DESIGN, FABRICATION AND CHARACTERIZATION OF
THIN-FILM POLYMERIC OPTICAL SPLITTERS

THESIS

Submitted in partial fulfillment

of the requirements for the degree of

DOCTOR OF PHILOSOPHY

by
RAHUL SINGHAL

Under the Supervision of

DR. M. N. SATYANARAYAN

BIRLA INSTITUTE OF TECHNOLOGY AND SCIENCE
PILANI (RAJASTHAN) INDIA
2013



Dedicated to MWy Mother. . .



BIRLA INSTITUTE OF TECHNOLOGY AND SCIENCE
PILANI (RAJASTHAN)

CERTIFICATE

This is to certify that the thesis entitledESIGN, FABRICATION AND
CHARACTERIZATION OF THIN-FILM POLYMERIC OPTICAL SPLITTERS
which is submitted for award for Ph.D. Degree & thstitute, embodies original work done

by him under my supervision.

Signature in full of the Supervisor:

Name in capital block letters:

Designation:

Date:



ACKNOWLEDGEMENTS

This thesis marks my journey of research during) fiew years. Along this journey, people
those have contributed to this research objectaseive a special mention. | am glad to take

this opportunity to express my gratitude to thenotlgh my humble acknowledgement.

First of all, I would like to thank Prof. B. N. daiVice-Chancellor, BITS, Pilani and Prof. G.
Raghurama, Director, BITS, Pilani Campus for camstupport, concern and motivation. |
am grateful to Prof. S. K. Verma, Dean, ARD for $ugpport.

| would like to express the deepest gratitude tosmyervisor, Dr. M. N. Satyanarayan, for
his invaluable supervision, suggestions, for ansvierall my queries, as well as providing
me with literature from early stages to throughdl project. He has been a great
inspiration. His experiences encouraged me to @xjeet with my creativity and nourish my
knowledge in the area of photonics. His excellencesativity, perfection, patience,
encouragement and support have transformed myitigirdnd attitude towards work as well

as life.

Thanks to Dr. Suchandan Pal, Scientist Ell (PriakiBcientist) at ODG, CSIR-CEERI,

Pilani for being a great support to this researarkw | truly admire his insights. His

philosophy toward work has taught me how to innevéte has encouraged me to think
novel and ingrained the creativity in me. | thanioject assistants, Mr. Nirmal and Mr.

Mukesh for their help and availabiltiy, and alsouleblike to thank Mr. Ravi Bhatia, Sr.

Tech. Assistant, SNG, CEERI, Pilani for his techhibelp with Mask Aligner during the

step of UV exposure and development of waveguitléstking along with Members at

CSIR-CEERI, Pilani was a pleasant experience.

| would like to take this opportunity to express gmatitude to the faculty members - Mr.
Pawan Sharma and Dr. Abhijeet Asati for helpingiméearning L-Edit Tanner Tools for
development of mask to fabricate waveguides anittesgsl | am grateful to the members of
SAMEER, Mumbai, especially Dr. Anuj Bhatnagar and. Nhdrajit Boiragi for their help

and support throughout the characterization ofstheeguides.



| am grateful to Dr. Chandrasekhar, Director, CE®IRERI, Pilani for providing us the
research opportunity in CSIR-CEERI laboratoriesmml also indebted to DeitY, MCIT, Govt.
of India to fund this research. A special thankggteeDr. (Mrs.) Niloufer Shroff, Scientist G
& Head (Electronics Materials and Components Dongj DeitY, MCIT, Govt. of India.

| appreciate the help and support from my Doctéitisory Committee (DAC) members —
Prof. R. P. Khare and Prof. V. K. Chaubey. | haveagy benefitted from their inputs. |
learned from Prof. Khare how to become a humbleeffitient person. Prof. Chaubey's
theoretical and analytical prowess motivated me fioer research. | also thank Prof.
Chaubey for allowing me to utilize all the equiprhanoptical communication laboratory to
facilitate this research work.

| also appreciate the support from Prof. Sudeephdnp Dean Admissions and Prof. Anu
Gupta, Head, Department of Electrical and Elect®ringineering, for keeping me away

from long hours of divisional and departmental austrative duties.

Finally, no words can express the support | haudrgon my parents. Whenever everything
seemed gloomy in moments of life, | have derivddral inner strength from them. Thank
you, Mom and Dad, for all I have inherited from you

Thanks to my beautiful wife, Geetika, my lovely dater, Pehal, and my adorable son,
Shrestha to understand and to permit me to spemal actually meant to spend with them,

on this work.

Thanks to all my friends and my family members whioenever needed were in constant

touch with me.

| would also like to take this opportunity to exgsemy gratitude to my colleagues who were
important to the successful realization of thisstheas well as express my apology that |

could not mention personally one by one.

Finally, 1 would like to thank GOD for always guidj me.

RAHUL SINGHAL



ABSTRACT

Polymers have been accepted as a new-generati@riahdbr an optical integrated circuit
due to its various advantages as compared to apecal materials. Some features of
polymers worth highlighting are ease of handliragloting the properties by doping, direct
deposition on any substrate and complete compgtibaith semiconductor processing
techniques. Polymeric materials became populantegrated optics because they permitted
rapid fabrication of complex and innovative optieééments with very simple technologies
like spin-coating and replication methods. Howewigse facts depend heavily on the
fabrication method and particular polymer. Photgumatymer-based devices are particularly
attractive because of their ability to be processmudly with high yields, they are cost
effective, and at the same time perform comparigtiveell. Optical waveguides are
structures that confine and direct optical sigmala region of higher effective index than its
surrounding media. An optical waveguide forms thsib for all integrated photonic devices.
Thus, it becomes significantly necessary to devetopcost-effective technology for
fabrication of low-loss polymeric optical wavegusdeefore initiation of development of
polymeric photonic devices. This thesis presergstabrication of polymeric optical channel
and branching waveguides in photosensitive polymeied in optical adhesive on a planar

silicon substrate.

Epoxy-polymer SU-8 2002, a photosensitive polyntemf MicroChem Corporation, USA
was used to form the core of optical planar anachobbwaveguides. SU-8 2000 series resists
have high functionality and high optical transpaseand are sensitive to near-UV radiation.
Pre- and post-exposure bake times are comparatsmigller for SU-8 2000 than the
traditional SU-8. Lithographically defined SU-8 cprovide simpler fabrication processes.
Images having exceptionally high aspect ratios straight sidewalls are readily formed in
thick and thin films by contact proximity or projem printing. Another epoxy polymer,
Norland Optical Adhesive 61 (NOA 61) from Norlantb&ucts, USA, popularly utilized as
an optical adhesive, was applied here as under-ocaed clad material to develop the
symmetrical wave-guiding structure. The refraciivéex of NOA 61 was found to be near to
and lower than that of SU-8 2002, making it sugatar cladding material of optical planar
and channel waveguides. When fully cured, NOA 64 very good adhesion and solvent
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resistance. Curing time is remarkably fast andegetident upon the thickness applied and

the amount of ultraviolet light energy available.

The geometrical features of the waveguide weregdesi and simulated for performance
analysis by Beam-Propagation Method in BeamPtogRSoft Design Group, USA)
environment to obtain the optimum structure for agwde fabrication. For our design
inputs, we used the refractive index of cured NQlAa8 1.54 while that of SU-8 2002 as
1.57 at 1550 nm, verified over a Metricon 2010 mroupler. The waveguide cross-section
was chosen to be 2.5 x 2/ to ensure single mode propagation at 1550 nnglémode
buried channel waveguides were fabricated usingdost photolithographic techniques and
wet chemical etching processes. Channel wavegwees obtained on development after a
cross-linkable negative tone epoxy SU-8 2002 potynse exposed to UV through a
photomask. SU-8 optical waveguides with an over ander cladding of optical adhesive
NOA 61, on silicon substrate, were realized. Cotieeal Y-branches and cascaded Y-

branches were realized based on polymeric chanaaguides.

The experimental results have demonstrated ligivewguiding and power splitting in the
polymer material. The average insertion loss egéthavas 11 dB (Tg) for a 2-cm
waveguide at 1550 nm. The average insertion lodsx® splitter was estimated to be 13 dB
for a 7.2 mm device at 1550 nm. The Y-brancheheflt x 2 device were separated by 254
um at the output ends. The average insertion lods7@f cm long conventionally designed 1
x 4 power splitter with output ends separated by @2 was estimated to be around 17 dB
assuming excess losses. Besides propagation hessptipling losses estimated were 7.4 dB
including field mismatch losses of 3.5 dB/port dnesnel reflection losses of 0.2 dB per
port. The estimation of insertion loss was basedpom@vious work reported in literature.
Characterization of a conventional 1 x 4 splittéthveleaved input and output ends resulted
in an average insertion loss of 19.32 dB at 1550 Tine optical power distribution among

the outputs was highly non-uniform.

