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Abstract

This thesis investigated the realization of a paywaveguiding material platform
based on PFCB guiding core and Cytop cladding, kviniere chosen due to their intrinsic
low material losses and relative high index contralse PFCB core material was also chosen
due to its ability to accept semiconductor nandetygdopants, which are the long term
objective beyond the scope of this research thesis.

The work focused on waveguide fabrication in PFGBymer, in highly confined
geometries using Cytop as the outer cladding nadtewhich is a material platform |
developed in the course of the last few years. \faides were fabricated as triple-layer
stack geometry. This polymer combination offersighlindex contrast An of ~10%, which
allows single mode operation with mode waist of8in® The fabrication sequences were
modified from the standards suggested in the tileea to accommodate a temperature
limitation of 150C in support of our future plandope the waveguide core with hanocrystals
which cannot tolerate elevated temperatures. The afallenge during the work was to cope
with different thermal expansion coefficients betwethe hard mask layer (SiO2) and the
PFCB. This required me to add 1.5im Cytop layerelaém the oxide hard mask, which
reduced the stress at the hard mask.

The fabricated waveguides were characterized fopamation losses and bend loss.
The propagation loss measurements gave losse®@&dB/cm at 1.58m wavelength which
is higher than the theoretical value of 0.29dB/ane do sidewall roughness of the channel
waveguides. Bend loss measurement was evaluatad tetetrack resonators which gave
bend loss of 3.75dB/cm (3pth radius bend) at an erroneous core dimensions of
0.85imx1.5im (as opposed to our 1.5imx1.5im targetich made the waveguide mode
more sensitive to the sidewall roughness. Bothethmmameters are projected to improve

after further processing refinement.
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1. Theoretical Background

1.1. Optical Waveguide Theory

Planar optical waveguides are the key devices twstoact integrated optical circuits.
Generally rectangular waveguides consist from digke core surrounded by a dielectric
cladding with a lower reflective index. There amgotapproaches treating light wave
propagation in optical waveguide. In the first aygmh each mode is associated with light
rays at a discrete angle of propagation. Here vgerdee the formation of modes with the ray
picture in slab waveguidé-or the second approach we will use Maxwell's eqnatwith
boundary conditions to obtain the different modepropagation in a rectangular waveguide
[1].

1.1.1.Slab Waveguide and Basic Parameters

[LE]

ny

n;

Figu-re 1.1Light rays and their fronts in the waveguide.

The condition for total internal reflection at tbere-cladding interface is given by the critical

(n (n
6,, = arcsin -2 |,6., = arcsin —=
nl nl

n>n,=n,

angeld.

(1.1)

We can see from figure 1.1 that the optical patls @&d RS should be equal, or their
difference should be an integral multiple af Phe phase-matching condition for the optical
paths PQ and RS are:

2kdcosf—- - = 2N @.2



¢1 and ¢, are the phase delay from the reflecting interfaakgven for TE by

@ = atar{%} @ = atar{g} (1.3)

where yE\/,é’2 -kZn’ :\/ﬁz —-kZandd =, p?-kZ?. The propagation constants are

expressed by

B =k sing R
=\n’ks -k
{K:klcosﬁ Ay

(1.4)
k1
K
0 B )
Now we can express the phase-matchinglEz)) by)
k2d2 n2_n2 _K2d2+ k2d2 n2_n2 _K2d2
R ) L et

kd)? = Jk2d?(n? - nZ)- k2d?/k2d?(n? - n2)- k2d?

The square root term in the left-hand side of thase-matching equation should be real

therefore the following condition should be saédfi

k2d2(n? —n2)-k2d? > 0= k,dy/(n2 -n2) > «d (1.6)

The upper limit ford is known as theormalized frequency and expressed by

v=rd,, =k,dy[nZ -n2) (1.7)

In wavelength we obtain

dW/i ’ or A= (1.8)
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The waveguide operates in single mode for wavekletwitger thanl,. Sincen, >n, 2n,
eqn.(1.8) holds fons. When n, # n,there will be a cutoff condition when =«d =7 /2

and addition also satisfied:
n > ﬁ 2N, (1.9)
kO

[ ko is a dimensionless value and is a refractive intkelf for the plane wave. Therefore it

is called theeffective index and is usually expressed as

B _ksing,

=n sin@
k. k. | N (1.10)

neff =

1.1.2.Rectangular Waveguide

In this section the wave analysis is describedHterrectangular waveguide with the
method proposed by Mercantili [1].The importanswaption of this method is that the
electromagnetic field in the shaded area in figdr@ can be neglected, since the

electromagnetic field of the well-guided mode decqyite rapidly in the cladding region.

Figure 1.2: Three-dimensional rectangular waveguide.
Taking into account the fact that we treat dielectsptical waveguide, we present the
Maxwell's equations for homogeneous and lossledealiric medium in the terms of electric

field E and magnetic field H.



OxE = - oH (1.11)

OxH =gn*— (1.12)

Where g, andy, denote the permittivity and permeability of the moed respectively is the

refractive index. We seek wave propagation in trenfof
H = H(x, y)el“” (1.14)

Substituting Egs. (1.13) and (1.14) into EqslI) and (1.12) the following set of equations
are obtained

0°H, 9°H, 9°H, 9°H
ot oy HCn - AR, =0 PV ayzy +(kn® - pHH, =0
Hy:0 HX:O
_ 1 oH, e LW, 1 0%H,
" argn’B oxdy B Y we,nB OX
_ Wy 1 asz 1 0°H
Ey H, 23 v , = _ y
B we,n“S 0y wE,N? P OXdy
__ ] oH, ~j oH
Ez_cunsn2 oy E, = Jz -
0 wWe,N” 0X
—ioH .
szfj axX =19y
B oy
(1.15) (1.16)

The solution can be express as
Acosk, X — @) cosk,y —¢) region 1
= — e (xa) _ -
H, =< Acosk,d - @e”* ¥ cosk,y-¢) region2 (1.17)
Acosk,x-@e "™ cosk,d-¢)  region3



Where the transverse wave numibery, yxand yy and the optical phasesand ¢ aregiven

by

—k; —k; +k°nf = =0 regionl

Vi -k +k’nf =% =0  region2

—ki +y; +k°nf - 5% =0 region3 (1.18)

= B = /k’n? - (k2 +K2)
and

T
€0=(D‘1)§ (p=12..)
(1.19)

T

¢=@-1)7 (@=12.)

When we apply the boundary conditions for the eleéield E;, at x=d and for the magnetic
field E'pqfor y=d we obtain the following dispersion equation

k.a=(p- 1) T+ tan [ ny] (1.20)
ka
Yy

kja=(q- 1) +tan (kJ (1.21)
y

As we are determining the fields for a symmetngaleguide, the dispersion equation for

E’pq is give by

T | V.
ka=(p-1)—+tan?| =% 1.22
a=(p )2 (k] (1.22)

T 4 nlzyy
k,a=(q —1)5 +tan 5 (1.23)

ofy
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1.2 Nanocrystal background

Our long-term objective is to investigate the imfition of chemically-synthesized
Semi-Conductor Nano-Crystals (SC NCs) dispersegatymer optical waveguides for
creating active and/or nonlinear optical devicesraping in the near-IR, and to demonstrate
that they offer similar — and sometimes unique —ncfionality to that of the epitaxial
approach. The epitaxial growth approach is wellarstbod and developed, and dominates
the photonic component marketplace. But the fabanafacilities are costly to install,
maintain, and operate, and the production procassists of many time consuming steps, all
leading to the high cost of photonic components a@lternative multidisciplinary approach
of utilizing colloid chemistry with planar fabridgah procedures allows for a novel approach
toward realizing simpler integration of NCs intotiopl devices. The chemical synthesis
approach only requires a two step process; theapaipn of the colloidal semiconductor
nanocrystals followed by the application of a cagpor shelling layer that serves to passivate
the semiconductor surface states and enable uniftispersal into the polymer. This
synthesis procedure can be performed on bulk dqiemtiand the NC can be stored until
needed for further processing in the colloidalestélanar waveguide fabrication consists of
spin coating, baking, lithography, and etching stephich are very simple to perform for
polymer materials. An additional simplification ses from the fact that the facility that
produces the nanocrystals can be disjoint fromotttecal waveguide fabrication facility, as
opposed to the case for semiconductor epitaxiavtirdacilities. The significance of the
composite approach is that the nanocrystals cayithesized and engineered with desirable
optical properties, while the polymer waveguides ba independently optimized for optical
fiber mode matching and utilize simplified fabricat. This specific project will promote
controlling the orientation of nanocrystals withime polymer matrix, thus expressing the
unique features associated with the NC's orientaiido the composite material.

