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ABSTRACT

KEYWORDS: Silicon Photonics, Optical interconnect, Tapered waveguides,

Spot-size converters, Sidewall roughness, Scattering loss

The evolution of CMOS compatible silicon photonics technology enabled high speed
on-chip optical interconnects, accurate label-free bio-sensing and finding various futur-
istic novel applications. Commercial availability of optical grade silicon-on-insulator
wafers has helped to realize low-loss photonic wire waveguide devices (active/passive)
leading towards the demonstrations of application specific photonics circuits with large-
scale integration. The waveguide spot-size converters (SSC) are essentially used at the
input/output of an integrated silicon photonics chip for fiber-optic interfacing and on-
chip impedance/mode matching between waveguide components. Typical length of a
silicon photonic waveguide SSC can vary from a few micrometers to several millime-
ters depending on device geometry and applications. Therefore, the propagation loss in
SSC can be significant and it can be minimized by optimizing design parameters. The
existing models available for calculating the propagation loss (mainly scattering loss
due to surface roughness) is limited to straight waveguide in the literature and there is
no model available for estimating the scattering loss in the SSC. In the present work, we
propose a generalized scattering loss model for SSC by extending the straight waveg-
uide scattering model, incorporating the influential parameters for SSC design such as
geometry for single mode condition, shape of the cross section, suitable SSC profile
and experimental parameters like roughness, correlation length. The proposed model
has been validated with experimental results obtained from the devices fabricated in-

digenously and reported elsewhere in literature.
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CHAPTER 1

Introduction

Waveguide Spot-Size Converters (SSCs) play a vital role in integrated silicon photonics
chip for input/output light coupling [1, 2] and on-chip mode matching/conversion [3, 4].
In this chapter, a general introduction about optical interconnects, state of the art SSC
structures used for on-chip and off-chip applications, the origination of roughness in a
straight waveguide and related propagation loss, followed by research objective of this

work have been discussed.

1.1 Motivation

Silicon photonics has been looked upon for versatile applications ranges from high
speed optical interconnects, switching, quantum computing to accurate bio-sensing el-
ements [5, 6, 7]. This is due to the feasibility of confining light into different cross
sections and the use of adaptable CMOS fabrication process for making the waveg-
uides. The growing need for compact devices made a drive towards nano dimensioned,
compact silicon photonic components. Low loss, smaller cross section silicon waveg-
uides and its processing has been looked towards the development of system-on-chip
applications and sensors. A pioneer in Si photonics R A soref [8], has proposed a "su-
per chip" in which photonic and electronic processing circuits can co-exist on a Si chip
in different layers as shown in Figure 1.1. The bottom layer in the Figure 1.1, is an
electronic processing part and in the top layer, photonic functional circuits have been
placed. The proposed integration helps in faster data transfer using photonic devices and
process the data via electronic devices which results in manifold increment in speed of
data processing. Such a monolithic integration of electronic and photonic components
has reduced power/bit and cost. A similar technique exist for making the optical in-
terconnects based on waveguides, on silicon nitride, Gallium Arsenide (GaAs), Glass

and Indium Phosphide (InP) etc., and other material platforms. The refractive index
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Figure 1.1: Scheme of a "super chip" in silicon platform by R A Soref on 1993 [8]

contrast between BOX (lower cladding) and device layer silicon in SOI allows to fab-
ricate compact photonic wire devices. But coupling light from optical fiber to photonic
wire waveguide dimension lead to large mode mismatch loss. The mode profiles of a
standard single mode, optical fiber (SMF) having ~ 10 pm radius and a photonic wire
waveguide (W- 500 nm, H- 220 nm) at wavelength A =1550 nm, are shown in figure
1.2 to visualize the mode size difference. The large mode mismatch results in poor cou-
pling efficiency as low as 0.1% between single mode fiber having radius ~ 9 ym and a

photonic wire waveguide 220 nm x 450 nm [9].

1.0

0.0
- @

"0 05 00 05 1.0
X [um]

(b)

Figure 1.2: (a) Comparison of mode profiles of standard SMF - 10 pm radius; (b) Pho-
tonic wire waveguide (W - 500 nm, H- 220 nm).

SSCs have been the option for interfacing the smaller waveguide cross section to



larger waveguide cross section. SSCs are tapered waveguides which change the dimen-
sions of input and output side of the cross section gradually to improve coupling loss,
enhance optical modulation and etc., The classical approach for SSCs fabrication is to
make an inverse tapering structure as shown in Figure 1.3 with the suitable cladding

material for a particular length. The inverse taper structure has small waveguide width

Figure 1.3: Schematic representation of a guided mode spot-size conversion in a
inverse tapered SSC [10].

(~ 0.12 pgm - 0.15 pm) in the input side and gradually expanded along propagation
direction to a desired photonic wire waveguide dimension (~ 0.4 ym -0.5 pm) with a
suitable cladding. Near the input, since the dimensions of the waveguide core is small,
the mode is expanded into the top cladding which matches with the fiber mode to re-
duce the mode mismatch. Besides, due to the mode expansion, the effective index of
the mode reduces and matches with the fiber core effective index. This effective index
matching reduces Fresnel reflection loss since the light is launched from optical fiber
core (n ~ 1.45) to silicon photonic wire waveguide (n ~ 3.45) ). In all these cases,
SSCs have been employed to reduce the coupling loss and enhancing the integration
of functional devices. The total insertion loss of SSC consists of mode mismatch loss,
Fresnel reflection loss and scattering loss. The scattering loss in SSC converter is a

major component as the length of SSC varies from pms to several millimeters.



1.2 State of the art SSC structures

SSCs have been fabricated using many techniques to reduce the coupling loss, improve
the mode field enhancement with the material and etc., In one case [1], the width of
waveguide in the input side is kept at 120 nm and is gradually expanded to the final
width of 450 nm through a parabolic taper structure [1] as shown in Figure 1.4(a). The
tip was kept slightly offset from the edge to further allow the mode expansion. The
mode is expanded to match fiber mode profile to reduce the coupling loss. It is to be
noted that fabricating high aspect ratio structures (H/W - 220 nm / 120 nm) at the input
side is technologically challenging. The reported insertion loss for this structure was ~

6 dB for 40 pm length.