Polymer residues are generally left in the Y-juoiesi of the conventional splitters. Besides
increased insertion loss, the Y-junction residigilts in asymmetric distribution of power at
device outputs. An analysis of the device perforoeain the presence of junction residue is

presented in this work. The process to fabricatglsimode polymeric channel waveguide-
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based optical splitters using simple direct ultossti (UV) photolithography was optimized to
reduce the residual resist at the Y-junction ares@nted. A design to overcome the non-
uniformities in output power distribution broughtcat by the presence of the residue was
proposed. The proposed design incorporates a thpereeguide beam expander and cosine
S-bends. The Y-branches are kept separated bytancésat splitting junction considering
fabrication limitations, which results in some expropagation loss in the simulated results.
This additional loss is compensated by reductiooverall device length and in the residue
length after fabrication. A 1 x 4 device based loa proposed design was developed using
the optimized fabrication process to achieve mimmesidual polymer at Y-junction of
branching waveguides. The average insertion lossiredd for a 1.43 cm 1 x 4 device was
18.14 dB at 1550 nm. After characterization, penf@nce comparison of both devices is
done and the results obtained concluded that peapdssign offered better uniformity in
power distribution among the output branches of thaanching waveguides. The
characterization of the proposed 1 x 4 optical pospditter shows improvements of ~1.2 dB

in insertion loss and better uniformity in comparigo the conventional one at 1550 nm.
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CHAPTER 1

NTRODUCTION

Semiconductor materials, integrated electronic ugiradesign, and automated micro-
fabrication of integrated circuits revolutionizdaetcomputing and communicating speeds.
The current generation of processing units is &ohiby the rate of information transfer
between processors and its peripheral devicesedsgorg processing speed and power is
overloading the traffic a bus can handle. The Bohibandwidth of bus constitutes a major
bottleneck to efficient communications at the bo#éwdboard data interface. However,
currently bandwidth demand is outgrowing the penfance of electronics in telecom and
data communication networks. To overcome theseadosyiwe must enter a new computing
and communications revolution based on photonicke Tdevelopment of optical
interconnects is desirable in order to achieve drngtata throughput. Optical signal
transmission and processing require optical intamection technology designed to
overcome bottlenecks resulting from high circuinsides for high data transmission and
processing rates from increased data quantitiestoRlts devices have already attracted a

considerable attention as key elements in opticagssing systems.

Photonic networks aim to organize and process Egnaoptical form as well as transmit
them optically, expanding the realm of light. Thiinoate goal is all-optical network, in
which the transmission signal stays in optical fanmoughout the network. The huge success
of optical dense wavelength division multiplexiigVfDM) has boosted network capacities.
The continuing development of optical networks wanmodate future demands will
eventually depend on availability of economic, able and rugged integrated optical
waveguide devices for routing, switching and débect The success of broadband
communications in optical networking, metro/accessnmunications will rely on the
advancements in technology to develop economicalicalp interconnects, optical
components or devices e.g. splitters, combinersltiptexers, de-multiplexers, optical
switches/ modulators, filters, variable attenugtoenplifiers etc. based on optical

waveguides (Ma 2002) (Takahashi 2003). Broadbamadnmanications are penetrating from



metro area, to access, to intra-computer interadsneetworks. Optical communication

networks have been shown to extend to homes andggae (Green 2005).

Broadband communication can be realized throudieeiguided-wave optics or free-space
photonics. For device applications, waveguide stines can be effective in controlling low
power optical signals. Optical waveguides may he-film deposits used in integrated
optical circuits or a filament of dielectric matdrusually circular in the cross section used in
fiber optics. Depending on the various possibletgpas of propagating or standing
electromagnetic fields, there are single-mode andti#mode optical waveguides. Glass
optical fibers are routinely used for high speethdeansfer. Although glass fibers provide a
convenient means for carrying optical informatioreiolong distances, they are inconvenient
for complex high-density circuitry. Besides beimggdile and vibration sensitive, optical fiber
photonic devices are difficult to fabricate espkgiawhen they have a high port count and

consequently are expensive.

Large scale deployment of optical communicatiorwoeks currently is facing prohibitively
high cost of components and subsystems. Cost ofrgpanent is dictated by the cost of raw
materials, fabrication infrastructure and numbefatbfrication steps involved in producing a
device. Polymer based technology has been knowrotade low cost solution in production
of components. Several devices produced using palyrhave already successfully met
Telcordia standards (Eldada 2005a). Polymer wadeguoffer the potential to create highly
complex integrated optical devices and opticalrodenects on a planar substrate because
their excellent properties can be tailored by ugiifferent polymers. Besides permitting
mass production of low cost high port count phatoaircuits in parallel on a planar
substrate, polymer materials provide a much higlegree of ruggedness (Eldada 2000).
Cost reduction of the optical modules such as apsplitter is required for the FTTH (Fiber
to the homes) or FTTP (Fiber to the premises) ntarke

To enable widespread deployment of optical netwarksdeveloping economy such as ours,
the economical aspects mentioned above will be itapband in this the photonic polymers
will play a significant role. The demand in opticatworking for photonic components that
meet performance criteria as well as economic rements has opened the door for

technologies capable of high yield and low cost uf@acturing while delivering high



performance and enabling unique functions. Polymeraterials are particularly attractive
because of their ability to be processed rapiddgt-effectively, and with high yields. Of that
matter, photonic polymers have been accepted as geswration materials for optical
integrated circuit due to their various advantaggesompared to other optical materials. The
polymer optical waveguide has been a candidateetince the cost due to its ease in
processing. It is with this vision in mind thatghiesearch was undertaken. The outcome of
research this research conveniently leads to antdatpy for mass production of passive
polymeric photonic devices.

This chapter presents the background on opticakmadd used in integrated optics and

discuss how gradually polymers became popularerfithd. Here, polymeric materials that

were reported in literature to develop distinciegrated photonic devices in past are also
discussed. Polymer-based integrated photonic coemisrthose are necessary in realizing
the next generation of integrated planar lightwaueuits are discussed in the chapter.
Expensive materials and expensive silicon technoltm develop photonic components

motivated to take up this research objective. Tiutivia to develop economical devices in

the area of photonics is expressed in this chapierally, the content of the chapters

following this chapter in the thesis are outlinedhe last section of the chapter.

1.1 Background

The phrasentegrated optics was coined after Miller illuminated the idea otagrating
optical circuits on a single substrate (Miller 1968 was proposed to integrate optical
components on a chip to form integrated opticatuis. This led to development of new
technologies and materials for affordable deviddistorically, polymer components in
optical communications have been pursued by marcause of their perceived cost
advantage over devices fabricated from high pwiliga and glass (Shacklette 2004). Silica
is also in common use in planar lightwave circliied.C) built with silica-on-silicon
technology (Wosinski 2004) (Pal 2009) (Das 2002)C#® have potential applications at the
module and backplane level. Planar waveguides lwhan function as passive optical
interconnects or as active or passive optical @syiare built on a substrate of silicon, glass
or another polymer. Specifically, polymer wavegsidsan also be fabricated on flexible

substrates, which is not possible with other comgehorganic materials. Generally, optical



polymer materials used may be either photopolymarsthermally curing polymers.

Photopolymers have a distinct advantage over thegtting polymers in that they can be
directly fabricated into waveguides by means okagle photo-patterning using a mask
compared to non-selective thermal treatment. Peatg8ve materials are rapidly finding
broader applications in micro-scale design. Sucherss show viability as complete
structural components, rather than simply as a mearpatterning for subsequent etching

and deposition.

Polymer integrated optics technology is particylavell suited for low-cost mass production
and allows arrays of many low-power devices to d&itated on a single substrate. Many
research and commercial organizations plan to @@t on processing flexibility for the
fabrication of two-dimensional and three-dimenslonategrated optics. With both
performance and cost advantages, there are numesomsnunications and sensing
applications for polymer opto-chips including: (igh speed modulators with higher
modulation speed (Leinse 2005), (ii) optical swich(Yuan 2005), (iii) rapidly tunable
wavelength filters (Ahn 2005) for DWDM add/drop rmplexing, (iv) broadband
electromagnetic field sensors (Gardelein 2006) @ndhigher-level integration of optical
components on a single chip (Wang 2008).

The choice of an appropriate polymer materialsreldgy rests on achieving a balance of
desired and required properties (Eldada 2002). & desired and required attributes impact
both device performance and manufacturing proce3seskey performance characteristics
which reflect choices for the optimal approach dtiobe low absorption loss, low
birefringence and polarization dependent loss, Hhigérmo-optic coefficient, and high
chemical and environmental stability (Eldada 20@)me conventional (C-H containing)
low-cost polymeric materials can meet these requergs because they can be deposited up
to 100 um film thickness by simple spin-coatinghtéques; they can be formulated for
direct photo-patterning; their refractive indicemde tuned to yield waveguides with fiber-
matched numerical apertures (NAs); and their traresy windows can coincide with the
vertical cavity surface emitting laser source (VCpRvavelengths. The environmental
stability of optical polymers is an important isshecause most polymers do not have

properties that are appropriate for operation immmnication environments. For example,



polymers may be subject to yellowing upon therntah@ due to oxidation (Eldada 2003).
The thermal decomposition results in increase sogiiion loss but fortunately, this effect is
more prominent at 400 — 500 nm, and the thermdlildfacan be high at the datacom
wavelength of 850 nm and even greater at the telegavelengths of 1300 and 1550 nm. On
humidity front, the resistance of polymers to watecursion is critical since optical

absorption results from the overtone bands of tHes®etch of water (Eldada 2003).
1.1.1 Polymer Optical Materials

The first demonstration of light guiding capabdgi of a polymer material was reported in
1970s. In the past three decades, optical polymerge engineered in many laboratories
worldwide in academia and industry. Four classepatymers for use in integrated optics
include : deuterated and halogenated polyacryl@tas 2007), fluorinated polyimides (Kan
2003), perfluorocyclobutyl aryl ether polymers (oie) (Wong 2003) and nonlinear optical
polymers (Khanarian 2001). Other significant andolesed optical polymers include
benzocyclobutene (Chen 2007), perfluorovinyl etlogclopolymer (Chang-Yen 2007),
tetrafluoroethylene (Manor 2003), silicone resinafdhabe 1998), fluorinated poly(arylene
ether sulfide) (Kang 2001), poly(pentafluorostyne@&squini 2002), fluorinated dendrimers
(Pitois 2002) and fluorinated hyperbranched polysm&ang 2003). Currently the available
optical polymers are highly transparent with absorploss values below 0.1 dB/ cm at
significant wavelength windows (850, 1310, and 1660 (Ma 2002).