The properties of nanocrystals are g by their bulk crystalline properties that
are altered by their shape and physical confinenpvemth causes quantization of the energy
levels while increasing the effective bandgap. @drver the size and shape of colloidal
NCs is accomplished by simple control over the suppprecursors and thermal conditions
during the chemical reactions that govern theimgho Further filtering procedure can be
applied to narrow the NC's size distribution sublattthe optical activity matches the
wavelength range of interest.

11



Due to size-controlled spectral tungbdnd chemical flexibility, semiconductor (SC)
colloidal nanocrystals are very attractive for tighteracting applications, including
fluorescent tagging [1], light-emitting diodes ,[3nd lasing [4]. The NCs show high
photoluminescence, but limited gain properties tlubow absorption cross-section [3], and
fast nonradiative carrier recombination due to Augeombination and abundance of surface
states [5]. These shortcomings are dealt by sarfassivation of the NCs using chemical
ligands (called also "capping"), or growing an ex& "shell’ made of different
semiconductor material. The external interface fcather serve to allow miscibility of NCs
in different materials. The shell can also semwealter the electronic levels by creating
regular (or "Type I") electronic structure, whehe telectrons and holes are confined in the
core, or "Type II" electronic structure, where ti@es are confined in the shell. The latter
configuration decreases the Auger recombination dae to charge separation [6]. Growing
NC in the shape of nanorods (NRS) is another waletoease the Auger recombination rate
while increasing the optical cross-section, andiragigholarization dependence to its optical
interactions [7, 8].

Figure 1.3 summarizes the bandgapdigdferent SC quantum dots (QDs). One can
clearly see that some of the materials possesgegutoperties in optical telecommunications
wavelength of interest, i.e. InAs, PbS, PbSe, &iher NCs are interesting due to their

permanent dipole moment (i.e., CdSe) which is aflena external electric field orientation.

3
I Semiconductor I

PbSe
PbTe A
Zns
ZnSe

ZnTe

UUUUUUUU

Figure 1.3 Sensitivity of bandgap energies to particle $mea range of semiconductors.
Bandgaps are shown for the bulk forms (circles) @ndbot radii of 10 nm (up triangles) and 3
nm (down triangles). From Ref. [9].
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1.3. Polymers Selection

Choosing a host material for the SC NC suitabletfa telecommunications band
(normally around 1550 nm, with applications als®@® and 1300 nm) requires special care,
as the host must offer not only miscibility of tNE€, but also transparency at the wavelength
range, processing at limited temperatures and cbhilgg with planar fabrication
methodologies. NC-host composites have been dematedtwith glasses, sol-gels, and
polymers, with glasses requiring elevated tempegatthat can ruin organic capping layers.
In this work we shall explore polymer hosts, dueh®ir compatibility with NC ligands and
simple fabrication requirements. However, many pwys have molecular bonds that result
in high absorption in the IR (InfraRed) region daaesonances at these energies (especially
the OH and CH bonds)[10,11]. Fluorinated matet@ge been a subject of research for this
reason. Removing hydrogen and replacing it witlorfhe in the organic network negates
absorption due to the C-H bonds that have strosgrakion in the visible and near infrared
regions which is where most communication systepesaie. Absorption due to C-F bonds
occurs at longer wavelengths compared to their €stinterparts [1]. Flouropolymers are
well suited for waveguiding IR light as they exhilery low absorption (<0.15dB/cm) over
the range of 400-1600nm, offer high temperaturdiliia and long durability, can be
patterned using standard spin-coating, lithographgt etching procedures, and have been
combined with NCs to form a composite [12]. | witlcus on device construction in Per-
Flourinated Cyclo-Butane (PFCB) polymer as coreemalt

For the cladding material | choose Cytop™ withaefive index of 1.34 which shows
excellent clarity and solubility to fluorinated gehts[13], can be patterned using standard
spin-coating, lithography and etching procedures addition has exhibit excellent
transparency over a wide range of wavelengths diatulR region [13].

This polymer combination allows us to create higthex contrastn of ~10% which

allows highly confined optical mode operation.

13



2. Single-Mode Waveguide Parameters Selections

2.1 Waveguide Design Requirements

This chapter presents the design and analysishaglaindex contrast (HIC) single-
mode waveguide in highly confined geometries caresion in PFCB polymer using Cytop
as the outer claddingnaterial. In figure 2.1 we can see a schematicgdesf triple-layer
stack geometry WG where h is the height and weswitdth of the PFCB core and d is the
Cytop layer thickness between the silicon substatethe PFCB core. In order to cope with
the fabrication variation we design devices witfiedent width and dimensions such as ring
resonators. This WG design and analysis is partlzdised on previous work [14] done in

Dan Marom group.

Silicon Substrate

Figure 2.1: Schematic design of a triple-layer stack geomét(y.

2.2.Waveguide Core Width and Height Selection

The single mode criteria can be found with numérieahniques by extrapolation of
the effective index associated with the fundamemtalde as a function of waveguide
dimensions and finding the intersection of thishwihe cladding index. This is shown in
figure 2.2. From figure 2.2ve conclude the cut-off dimensions criteria forggnmode is
1.6um for a square core, therefore |In% waveguide width and height was selected. We
choose a square waveguide (w=d) geometry to overqmiarization effects that occur when

the waveguide core is not a symmetrical one.

14



effective index vs. core width
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Figure 2.2: Shows the approximate cut-off of the first fundataérkE; mode of a PFCB -

Cytop waveguide with a core having a square cresses). This defines the single mode
criteria for high-index waveguides.

2.3 Polarization
2.3.1.Birefringence
When a waveguide doesn't have a symmetrical gegmetwill have different
propagation constants for different polarizaticas shown in figure 2.3. Notice in figure 2.3
the effective indexes of the two different polatiaas cross when the width of the waveguide
is 1.5um (the waveguide is symmetric).We define the bingence as

AN = (Negr ~ Ny ) (2.1)

effective index vs. core width
T

=
i
N

I

g »

S L
T T

=

w

©
T

effective index
= =
w w
~ [s<)
:

I

w

>
T

[

w

a
!

1.34 L L
0.5 1 15 2

waveguide core width (um)

Figure 2.3: The calculated effective index of jua PFCB core thickness as a function of
waveguide width. Note the geometrically inducedhingence for waveguides not having a
symmetric core.
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2.3.2.Effective Group Index

The effective index does not just vary as a fumctd waveguide dimensions; it also
varies with the wavelength. Longer wavelengths temdbe less confined and have lower
effective indexes. The geometric origins of thigiatoon associated with the waveguide
cross-section can be explored by assuming thatetinactive index of the materials doesn't
change significantly over the wavelength range dpemnsidered.

The group velocity of a guided modg is given by [1]:
1

Ug :@ (22)

ow
wherep is the propagation constant ands the angular frequency. The angular frequency is

: c . .
related to the wavelength through the expreaﬂgmn;, and the propagation constant is

related to the effective index through=n_, 2/]_”.The chain rule can be applied and an

expression for the group velocity derived.

c A¢c
Ug =37 = (2.3)
Ny =/ it 1
041
Where it has been assumed that the effective irlaxunction of the wavelength, anglia

the effective group index associated with a modgure 2.4 shows the effective group index
as a function of wavelength. Two cases are showa tleat corresponds to a waveguide with
a square core (1.nx1.54m) and one that corresponds to a waveguide witiamgalar core

dimensions of 0.8imx1.5um. In the latter case, the polarization modes plie s

16
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Figure 2.4: The calculated effective group index of high-indmntrast waveguides, based
solely on waveguide geometry, with two differerass-sectional dimensions: urfx1.5um,
referred to as symmetric; and Ou88x1.5um referred to by the width, 0.8B. Note that the
polarizations are degenerate in the symmetric case.