By referring to Figure 1.4(b) in [11], the designed structure consist of both forward
and inverse taper together to engineer the effective index of the tapered section to couple
the light from fiber to photonic wire waveguide. The corresponding mode size reduction
has also been shown in the figurel.4(b). The input side of this structure has been made

of low index waveguide which results in low coupling loss of ~ 0.6 dB.

Various fabrication techniques have been explored [12, 13, 14, 15, 16] to modify the
cross section of a waveguide. Recently a novel post-fabrication method for monolithic

integration of higher and small cross section waveguides has been proposed in [17].

A new technique for reducing the polarization dependencies have been in reported
in [18]. A knife edge structure as shown in Figure 1.5 has a gradual height reduction
(from 220 nm to 110 nm) apart from existing width reduction, at the edge which helps
in reducing mode conversion loss by making an adiabatic transition at the tip. The light

input is given from the edge, so that fiber mode matches with waveguide mode.

Figure 1.6 shows a photonic wire waveguide has been connected to a higher di-
mensioned SSC, adjacent to a grating coupler [2]. Although grating couplers are used
for coupling light in and out of the waveguide, they require a larger coupling area to
match the fiber dimension. This is an example for on-chip integration of two functional
components such as a grating coupler and a photonic wire waveguide through a SSC.

The estimated coupling efficiency in the structure was 97 % but post the fabrication it
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Figure 1.4: (a) A SSC based on inverse taper having parabolic variation from input [1]
; (b) Effective index engineering in SSC using the combination of forward
and inverse taper [11].

reduced to 47 %, mainly due to scattering at the grating region.

Forward taper based SSC has initially higher cross section and tapered down to the
desired waveguide dimension with a suitable SSC profile. Since the dimension is higher
in the input side, the effective index is higher which may not match with the fiber mode

effective index which leads to unavoidable Fresnel loss in the facet of the waveguide.

Apart from coupling light into the waveguide, there is also challenge in integrating
many functional devices having different device layer thicknesses. For example, a GeSi
based electroabsorption modulator [19] has been integrated with silicon based SSC as
shown in Figure 1.7. This modulator works best on smaller cross section on silicon-

germanium platform as Franz-Keldysh effect is high and lower electric field is required



Figure 1.5: Schematic of knife edge inverse taper based SSC [18].

Fiber 1 Fiber 2
W.=2 um
ZW=12 um —
wa——
Grating coupler 1 L =250 yum|  L,= 600 um Grating coupler 2

Figure 1.6: Grating coupler integrated with forward taper based SSC [2].

for realizing the modulation.

The summary of on-chip and off-chip applications of SSC is listed in the Table 1.1.
It shows the loss of SSC varies from 0.5 dB to 4.5 dB for varying lengths (from 40 ym
to 1 mm). The exposure of mode to longer length (more exposure to roughness) will
increase the scattering loss and shorter length may result in non-adiabatic propagation.
It is understandable that an optimum length has to be decided by choosing adiabatic

SSC profile with considerably less exposure to roughness.
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Figure 1.7: Spot-size converter used in SOI platform to integrate Ge electroabsorption
modulator [19].

Table 1.1: SSC types and losses

Application | SSC Type SSC Length SSC Loss
Off-chip
coupling Inverse taper [1] 40 pm 4.5dB
Off-chlp Inverse taper [11] 256 pm 0.6 dB
coupling
Off-chip Forward taper with
Coupling Grating coupler [2] 250 pum 3.2dB

. Forward taper in-
SSI;C}llllE tegrating two cross | 1 mm 0.5dB

pHng sections[20]

1.2.1 Scattering loss induced from fabrication process

The roughness originates from photolithography process during the fabrication of sil-
icon waveguides which is called pattern induced roughness. The induced roughness
is further aggravated by Reactive Ion Etching (RIE) process step. Figure 1.8 shows

roughness in the sidewall of a straight Si waveguide.

The presence of roughness in the SSC structure leads to scattering loss. The loss es-
timation methods reported till now mostly aimed at modeling the scattering loss in pho-
tonic wire dimensions. The modeling of roughness induced scattering loss in straight
waveguides has been explored for decades, right from Payne and Lacey [22] . Accu-

rate modeling of straight waveguide loss by Magnetic Resonance Imaging (MRI) ex-



Figure 1.8: Fabricated Si waveguide showing roughness in the sidewall [21]

perimental waveguide data and solving modal equations has been discussed [23]. Loss
modeling of an inverse tapering using effective index variation because of width change
has been explained. Though the model accounts for the roughness in the photonic wire
nano taper, it does not explicitly talk about fabrication induced roughness in the top
surface and modeling of a non-ideal cross sections arises out of fabrication procedure
followed. Moreover, the total taper loss includes considerable amount of mode conver-
sion loss because of non-adiabatic nature of the structure i.e., if the designed dimension
falls under multimode in the SSC propagation region, it may lead to additional mode

conversion loss.

1.3 Research Objective

It is necessary to quantify the scattering loss that is induced by the roughness since
methods are available to estimate mode mismatch loss and Fresnel loss in a SSC. There
are scattering loss model available for estimating the propagation loss in straight waveg-
uides and there is no model available to account roughness induced scattering loss in a
SSC as the length of structure varying (ranges from ~ 40 ym to 1 mm) leading to con-
siderable amount of interaction between roughness and the propagating mode. A gen-
eralized scattering loss modeling for any defined SSC length, adiabatic/non-adiabatic
tapered SSC waveguide with any cross section, roughness in the sidewalls/surface has

not been explored for evaluating the scattering loss which is the objective of this work.



1.4 Thesis Organization

The chapters of this thesis are organized as follows: In the first chapter, an introduction
about Silicon photonics and its development, application have been discussed. The
chapter also explains about the state of the art SSC structures available, application and
roughness effect on this structures. Then the bottlenecks in packaging the Si photonic
devices have been discussed, followed by, research objective has been defined for loss
estimation in SSC silicon waveguides, the need and application for such model has been

explained.