Polymethyl-methacrylate (PMMA) (Punke 2007) (Sndl@g 2006) is one of the typical
polymers that offer low loss and processabilityvisible spectrum, PMMA based polymers
have the potential low loss of less than 1dB/m.yThéfer from high optical loss in the near-
IR region, 1.0 — 1.eum. The typical loss for PMMA based polymers in tiear-IR region
will be around 1 dB/cm. This loss can be reducedflbgrination and/or deuteration of
hydrogen atoms in the polymer. Propagation lossdsva as 0.1 dB/cm have been reported
at a 1300 nm wavelength, however, the losses becelate/ely high (~1.5 dB/cm) at a 1550
nm wavelength. Single mode devices fabricated Mlilorinated polymers show lossy
performance comparable to that of silica based c#gsvi The commercially available
photodefinable polymers based on acrylate crosslinkorm wet films after deposition.

Photopatterning can only be done by using maskiserproximity mode, which degrades the



resolution and which is not suited for large unegeibstrates like printed circuit boards
(PCBs) where conformable (foil) masks have to leluMoreover, the acrylate (free radical)
crosslinking process requires inerting to avoidecurhibition by ambient oxygen, which
adds to the production costs. Photocurable epakiesot possess these drawbacks. Their
different (cationic) cure mechanism allows the pssing of dry films with contact masks
under normal ambient. In addition, epoxies are Welbwn for their excellent adhesion,
durability, dimensional stability, and chemical imess. The negative photoresist SU-8
(MicroChem Corp.) is a well-known epoxy photopolymehich was also applied in planar

optical waveguide applications (Borreman 2002).

SU-8 has received a lot of attentions in the f@fldnicrofabrication in last decade because of
its mechanical stability, biocompatibility, and tility for fabricating high aspect ratio
features (Williams 2004). The photopatternable, atigg tone epoxy resin SU-8 was
introduced to the MEMS community in 1990s, origipaleveloped and patented by IBM.
SU-8 is a near-ultraviolet (UV) epoxy based negapitiotoresist formulated in EPGNSU-

8 resin designed to produce uniform films in singén-coating step. Up till now SU-8 has
been extensively used for many applications pddrtufor structures varying betweenun
and 1 mm in height and is the most well known bseanf its outstanding characteristics for
high aspect ratio structures, its use as an etdknig excellent chemical resistance (cross-
linked SU-8 is inert to most commonly used solvegnasid it's interesting mechanical and

optical properties.

The process capability of SU-8 may be improved hgosing cyclopentanone (CP) as
solvent instead of gamma-butyrolactone (GBL) (SRk&@3). SU-8 (formulated in GBL) and
SU-8 2000 (formulated in CP) can cover a wide raofélm thicknesses from <lum to
>200um. SU-8 and SU-8 2000 resists have high fonatity, high optical transparency and
are sensitive to near UV radiation. Three dimeraicomplex structures were reported using
multidirectional UV lithography (Yoon 2006). CureédlJ-8 is highly resistant to solvents,
acids and bases and has excellent thermal stalmigking it well suited for applications in
which cured structures are a permanent part otidwice. The SU-8 resist is much harder
than PMMA, the hardness of SU-8 being more thardwhat of PMMA (Zhong 2005).
Hardness is the property of being rigid and reststia pressure. With higher hardness, SU-8



is also more resistant to scratch than PMMA. Tlimd (< 5um) based light guiding stable

SU-8 structures still are a subject of interestrésearch.

When the PLC devices are used in practice, inpdtautput fibers have to be connected to
input and output ports of PLC’s in order to utilites integration capability of PLC devices.
The fiber-connected devices are required to exhilititonly high optical performance such as
low loss, wavelength flatness, low polarization @ggence, but also long-term reliability. To
attain low loss devices requires a precise conmecitnethod. Moreover, since a PLC
consisting of a silicon substrate and silica glassitself very stable, a fiber-to-PLC
connection technique will lead directly to a highigliable PLC device. Therefore, it is
necessary to establish a precise connection teshragd confirm its long-term stability in
order to advance the practical use of PLC’s. Updw, many kinds of connection technique
such as fiber fusion splice (Shimizu 1983), lasexldmg (Miya 1992), and adhesive
connection (Wale 1990) have been undertaken. Fronmewapoint of simplicity and cost,
connection with UV-curable adhesives (Yamada 198&pino 1994) (Mitachi 2006) (Liu
2000) (Ho 2006) can be considered to be the mosaradgeous. Besides sufficient
mechanical strength, high optical performance sashow loss, low reflection, thermal
stability and long-term reliability (Hibino 1995)rea obtained through the use of fiber

connection technique using UV-curable adhesives.

One such popular UV-curable adhesive is NorlanddapAdhesive 61 (NOA 61). NOA 61
is a clear, colorless, liquid photopolymer thatlweilire when exposed to ultraviolet light.
Curing time is remarkably fast, and is dependeminughe thickness applied and the amount
of ultraviolet light energy available. NOA 61 isred by ultraviolet light with maximum
absorption within the range of 320-380 nm with pesdnositivity around 365nm. The
recommended energy required for full cure is 3 dgfglj. cm in these wavelengths. When
fully cured, NOA 61 has very good adhesion and exativesistance. Optimum adhesion can
also be obtained by aging at 50° C for 12 hourderAfging, NOA 61 can withstand
temperatures from -150° C to 125°C (Norland Prosjudh the last decade, a few researchers
have reported utilizing NOA 61 as a waveguide malt¢Chang-Yen 2005) (Wong 2001).
But the future prospects seem to be good for NOAa$tefractive index of cured NOA 61



lies near to that of SU-8. Thus, guiding mediuma¥ refractive index difference may be

fabricated if SU-8 and NOA 61 are used as corectamitiing materials respectively.
1.1.2 Photonic Polymer Devices

Polymer-based optical planar components providalemnative approach for realizing the
next generation of integrated planar lightwavewtsc These components can be integrated
on any existing substrate popular in microelectsnndustry. The simplest passive optical
component is the splitter, a device that distributptical power incident on the input port
into specified power fractions at the output poAssymmetrical 1 x N splitter divides the
power into N ports with a fraction 1/N of the inertt power at each output port. Thus, power
is reduced by 3 dB at the outputs of 1 x 2 split@ptical splitters have been demonstrated
using fiber biconic taper (FBT) fiber technologyi€ld 2006) and optical planar splitters have
been realized using silica on silicon (Hibino 1994)bino 1995) or polymer waveguides
(Choi 2003). While FBT splitters suffered from mamband performance, vibrational
sensitivity, and difficulty in scaling for high piocounts, planar splitters suffered from high
insertion losses. Most of the splitters reportedaye multimode splitters, while single-mode

splitters are still subject of interest for resdarc

A splitter can be used as one of the building dockconstructing many components, such
as power splitters, multiplexers, demultiplexersl aptical switches. A power combiner
combines power inputs of different wavelengths ®ngle output port. The variable optical
attenuator (VOA) has attracted attention due itsrpsing application to control the gain of
optical amplifiers, thus equalizing the channel poswvat add /drop nodes of DWDM systems
(Llobera 2006). A VOA can also dynamically reguldte channel powers regardless of
fluctuations in the input light power and polarinat A wavelength tunable filter (Kim 2008)
is another important device for wavelength divismultiplexing (WDM) systems because of
its multichannel selectivity. The requirements far practical tunable filter are high
wavelength resolution, low polarization dependenosy levels of cross talk and low
insertion loss. Other optical devices include adtiamplifiers, arrayed waveguide grating
multi-/demultiplexer, tunable optical add/drop nmlkxers, thermo-optic switches, electro-
optic modulators and optical waveguide sensors. fullg realize the function of polymer

optical waveguide devices, the integration of adtisource, transmission waveguides,



devices and detectors are necessary. Typical regkiy PLC has a relative refractive index
difference,A = 0.45%, whereas a typical optical fiber has= 0.3%. This mismatch in
relative refractive index difference increases clioss between the optical fiber and the
PLC chip (Momotsu 1999).

Polymer components needed for the telecom indurstiyde single-mode splitters, couplers,
routers, filters and switches. One of the earlievedts for work with polymer waveguides
was the concept of fiber-to-the-home, which raiieel possible future need for low cost
passive optical components (Ericson 2000). Anotbewice application which takes
advantage of special properties of polymer is ggstibased tunable filters. Gratings can be
printed across the arms of Mach-Zender interferemsetto form optical add/drop
multiplexers (Eldada 1998). Also, optical add/dropltiplexers may be designed based on
Mach-Zender interferometers using 3-dB multimodterierence couplers (Eldada 1998).
Recent advances that propelled optical intercosresthe wideband technology of choice in
datacom include VCSELSs, polymer based optical waiksgs, economical micro-optical
components and low cost fabrication processes. deévelopment of optical interconnects
employing polymer waveguides demonstrated high<paeallel optical data links between
transmitting and receiving multichip modules oncaid, and from board to board through a
backplane (Eldada 2000).