The different group velocities for the TE and TMlg@ations lead to polarization
mode dispersion (PMD). Figure 2.4 shows the differgroup indexes associated with the
polarizations as a function of wavelength for twavweguides - one that is symmetric where
the group index is degenerate with respect to thlarization; and one that is asymmetric.
This is, however, not a broad-band effect and gdlyespeaking the more asymmetric the
waveguide becomes, the more polarization mode diggethere will be. From figure 2.4 |
calculated that for waveguide with core dimensiohd.5umX1.5um at 1.5%m wavelength

the effective group index is 1.49.

2.4 Mode Profile
2.4.1.Mode Simulation
In order to achieve a single mode waveguide witlbhdgamode confinement, the
effective index of the waveguide should be abovdogy(n=1.34). The mode profile
simulations have been performed on Comsol 4, arBdde solving simulation program.
Figure 2.5 shows the simulated results for squaageguide, where the mode intensity
profile has been calculated (w=d=itb) for TE incident wave (the TM intensity mode

profile is identical as explained i8.3.1). Figure 2.6 shows the simulated results for

17



rectangular waveguide with core dimensions of @mB881.5um, where the mode intensity

profile has been calculated for both TE and TMdeait waves.

| i
a 0.8} = ﬁ \
z i
m
g 0.4} H \
=) H
Z 02/ / \
I SR
of et S ,
-2 -15 -1 -05 O 0.5 1 1.5 2 8 4 3 3 4 5 &6 7 8 9 10

Figure 2.5: Simulated TE intensity mode profile result for inbx1.5um square waveguide
with a 1.8&m waist.

-2 -1

Xpm] X[um]

Figure 2.6: Simulated TE(a) and TM(b) intensity mode profiesults for 0.8amX1.5um
rectangular waveguide with a 1.906x2.06um waist.

2.4.2.Modal Confinement

The modal confinement is defined as the fractiorthef power in a guided mode traveling
along a waveguide that is confined to the coreoregit is related to the effective index and
for a given core and cladding materials, it is etpe that a higher effective index generally
translates into a higher modal confinement. Thedémmental mode tends to be the most
confined just as it tends to have the highest #ffecindex. The fundamental mode's

fractional power confinement of a B x1.54m waveguide core at a wavelength of 1550nm

18



is calculated by Eq. 2.4 [1] which gives approxiemat F'=0.56 and '=0.47 for
0.85umx1.5um waveguide core (as calculated with Comsol 4 sai)v

P
[=——oe 2.4
PCOFE + P ( )

clad

Related to the modal confinement is the spot sizth® propagating field and the
optical intensity. When the modes are highly coedimn a small core the optical intensity is
high. The spot size (beam radius) of api&1.54m waveguide core at a wavelength of
1550nm is approximately 1.8 as shown in figure 2.5fewaist of the power density),
when making a Gaussian approximation (referencesfmussian approximation [15]). This
means the optical intensity for 0dBm is approxiryafg]:

P

W
I :]7\N2:9X1§W @

2.5 Substrate Leakage

Substrate leakage happens when the low index tohaidding layer is too thin to
provide sufficient optical insulation between thghhindex Si substrate, as shown in figure
2.6a for 0.3m Cytop under-cladding layer. This can be prevemasily with a careful
designed substrate separation as shown in figureFdr 3.5um Cytop under-cladding layer

the substrate leakage is negligible as shown urdi@.6b.

silicon substrate ) silicon substrate

-3 -2 -1 0 1 2 3 -4 -3 -2 -1 0 1 2 3 4
X[um] X[um]

Figure 2.6: Comsol mode solver leakage mode solution examf@@sTM intensity mode
profile for 1.5umx1.5um square waveguide with 0% Cytop under-clad separation. (b)
TM intensity mode profile for 1{imx1.5um square waveguide with 31 Cytop under-clad
separation.

19



10}~ _

15 _

20+ m

251 _

30~ _

351 _

Core Loss [dB]

401~ _

45 _

501 _

55 | | | | |
0.5 1 15 2 25 3 3.5

Under-clad thickness [um]

Figure 2.7: The substrate leakage loss vs. under-clad thisknesiputed by comsol mode
solving simulation program for 0dBm input power.

2.6.Mask Design

The first step, prior fabrication, is to designagdut for the signal lithography mask
required. The mask used in this process defineshlape and location of each waveguide
structure in the x-z plane of the die. In ordecharacterize the waveguide propagation and

bending loss waveguides with different parametexeibeen designed.

2.6.1. Propagation Loss

The presence of optical loss not only provides umtea signal attenuation while
traveling inside the waveguides, but also affelotsgerformance of many waveguide-based
optical devices such as couplers. Compared to apfiised silica fibers which only has a
fraction of dB per kilometer, high transmissiond@ssociated with polymeric waveguides is
due to high index contrast in these waveguidesthei planar geometry. The mechanisms
that can contribute to optical loss in waveguidedude Raleigh scattering [16], which is
caused by fluctuations in the refractive index, ahhfrom previous work expected to be
0.29dB/cm at 1550nm[10]; and irregularities at ierface between the core and cladding
materials. Irregularities at the interface betweke core and cladding are usually more
pronounced on the sides of the waveguides thatlefieed by etching. The sidewalls of the
waveguide tend to be rougher because they areedetfimough a lithographic process from a
mask which has a certain inherent roughness, amdréimsfer of the pattern goes through
exposure, development, and etching.
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The simple analytical model proposed by Tien [difgws that propagation logsdue

to sidewall roughness is defined as:

40°h? _o

_ “ksh
“Frr e @0

where o is the interface roughness,is the waveguide thickness,ks the free spadéjs

modal propagation constautn the difference between the refractive indiceghefcore and

cladding, whileh and p are the transverse propagation constants in the aod cladding,

respectively. It is seen that loss is proportioteE’ / E°dx, the normalized electric field

intensity at the core/cladding interface and togtyeare of interface roughness
Generally, the combination of waveguide propagatmss and fiber to waveguide
coupling loss is called the insertion loss whicpresents the total attenuation of the system
[dB]:
a=a.+a,lL (2.7)

whereq, is the total insertion loss [dB{\ is the total coupling loss [dBd, is the waveguide
propagation loss coefficient [dB/cm], and L is thaveguide length [cm].

The waveguide transmission loss coefficient canabeurately measured by the
following method: Fabry-Perot resonance technidlly,["cutback” method [19] and Ring
resonator resonance technique [20].

2.6.1.1. Fabry-Perot Resonance Technique

A common method to measure optical waveguide ilatmch signal from optical
fiber into waveguide from the input port on one edxq the chip and pick up output signal
from the output port on the other edge. In orderréduce scattering during fiber to
waveguide coupling, chip edge where waveguideggpesed are polished to obtain smooth
facets. This creates a resonance cavity along éveguide between the two highly reflective
facets. Using Fresnel equation and assuming noimgldence at parallel waveguide facets

we receive:

R — ( r]incident B neff ]2 8}2

r\ncident + neff

Where R is the reflectance;duentis the refractive index of air.
Each set of cavity length and effective index hasharacteristic feature created by
interference effect due to the phase differenceditferent path length. The constructive

interference satisfies:
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L=mai (2.9)
ndf

where L is the length of the waveguide; m is aeget number and represents the number of

round-trip that light has traveled in between th® tfacets. Thewaveguide loss can be

1+ h
1 Pmax
a =—In| R———=

TN T [P (2.10)
P

max

calculated from:

Where P, is the maximum transmitted power aRy, the minimum transmitted power.

One advantage of this method is that it is indepah@n the value of the coupling losses.
The drawback of the Fabry-Perot resonance technggiinat the actual reflectance, R, always
deviates from ideal case due to tilted facet, roggls, and tilted incident angle.

2.6.1.2. "Cutback" Method

From Equation 2.7, we know that insertion losdapendent on waveguide length. If
we keep the coupling loss constant then the tatss lwill become a linear function of
waveguide length. In figure 2.8 we can see lithpgyamask layout with waveguide length

varying from 26408m to 62408m. The bend angles at the "paperclip" shapes aral sg

that their contribution can be cancelled.