In the second chapter, a numerical model for estimating scattering loss in the SSC
has been proposed with the help of forward and inverse taper based SSC have been
explained. The parameters influencing the loss such as single mode condition, SSC

length, slope of the taper, RMS roughness, correlation length have been discussed.

In the third chapter, the proposed model has been validated with the fabricated and
reported SSC. The fabrication process flow of the forward taper based SSC considered
for validation, has been discussed. The methodology followed for validation of the

model has been discussed.

In the fourth chapter, the results obtained from modeling and validation has been
summarized and application of the model for calculating nonlinear losses has been dis-

cussed.



CHAPTER 2

Scattering loss in SSC: Theoretical Modeling

In this chapter, the roughness induced scattering losses have been discussed for one
dimensional and two dimensional SSC. A new model has been proposed for estimating
the scattering loss in SSC. The influential parameters on scattering loss such as RMS
roughness, correlation length, length of the SSC, shape of the cross section, single
mode condition in the waveguide for the defined dimensions, profile of variation have
been considered for the analysis to understand the underlying losses comprehensively.
The attempted model has been generalized to work for any defined dimensions of the

waveguide and SSC profile.

2.1 Scattering loss in an one dimensional waveguide

The propagation of light in the waveguide is aided by refractive index contrast and
total internal reflection. As the Figure 2.1 shows, one dimensional waveguide refers to
refractive index variation in one axis. The structure in left in figure 2.1, is a hypothetical
structure, is infinitely long in Z direction and has refractive index variation in Y-axis.
The interface between core and cladding is the region where roughness predominantly
induces the scattering loss. Due to the continuity of tangential component of electric
field at the boundary, these roughness act as an antenna and radiate away the energy. If
the magnitude of electric field is higher near the interface, then the interaction with the

roughness is higher, so is the scattering induced radiation loss.

The scattering loss for one dimensional waveguide is given by Payne-Lacey model,
by which the loss is mainly influenced by RMS value of roughness, correlation length,

effective index and intensity of the light at interface of the waveguide.

The roughness variation, as seen in Figure 2.1 (left) is statistical and is thought to be

superposition of many spatial frequencies. The identification of the major component of
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Figure 2.1: Schematic representation of typical 1D and SOI based 2D optical
waveguides along with side-wall roughness because of lithographic
limitations.

the frequency present in the roughness profile and taking the inverse Fourier transform
lead to the choosing the right value of auto correlation length. Both the roughness and

autocorrelation length are experimental parameters as a result of etching process.

At correlation length (L.), the roughness value reduces to (1/e) its initial value. The

scattering loss in such a one dimensional waveguide is given below,

2

g
a= (m)gf (2.1)

U2V2

9= (2.2)
U = kody/(n2 — nsz) (2.3)
V = kody/(n2 — n?) (2.4)
W = kody/(n?;; — nZ) (2.5)

x\/l — 22+ /(1 4+ 22)? + 2X242
_ 2.6
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oo Ve 0V 2.7)
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Here, o i1s RMS value of roughness

d - Half width of waveguide

ko - Propagation constant of wave in free space
n, - Core refractive index

n -Cladding refractive index

L. - Correlation length

The equations above can be used to study loss in a 1D waveguide structure.

2.2 Loss estimation of SSCs with 1D Tapering

Two dimensional waveguides refer to refractive index variation in X and Y axis of
the waveguide. This structure has a finite length in Z direction. The strip waveguide
in Figure 2.1 (right) has two dimensional refractive index contrast that allows mode
confinement in two axes. These are realizable waveguide structures where Payne and
Lacey model can be directly applied with the help of effective index method. The
propagation loss in the waveguide can also be measured experimentally using Cut back

method or Fabry-Perot measurement method.

An inverse taper based 1D SSC has been used to explain the proposed model. The
scheme of the inverse taper based SSC has been shown in Figure 2.2 . The width in
the structure varies from 120 nm to 400 nm for a length of 40 pm. Since only width is
changed to design a SSC, this is called as 1D SSC. It is worth mentioning here that for a
waveguide to guide, it requires 2D refractive index contrast and to denote the structural
variation in SSC, 1D notation has been used. The dimensions mentioned are chosen
based on the literature [1], except the profile of SSC. A linear profile variation has been
considered for simplicity. The height of the device (Thickness of device layer in SOI
wafer) is 220 nm. The cross section used in the structure is shown in Figure 2.3. As
can seen, it has a lower dimension initially to allow mode expansion, and increased to
the functional waveguide dimension along the propagation length. The width variation

is defined by the slope equation below,

W(z)=Wy+mL (2.8)
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where, m-slope of the variation L- SSC length

SSClength (L)

A4

L=5pum I=20 pm L=30 pm

Figure 2.2: Scheme of 1D SSC with mode profiles along the SSC length.

The cross section considered in Figure 2.3 is an ideal cross section with the perpen-

dicular sidewall in the waveguide.
W
<>
H $ Si
Box

Si substrate

Figure 2.3: Scheme of the cross section used in 1D SSC.

The loss in such a structure is generally a function of variations in device layer
thickness and width along SSC propagation length. The structure can be thought as
continuously varying cross sections that are stacked together. Mode profiles along SSC
length has been shown in Figure 2.2. The loss in this structure would be varying be-
cause of dimensional change, through out the propagation length which we define as

distributed loss. The distributed loss including its influential parameters is given below,

ag(z) = A(Sw(2) + Su(2) + Si(2)) (2.9)

13



Su(2) = =L (2) (2.10)
Sp(Z) = dg;}”f (2) (2.11)
Sh(Z) = dZfo (2) (2.12)

(2.13)

As there is no height and slab height variations in the considered structure, the equation
modifies to,

ag(z) = ASy(2) (2.14)

The value Sy, denotes of the variation of effective index of SSC taper due to varia-

tion of width. The term A relates to roughness and correlation length [24].

24|
- ‘.'.J
21} 1
18
= . _
l"..‘
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12 .
10 20 30 40
Length [um]

Figure 2.4: Calculated effective index as a function of SSC length.