1.2 Research Motivation

The potential of integrating optical circuits orsiagle substrate in optical communication
networks led to development of new technologies matkrials for the fabrication of better
and economical optical chips. While the basic tetbgies for design and production of
many integrated optical devices are now in pldeere is no clear winner yet in the areas of
materials. For example, Indium Phosphide basedequaty semiconductor materials are
widely employed for waveguide devices (Pruessn@5p0but mainly due to their potential
for integration with active devices such as lassrd photo-detectors operating at around
1550 nm. However, semiconductor processing ren@nglex and expensive, especially at
the sales volume presently experienced for opticahponents. By using manufacturing
techniques closely related to those employed farosi integrated circuits, excellent optical

components have already been demonstrated usiieg-lsdsed planar lightwave circuits



(Miya 2000). The cost issue, high switching poweeded in silica based devices, low
wavelength tuning range, birefringence leading tolapzation dependent loss and
temperature dependence of central wavelength ichdilased devices, are major problems
with the technology (Ma 2002). In cost-sensitiveeasr of short distance optical
communications, like datacom, CATV, optical intarnects in PCBs, and in optical sensing,
a urgent need has emerged for low-cost planar wadegstructures to be applied in

components like splitters and couplers or integratePCBs.

Among the candidate material systems high expectathave been placed on polymers as
the materials choice for highly integrated optioanponents and circuits (Ma 2002). State of
the art optical polymers are particularly attraetin integrated optical waveguide devices
because they offer rapid processability, cost &ffeness, high yields, high performance,
such as lower optical loss and smaller birefringesompared to silica, power efficient
thermal actuation due to large thermo-optic cogfitthan in silica, and compactness owing
to a large refractive index contrast (Eldada 20@2thermore, polymers provide an ideal
platform for the incorporation of more complex matkfunctionalities through selective
doping or reaction, thereby enabling refractive exdtuning (Sanghadasa 2006),
amplification (Balslev 2005) and electro-optic etfe (Worboys 1990) (Wu 1991) (Fan
2012) (Willner 2012) to be achieved, once the passiptical polymer technology is

established.

Each of the polymer systems available today hasique set of properties that make it
suitable for specific communication applicationslyer waveguide technologies that meet
optical interconnect requirements are availableayod heir adoption has been slow in the
computing platform, partly because of the cost @itoedevices and partly because
conventional technology has managed to keep udeaheand for higher speed. However, it is
estimated that fundamental limits of conventiomahniques will be reached soon, at which
point that transition to optical processing domigitoound to start happening, at backplane,
board level and eventually on chip level (Eldad@3tf). Needs of present state of research in
polymer based integrated optics are developmentchachcterization of suitable polymeric
materials, development of high-yield manufacturiteghniques for polymeric photonic

devices, and full characterization of the resultopgical circuits. Transmission along single-
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mode optical waveguides suffers higher attenuatimmpared to their optical fiber
counterparts due to the waveguide cross-sectiomegey, surface roughness introduced
during fabrication, material defects, etc. Howeas,the relative length of these devices is
small (of the order of a few millimeters), the fopaopagation loss is not a major problem.
Nonetheless, it is necessary to improve on thetiegioptical fabrication techniques to
develop waveguides and devices with lower lossdd@mer production costs. Fabrication of
high performance polymer waveguides and polymeedaevices, and integration of board
level system remains a challenge as a researah topi

1.3 Objectives and Scope of the Thesis

The major challenges addressed in this thesis e@lsummarized as follows:
1. Design of SU-8 based single-mode optical waveguaaelsl x N splitters.
2. Fabrication of thin-film SU-8 waveguides based aea UV photolithography.
3. Characterization of fabricated waveguides and cotweal splitter devices.

4. Analyses of defects/issues (if any) induced dupragess of fabrication and propose

a solution for the defect/issue.

5. Fabrication and characterization of the device tham® proposed design based on

analytical results.
6. Comparison of proposed and conventional splittbesacterization results.

Our target was to develawst effective, stable, efficient polymer base@gnated photonic 1
x N power splitters with performance comparableotabetter than the devices currently
being employed in WDM systems. These devices havgetcompatible with the standard
fibers combined with light-emitting diodes (LEDshda VCSELs with their emission
wavelength at 1550 nm.

The thesis work was broadly categorized into foemponents: design, fabrication,
characterization and comparative analysis of ttelte obtained. The schematic designs

were developed and optimized for suitable perfomeathrough BeamPRO®, a beam
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propagation method (BPM) based simulation tool pled by RSoft design, USA. The
fabrication of passive waveguides and splitters gaasied out using direct UV lithography.
Crucial fabrication parameters such as spin coajpeeds, post- and pre-exposure baking
temperatures, UV exposure and development times haen established. Characterization
had been carried out using techniques like prisopling, end-fire coupling, etc.
Characteristics like the refractive indices, pragamn losses have been established.
Characterization of physical aspects such as wagegeross-section, surface roughness
were performed using Scanning Electron Microsc&iyNl) and computer-controlled stylus
profilometer. The performance of a passive splittas analyzed to find a solution for better

performance.
1.4 Outline of the Thesis

Chapter 1 outlines the background of polymeric mi@ieand photonic devices developed in
the last decade. The chapter discuss the evolatiarptical materials used in integrated
optics and how polymers became popular in the figdére, polymeric materials reported in
literature in the last few decades to develop imatisgl photonic devices are also discussed.
Polymer-based integrated photonic components thosenecessary in realizing integrated
planar lightwave circuits due to increase in demé#md broadband communication are
discussed in the chapter. Expensive materials apdnsive silicon technology to develop
photonic components motivated to take up this rebeabjective. To develop economical
devices in the area of photonics is the foremodivam®f this work. Chapter 1 defines the
objective, scope of thesis work presented herefimadly outlines the organization of this

thesis.

Chapter 2 describes the fundamentals of theoryptita waveguides. An introduction to
planar and rectangular channel waveguides is pes$en the chapter. Guided transverse
electric (TE) and transverse magnetic (TM) mode#pf€ conditions for planar and channel
waveguides are described in the chapter. An owerveg previous work to obtain
approximate solutions for modal characteristics noh-planar dielectric waveguides is
presented in the chapter. Principles of beam pmpay method for mode-solving are

discussed in the chapter. Modal cut-off and resfltslode-solving via BeamPROP done
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for rectangular waveguides for propagating singtelenis presented in the last sections of

the chapter.

Chapter 3 describes the design and fabrication-bfarich waveguide which is the basis of
the optical power splitter. The conventional Y-brardesign for a 1 x 4 power splitter is
presented in the chapter. The design of mask fmidation of 1 x N splitters using L-Edit

(Tanner Tools) is presented here. This chaptenritescan overview of the micro-fabrication
procedures and techniques for polymer waveguidesll¥ the details of fabrication process

used in this work is presented in the chapter.

Chapter 4 introduces the post-fabrication opticav@guide characterization of splitters. The
facilities at Society for Applied Microwave Elechigs Engineering & Research (SAMEER),
Mumbai and Council of Scientific and Industrial Basch - Central Electronics Engineering
Research Institute (CSIR-CEERI), Pilani were ugitlzin waveguide characterization.
Characterization aspects e.g. measurements of ctiggaindices, waveguide modes,
waveguide surface analysis, waveguide losses, ate. presented in the chapter. The
experimental techniques for each characterizatspeet are also discussed. Preparation of
splitter chips using cleaving techniques is degdim the chapter. In the last section, this
chapter discuss the effect on the device perforemamthe presence of remnant resist at the

splitting junction of the Y-branch.

Chapter 5 explains the proposed design to overdtmmenon-uniformities in output power
distribution brought about by the presence of teerant residue at Y-junction. The
proposed Y-branch with tapered waveguide beam a@gran discussed and presented in the
chapter. The BPM simulation results of 1 x 4 spigtbased on the proposed Y-branch
design are presented in the chapter. The fabricatia characterization of the proposed 1 x
4 is presented and also compared with conventibmadl splitter in the chapter.

Chapter 6 is the final chapter which concludes wioek and explores the possible future
work that evolves from this present work.
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CHAPTER 2

OPTICAL WAVEGUIDE THEORY

With the rapid advance of integrated optics, tlymiicance of optical waveguides which are
the fundamental elements of optical integratedudisc has been widely recognized. Optical
waveguides are structures that confine and tranbghit over various distances, ranging
from tens or hundreds of micrometers in integrgibdtonics to hundreds or thousands of
kilometers in long-distance fiber-optic transmissidhe theory of guided wave propagation,
excitation, and the conjugation of optical filmsdastrips not only got advanced to
encompass all aspects in the analysis and desitires¢ guiding structures, but also precise
and reliable technologies had developed to faleip&tnar optical waveguides and integrated
optical circuits (Unger 1977)(Vassallo 1991). Tlapability of integrating active and passive
components on the same chip allows the implememntati photonic integrated circuits (PIC)

for numerous applications.