Figure 2.8: Lithography mask layout of propagation losses array
2.6.1.3. Ring Resonator Resonance Technique
Ring resonator (or racetrack resonators) are niyt pmotonic devices for filter, but
also useful to derive waveguide propagation lossfimeent. Figure 2.9 shows schematically
a ring resonator with a single directional cougdle€), and gives the notation used. For the
coupler in figure 2.9b, the fields b and b' at tlputs are related to the fields a and a' at the
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inputs by self-coupling coefficients &nd t, and the cross-coupling coefficiendisand’,
according to Egs. (2.11) and (2.12):

b=ta+x.a 2.11)
b =t.a+k.a 2.12)
a =tb (2.13)

Substituting Eq. (2.13) into Eq. (2.12) gives E2j14):
b=(t, - (tt -k, )1, ) (2.14)

(a) (b)

K.
a' b' ><
K

a - b

a b —_— 7

Figure 2.9:Ring resonator with a directional coupler (DC): gahematic of the DC-coupled

resonator and (b) expanded view of the couplenyvstgpthe notation used in the text for the
fields (a, b, a' and b"), the self-coupling coediits t and t', the cross-coupling coefficients
ke andk.', and the transmissiop around the ring [20].

Since energy is conserved, the following Eq. (2HdYs:

[k +‘b"2 =a?ld’+a.? a"z (2.15)
Substituting b and b' from Eqg. (2.12) and Eq. (R.t@o Eq. (2.16) gives the following
relations, Egs. (2.16), (2.17) and (2.18):

]+ "= a2 19
t +|x " =a? (2.17)
tk +kt =0 (2.18)

Egs. (2.17) and (2.18) lead to the following relatEq. (2.19), which can be used in Eq.
(2.14):

' g % ' * t !
tt.—KK. = (tctC +K K, )t—c =a; t—c (2.19)

C C

To simplify the final result, we introduce the pbaag and g through Egs. (2.20) and (2.21):
g @)2
e ()2

t =t

t =

t,
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and define the following coefficients in Egs. (2.22.23), (2.24), and (2.25):

K=k |la, (2.22)
t=t.|/a, (223
a=a, 22)
=g +q (225
Then Eq. (2.14) can be rewritten as Eq. (2.26):
— nd? .
b_(tzae® Mt i (2.26)
a \1-ate’ )t,

Taking the absolute square of Eq. (2.26) gives(EQ.7):

2

2 2 2 _
T2l =] @7 o | =Ll ay @2.27)
al |t 1+at° - 2atcosp) |t,
where the factoy is defined as Eq. (2.28):
2 2 _
= Lra —2atcosp (2.28)
1+a1° - 2at cop

The factory determines the shape of the resonances [21];tHe tactors in Eq. (2.27) vary
more slowly with wavelength. The coefficientsand t can be related to the width and depth
of the resonances [22]. LAkrwhm be the full width at half maximum of a given reaane,

andA\esg be the free spectral range. The finesse F is debyeEq. (2.29)

VEMFSR /A/lFWHM (2-29)
and the extinction ratio is defined by Eqg. (2.30)
EST 0! Toin (2.30)
Then the following relations Egs. (2.31) and (2.3fpiv from Eq. (2.28) foy:
(a+t)(1-at) ]
E=|+—F—+ (2.31)
(a-t)(1+at)
_ 2at
cos(77 Iy) = T 070 (2.32)

Equation 2.32 can be solved for the produictand that result can be substituted into Eg.
(2.31). The result is a quadratic equation thatgie and t as the two roots. The result can be
written in terms of the following two quantitiesakd B, defined by Egs. (2.33) and (2.34):

cos(7 /y)

As—— 7
1+sin(7r 1y)

(2)33
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_. |1-coqmly)|1
8=l L+cos(n/y)]9 (2:34)

In terms of thesey and t are given by Eq. (2.35):

(at) =(§j i(g— j (2.35)

In a ring with a directional coupler, t varies apgmately sinusoidally with
wavelength [23]. On the other handis not expected to depend this stronglylomhen the
bending losses are small. Alternatively, t anctbuld be distinguished by their dependence on
device geometry, if different geometries are awd@a For example, keeping the same
coupler geometry but increasing the radius of ihg will leave t unchanged (to within
tolerances in the fabrication) but will change For small rings, when bending losses
dominate,a will decrease as the ring is made smaller. Fggelaings, where propagation
losses dominate, will decrease as the ring is made larger. Figut@® 28hows the lithography
mask layout of an array of racetrack resonator wifferent radius and directional coupler

spacing.

(@) e N e A" ot rria (b)

Figure 2.10: (a) Mask layout of racetrack resonators of anyaofaracetrack resonator with
different radiuses and directional couplgracing. (b) Racetrack resonator with B0
Radius, 7@m coupling region and 1u®n couplerspacing.

In order to extract the losses from the loss fatumsed the resonance response from
ref. [24]:

(A-A)° +(F48Rj2 (a'z—t '2)2

7T

(A-=4)° +(F4?;j2 (cr'2+t'2)2

(2.36)

| can distinguish between the coefficieatsaand t' using the method described before.
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The propagation/bend loss in a round trip is cal&d by:

-10x Ioglo(l—a E)dB fround —trip (2.37)
The propagation/bend loss in &%@nd is calculated by:
—2.5x log,(1-a *)dB /90 (2.38)

2.6.2.Radiation Loss in Bent Waveguides

A curved waveguide results in power attenuation wuthe leakage of light around
the bend [25]. It is a fundamental issue when dsgy any type of integrated optical
structure. The physical mechanism responsible émddoss is described by a simple model

[25]. An analysis by a conformal transformatiorsalissed, represents the refractive index in

polar coordinates and their transformation intot€aan coordinatx=R In(r / R) is
i(x)=n(Rexp(x /R)) exix R) (2.39)
Where R can be chosen arbitrarily. The transformed indefile is shown in figure 2.11 for

a curved slab guide with equal to the radius ofdbter wall. It indicates the exponential

increase of the cladding index as the distance trarcenter of curvature increases.

4
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Figure 2.11: Transformed index profile of a slab guide withgit bending radius at the

outer wall of 25um [25].

A second effect is a shift of the mode power frama tenter of bend as a centrifugal force.
Figure 2.12 shows a simulation for a bent fiber][d%his shift, if not taken into account, can
lead to a mismatch when the guided mode is coupléa a straight waveguide or to a bends
with a different curvature. To overcome this effébe use of an offsets is suggested, to best

match the mode patterns of coupled dissimilar guide
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Figure 2.12 Outward shift of the modal field in a bent fider R =, left, and R =1 cm,
right [25].
A simple scheme to numerically predict the attéiomaof the propagating power in

curved waveguides formed by a curved strip of widthnd a refractive index n, surrounded
by index nAn was developed by Dragone [26].An optimizationths overlapping integral

between the straight waveguide and the electriddim the bend, determines the propagation

constant
£ = Lexp{—i‘ (z2- 2.388 b)ﬂ (2.39)
(Zﬂnj 3
n
Where
1/2 1/3
7= (@j (@j (2.40)
n 2
1(. 065
b==|1+ 241
(1452 (2.41)

In figure 2.13 we can see the bend loss as caélifabm (2.40) and (2.41) for 90
curvature. Two cases are shown, one that corresptma@ waveguide with a square core
(1.5umX1.5um) and one that corresponds to a waveguide wittamgalar core dimensions
of 0.85umX1.5um.We can see that loss for square waveguideu®&.5um) are negligible
for bends that are higher than 12§ and for rectangular waveguide (Qu&oX1.5um) for
bends that are higher than 24@.Clearly, the bend loss is very sensitive to waneg width

therefore lower losses for wider waveguides.
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Figure 2.13: Bend loss for 90curvature waveguide with a square core{in%1.5um) and
rectangular core (0.8 X1.5.um).

To characterize bend losses, an array of wavegwdes designed, the array includes
a varying number of $0curvatures with different radiuses, all with bendsth of 2.um.
After etch bend a taper narrowed the waveguide antelaxation straight of the designated
waveguide width of a 116n. This was done to let the fundamental mode devieéxk. The
Lithography mask layout of Bend losses array iss@néed in figure 2.14.Furthermore, a
characterization of the bend loss can be provide@ ling resonator as it was explain in
2.6.1.3

Figure 2.14 Lithography mask layout of Bend losses array waithius bend varying from
50um to 50Qum.