The figure 2.4 shows the effective index (TE, fundamental mode) variation due
to cross sectional change. The value of dn.f;/dW has been calculated changing the
width of tapered SSC to 0.02 um (dW) at every point of its length and calculating the
effective index change as shown in Figure 2.5. The loss is dependent on roughness

and correlation length and these two are decided by the fabrication process recipe. The
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Figure 2.5: Calculated d;;éf as a function of length for a SSC length of 40 ym, input

width 120 nm, output width 400 nm and device layer thickness 220 nm.

total loss can be calculated by integrating the distributed loss over the SSC length as
depicted in equation 2.16. The RMS roughness value was taken to be 20 nm and the
correlation length was taken from the literature 50 nm [24]. The justification for the
value of roughness comes from the range of roughness values achievable in the CMOS
process flow (5 nm - 25 nm) while fabricating a waveguide. The total insertion loss
for this structure has been estimated to be ~ 3.5 dB/SSC. The dn.;s/dW have been

substituted in equation 9 and distributed loss in the SSC has been calculated.

ap = / ag(L)dL (2.15)

2.3 Loss estimation of SSCs with 2D tapering

A rib waveguide based 2D SSC has been considered for calculation .The cross section
considered for effective index calculation has been shown in Figure 2.8. In this special
case where all the height, slab height and width of a rib waveguide is reduced simulta-

neously along propagation length. Since all, height, slab height and width are reduced
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Figure 2.6: Calculated distributed loss as a function of length.

together, this structure is called 2D SSC. The referred figure is a general example for

2D SSC, the structure could have only width and height reduction and still be called 2D

SSC. As can be seen in Figure 2.7, the mode size is reducing along the propagation

L=50 ym L=100 pm

Figure 2.7: Calculated mode profiles at four different locations of 2D SSC of length
100 pm, having width variation from 2 pgm to 0.5 pm, height variation from
2 pm to 0.5 pm and slab height variation from 1.5 gm to O pm.

direction. Figure 2.9 shows that the area is decreasing due to the cross section reduction

from 4 ym? to 1um?. This SSC will enable connecting two different cross sections to-

gether in a chip. The effective modal area has been calculated with the help of following
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Figure 2.8: Rib waveguide cross section considered for 2D SSC.

equation :

_ ) E*(z, y)dady]?
T E*(x, y)dady]

Here E(X,y) - Mode field distribution

A (2.16)

—

a1 o 0 . 0 . 1 . 1 . 1 . 1 . 1 ., |

10 20 30 40 50 60 70 80 90 100
Length [um]

Figure 2.9: Calculated effective area A.s¢ of guided mode propagating through a 2D
SSC of length 100 m having width variation from 2 gm to 0.5 pm, height
variation from 2 pm to 0.5 pm and slab height variation from 1.5 ym to 0

(m

2.3.1 Condition for single mode propagation in 2D SSC

Single mode condition for homogeneous rib waveguide is straight forward. But it is
challenging in the case of SSC as the structure is considered to be stack of many waveg-

uide cross sections kept together.

The initial larger cross section and the final smaller cross section waveguides could

be designed as single mode. But it is challenging to design a whole propagation region

17



region of SSC to be single mode. There is a probability that when light travels from
larger to smaller cross section waveguide through a tapered structure, multimode re-
gion can occur. Since the mutimode is not supported, they leak away leading to mode

conversion loss while propagation.

y (microns)

-1 1
x (microns)

(a)

y (micrans)

X (microns)

(b)

Figure 2.10: Mode profiles of TE (a) and TE; (b) in a rib waveguide having width (W)
=2 pm, height (H) =2 pm, slab height (h) = 1.5 pym.

The stacked structure have been solved for their mode field distribution in Lumer-
ical MODE solver as a function of length. For understanding the multimode loss, the
effective indices of fundamental mode TE, and first order mode TE; were calculated
and compared with fundamental mode of slab waveguide TE,. According to the single
mode condition, fundamental mode TE effective index should be higher than TE; and
slab TE,, which will avoid any mode conversion in the SSC. The dimensions which
is chosen in this 2D SSC is single mode through out its length. The same calculation

could be calculated for TM polarization for supporting single mode guidance of both

the polarization.

As the cross section reduces towards end of the SSC, the mode field interaction with
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Figure 2.11: Calculated effective indices of guided TE,, TE; and the slab TE; modes

to verify single mode guidance along a SSC length 100 ym having width

variation from 2 pm to 0.5 pm, height variation from 2 gm to 0.5 pm and
slab height variation from 1.5 ym to O pm.

the sidewall increases which results in increased loss, for a given value of roughness and
correlation length. The above model considers the roughness in sidewall and does not

considers roughness in top surface.

2.3.2 Numerical model for calculation of scattering loss in 2D SSC

In a general SSC structure, roughness can prevail in top surface and sidewalls.The loss
in the case of 2D SSC is generally a function of height, slab height and width variations

with a particular cross section of the waveguide.

oa(Z) = A(Su(Z) + Su(Z) + Si(Z)) (2.17)
Where,
_ dnegy
Sul2) = Tt (2) (2.18)
_ dnegy
Su(2) = = (2) (2.19)
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dn,
Si(2) = = (2) (2.20)

W, H and h are width, height and slab height respectively. The term A relates to

roughness and correlation length. The detailed derivation for A is given in [24].

The above equation accounts effective index change due to dimensional variations at
a particular point of the waveguide. This equation could be used to model the said struc-
ture by calculating distributed parameters. The distributed parameters are dn. s ;/dW (Z),
dn.s¢/dH (Z), dn.s¢/dh (Z) and distributed loss «(Z) in the propagation direction of the
SSC. Here Z denotes propagation direction of the waveguide. Figure 2.12 shows the ef-
fective index variation along the length. As the dimension reduces, the effective index

also reduces.
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Figure 2.12: Calculated n.s¢ and dn.¢s /dW as a function of length for a 2D SSC of
length 100 pm.

In the same structure, the height, width and slab height has been changed to cal-
culate dn.;¢/dW (Z), dn.s¢/dH (Z), dn.s¢/dh (Z) respectively as shown in Figures 2.12
and 2.13. Thus the distributed loss at each point has been calculated considering the

roughness at the top and sidewalls using the above equation. The variation in the total
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Figure 2.13: Calculated dn. ;s /dH and dn.s /dh as a function of length for a 2D SSC
of length 100 pm.

height, slab height and width are defined by an equation.