Optical waveguides confine the optical signals megion of higher refractive index than its
surrounding media. They form essential parts or $teyctures in many devices such as the
waveguides providing optical confinement in semduwctor lasers, being one example.
Furthermore, they form important passive photoregicks by themselves, such as corner
bent waveguides, which change optical path diractizent and S-shaped waveguides;
tapered waveguides, for smooth expansion of thedegwidth without mode conversion;
branching waveguides, used for both dividing andnlwoing optical power; cross
waveguides and directional waveguide couplersdisiributed mode coupling. Waveguide
devices in photonic integrated circuits can alsalassified as functional devices for optical
wave control (Yamada 2006). In functional deviaggided waves are controlled either by
electro-optic, magneto-optic, thermo-optic or novedr optic effects. They are controlled by
external input signals to achieve functional devisehere the guided mode undergoes
amplitude modulation, phase modulation, polarizastate rotation, frequency shift or
optical path direction change. Two configurations aptical waveguides, planar slab

waveguide and channel waveguide are mostly disdusse
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Planar waveguide integrated optics involves the imdation of sheet beams that are
confined in one dimension. By loading a thin filmitlhwa higher refractive index than the
substrate, the light can be trapped inside thie fihd waveguides are produced. The light
can propagate in any direction parallel to the asmefof a high-index guiding layer, which
provides optical confinement in a single directidrthe cladding and the substrate materials
have the same index of refraction, the waveguidecalled symmetric; otherwise the
waveguide is called asymmetric. A waveguide in \utire index profile has abrupt changes
between the core and the cladding is called aistigx (SI) optical waveguide, while the
one in which the index profile varies gradually dalled a graded-index (GI) optical

waveguide.

The most fundamental building block of optical gri@ed circuits is a channel waveguide. A
waveguide optically connect two points within a fghc integrated circuit. In a channel
waveguide, the beams propagate along high indekrguchannel. The beams are confined
in two dimensions and so can only follow predefinpthways in the chip. The straight
channel waveguides are the simplest structuregudaing light. These may be formed as
ridges on the surface, or as buried channels. Aghavaveguides come in various forms and
with a variety of functions, such as cross wavegsijdvhich are used for combining, the fact
remains that optical waveguides that are uniforthéndirection of propagation are the most
basic form (Mogul 1998). Therefore, the discussiothe following sections will be limited
to optical waveguides in which materials constasuish as structure and refractive index, do
not change in the direction of propagation.

The following sections of the chapter present aernaew of guided-mode theory for planar
waveguides which is then used to analyze the chs®om-planar waveguides, here i.e.,
rectangular channel waveguides. The wave equafiensolving planar waveguides are
derived from Maxwell’'s equations and its solutioancbe made about the nature of the
propagating field. The analysis of the planar aectangular channel waveguides involves
finding the propagation constants and field prsfitef all the modes that the waveguide
supports. Guided mode theory has been reportedadimes in published literature (Pal
2005) (Calvo 2007) (Okamoto 2005) (Snyder 2003)afigh2010) (Chen 2006) (Adams
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1981) (Tien 1977) (Kapany 1972), to mention a féer convenience of understanding the
guided mode theory is expressed here, in its sshfibem, as presented by (Liu 2005).

2.1 Modes in Planar Waveguides

The basic structure of a dielectric optical wavelguconsists of a longitudinally extended
high-index optical medium, commonly known as theecavhich is transversely surrounded
by low-index media, called the cladding. Figure(2)lshows a typical three-layer Sl planar
waveguide, which can be formed by depositing a fitin of higher refractive index on a
lower index substrate. The layer of higher refrgetndex is covered by a low-index layer, or
can be left as it is, then air being the low-indexer. In a planar waveguide that has optical
confinement in only one transverse direction, tbeeds sandwiched between upper and
lower cladding layers in only one direction, sag xtdirection, with an index profila(x), as
shown in Fig. 2.1(b). The core of a planar wavegugdsometimes called the film, while the
upper and lower cladding layers are called the cane the substrate, respectively. Optical
confinement is provided only in the direction by the planar waveguide. An optical
waveguide that is uniform in the direction of prgpaion is the most basic type of
waveguide. A guided optical wave propagates in weveguide along its longitudinal

direction which is usually taken as z-directiorshsewn in Fig. 2.1(a).

Cladding, n;

Core, n,

z CL_ y n(x)

(a) (b)

Figure 2.1. (a)Three layer Sl planar slab waveg(jl€&efractive index profile.
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A waveguide is characterized by the transverseilprof its dielectric permittivityg(x, y),
which is independent of treecoordinate. For a waveguide made of opticallyrgut media,
the waveguide can be simply characterize with glsiapatially dependent transverse profile
of the index of refractiom(x). Waveguide modes exist that are characteriste jpdrticular
waveguide geometry. A waveguide mode is a transvieetd pattern whose amplitude and
polarization profiles remain constant along theection of propagation. Therefore, the

electric and magnetic fields of a mode can be esga@ in the form,
E,(r,t) = E, (x)e"* (2.1a)
H,(r,t) = H, (x)et4*" (2.1b)

where,v is the mode indexE, (x) andH , (x) are the mode field profiles, arfil is known as

the propagation constant of the mode. For a plamaveguide, the mode fields are
independent of the coordinate. Here, the mode indexconsists of a single parameter

characterizing the field variation in tikaimension.

In a non-planar waveguide of two-dimensional transg optical confinement, the core is
surrounded by cladding in all transverse directicarsd the refractive index(x, y) is a
function of bothx andy coordinates. The rectangular channel waveguides tlam optical
fibers are such waveguides. Therefore, the ele@nd magnetic fields of a mode as

expressed in (2.1) may be rewritten in a two-dinwre form as follows:
E,(r,t) = E, (x y)elA=' (2.2a)
H, (r,t) = H, (x, y)e*' (2.2b)

For a waveguide of two-dimensional transverse aptionfinement, there are two degrees of
freedom in the transversey plane, and consequently, the mode indesonsists of two
parameters for characterizing the variations of mhede fields in these two transverse
dimensions. For example, represents two mode numbers; mn with integralm andn, for

discrete guided modes. To get a general idea ofmtbdes of a dielectric waveguide, the
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gualitative behavior of an optical wave in the plastep-index waveguide as shown in Fig.

2.1 (a), whera, > n, > ng is considered for further discussion here.

For an optical wave of angular frequensyand free-space wavelengththe propagation
constants in the three different regions of the egamde are defined and expressed as

follows:

klznl% kZ:nZ%,andk3=n3%,wherek1>k2>lg (2.3)
The paths of a plane optical wave, through a higlex region in the waveguide, are shown
in Fig. 2.2. The characteristics of the reflectamd refraction of the wave at the interfaces
depend on the angle of incideng¢end the polarization of the wave. There are twtcat

angles associated with the internal reflectionth@tiower and upper interfaces:

. N
0., =sin"—% andd_ =sin" =, (2.4)
nl nl

respectively. Sinca; > nz Gco > Ocs.

Figure 2.2. Modes in an asymmetric Sl planar wawBgwheren; > n, > nz.

If & > 0., > 6.3, the wave inside the core is totally reflectedbath interfaces and is trapped
by the core, resulting in guided modes. As the waweflected back and forth between the
two interfaces, it interferes with itself. A guidetbde (path traced by solid line in Fig. 2.2)
can exist only when a transverse resonance condisiosatisfied so that the repeatedly

reflected wave has constructive interference wghli. In the core region, thecomponent
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of the wave vector ik cod) for a ray with an angle of incidenéewhile thez component is
S = kisind. The phase shift in the optical field caused bpund-trip transverse passage in
the core of thicknessis 2dk;co9).

In addition, there are phase shifts and @3 associated with the internal reflections at the
lower and upper interfaces, respectively. Becamsand @3 are functions of), the transverse

resonance condition for constructive interferemca round-trip transverse passage is
2k, d cost + ¢, (0) + ¢,(0) = 2mr (2.5)

wherem is an integer. Because is an integer, only certain discrete value® afan satisfy

(2.5). This results in discrete values of the pgapen constanp, for guided modes

identified by the mode numben. The guided mode witin = O is called the fundamental
mode and those witlm # O are high-order modes.

Although the critical angle8., andd.; are independent of the polarization of the walke, t
phase shiftsg,(0) and p3(6), caused by internal reflection at a given argjepend on the
polarization. As a result, TE and TM waves havded&nt solutions for (2.5), resulting in
different f, and different mode characteristics for a given enodmberm. For a given
polarization, solution of (2.5) yields a smalletugofd and a correspondingly smaller value
of g for a larger value om. Thereforef, for the fundamental mode has the largest value
among the allowed values f6r

Whené, > 6 > 6.3, total reflection occurs only at one of the indeds, here at the upper
interface but not at the lower interface. As a ltesun incident optical wave refracted at the
lower interface is not confined to the core, butrensversely extended to infinity in the
substrate. It is called a substrate radiation mpadéh traced by dashed line in Fig. 2.2). In
this case, the angkis not dictated by a resonance condition like (% can assume any
value in the range di.; > 6 > 6.3. As a result, the allowed values ®fform a continuum

betweerk, andks, and the modes are not discrete.

Whené., > 6.3 > 0, there is no total reflection at either interfalkcethis case, an optical wave
incident from either side is refracted at both rifstees, and it can transversely extend to

infinity on both sides of the waveguide, resultingsubstrate—cover radiation modes (path
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traced by dash-dot line in Fig. 2.2). These modesat discrete, and the allowed valueg of

for them form a continuum betwe&nand O.

In addition to the three types of modes discussledotv, there are also evanescent radiation
modes, which have purely imaginary valuespothat are not discrete. Their fields decay
exponentially along the direction. The approach of depicting an optical &vag an optical
ray gives an intuitive picture of the waveguide m®and their characteristics. Nevertheless,
this approach has many limitations (Marcuse 19%br. a complete description of the

waveguide fields, electromagnetic wave equatioisethanalyses are required.