2.6.3. External Coupling

In order to coupled light beam into the waveguidput and output we used
commercial lensed fiber with a beam spot size &wa. Since our waveguide core
dimensions are 1#nX1.5um we need the use a taper. To achieve the bestlimgup

efficiencies and mode matching abilities in a tapés necessary to design a taper that will
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insert the required mode in to the optical wavegulévice by designing a moderate slope
taper it is possible to avoid neighboring modeg.[2he taper parameters were calculated
using [27] which gave taper width ofu® and taper length of 1hth as shown in figure 2.15.

We design the taper only in the planer dimensianddbrication reasons. In figure 2.16 we

can see a CCD image of coupled light into the tated waveguide.

Figure 2.16: CCD image of a coupled light in the waveguide wdimensions of 1,m
X1.2um.
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3. Waveguide Fabrication

3.1.General Description

The main objective of this work is to develop fahtion process of a waveguide structures
with a PFCB polymer as core and Cytop polymer addihg.. The device structure is shown

schematically in figure 3.1.

Silicon Substrate

Figure 3.1: Device structure

The developed process flow proved more challenthiag expected, due to Cytop’s material
properties (hydrophobic), {Cytop®© is an amorphossuble perfluoropolymer produced by
Asahi Glass Company having properties of fluoridatpolymers including optical
transparency and chemical resistance.}And fromsstia the PFCB-Cytop films resulting
from CTE mismatch with silicon substrate. Howevéie process is now completely
stabilized and reproducible, made possible by duoing nanometric chemical vapor

deposition of oxide at low temperatures.
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3.2.Process Development
3.2.1.Cytop Adhesion to Silicon

Silicon Substrate

We begin with a polished Silicon wafer that istfireated with Silane coupling agent due to
Cytop A grade poor adhesion to silicon substrat@rter to apply the Silane to the wafer, it
was slightly agitated in a Silane environment faniButes and then was placed on a hot plate
set to 188 for duration of 30 minutes.

3.2.2.Cytop Under-Clad

Silicon Substrate

A 3.5 um thick under-clad layer of Cytop was necessamyrder to prevent coupling between
the waveguide core and silicon substrate due tgtbsents of the high refractive index of
silicon. The Cytop was spun coated in two step® flist was in 600 rpm for duration of 7
second in a ramp level 3 in order to spriée Cytop on the wafer, the second was in 1000
rpm for duration of 30 second in a ramp level Jathieve the 3.5um desire Cytop layer.

Then the wafer was cured in an oven set td 1@0duration of 4 hours.

3.2.3.PFCB Adhesion to Cytop

Cytop is an amorphous fluorocarbon polymer as su@hhydrophobic Teflon-like film. A
thin film of 30nm Oxide layer was deposited with B\{chemical vapor deposition) in a
temperature of 40in a rate of 10nm/min for duration of 3 minute w2 mtorr chamber
pressure and 13 sccm® and 4 sccm SiHflow rates. This process is necessary to help the

next polymer spin coat adhesion to succeed.

3.2.4.PFCB Core Spin Coating

PFCB Core

Silicon Substrate

The PFCB polymer was chosen as the core, it was apated in 4800 rpm for duration of 45
second to achieve 118n layer and then cured in g Environment in an oven set to £Z6r

31



duration of 16 hours. As PFCB is teflon-like film18 seconds ©plasma etching surface

treatment is needed for opening some Surface boefdse the next layer is deposited

3.2.5.Cytop Over-clad Spin Coating

PFCB Core

Silicon Substrate

When we try to deposited 200nm oxide layer as maagk on the PFCB layer problems
occurred with oxide (~0.5 ppmfCmask from stress [28], likely due to CTE mismatath

the polymer as we can see in figure 3.2.Accordmeet. [28] there is a built in stress in the
PFCB (~60 ppm/€) film as a result of its coefficient of thermalpansion (CTE) mismatch
with silicon substrate. This makes the film vulrdeato abrupt temperature change.
Simulations with Comsol Multiphysics of a @@ radius cross section at a 0@ere
preformed. The results are shownfigure 3.3where we can clearly see that the stress are
concentratedt the 200nm oxide layer. When | addedunSCytop layer the simulation show
10% decrease in the 200nm oxide layer stressesCYtop (~74 ppm/€ was spun coated in
3000 rpm for duration of 30 second to achieveith3ayer and then cured in oven set t0°.20

for duration of 4 hours.

Figure 3.2: Microscope picture of cracks after deposition ddrd® oxide layer.

32



(a) 0.5um Photoresist

1.5um PFCB Layer 200nm Oxide Layer

3.5um Cytop Layer

Silicon Substrate ]'!

Figure 3.3: Comsol Simulations at 18®f a 2Qm radius wafer cross section. @@ithout
Cytopdlayer the maximum stress is 4.85%P@. (b) With Cytop layer the maximum stress is
4.4x10 Pa.

3.2.6.200nm oxide hard mask deposition

PFCB Core

Silicon Substrate

In the process of etching the waveguide channelgedgtive ion etching (RIE) it is necessary
to provide a mask material that has different gsemityi for the etching chemistry
(Selectivity), this element is referred a hard mask. Since the photoresist is alsoganiar
polymer the etching rate of Cytop and the PR arthatsame region, it is impossible to
achieve the desire aspect ratio with the use d® aask at the RIE process. | chose as a hard
mask material 200nm silicon dioxide (oxide) depasitow temperature of £0with CVD at

a rate of 60nm/min with 4 mtorr chamber pressuik4thsccm MO and 16 sccm SiHlow
rates for a duration of 3 minute as we can seeigard 3.4. When | deposit in higher
temperature problem occur in the form of crack beeeaof the thermal expansion mismatch

between the oxide and the Cytop layer.
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Figure 3.4: Microscope image 200nm oxide layer deposit &t 40

3.2.7.Lithography — PR Spin-coat, Prebake, Exposure, an®evelop

PFCB Core

Silicon Substrate

PFCB Core

Silicon Substrate

To achieve thin layers of 0.5um an AZ1505 photstesas used. The application of AZ1505
allows for small resolution elements. Prior to spaating of the photoresist the wafer was
cured in a hot plate set to f0@r duration of 3 minute in order to remove hurtyidthis step

is necessary to help the next polymer adhesiondoegd. The photoresist was spun coated in
two steps: The first was in 600 rpm for duration7o$econd in a ramp level 3 in order to
spreadhe photoresist on the wafer, the second was 0 40 for duration of 30 seconds in

a ramp level 3 to achieve tle5um desire photoresist layer. Afterward the phototesess

34



cured in a hot plate set to 0for duration of 10 minutes. The following step thafer was
placed in the lithography SUSS mask aligner, ltietparameters to a vacuum contact and 1
sec UV exposed time. The following step the wafeaswplaced in a developer
(AZ 726 Developer) for duration of 15 seconds. Afterd | used to cure the developed
photoresist layer on a hot plate at 10ut this step led to cracks in the wafer as wes=e

in figure 2.5, the solution was to cancel the step.

=
=3

Figure 2.5: Microscope image of crackedter post-back the wafer in 10@r 10min.

3.2.8.Reactive lon Etching (RIE)
3.2.8.1. Step 8a —Oxide Reactive lon Etching (RIE)

PFCB Core

Silicon Substrate

The process was done with an ICP-RIE Oxford Insemits Plasmalab System 100 plasma
etcher machinéiVe etch the selective oxide layer at 15 mtorr chempobessure and 50 sccm
CHF; and 50 sccm Ar flow rates at 20° with resultsticheng rate of 60nm/min.
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3.2.8.2. Cytop and PFCB RIE

Silicon Substrate

| etch the selective PFCB and Cytop layers at 2rmaisamber pressure and 10 sccmaD

20°, which gives an etching rate of 1.7@#/minfor the Cytopand0.717um/ minfor the

PFCB and. Figure 3.6 shows a SEM picture (prioffital cladding spin-coating) of a
fabricated device after the Cytop and PFCB etclegss.

|
d—t—— Cytop overclad

0.2 ym Oxide layer
-4—PFCB core
l i
| i
T 0.49
30 nm Oxide layer g9

Cytop under-clad

Figure 3.6: SEM Image of ridge waveguide with cross sectiod.66um X 1.8um after RIE
process prior to final cladding spin-coating.