W(Z) =Wy —mL (2.21)
21



H(Z) = Hy — myL (2.22)
WZ) = hg — msL (2.23)

where, m;, my, ms - Slopes of width, Height and slab height respectively ; L- SSC
length

Later, this equation was fed to commercially available Lumerical MODE solver for
effective index calculation. The mode solver will choose the defined cross section at

any point of SSC length.
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Figure 2.14: Calculated distributed loss as a function of length for varying roughness.

The RMS roughness value was taken to be 20 nm and the correlation length was
kept as 60 nm and distribution loss was calculated. The RMS value of roughness deter-
mines the distributed loss in SSC. In this model, roughness and its associated correlation
length (1/e width of roughness) has been considered as fitting parameters. The effect of
roughness variation in distributed loss calculation is shown in Figure 2.14. The inser-
tion loss can be calculated by taking an integration of distributed loss over the length of
the SSC.

Z=L
ar = / a(Z)dZ (2.24)

Z=0

22



By using this method, insertion loss per SSC (a7) has been calculated to be 1.05 dB.
This is due to roughness presence for a longer length. The height and slab height will
have the same effect when the slope is changed. The roughness in the slab area might
have lesser effect when compared to height and width of the waveguide. This is because
the interaction of roughness with electric field at the slab is less compared to interfaces

of side and top surface roughness interaction.

2.4 Conclusion

A generalized model has been proposed for estimating the scattering loss in 1D and
2D SSCs. The model accounts for many influential parameters of SSC design keeping
the roughness and correlation length as fitting parameters as they are derived from ex-
periments. In the described SSC the magnitude of roughness could be different in the
sidewall and the top. The correlation is bound to vary following the roughness. In that

case , the equation can be generalized as follows

a(Z) = (A1Su(Z) + AsSu(Z) + A3Si(Z)) (2.25)

The terms A, A; and Aj includes roughness in sidewall, surface roughness above total
height and surface roughness near slab height, taking the other parameters from corre-
sponding waveguide structure. The same model effective is in estimating loss of any

SSC which is varying along propagation direction.
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CHAPTER 3

Theoretical results and experimental validation

In this chapter, the model discussed in the chapter 2, has been validated with the ex-
perimentally fabricated structures. The model has been applied to inverse taper based
1D SSC and forward taper based 2D SSC. Different cross sections and SSC profiles as

reported in the validating SSCs have been considered in the model.

3.1 Validation of the model with 1D SSC

In order to generalize the model for wide application, the model has been applied to
inverse taper structure . The inverse taper structure has smaller cross dimension and
has higher final cross dimension. Inverse tapers based on photonic wire can have slab
region or some other suitable cladding materials to modify the effective index of the
waveguide. The profile variation has to be accounted in the model and most of the
reported inverse tapered structures have variation in width. The equation in this case,

changes as below.

a(Z) = A1Su(Z); 3.1)
dneff
Su(Z) = —=* (3.2)

A represents the component of RMS roughness and correlation length as discussed
earlier. The shortfall of photonic wire based structure is that it suffers an additional loss
of mode conversion loss in addition to scattering loss. Scattering loss mentioned in these
reported literatures have been taken as reference to apply our model. In the literature
[1], the width is varying from 120 nm to 450 nm in a parabolic function to make an
adiabatic transition. Table 3.1 shows the calculated scattering loss for both these SSCs

for the corresponding roughness and correlation length. In [25], effect of inverse taper



with sidewall roughness has been studied using FDTD technique. The initial width of
180 nm has been varied to 450 nm in a linear way with sidewall roughness. The length
of SSC has been varied to see the effect of roughness. The higher SSC length was found

to be having more scattering loss as the exposure to the roughness increased.

Table 3.1: Comparison of calculated SSC loss with reported literature

. Scattering loss | Scattering loss
Literature Trms Lo (extracted) (calculated)
Min et al [25]., 10 nm 50 nm 0.6 dB 0.6 dB
Almeidaetal [1]., | 29 nm 50 nm 4.5 dB 4.5 dB

The procedure explained in chapter 2 has been followed to calculate the scattering
loss for these experimental structure. For the fitting parameters mentioned in the Table

3.1, our model matches with the reported results.

3.2 Validation with 2D SSC

The model has also been validated with the experimentally fabricated SSC structure [20]
of length ~ 1 mm. In this fabricated structure, the total height, slab height and width are
varying, on which the equation 2.16 can be applied. The structure has been fabricated to
demonstrate monolithic integration of two different cross sections in silicon platform.
The loss of the tapered waveguide structure has been found from the SSC waveguide
arrangement as shown in Figure 3.1. Initially, the larger waveguide section helps in
coupling the light from the fiber to waveguide. Then the cross section has been reduced

to smaller dimensions and interfaced with a SSC.

The fabrication parameters have been optimized in terms of single mode condi-
tion for initial and final cross sections, profile of the cross sections (i.e., rectangu-
lar/trapezoidal), length at which it remains single mode in the SSC section. In the
section, fabrication of waveguide with SSC is discussed and in the second subsection,
characterization of the device is discussed, followed validation of the results have been

discussed.
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Figure 3.1: SSC integrated with two different rib waveguide cross sections.

3.3 Fabrication of forward taper based 2D SSC

In this section, the fabrication of 2D SSC structure has been discussed. This structure

has been fabricated in-house to validate the model.