For a linear, isotropic dielectric waveguide chéeazed by a spatial permittivity distribution

of gx,y), Maxwell's equations are expressed as:

. oH
V x E:—ILIOE, (268.)
VxH = gﬁ, (2.6b)
ot
V.H =0, (2.6¢)
L. I v
V.(E)=0,oVE=—""1E. (2.6d)
&

Because the optical fields in the waveguide haeefthm of (2.2a) and (2.2b), Maxwell’s

eqguations in (2.6a) and (2.6b) may be express#tifollowing form:

OE, . .
E—lﬂEy :IcoyOHX, (278.)
. OE,
ipE, — x lwpH (2.7b)
oE, ©E

Y X =iouH ., 2.7c
OX ay wﬂo z ( )

and,
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oH,

“ipH, = —iweE, (2.8a)
ay y
ipH, ~ - e, (2.8b)
OX
coH
v My e (2.8¢)
OX oy

From (2.7) and (2.8), the transverse componenthefklectric and magnetic fields can be

expressed in terms of the longitudinal components:

s 2 . OE, . OH,

(k*=p°)E, =ip ax +liowy, oy (2.9a)
s 2 . OE, . OH,

(k“=pB7)E, =ip & — oy, x (2.9b)
2 2 _.0H, o OF,

(k"= )H, =ip ™ lwe ' (2.90)
2 2 . ,0H, . OE,

(k*=B)H, =ip & +iwe Pt (2.9d)

where,
K? = 0’ uye(X,Y), (2.9¢)

is a function ofk andy that accounts for the transverse spatial homoteatthe waveguide

structure.

The relations in (2.9) are generally true for agitudinally homogeneous waveguide of any
transverse geometry and index profile whepe y) is not a function ok. They are equally
true for step-index and graded-index waveguidesrdibre, once the longitudinal field
componentsk; andH, , are known, all field components in a waveguide be obtained. All
other components can be calculated by simply ugih§a) - (2.9e). The fields in a

waveguide can be classified based on the charstotsrof the longitudinal field components
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as a transverse electric and magnetic mode, or Wiede E; = 0 andH; = 0); a transverse
electric mode, or TE modé&{ = 0 andH; # 0); a transverse magnetic mode, or TM mode (H,

= 0 andE; # 0); or, a hybrid mode (E, # 0 andH, # 0). Dielectric waveguides do not support
TEM modes and hybrid modes do not appear in plaaeguides but exist in non-planar

waveguides of two-dimensional transverse opticafinoement.

In general, it is only necessary to fikdandH,. The common approach to fifit} andH; is

to solve the wave equations together with boundangitions. Using the Maxwell equations

discussed till now with the vector identity:x (V x A) = V(V.A) - (V.V)A, we have

vZEmZE:_@(EEJ, (2.10)

E

V2H +k2H = Y€ 59 x A (2.11)
&

It can be seen that the three componéntE, , andE; for the electric field are generally

coupled together becauses = 0in a waveguide. For the same readdp,H, , andH, are
also coupled. This fact indicates that the vectoctzaracteristics of a mode field in a
waveguide are strongly dependent on the geometdy rafractive index profile of the

waveguide.

If the terms on the right-hand sides of (2.10) éhd1) disappear, then the field components

are decoupled. This condition exists only in cerpecial cases. For example, in the case of

a TE mode,Ve L E, so thatVe.E = 0. As a consequence, each component of the electric
field of a TE mode satisfies a homogeneous scaffarential equation. The magnetic field
components of a TE mode are still coupled becauseight-hand term of (2.11) does not

disappear.

The index profile of a step-index waveguide is pigise constant. A homogeneous wave
equation can be separately written for each regfaronstants becaus® ¢ = 0 within each

region. By takingEand H in the forms of (2.2a) and (2.2b) respectively, asthg (2.10)

and (2.11with V& = Ofor each region of constaatwe obtain,
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a;xEZZ + aazyEzz +(ki2 -p Z)Ez =0, (2.12)

8;;Z+8;;2+(ki2_ﬁ2)HZ:O_ (2.13)
where,

K = s = 12 i)_j (2.14)

is a constant for regiom, which has a constant index of refraction Similarly, a
homogeneous equation can be written for each ofailvefield component<, ,E, ,Hx, and
Hy. However, it is not necessary to solve the waweagagns for all field components because
the transverse field components can be found fEm@ndH; using the relations in (2.9a) to
(2.9d), onceE, andH, are found. Therefore, the mode field pattern canobtained by
solving only (2.12) and (2.13) for each region ofstant index and by requiring the fields to
satisfy the boundary conditions at the interfacetsvben neighboring regions. Clearly, this
approach does not work for graded-index wavegumdesuse (2.12) and (2.13) are not valid

for such waveguides.
2.2 Step-Index Planar Waveguides

A step-index planar waveguide is also called a slabeguide. The structure and parameters
of the three-layer slab waveguide assumed for dfon here in this section is shown in Fig.
2.3. The mode properties of a waveguide are comynoméracterized in terms of a few
dimensionless normalized waveguide parameters.ndhmalized frequency and waveguide
thickness, also known as thé number, of a step-index planar waveguide is ddfiae

follows:
V=27”d nf—n§=%d n?-n2, (2.15)

where, d is the thickness of the waveguide core. The prapag constantf can be

represented by the following normalized guide index
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2 2
pZ-k; ng-m

b= = ,
ki —k; nf-n;

(2.16)

whereng = cflw = pAl2x is the effective refractive index of the wavegurdede that has a
propagation constagt The measure of the asymmetry of the waveguidepiesented by an

asymmetry factoa, which depends on the polarization of the modesurdnsideration.

ny ks ’
A +d2
Iy
|| a2

Figure 2.3. Three-layer planar slab waveguide

For TE modes, we have,

n; —ng
= 2.17
E n12 _ n22 ( )
Similarly, for TM modes, we have,
' ny-n;
= . 2.18
" nin?-n (2.18)

For a given asymmetric structure, the asymmetriofdor TM mode is greater than for TE

mode i.eay > ag. For symmetric waveguides, the refractive indexigber and lower layers
is same i.en; = and as a resulés =ay = 0.
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As discussed earlier in section 2.1 for a guidedienthe allowed values gfarek; > S > k»

> k. Therefore, positive real parametbisy,, andys exist such that,

ki - p*=h, (2.19)
p2-K: =75, (2.20)
p? =K =73 (2.21)

As per the discussions leading to (2.5), it casdmn from (2.19) thd; = k;cosé, which has
the meaning of the transverse component of the wautr in the core region of a refractive

indexn;.

For a guided mode, the transverse components afadlkie-vectors in the substrate and cover

regions given by,

=g - @22)

and,

h2=K2— g2, (2.23)

respectively, are purely imaginary becafisek, > k;. The field of the guided mode has to
decay exponentially in the transverse directiothi& substrate and cover regions with=
|hz| andys = hs| being the decay constants in these regions. Babstrate radiation mode,
>k, > f# > ks. Thenh, can be chosen to be real and positive and (22@placed by (2.22)
while (2.21) is still valid in this case. For a striate—cover radiation mode, > k, > k3 > f.
Then bothh, andhs are real and positive. In this case, in additiomeplacing (2.20) with
(2.22), (2.21) is replaced by (2.23).

The transverse field pattern of a mode is charae@iby the transverse parametersy, (or
hy), andys (or h3). Becausek, k;, andks are well-defined parameters of a given waveguide,
the only parameter that has to be determined fgradicular waveguide mode is the

longitudinal propagation constafit Therefore, a waveguide mode is completely spastifiy
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its B. Alternatively, if any one of its transverse paeders, such dg; is determined, the value
of its # is also determined, by (2.19), and the mode ispteraly specified.

2.3 Guided TE and TM modes

Homogeneous wave equations exist for planar wadeguof any index profile(x). For a
planar waveguide, the modes are either TE or TMthEunore, it is assumed that the
waveguide is infinite in extent along y-axis aftdy = 0, because the index profile is

independent of thg coordinate. The wave equations thus become sulahasimplified.

For any TE mode of a planar waveguilge= 0. It can be seen from (2.9a) to (2.9d) that
Hy = 0 as well becausgH,/oy = 0. The only non-disappearing field componemést |, Ey ,
andH; . Becausé, is the only non-disappearing electric field comgain the wave equation

for E, is decoupled from the other field components. &fwe, we have

62Ey 2 2
o~ +(k* - g%E, =0, (2.24)
where,
P
k2 =a)2,uO£(X) :?nZ(X). (225)

Using (2.7a) and (2.7c), the other two non-disappgafield components that can be
obtained fronE, are,

H, =- p E,, (2.26)
Wi,
ok
H,=—- 1 —, (2.27)
lop, OX

The fields of a TE mode are obtained by solving@4 for E, and by using (2.26) and (2.27)
for Hy and H,, respectively. The boundary conditions requiret thg Hy, and H, be

continuous at the interfaces xat= #d/2 between layers of different refractive indices a
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shown in Fig. 2.3. From (2.26) and (2.27), it carsken that this is equivalent to requirifyg

andoEy/ox be continuous at these interfaces.

