,

prominently– thermal stabilization, integrated light sources, very low loss

waveguides, CMOS process limitations for nanophotonics and a maturing

design flow. Typical CMOS process limitations for nanophotonics include
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inter-layer misalignment tolerance, etch process induced sidewall rough-

ness and phase error noise, and, non critical dimension (CD) device bi-

asing due to optical lithography etc. Currently, design based approaches

to offset process limitations are necessary. Locally thick waveguides to

reduce sidewall induced scattering, thus minimizing device insertion loss

may be used. Due to optical lithography constraints corrective geometric

biases have to be applied to a vast number of devices to obtain targeted de-

vice geometries. State-of-the-art fabrication for photonics on the 300 mm

wafer based CMOS pilot line has shown considerably lower waveguide

loss (<1 dB/cm for 450 nm wide Si wire) and low phase error noise. How-

ever, such processes are expensive and require "economics of scale" to be-

come prevalent. Furthermore, the design flow infrastructure to support

access to fabless technologies is still in an early stage. Design tools and

fabrication facilities provide process design kits (PDKs) to enable easier

access to advanced CMOS based silicon photonics technologies. These

PDKs include tested component with known performance and limited cir-

cuits, such as 4/8 channel AWGs, travelling wave Mach-Zehnder interfer-

ometer (MZI) modulators, ring resonator based PIN depletion modulator,

photodiodes etc. Design verification is provided through design rule check

(DRC), design for manufacturability (DfM), layout versus schematic (LVS)

and optical proximity correction (OPC).

Silicon photonics is a rapidly maturing technology with wide range of ap-

plications. Its massive adoption continues to be foreseen and is widely

accepted as imminent [75].
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