3.3.1 Cleaning of SOI wafer

The device was fabricated in a SOI wafer which has a device layer thickness of 2 pm.
It was a <100> cut, P-type substrate having resistivity 50 {2/cm. The samples were
cleaned, following standard CMOS cleaning procedure for silicon. Initially, the organic
impurities in the silicon device layer have been removed using trichloroethylene (TCE).
Samples are immersed in TCE and was boiled (1200 C) in a beaker for 2-5 min. An
ultrasonic agitation was given to the sample to remove the hard dust particles which
had adhered to the sample. Afterwards, the samples were cleaned by immersing them
in acetone with ultrasonic agitation, followed by thorough rinsing with DI water. The
acetone cleaning process helps in removing the residues left by TCE cleaning. Later,
the inorganic impurities were removed in the substrate using concentrated HNOs. The
samples were immersed in nitric acid and boiled till the onset of fumes. Any inorganic
impurities such as Gold, Iron that had come into crystal during the crystal growth pro-
cess of silicon, will get oxidized during Nitric acid cleaning. These metal impurities
could be removed using nitric acid by oxidizing. Cleaning with HNO3 not only dis-
solves inorganic impurities but also grows a thin oxide layer (< 5 nm) on top of silicon

wafer. Metal impurities can also be removed using RCA cleaning. The growth of oxide-
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film can be verified by hydrophilic nature of wafer surface. This oxide is removed by
immersing the wafer in diluted HF solution (1:10 :: HF:DI water) for 30 s. The device
layer becomes hydrophobic after cleaning with Hydrofluoric acid. The cleaning of the

sample was ensured by inspecting them under microscope.

3.3.2 E-beam lithography

E-beam lithography was done on the cleaned SOI sample. The rationale behind choos-
ing e-beam lithography over photolithography was to avoid pattern induced roughness,
arises during photolithography. The pattern induced roughness is more detrimental in

this case as there are two dry etching process.

The second dry etching process, which was a blanket etching, would increase the
sidewall roughness which was already in place from the first dry etching of the waveg-
uide. The e-beam lithography was performed in Raith 150(Two) machine. The cleaned
samples are prone to acquire the moisture which may affect the uniformity of the e-
beam resist coating. The sample was kept in 1200C oven to remove the moisture con-
tent. Then negative tone HSQ was spun on the sample. The spinning parameters are as
follows :

1) Speed - 3000 rpm

2) Acceleration - 1500 rpm/sec

3) Time - 40 sec

The required patterns were group of 2 um width straight waveguides. The parameters
used for writing are given below :

1) Acceleration voltage : 30 KV

2) Dose : 350 uC/cm 2

The samples were developed using commercial developer MF 319 for 6 minutes. Since
HSQ had high etch tolerance, it was decided to use HSQ itself as mask for further
etching process as the selectivity between silicon and HSQ was high for the reactive

plasma.
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3.4 Dry etching- I

The samples were dry etched in a Oxford plasma 100 machine using the following pa-
rameters : Pressure- 200 mTorr, SF6:Ar-20::20 sccm, forward power -150 W at room

temperature. Figure 3.2 shows the scanning electron microscope images after develop-

Mag = 8.98KX WD = 9.6 mm
InLens EHT =10.00 kV

Mag = 22.80 K X WD =10.0 mm
InLens EHT = 10.00 kV

() (b)

Figure 3.2: (a) SEM image after e-beam lithography;(b) After first reactive ion etching.

ing the sample and after completing the fist Reactive Ion Etching (RIE). As can be seen
from the images, the width of the waveguides were less than the designed value. This is
due to slight over-development of HSQ and isotropic nature of the dry etching recipe.
The etching depth of the waveguide was found to be 0.4 m from confocal microscope

measurement. The etch rate was optimized to be 260 nm /minute.

3.4.1 Dry etching- II

In order to get SSC structure, a shadow mask was employed after the initial experi-
mentation. The use of shadow mask enables the plasma to go below it and etch the
unexposed area as well. The structure of shadow mask has been shown in Figure 3.3.
The shadow mask was a cleaned silicon wafer which was kept just above the initially
fabricated straight waveguide. When etching happens, the plasma etches the exposed
part and reduces the dimension proportionally and goes under shadow mask making a
smooth taper section which connects a different cross sections together. The recipes
used for second etching are as follows : Pressure - 250 mTorr, Flow rate - 25:25 sccm,

RF power -150 W. The initial and final dimensions are given in Figures 3.4 and 3.5.
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Figure 3.3: Schematic of fabrication process flow for making waveguide with SSC (a)
Post E-beam Patterning; (b) After first RIE; (c) After shadow mask etch-
ing (d) Placement of shadow mask above the sample; (e),(f) Schematic of
plasma residues going between the gap of Silicon sample and shadow mask.

If the structure was fabricated by photolithography process instead of a shadow
mask, it would result in a step profile in the SSC section which could in turn cause
increment in loss. Interestingly, the length of the SSC can be controlled by adjusting the
gap between the shadow mask and the waveguide structures. The increment in length is
due to presence of more plasma in the gap, in turn causes more etching. Shadow mask
is nothing but a cleaned silicon sample (Standard RCA I and RCA 1I cleaning). The
height of shadow mask is increased to observe the effect of plasma. As expected, more

plasma went inside the gap in case of 1.5 mm air-gap and produced longer length.

Table 3.2: Influence of shadow mask height on taper length

Shadow mask height from substrate  SSC length

0.5 mm 1 mm
1 mm 1.5 mm
1.5 mm 2 mm
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Figure 3.5: SEM image of initial (a); final widths (b) of the SSC.

The end facet preparation was performed after second etching process. The SOI
samples were diced to remove the rough edges in the sample. This was followed by
polishing of end facet using diamond lapping films (polishing sheets) whose roughness
varying from 2 pgm to 100 nm. The polished samples were imaged in the microscope as
shown in Figure 3.6. The image clearly shows the cross section of rib waveguide. The
reference straight waveguide is denoted as untrimmed waveguide and the waveguide

with SSC is denoted as trimmed waveguide.

3.4.2 Optical Characterization

The optical characterization of the sample were done in a tapered fiber coupling setup

which is shown in figure 3.7. The tapered fiber was used to reduce the mode mismatch
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Figure 3.6: (a) Polished end facet of the waveguide; (b) Measured intensity distribution
of the guided mode at the larger cross section side of SSC.

loss between waveguide and fiber. The setup consists of a tunable laser source (1520
nm -1560 nm, 10 mW maximum power) connected through a polarizaiton controller
to the sample. The polarization controller helps to maximize the power of particular

polarization by applying the stress in the fiber.

In the output side of the sample 60X lens was used to collect the light which is
coming out of the sample. The collected light is made to fall on the detector through a

polarizer. The optical characterization of the sample has been done for TE polarization.