For a guided modédy, y,, andy; defined in section 2.2 have to be used, for taasiverse
field parameters in the core, substrate, and coegions, respectively. The solutions of
(2.24) and the requirement of the boundary condftigield the following mode field

distribution:

cosh,d /2-w)exply,;(d/2-X)], x>d/2
E, = Cre1 cOSOX—p), ~d/2<x<d/2 (2.28)
coshd/2+y)exply,(d/2+x)], x<-d/2

and, the following eigenvalue equations

tanhd = h].£7/2 +7/3) ,
h — 7,75
(2.29)
and,
tan2y =M. (2.30)
h' + 7,75

where,y represents spatial phase of mode-field distriloutiroradians. Normalization of the
mode field in (2.28) yields,

W,
C.=["-2, 2.31
= g (2.31)
where,
d. =d +i+i (2.32)
Y2 73

is the effective waveguide thickness for a guidédniode.
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For any TM mode of a planar waveguith,= 0. ThenHy = E, = 0 becauséE,/0y = 0. The
only non-disappearing field components BtgHy, andE,. Similar to the case of TE mode,
Hy is the only non-disappearing magnetic field comgmdnand the wave equation fdy is
decoupled from the other field components. Frorhlg.we have

2H 1 de OH
Yy (K2 -pAH, =2 2.33
Ox? ( AIH, & dx Ox ( )

wherek? = k¥(x) is the same as defined by (2.25). The other ten-disappearing field
components can be obtained fréty

E, =£Hy, (2.34)
oH
E - —é . (2.35)

In the case of a planar waveguide, it is conveniergolve for the unique transverse field
component firstE, for a TE mode anddy for a TM mode. The other field components,
including the longitudinal component, then followedttly. Although there is only one non-
disappearing longitudinal field component for eaghe of mode in a planar waveguide, it is
coupled to a transverse field component. For exahplof a TE mode is coupled td, and

is not described by a simple equation of the fofr{f2®4).

The fields of a TM mode are obtained by solvin@8.forHy and by using (2.34) and (2.35)
for Ex andE;, respectively. Note that for the step-index wavegwonsidered herdg/dx = 0

in each waveguide layer except at the boundariles.bbundary conditions require thdy,
&Ex, andE; be continuous at the interfacesxat +d/2 between layers of different refractive
indices as shown in Fig. 2.3. Note tligtis not continuous because it is the electric field
component normal to the interfaces where discoitt@suin ¢ occur. Similarly,0H,/0x is not
continuous at the interfaces. Rather, iti%H,/x, or n"6H,/dx, that is continuous at the
interfaces. Therefore, the boundary conditions siraply that H, and n"°0H,/6x are

continuous at the interfaces.

28



For a guided TM mode, the solutions of (2.33) ahd boundary conditions yield the

following mode field distribution:

cosh,d /2—-w)exply,(d/2-Xx)], x>d/2
H, =Cp { costux—y), ~d/2<x<d/2 (2.36)
coshd/2+y)exply,(d/2+x)], x<-d/2

and, the following eigenvalue equations:

2 2 2
tanhd = (?147;2()7;_/”2 +/73£”g), (2.37)
h Va3 1NNy

and,

2 2 2

(h/nZ)? + ./ ning

Normalization of the mode field in (2.36) yields,

we N>
C,, =.]—>21 2.39
™ ,/ A, (2.39)

where, the effective waveguide thickness for a gdidM mode is,

1 1

d, =d+ + : (2.40)
7.0 730
and,
p? B’
Y 2.41
B B’
=—+—-1. 2.42
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2.4 Modal Dispersion

Guided modes have discrete allowed valueg afid are determined by the allowed values of
h; asp andh; are directly related to each other through (2.B@&cause, andys are uniquely
determined by’ through (2.20) and (2.21), respectively, they dse aniquely determined

by h;. In terms of the normalized waveguide parameteeshave
y2d? = p?d* -kZd* =V? -hd?, (2.43)
y2d? = p?d® —kid® = @+a )V —hd?, (2.44)

Therefore, there is only one independent varidblen the eigenvalue equations, (2.29) for
TE modes and (2.37) for TM modes. The solution@d19) yield the allowed parameters for
guided TE modes, while those of (2.37) yield theapseters for guided TM modes. A
transcendental equation such as (2.29) or (2.3d3uslly solved graphically by plotting its
left- and right-hand sides as a functionhed while using (2.43) and (2.44) to replageand

y3 by expressions in terms ¢hd. The solutions yield the allowed values gf or the
normalized guide indely, as a function of the parametarandV.

Typical Modal-dispersion curves (Kogelnik 1974)ttheflects normalized guide indéxas a
function of normalized frequency for the lowest three TE mode orders for variougrdes
of asymmetry i.e for various valuesaf are shown in Fig. 2.4. The plot ¥fversusb with a
as a parameter provides a universal plot for anyegaide. The values &f can be obtained
by substituting effective index in (2.16). Higheslwes ofb indicate stronger guidance of

mode, whileb = 0 represents the cut-off condition for the mode.

For a given waveguide, a guided TE mode has a rlgpggpagation constant than the

corresponding TM mode of the same order:
w > B (2.45)

However, for ordinary dielectric waveguides whexe— n, << n;, the difference is very
small. This simplification is known as weak-guidarapproximation. Generally, waveguides

have a slight variation of the refractive index owbeir cross-sections, hence index
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difference forming the guide is small in practigalides, especially for the t\-dimensional
refractive index distributions that occur in chanwaveguides or optical fibers. Then F

2.4 can be used approximately for TM modes \a = ay.

[®)

0.0~

Figure 2.4: Normalized dispersiVV-b curves for TE mode

For agiven waveguide, the values az anday, as well as those afandn? — n,?, are fixed.
Then,p is a function of optical frequenw because/ depends om. Comparings, k;, and
ko, it is seen that the propagation constant of aagaiwle mode has a frequency depend:
contributed by the structure of the waveguide iditmh to that due to material dispersic
This extra contribution also causes different moebave different spersion propertie:
resulting in the phenomenon of modal dispersiotafaation dispersion also exists beca
TE and TM modes generally have different propagationstants. Polarization dispersiot

very small in weakly guiding waveguides whn; —n, <<n;.
2.5 Cut-off Conditions

As discussed in section 2.y, andys are real and positive for a guided mode, so tha
fields of the mode decay exponentially in the tvanse direction outside the core region
remain bound to the core. This isuivalent to the condition that ttogtical wavi in the core
is totally reflected by both interfaces i0 > 6., > 6.3 asillustrated in Fig. 2.2. Becau., >
Oc3, the transition from a guided mode to an unguidetiation mode occurs whef = O,
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This corresponds to the condition tifat k, andy, = 0. As can be seen from the mode field
solutions in (2.28) and (2.36), the fields exteadrtfinity on the substrate side fgs = 0.
This defines the cutoff condition for guided modE&ke cutoff condition is determined by

= 0, rather than bys = 0, becausg; >y, andy, reaches zero first as their values are reduced.
The cutoff valueV, for a guided mode is the value dfat the point where the versusV

curve shown in Fig. 2.4 intersects with the hortabaxisb = 0.

From (2.43) and (2.44), we find by settippg= O that,
hd=V, andy,d =/a.V,, (2.46)
at cutoff. Substitution of (2.46) and= 0 in (2.29) for a guided TE mode yields,
tanV, =,/a; . (2.47)
Therefore, the cutoff condition for tid" guided TE mode is,
Ve=tantJac +mz,m=0,1,2,.. (2.48)
Similarly, the cutoff condition for thei" guided TM mode can be derived as follows:
Ve =tanta, +mz,m=0,1,2,... (2.49)

Becausey > ag for a given asymmetric waveguide, the valu&/ofor a TM mode is larger

than that for a TE mode of the same order.

Using (2.15), we can write,

27 s o O
—d4/n; —n; =

V, =
A c

dyn/ —nZ (2.50)

where, 1S, is the cutoff wavelength and’ is the cutoff frequency of the™ mode. Then™

mode is not guided at a wavelength longer than or a frequency lower tham:,. For given

waveguide parameters, (2.48) and (2.49) can be witbd(2.50) to determine the cutoff
wavelengths of TE and TM modes, respectively. Fgivan optical wavelength, they can be

used to determine the waveguide parameters thav éle existence of a particular guided
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mode. For given waveguide parameters and opticaleleagth, they can be used to
determine the number of guided modes for the wadegurherefore, for a given optical
wavelength and a waveguide with a gis¢énumber, the total number of guided TE modes is
simply

vV 1

M e ={———tan‘1 aE} : (2.51)
T T int

while that of the guided TM modes is

M, = [!—ltanl a, } (2.52)
T 73 int

where [ }it means the nearest integer larger than the valtleeibracket. A waveguide with

M = 1 that supports only the fundamentalp,Tdhd/or TMy mode is called a single-mode

waveguide. A waveguide that supports high-orderesad called a multimode waveguide.
2.6 Symmetric Slab Waveguides

In a symmetric slab waveguide; = n, andag = ay = 0. In addition, we also have = y,.
Then, it can be seen from (2.28) and (2.38) thaRja= 0 and

W:%,mzo, 1,2,.. (2.53)

for both TE and TM modes. Therefore, the mode figdtkerns of a symmetric waveguide
given by (2.28) and (2.36) are either even fundiofx with cosh;x in the region €/2 <x <
d/2 for even values af or odd functions ok with sinh;x in the region €/2 <x < d/2 for
odd values ofm. This characteristic is expected because the nfadeé pattern in a

symmetric structure is either symmetric or anti-gygtric.