It is important that roughness of the WG sidewalils by as small as possible for minimum
optical losses. In this process the sidewalls roegh are in the 75nm scale as we see in

figure 3.7. In ref. [28]the authors suggest that experiments can be daneodighness
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reduction by possibly reducing CO in the mixturattresults in less sidewall passivation and

therefore possibly less roughness.

i

Figure 3.7:waveguide sidewall roughness on the 75nm scale.

After step 8 and 9 the waveguide width was 0.5%h6 narrowed as we can see in figure
3.8. This narrowing occurs because of the lightosype and development in the lithography
Step and the RIE process. In order to reduce nargpeffect in [29]the authors report the
successful development of a PFCB etch using a C@tG2 chemistry in an ICP RIE. The
addition of CO purportedly promotes the developmeint thin passivation layer on the
sidewalls to suppress spontaneous chemical etchingoxygen and thereby prevents
excessive trench widening. This narrowing shoulddigsidered in the mask design to get the

required waveguide width.

Figure 3.8: Microscope image @, 8, fum waveguide width after step 8 from right to left.
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3.2.8.3. Oxide RIE

Silicon Substrate

We etch the remaining oxide layer in the same ¢ardas step 8a.

3.2.9. Cytop Overall Coating

Silicon Substrate

To produce symmetric signal wave mode in the wanEgut is necessary that the core will
be covered with the same refractive index matéroah all sides. Moreover it is essential to
protect the waveguides channéem moisture, dust, or other physical damage, tnd
improve the long-term stability, the addition o€tladding layer is essential. A simple spun-
coat and curing same as in step 2 was done. Adritleof the curing it is seen that the Cytop
layer had an adhesion problem with the deviceseasam see in figure 3.9.Another problem
is the solvent incompatibility between Cytop andCBRhat cause an undesired sidewall etch
as we can see in figure 3.10. In order to stitese problems | deposited an oxide layer in
the same way as step 3. At the end of curing af fictOduration of 4 hours some devices
were cracked. This problem occur because of thendleexpansion mismatch between the
oxide and the Cytop layer, it was solve by lowerthg curing temperature to 10€r
duration of 2 hours.
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Figure 3.9: Microscope image aCytop over-clad layer with an adhesion problem.

Figure 3.10:Dark field Microscope image of an undesired sideetah.

3.2.10. Gluing the cover glass

In order to access the WG we needed to dice therveafd follow with edge polishing of
edge. To withstand both the dicing and polishihgyas essentidb cover the wafer with a
glass substrate (200nm). In order to achieve thé gumbers of method were tested:

The first method was by spun coating2film thickness of Cytop on both the wafer and the
cover glass (200nm); afterwards they were attactoggther and were cured at 26r 2
hours. We can observe in figure 3.ttfat a complete destruction of the WG has occurred

during the curing process, reason being is thaesoblfor the Cytop was unable to evaporate.
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In order to solve the problem we place both theewahd the cover glass on a hot plate at
50° for 2 minute in an attempt of removing the solyemd then they were attached together
and were cured at 12@or 2 hours; the result was an improvement buk stime solvent
damage could be observed. In an a attempted adginog the wafer from the solvent damage
we deposit 200nm oxide layer, it solved the sdiwEmage but when we attempted to dice
the wafer the cover glass disconnected from themvaf

Figure 3.10:Microscope image of the complete destruction of @Hér the curing process.

Glass substrate

Silicon Substrate

The second method we cover the wafer with a glabstrate that has been glued with a thin

layer of UV adhesive. Short O2 plasma etching serfmeatment of 30 second was carried
out followed by spin coating ofidn film thickness of Cytop that was cured at 4f0 1 hour

(The second Cytop layer function is to insugemdclad in any direction as the simulation
required); Second O2 plasma etching surface tredtofe80 second was carried out followed
by spin coating ( (1) 600rpm for 7 second in a rdevel 3 (2)1000rpm for 30 seconds) of a
thin layer of UV glue (Norland optical adhesive #i)order to achieve as thin layer as
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possible the wafer and the cover glass were sqddszband and was put in a mask-aligner

for 20 seconds UV exposed time. The final resuk wd4um UV glue layer as we can see in
figure 3.11.

(@)

Figure 3.11:(a) Microscope Image of diced edge polish pajtMBagnified image of a
PFCB core with waveguide cross section ofutn®2um.

3.2.11. Dicing

.l

Dicing is an important step that exposes the immat output waveguide faces for in and out

coupling of light once waveguide devices are faiigd on the substrate. Thieing was

done using with a diamond saw speed of 1.5mm/sec.

3.2.12. Polish

Polishing the edges is done in seven steps offpofjssheets from 16n to 0..lum. Figure

3.11 shows a polished silicon wafer with the p@iPFCB core.
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4. Optical Waveguide Characterization

4.1. Introduction

The characterization of fabricated optical wavegaids a very important and
essential step in any waveguide fabrication prodessnecessary to evaluate and to confirm
that the fabricated waveguide exhibits characiesists designed. Some of the waveguide
parameters that are usually measured are: the waleetransmission loss, bend loss and
mode profiles. The evaluation of the waveguide abi@ristics serve as a feedback to the
design and the fabrication process, which is ctdoiathe improvement of the waveguide
performance. In this chapter, the various optical@guide characterization techniques used
in this dissertation will be elaborated.

4.2 Imaging the radiated light at the output facet

The experimental setup is shown in figure 4.1. Ggint source was HP 8168F
Tunable Laser Source tuned at wavelength of dnrbfoutput of 0dBm) which was launched
into a lens fiber (polarization maintaining fibeithvtapered tip on one end, spot diameter of
2.5+0.2%m, working distance 14+2m) and coupled into the input of the waveguiaeet.

The exit facet of the waveguide was imaged wi0a objective (Mitutoyo Plan Apo NIR
Infinity-Corrected with NA=0.42, working distancef d7mm and resolving power of
0.7um).The transmitted light was than focus using f=860 tube lens onto the target IR
camera (SU320-1.7RT). The sample, lens fiber anteca were mounted on high precision
Xyz stages to achieve accurate and stable alignment

[

i)

IR camera

! uid

E =
Sample I X-Y-Z Stage

X-Y-Z Stage
X-Y-Z Stage

Figure 4.1: The experimental setup for imaging the radiatgltlat the output facet.
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Figure 4.2ashows the measured guided mode size fromumX8l.5um square
waveguide at wavelength of 1}5%. We obtain a Gaussian fit mode size height of
200=2.75£0.4um and width of #,=2.88+0.422m as shown in figure 4.2b. To verify our
results we compared it to a simulation for a wavéguwith the same parameters as shown in
figure 2.5.The result obtained from figure 2.5 result in asvaf 1.88m, which is not in
good agreement with our experimental result. Tlasar for the discrepancy is the numerical
aperture mismatch between the waveguide outputt fid@e=0.5 and the 50x objective

NA=0.42.In order to solve the problem we can ugeailve with larger NA.

Normalized Power

s " " M " £ " " " 2
o 4 a 12 s 2 34 28 a2 e -

‘X( um)

Figure 4.2: (a) Image of waveguide output with dimensions .&ffin X1.5um. (b) Intensity
profile with Gaussian fit which gives width ofbg=2.88+0.42m.

4.3.Propagation Loss Measurements

Waveguide propagation loss measurements were pwtbrusing a Lightwave
Measurement System agilent HP 8164A. A polarizet been used for adjusting the light
polarization for both TE and TM guided mode .Theetabeam was launched into a lens fiber
and coupled into the input of the waveguide fadé&e output waveguide facet power was
coupled into lens fiber and then was measuremang uightwave multimeter. The sample
and lens fiber were mounted on high precision X@ges to achieve accurate and stable
alignment. The experimental setup is shown in #gu3.

In figure 4.4 we can see the interference fringea Babry-Perot cavity spectrum for
waveguide with square core dimensions ofuinX1.5um and waveguide length of
0.851cm.Using Egs. 2.8, 2.10 we receive propagatass of 1.06dB/cm at 1.Hn
wavelength.For 0.8umX1.5um waveguide we receive propagation loss of 3.48uBat

1.55um wavelength.
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Figure 4.4 Fabry-Perot cavity spectrum for waveguide with codenensions of
1.5umX1.5um.