Since the end facets of the waveguides were polished well, they act like a mirror
and form a cavity. This Fabry-Perot cavity is used to measure the propagation loss in
the waveguide. There are two set of waveguides which are considered, i.e., untrimmed
waveguide and trimmed waveguide. The trimmed waveguide structure has two different
cross sections which is connected by SSCs. The untrimmed cross sections has only one
cross section through out the propagation direction. This is done to understand the loss
introduced due to trimming process. The Fabry Perot response of the waveguide with
SSC is shown in below Figure 3.8. As can be noted from the figure that the difference
between peak and the low in the Fabry-Perot spectrum is less even after incorporating
the SSC with the waveguide. This means that the cavity is not much affected due to
the trimming process. This shadow mask process is simple and cost effective compared
to double patterning technique and gray scale lithography. The results from the optical

characterization of the SSC shows that there is no induction of multimode due to the
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Figure 3.7: (a) Schematic of the optical characterization setup used for characterizing
2D SSC; (b) Experimental optical characterization setup.

presence of SSC. The SSC insertion loss have been calculated to be 0.25 dB (@ A\
-1550 nm, TE polarization) by comparing the propagation loss of reference straight

waveguide.

The dimension of the tapered SSC section have been extracted from the fabricated
structure, with the help of confocal microscope and SEM. The corresponding variation

of the height and width of SSC region is shown in Figures 3.9 and 3.10.

In both width and etch depth variations, initially the variation is sharp because of
the placement of shadow mask between higher and lower cross section waveguide. In

the second configuration, the tapering of SSC is adiabatic and gradual. The length of
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Figure 3.8: Fabry-Perot response from the reference straight waveguide (Untrimmed)
and the waveguide with SSC (Trimmed)

the SSC was found to be ~1 mm. The top view of SSC has been shown in Figure 3.11
(a) and the schematic of the cross section used in the calculation for modelling has been
shown in Figure 3.11 (b). Because of the plasma residues used, the cross section doesn’t
have ideal rectangular sidewall, it becomes a trapezoidal structure, having different bot-

tom and top width. An average of these two widths has been used for the calculation.

The extracted parameters were made to fit with the equation to understand the vari-
ation along taper length. The parameters were interpolated to get the maximum points
and fitted with the equation. The extracted parameters were given as input in the pro-
posed model to estimate the insertion loss of the SSC alone. The width and height
variations have been fitted with an equation. This equation was given to Lumerical

MODE solver to change the dimension with respect to length.

The SSC area follows the fit equation (explained in Appendix C), changes the cross
section at each point iteratively. Thus a three dimensional problem have been broken
down to two dimensional problem. It is computationally expensive to solve such a
structure, which has trapezoidal cross section, roughness on sidewalls and top surface

in an adiabatic variation, using commercially available FDTD electromagnetic propa-
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Figure 3.10: Waveguide etch depth along SSC length
gation solvers. The distributed loss for this experimetnal SSC has been shown in Figure

3.12.

3.4.3 Insertion loss calculation

The insertion loss was calculated to be 0.3 dB (for ¢ = 5 nm, Lc = 50 nm) from the
model in a similar procedure explained for 1D SSC but the experimental value is 0.25
dB. The deviation may be attributed to choosing the right value of correlation length,

effect of slab surface roughness on the propagating mode.
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Figure 3.11: (a) Top view of the fabricated 2D SSC; (b) Schematic of experimental rib
waveguide cross section.
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Figure 3.12: Distributed loss profile along SSC length

3.4.4 Results and Discussion

The roughness at the slab region may not contribute much to the propagation loss if the
mode is well confined. The top surface roughness is also small because the sidewall
component is higher. The loss was calculated to be 0.3 dB for a roughness of 5 nm,
correlation length of 50 nm and the experimental loss was 0.25 dB. The mode conver-
sion loss has not been considered as a loss component in total loss because the optical

characterization results shows that the propagation loss is only due to scattering.
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3.5 Conclusion

The model has been applied to reported inverse taper based 1D SSCs having linear and
parabolic profiles and found to be in agreement with the scattering loss reported. The
loss modeling of a experimentally fabricated 2D SSC has been discussed. The calcu-
lated loss using our model is in match with the experimental loss by the use of fitting
parameters, RMS roughness and correlation length. The model has been generalized to
estimate the scattering loss of any cross section, profile, length, roughness at sidewall,

surface for estimating the scattering loss.
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CHAPTER 4

Conclusions

4.1 Summary

A generalized model has been developed to estimate the roughness induced loss in 1D
and 2D tapered SSC structures. The loss model accounts for parameters such as cross
section, length, roughness in sidewall/surface and the profile of SSC variation. The
same model has been applied to inverse taper based SSC structures and validated for
different SSC profiles. The proposed model has also been validated with experimentally
fabricated rib waveguide based adiabatic SSC structure , having a length of 1 mm.
The proposed model is a novel solution for such SSCs having a long length which
are mainly used for adiabatic propagation. The exact profile of the SSC have been
mapped experimentally and fed to the simulation for estimating the scattering loss.
The estimation involved finding out the distributed loss, later integrated the distributed
loss to calculate the insertion of 1oss/SSC. The model considered the roughness in the
sidewall, surface and the slab region. The model also accounted for trapezoidal cross
section of rib waveguide which arose out of isotropic nature of the dry etching recipe
used. The estimated loss of 0.3 dB using the model has been in agreement with the

measured scattering loss of 0.25 dB.

The accuracy of the model is governed by the extracted parameters from the fab-
ricated structure and fitting equations used for defining the SSC. The model considers
the value of roughness and correlation length as fitting parameters as they are limited

by the process recipe used for estimating the loss.

4.2 Future scopes

The applicability of the model for calculating the intensity required to realize any non-

linear optical effect has been discussed in this section.



4.2.1 Intensity enhancement for nonlinear optical effects

The fabrication of the 2D SSC lead to the cross section reduction. The fabricated SSC
has profound applications in realizing nonlinear optical processes. The main bottleneck
of realizing nonlinear optical effect is required amount of intensity coupled from fiber to
nano dimension waveguides. The intensity increment in the lower cross section, when
two cross sections are integrated together through a SSCr, is an interesting phenomena

to study.