Propagation losses of the fabricated waveguidesigtesr than the theoreticalue
(0.29dB/cm) because of the interaction betweemtbde in the waveguide and the sidewall
roughness and fabrication imperfections of the nkawaveguides.

Measurements using the cutback Method with wavesguidf different lengths
indicate that coupling losses dominate over propagdosses. In order to overcome this
problem we need to design waveguides with largegtte which will result in propagation
losses which are dominate over the coupling losses.
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4.4 Bend Loss Measurements

Waveguide bend loss measurements were preformed tise same experimental
setup as presented at figure 4.3. The fabricateetnack resonators which were tested had
core dimensions of 0.88nX1.5um as opposed to our lmx1.5um target because of the
waveguides narrowing at the etching stage (seeteh&p. This outcome made the tested
racetrack resonators more sensitive to the sidewatihness, therefore made the bend loss

dominate over the propagation loss in the ringtgavi

In figure 4.5 we can see microscope image of fabe racetrack resonator and in

T

Figure 4.5: Microscope image of fabricated racetrack resonatith radius 350m and
coupler separation 2uin.

figure 4.6 we can see the optical spectrum of tbeicé which gave critical coupling at
1.553um and deepest dip of -18dB. We also see the im&rée fringes at -3dB; these
oscillations are related to different propagationstants for different polarizations. In figure
4.7 we can see the same interference fringesagistrwaveguides with different length and
different polarization state. We can see that tlmen 6fringes period staying constant
regardless of the polarization state or waveguahgth; only the interference fringes phase
changes depending on the polarization state. urdigl.8we can sedheoretical response
curves and comparison with experiments which g@aality-factor of 22000 and finesse of
9.56.
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Figure 4.6: Resonance spectrum for a racetrack resonator (shofigure 4.5) with cavity
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In order to separate betweehahda' | used the technique described?i6.1.3The
extracted values are assignedossor t° relying on the fact that® should be similar for
Rings with radius bend R=3fM but with different couplers. In figure 4.9 we csee the
extract parameters” and  as a function of wavelength for rings with diffetecoupler
separation 2/2m and 2.5m. We can see that the loss faaifris similar and t'is different
as expected and varies approximately sinusoidaillly wavelength [20].Using Eq. 2.39 |
received 0.25dB/90(4.27dB/cm) bend loss at 155 wavelength.

Racetrack resonator R=350um, Coupler separation 2.2um  Racetrack resonator R=350um, Coupler separation 2.5um

1 w 1
(a) . (b)
+ + + +
+ 4 I
0 0.8 + . 4 + . § 0.8
S + + 3
IS +t'2 5] +t.2
.806 +G.2’ .806 g2
= =3 + 4 o+ + + + +
3 3 v + o+ +
© o4 O 0.4 PR
S T S T e + + + + + + + + + J‘r + o+ o+ o+ oo+
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1.55
Wavelength [um ] Wavelength [um ]

Figure 4.9:Self-coupling coefficient ¥ (green plus sign) and loss coefficiertt (blue plus
sign) for the resonators with R=3&0 radius bend. (a) Racetrack resonator with coupler
separation 2j2n. (b) Racetrack resonator with coupler separdiépm.

Figure 4.10 shows the transmission spectra fortnade resonator from Figure 4.8a,
with an FSR of 0.678 nm at 1.55 nm wavelength apaf 1.514. The FSR is defined by Eq.
(4.1) [30]:

/12
ngEI]_

FSR=

(4.1)

where n,is the effective group index and L is the racetreesonator cavity length. Using
Eq.2.3 we receive calculated, of 1.467 with resultin calculated FSR of 0.699nheT

difference between the measured and calculatedlt résuthe result of fabrication

imperfections of the channel waveguides.
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Figure 3.10: Transmission spectra of racetrack resonator wathpler separation 2.2n,
R=35Qum, cavity length of 2.24 mm and a FSR of 0.678 nrh35.m wavelength.

In figure 3.11 we can see the extract parametéras a function of wavelength for
racetrack resonator with different coupler sepam.Jum and 2.3m and bend radius of
250um. We can see that the loss factdT is similar as expected. Using Eq. Eq. 2.38 |
received 0.23dB/90(5.37dB/cm) bend loss for TM polarization at Juf5 wavelength
(coupler with separation of 2uin) and 0.2dB/9b(4.67dB/cm) bend loss at TE polarization.
Experimental results showed that the losses offthenode are smaller than the TM mode.
This result directly demonstrates that the mainrs®uof propagation losses in our
waveguides is the residual surface roughness omttieed sidewalls. Indeed, as it is seen
from figure 2.5, the TM mode profile is charactedzby much higher electric field intensity
at the sidewalls and correspondingly higher propagdosses. In contrast, the TE mode has
a relatively small amplitude at the sidewalls, mtich higher at the top and bottom
interfaces.

Figure 4.12 shows the transmission spectra for aMafid TE (b) polarizations for

racetrack resonator with coupler separatioudnd radius bend of 2aMh.The FSR for the

TE and TM is 0.92nm which is in a good agreemerththe calculated results ang of

1.51.
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Figure 4.11: Loss coefficienta”® for the racetracks resonators with R=gB0radius bend.
Blue plus sign is resonator with coupler separafiddim. Green plus sign is resonator with
coupler separation 2u4n with TM polarization. Red plus sign is resonatath coupler
separation 2Im with TE polarization.
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Figure 4.12 Transmission spectra for TM (a) and TE (b) polarares for racetrack
resonator with coupler separation 211, R=25Qm, cavity length of 1.71 mm.

For waveguides with radius bend of {50 | received 0.27dB/90(9.97dB/cm) bend
loss for TE polarization at 1.5 wavelength and 0.6dB/9@22.17dB/cm) bend loss for
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TM polarization. For waveguides with radius bend XdQum | received 0.37dB/90
(19.26dB/cm) bend loss for TE polarization at jusb5wavelength. We can see that for
higher bend radius the losses are higher as expecte

Since the other factors such as sidewall roughoasshave significant effects on
losses in sharp waveguide bends, it was not expelctes measured waveguide performance
would match theoretical expectations based ondase dssociated with propagating modes in
idealized waveguides.

Measurements using the bend loss array indicatecthapling losses dominate over
bend losses. In order to overcome this problem @ezinio design bend loss array with more

90° bends which will result in bend loss that are daterover the coupling losses.

50



5. Conclusion

5.1. Chapter by Chapter Conclusion

Chapter 2 has presented the parameters selectrothdo high index waveguide. |
calculated that the cut-off core dimensions critdéor single mode waveguide is firb width
and height and showed that for |3 Cytop under-cladding layer the substrate leakage
negligible.

Chapter 3 summarized the process development fgmgo waveguiding materials based
on PFCB and Cytop. The process development waméie contribution of my time effort
which proved to be more challenging than expectadorder to solve those process
challenges | developed unique solutions such a®dating nanometric chemical vapor
deposition as a coupling agent between the CytopRIFCB, the deposition of thin oxide
layer after the RIE stage in order to enhancingctigpling to the final Cytop cladding layer;
Adding 1.5um Cytop layer in order to decrease the CTE mismstidss between PFCB and
the 200nm oxide and the silicon substrate. Figute describes the fabrication flow |

developed for creating the polymer waveguides.

C F
PFCB . .
Silicon Substrate
- = Silicon Substrate
Silicon Substrate J | b
J LA N7 [| e
A 4 v
| Silicon Substrate: PFCB

Figure 5.1. Process flow for fabricating polymerweguides. A) Cytop Under-Clad B)
PFCB Core C) Cytop over-Clad D)Chemical Vapor Dépwms of 200nm Oxide E)

PhotoResist (PR)PhotoResist Spin Coat, Prebakepdtixe, Develop F) Oxide Cytop and
PFCB RIE G) Oxide RIE H) CVD of 30nm Oxide an@nhCytop Over-clad.l)UV glued
spin coat, Glass substrate, UV exposure J)Dicind Rolishing.

Chapter 4 summarized all of the experimental resuit waveguide transmission losses
and imaging the radiated light at the output facBhe measured mode size was
200=2.95* 0.4um which is not in good agreement with our numeriesult. | measured the
propagation loss using the Fabry—Perot resonacbaitgue, which gave losses of 1.06dB/cm
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at 1.5um wavelength for 1,amX1.5um core dimensions. For 0.8% X1.5um waveguide |
receive propagation loss of 3.48dB/cm at iri5vavelength.

Propagation losses of the fabricated waveguideshmyeer than the theoretical value
because due to sidewall roughness and fabricatperfections of the channel waveguides.
Measurements using the cutback method indicate toapling losses dominate over
propagation losses. In order to overcome this prabl need to design waveguides with
larger length which will result in propagation lesswhich are dominate over the coupling
losses.

Bend loss measurement was evaluated using raceataokators with different design
parameters. | measured a bend loss of 0.254B@Q7dB/cm) at 1.58n wavelength for
350um radius bend at an erroneous core dimensions85fudx1.5um (as opposed to our
1.5umx1.5um target), which made the waveguide mode more thamdio the sidewall
roughness. We plan to resolve this problem by girigrthe core dimensions in the next
mask design. For radius bend of gB0I received 0.23dB/90(5.37dB/cm) bend loss for TM
polarization at 1.55m wavelength and 0.2dB/8@4.67dB/cm) bend loss at TE polarization.
Experimental results showed that the losses offthenode are smaller than the TM mode.
This result directly demonstrates that the mainrs®uof propagation losses in our

waveguides is the residual surface roughness oetthed sidewalls.

5.2 Future Work

Semiconductor nanocrystals offer exciting propsertibat are determined by their
composition, size, and shape, allowing for bandgagineering of their discrete electronic
level structure and optical transitions. Researckhis field is very active due to the great
potential offered by these chemically synthesizadocrystals. However, when one wants to
build functional devices that utilize the enhanoadhocrystal properties, then the interaction
of a large ensemble of nanocrystals is involved.fully exploit the favorable nanocrystal
properties, it is advisable to control and aligh(at most) of the nanocrystals, so that their
properties project towards the ensemble insteaavefaging over all possible orientations.
We plan to investigate two promising techniquesalaynment and fixation of semiconductor
nanocrystals embedded within thin-film device layef a polymer matrix host. The first
alignment technique is based on an applied elefittiid. The second alignment technique is

based on templated self assembly and is applitalianocrystals formed as nanorods.

52



References

1. Okamoto, K., Fundamental of Optical Waveguides.i&pand Photonics. 2000, San
Diego: Academic Press

2. Bruchez M, Moronne M, Gin P, Weiss S, and Alivisatd\P, "Semiconductor
nanocrystals as fluorescent biological labels"eBce, 281, 2013, 1998.

3. S. Coe, W. K. Woo, M. G. Bawendi, and V. Bulovi,léEroluminescence from single
monolayers of nanocrystals in molecular organicias/, Nature (London) 420, 800,
2002.

4. V. I. Klimov, A. A. Mikhailovsky, S. Xu, A. Malco,J. A. Hollingsworth, C. A.
Leatherdale, H.-J. Eisler, and M. G. Bawendi, "CgtiGain and Stimulated Emission in
Nanocrystal Quantum Dots," Science 290, 314-310020

5. Klimov VI, Mikhailovsky AA, McBranch DW, Leatherda CA, "Quantization of
multiparticle auger rates in semiconductor quantmts”, Science 287 (5455), 1011,
2000.

6. Oron D, Kazes M and Banin U, "Multiexitons in TyfeColloidal Semiconductor
Quantum Dots", Phys. Rev. B 75, 035330 (2007).

7. O. Millo, D. Steiner, D. Katz, A. Aharoni, S. Kail, Mokari, and U. Banin, “Transition
from zero-dimensional to one-dimensional behavior InAs and CdSe nanorods,”
Physica E 26, pp. 1-8, 2005.

8. J. T. Hu, L. S. Li, W. D. Yang, L. Manna, LW. Wanand A. P. Alivisatos, “Linearly
polarized emission from colloidal semiconductor mfuan rods,” Science 292, pp. 2060-
3, 2001.

9. Harrison MT, Kershaw SV, Burt MG, Rogach AL, Kornskiv A, Eychmiller A, and
Weller H, "Colloidal nanocrystals for telecommuriioas. Complete coverage of the
low-loss fiber windows by mercury telluride quantaots”, Pure Appl. Chem., Vol. 72,
Nos. 1-2, pp. 295-307, 2000.

10.J. Ballato, S. H. Foulger, D. W. Smith, “The Optli€aoperties of Perfluorocyclobutyl
Polymers II: Theoretical and Experimental PerforogghJosa B, vol. 21, Issue 5, 2004,
pp. 958-967.

11.M. T. Harrison, S. V. Kershaw, M. G. Burt, A. L.oBach, A. Kornowski, A.
Eychmiller, H. Weller, “Colloidal nanocrystals fdelecommunications. Complete
coverage of the low-loss fiber windows by merclefuride quantum dots, “ Pure Appl.
Chem., vol. 72, Nos1-2, 2000, pp. 295-307.

12.Y. K. Olsson, G. Chen, R. Rapaport, D. T. Fuchs,CV.Sundar, J. S. Steckel, M. G.
Bawendi, A. Aharoni, U. Banin, “Fabrication and iocpt properties of polymeric
waveguides containing nanocrystalline quantum Ho#sppl. Phys. Lett. 85, 2004, pp.
4469-4471.

13.Zhao, Y.G., et al., Polymer waveguides useful averery wide wavelength range from
the ultraviolet to infrared. Applied Physics Le&eP000. 77(19): p. 2961-2963.

14.Yaron Glazer, Dan M. Marom, Novel Polymeric Wavetps Optimized For
Nanocrystals Hosting, M.Sc. Thesis 2009.

15.F. Ladouceur and J. D. Love, Silica-based Buriedr@iel Wave-guides and Devices.
Chapman & Hill, 1996.

16. D. Jackson, Classical Electrodynamics. John Waley Sons, 3 ed.,1998.

17. P. K. Tien, "Light waves in thin films and intetgd optics," Appl. Opt., 10, 2395 (1971)

18.G. Tittelbacht, B. Richter and W .Karthet," Compari of three transmission methods for
integrated optical waveguide propagation loss nreasent,” pure appl. Opt.,2,683
(1993)

19.K. Junguiji, M. Horiguchi, T. Manabe, Appl. Opt. f11982) 571.

53



20.W. R. McKinnon, D.-X. Xu, C. Storey, E. Post, A. inore, A. Delage, P. Waldron, J.
H. Schmid, and S. Janz," Extracting coupling arss lcoefficients from a ring resonator”
Optical express vol. 17, no. 21 (2009).

21.A. Yariv, “Universal relations for coupling of optall power between microresonators and
dielectric waveguides,” Electron. Lett. 36, 321-32000).

22.G. Gupta, Y.-H. Kuo, H. Tazawa, W. Steier, A. Se&aph, and J. O'Brien, “Analysis and
Demonstration of Coupling Control in Polymer Midrgg Resonators Using
Photobleaching,” Appl. Opt. (to be published).

23.L. F. Stokes, M. Chodorow, and H. J. Shaw, “Allgdexmode fiber resonator,” Opt. Lett.
7 288-290 (1982).

24.S. Xiao, M. H. Khan, H. Shen, and M. Qi, “Modelimgpd measurement of losses in
silicon-on-insulator resonators and bends,” Oppregs 15, 10553-10561 (2007).

25.Doerr, C.R. and H. Kogelnik, Dielectric waveguithedry. Journal of Lightwave
Technology, 2008. 26(9-12): p. 1176-1187.

26.Dragone C, "Optimum Planar Bends" Electronics tsit®ol. 29 No. 29 pp. 1121-1122,
1993.

27.T. K. Lim, B. K. Garside, J. P. Marton, "An Analgsof Optical Waveguide Tapers"
Applied Physics, Vol. 18, pp. 53-62, 1979.

28.NAZLI RAHMANIAN, high efficiency perfuorocyclobutylair-trench splitters for use
incompact ring resonator.

29.Seunghyun Kim and Gregory P. Nordin , Anisotropighh aspect ratio etch for
perfluorcyclobutyl polymers with stress relief teajue J. Vac. Sci. Technol. B 24, pp.
2672-2677.

30.D. G. Rabus and M. Hamacher, "MMlI-coupled ringamators in GalnAsP-InP", IEEE
Photon. Technol. Lett., vol. 13, pp. 812 - 81A02.

54