Intensity enhancement at lower cross section waveguide helps to realize nonlinear
optical effects such as Four Wave Mixing (FWM), Third Harmonic Generation, Stimu-
lated Raman Scattering (SRS) etc. in silicon. While realizing any nonlinear effect, there
is an effect called Two Photon Absorption (TPA), which comes to play and reduces the
total intensity inside the waveguide. This non-linear loss along with linear loss which
is scattering loss quantified with our proposed model, will be helpful in calculating the
amount of effective intensity required to see any non-linear effect in a waveguide with

SSC.
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APPENDIX A

Loss estimation flow chart and algorithm

A.1 Flow chart

Definition of variation in
tapered waveguide parameters (W,H,h)

Fitting the parameters
variation into an equation

[Feeding the equation into a Modesolver]

Definition of roughness
and co-relation length

[Extraction of n.y; along taper length from simulations]

Calculation of dn.rs/dW,
dneff/dH 9 dneff/dh

Calculation of (L) using
dncysy (L), roughness

[Integration of loss profile to get LT]

Figure A.1: Flow diagram describing the methodology of loss estimation in a tapered
waveguide



APPENDIX B

Fabrication parameters

B.1 RCA-1 and RCA-2 cleaning

RCA-1 is a solution of DI water, aqueous ammonium hydroxide and aqueous hydrogen
peroxide in the ratio 5:1:1. Silicon sample is boiled in this solution for about 15 minutes
at 80 ° C. This removes organic residues and metallic contaminants and also forms thin

layer of silicon dioxide.

RCA-2 is a solution of DI water, aqueous hydrochloric acid and aqueous hydrogen
peroxide in the ratio 6:1:1. Silicon sample is boiled in this solution for about 15 minutes
at 80 ° C. This removes residual metallic contaminants which were not removed by

RCA-1 cleaning and also forms thin layer of silicon dioxide.

In between RCA-1 and RCA-2 clean, an oxide etching step is performed with mix-
ture of hydrofluoric acid and DI water (1:100) and sample is rinsed in DI water and

dried using compressed nitrogen.

B.2 PPR Ashing

This recipe is used to remove the residual PPR o top of wafer,, which could not be
removed using acetone.

O : 35 sccm

Chamber Pressure : 250 mTorr

RF Power : 150 W



APPENDIX C

Fitting parameters

C.1 Procedure for fitting

1. Experimental values of Width, height and slab height have been collected from

Confocal microscope.

2. They have been interpolated using cubic spline interpolation tool in MATALB to

increase the number of points.

3. The curve fitting module in MATLAB have been used to fit the above equation

with the multiple sine wave function.

4. The goodness of fit have been found to be 97

C.1.1 Fit parameters for Width, Height and Slab height

The experimental width parameter was fit into an multi-sine equation and the co-efficients

of the equations are mentioned below:

W1 =(al*sin(bl*L+cl) + a2*sin(b2*L+c2) +a3*sin(b3*L+c3) +
ad*sin(b4*L+c4) + a5*sin(b5*L+c5) + a6*sin(b6*L+c6) + a7*sin(b7*L+c7) + a8*sin(b8*L+c8))

al =1.661e-06 ;
bl =1571;
cl =0.2102;
a2 =9.479e-07 ;
b2 =3142;
c2=1.611;
a3 =1.601e-07 ;

b3 =6283 ;



c3=1.132;

a4 =4.899¢-08 ;
b4 =1.571e+04 ;
c4=1.69;

a5 =4.792e-08 ;
b5 =1.257e+04 ;
c5=2.402;

a6 = 2.904e-08 ;
b6 = 1.885e+04 ;
c6 =0.8565 ;

a7 =2.129e-08 ;
b7 =9425 ;
c7=1.624;

a8 =1.878e-08 ;
b8 =2.827e+04 ;
c8=1.96;

The total reduction of a height in the experimentally fabricated has been fit into an

equation as below,

H1 = H-((alT*sin(b11*L+c11) + al2*sin(b12*L+c12) +
al3*sin(b13*L+c13) + al4*sin(b14*L+c14) +
al5*sin(b15*L+cl5) + al6*sin(b16*L+c16) +
al7*sin(b17*L+c17) + al8*sin(b18*L+c18)))
all =1.034e-06 ;
bll =2618;
cll =-0.5173;
al2 =3.054e-07 ;
bl2 =5236;
cl2=1974;
al3 =1.758e-07 ;
b13 =1.047e+04 ;
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cl3=1.347;

al4 =5.563e-08 ;
bl4 =2.094e+04 ;
cl4=2.652;

al5 =4.325e-08 ;
b15=2.618e+04 ;
cl5=0.7822;
al6 =2.682e-08 ;
bl6 =3.665¢+04 ;
cl6=2.019;

al7 =3.628e-08 ;
bl7 =1.571e+04 ;
cl17=-0.3501;
al8 =2.08e-08 ;
b18 =3.142e+04 ;
cl8=-2.021;

The total reduction of a slab height in the experimentally fabricated has been fit into

an equation as below,

h1=h0-((al11*sin(b111*L+c111)+a211*sin(b211*L+c211) +a311*sin(b311*L+c311)
+ad1 1#sin(b411*L+c411) +a511*sin(bS11*L+c511) +a611*sin(b611*L+c611) +a711%sin(b711*L+
+ a811%#sin(b811*L+c811)))

alll = 8.662¢-07,
bl11 =2697;
cll1=-0.4807;
a2ll =2.542¢-07,
b211 =5393;
c211=1.89;
a311 =1.201e-07;
b311 = 1.079e+04;
c311 =1.485;
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a411 =3.955e-08;
b411 =2.157e+04;
c411 =2.426;
aS11 =2.2e-08;
b511 =2.697e+04;
c511 =0.8722;
a611 =1.961e-08;
b611 = 3.775e+04;
c611 =1.848 ;
a711 = 1.494e-08;
b711 = 3.236e+04;
c711 =-2.695;
a811 = 1.335e-08;
b811 = 4.854e+04;
c811 =2.869;
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