Sinceys = y,, the eigenvalue equation (2.29) for TE modes canrdnsformed using basic

trigonometric identities to the following two eqigats:

hd 7,

tan— =-= | for even modes, (2.54)
2 h
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—cothl—2d=% , for odd modes, (2.55)

which yield the allowed parameters of guided TE esdEquation (2.54) and (2.55) can be

combined in one eigenvalue equation for all gui@iBdnodes:

hd mz)_y, Vi-hd®
tar(z zj_hl_ d m=0,1,2,... (2.56)

wherem is the same mode number as the one in (2.53).gU&87), a similar procedure

yields,

2 2 \/2 _h2g2

ta m—@jzn—gﬁzn—g—m,mw, 1,2,.. (2.57)
2 2 n, h n; hd

for guided TM modes. The solutions of (2.56) an&T2 yield the allowed values bfd for a

given value of the waveguide parametefor both even and odd TE modes as well as TM

modes, respectively.

Sinceag = ay = 0, TE and TM modes of a symmetric waveguide htnee same cutoff

condition:

Ve =mr (2.58)

m

for alike m" TE and TM modes. Because = 0 for the fundamental modes, neither
fundamental TE nor fundamental TM mode in a symimetaveguide has cutoff. When 0 <
V <z, any symmetric dielectric waveguide supports asi@ne TE and one TM mode in the
waveguide, and the waveguide is referred to aaglesmode waveguide. The number of TE

and TM modes supported by a given symmetric wakgisi simply

\%
M =Mqy = {;} (2.59)
int

These conclusions are unique to symmetric waveguitleey are not true for an asymmetric

waveguide. For instance, a guided mode for an astnorslab waveguide at a given optical
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frequency may not exist because both its fundarh@ifaand TM modes have a nonzero

cutoff.
2.7 Channel Waveguides

Till now, we have discussed the characteristicglahar waveguides. Practically, non-planar
waveguides are mostly used in device applicatidhs. index profilen(x, y) of a non-planar
waveguide is a function of both transverse cootdsa andy. There are different types of
non-planar waveguides that have distinct indexil@®for cross-sectional geometries. Two
examples of non-planar waveguides are optical dibef circular cross-section and
rectangular cross-section channel waveguides. dtter lis dealt in this thesis work, hence, is

discussed in detail in the following paragraphs.

A channel waveguide offers two-dimensional confieemof light inx- andy-directions as
opposed to one dimensional light-confinement inyoatlirection offered by planar or slab
waveguides. Various types of channel waveguidef wettangular cross-section may be
developed such as buried channel waveguide, thp-lsaded waveguide, the ridge
waveguide, the rib waveguide, and the embedded guadle. Cross-sections of the channel
waveguides just mentioned above are depicted in Efg Types of waveguides shown
collectively in Fig. 2.5 usually classify as reagaiar waveguides with a thicknedsn thex
direction and a widtlw in they direction, though their shapes practically are exdctly
rectangular. A buried channel waveguide is forméith & high-index core buried in a low-
index surrounding medium. The core can have angsesectional geometry though it is
often intended to have a rectangular shape, asrshoitig. 2.5(a). A strip-loaded waveguide
is formed by loading a planar waveguide, whichadseprovides optical confinement in the
x direction, with a dielectric of indemz < n; as shown in Fig. 2.5(b). The light guiding core
of a strip waveguide is the high-index regmnunder the loading strip of index < n;. The
thicknessh and width ofn; layer is determined by the thicknesand widthw of the loading
strip.

A ridge waveguide, shown in Fig. 2.5(c), has acttme that looks like a strip waveguide, but
the strip, on top of its planar structure has dhiglex and is actually the light guiding core.

A ridge waveguide has strong optical confinemermiabse it is surrounded on three sides by
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low-index nz and on one side by low-inde%. A rib waveguide, shown in Fig. 2.5(d) has a
structure similar to that of a strip or ridge wawmtg, but the strip has the same index as the
high-index planar layer beneath it and is part leé tight guiding core. An embedded
waveguide shown in Fig. 2.5(e) is formed by creptan high-index region in a substrate
through diffusion of dopants, such as a LiNb®@aveguide with a core formed by Ti
diffusion. Because of the diffusion process, theecboundaries in the substrate are not
sharply defined. However, an embedded or a diffusasteguide also has a thickneds
defined by the diffusion depth of the dopant in xhdirection and a widthv defined by the
distribution of the dopant in thedirection.

ns
w w
-« —M
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Figure 2.5. Cross-sections of channel waveguidesui@aed-channel guide, (b) strip-loaded
guide, (c) ridge guide, (d) rib guide, (e) embeddetie.

Channel waveguides are used mostly in guided-wawéces such as a directional coupler,
Y-branch splitter, waveguide laser, guided-wave utaidr, waveguide photodetector,
waveguide demultiplexer, ring resonator, wavegtitter, etc. Properties of the channel

guided-wave mode which are most important to tlaggdications are the effective index, the
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attenuation rate, the polarization of the mode, #mel evanescent tails. Most channel
waveguide devices are a few centimeters or ledenigth. Thus, unlike optical fibers, any

reasonable attenuation rate, such as a few dB/dessrmay be acceptable in many practical
applications.

Different modes superpose with different phaseif&trént values of propagation lengths as
a consequence of which the transverse intensityrildliion will vary with propagation
lengths. There is no transfer of power betweenntibeles and power associated with each
mode remains the same as the field propagates. Howat different values of propagation
distances, the two modes interfere with differenages, resulting in a varying transverse
intensity pattern. Channel waveguide devices oftewolve one guided-wave mode
interacting with another guided-wave mode. Perigaiturbations in waveguide parameters

may result in mode-coupling i.e. power transfemissn two modes (Ghatak 1998).
2.8 Approximate Analyses of Guided Modes

The dielectric waveguide used in photonic integtatecuits typically need to be single
mode, although multimode guides are utilized in ynapplications too. Thus, modal analysis
is a critical part of the design process that pitesiinformation on the modes that may
propagate; their propagation constants and modaeeshdhe most fundamental requirement
is to find the optical modes that may propagata given waveguide structure. Mode solving
techniques are required to address this fundameatplirement. All the mode solvers

assume that the waveguide section is uniform inpttogpagation direction resulting in the

assumption that the variation in this directionel& , wheref is the propagation constant.
The task of mode solvers for a given waveguide sseextion and a specified value of
operating frequency or wavelength is to determime \talues off and the corresponding

modal pattern for each desired mode.

Except for those few exhibiting special geometrimgures, such as optical fibers with
circular cross-sections, non-planar dielectric vganees with rectangular cross-sections
generally do not have analytical solutions for thgiided mode characteristics. For the
analysis of these channel waveguide modes, onene&e use of several approximation and

numerical methods. Some of the approximation mettaod: Marcatili’'s method (Marcatili
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1969); and the effective index method (EIM) (Knd¥70); out of which due to simplicity,

the effective index method shall be discussed enfthlowing section. The effective index
method has one advantage over Marcatali's methddreat is, the propagation constant is
easily obtained by a short calculation. If the dielistribution are required as well as the

propagation constant, however, Marcatali's methadtrbe chosen (Nishihara 1985).

Nonetheless, there are no exact analytical solsiionthe modes of the channel waveguides,
even in the limit of the weak-guidance approximati©ne has to depend on numerical
methods to obtain accurate solutions of the scaiave equation for waveguides with
rectangular core cross-sections. Some of the nealemethods that exist for analyzing
channel waveguides include: Fourier decompositiathod (FDM) (Henry 1989), finite
element method (FEM) (Yeh 1979)(Rahman 1984) ant BPeit 1978). BPM simplifies
the guided wave problem by reducing the computaticomplexity and thus, speeding up
the computational process. Here, in this work, mmroercial optoelectronic CAD software
BeamPROP" (from RSoft Inc., USA) based on the beam propagathethod (BPM), was

used to evaluate modal characteristics of polyrmearaguides.
2.8.1 Effective Index Method

The effective index method is one of the simpldsiliothe methods and provides reasonably
accurate results. The basic concept of the effedgtidex method illustrated in Fig. 2.6 is to
convert the problem of a channel waveguide inta tfatwo planar waveguides. The
effective index method is a good approximation dhthe waveguide satisfies the following

two conditions:
(i) the waveguide width is larger than its thiclcm,eise.,vav >1; and,

(i) wave guiding in they direction across its width is not stronger thaattim thex

direction across its thickness.

The effective index method applies to both steindnd graded-index channel waveguides,
as long as the above two conditions are satisiten these two conditions are satisfied, the

characteristics of the guided modes are primariggednined by the layered structure
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perpendicular to the direction, much like a planar waveguide of thicknes but are
modified by a lateral structure of widtv. The planar structure defines TE and TM
polarizations, but the lateral structure distonsn. Therefore, a mode with its electric field
mostly in they direction parallel to the planar layers is calee@E-like mode, and one with
its magnetic field mostly in this direction is @l a TM-like mode (Nishihara 1985). One
distinctive property of non-planar dielectric wauetes versus planar waveguides is that a
non-planar waveguide supports hybrid modes, wheagdanar waveguide supports only TE
and TM modes. In principle, guided-wave modes @inctel waveguides are hybrid modes,
meaning that there are field components inxaly, and z directions. However, from the
effective index analysis, it is clear that guidedwe modes can be considered as total internal
reflection of the Tk, (or TM,) planar guided-wave modes at thboundaries at a very small
propagation angle from theaxis. It means that the polarization of the TE p®dltill has
predominantly an electric field in the direction and a magnetic field in thedirection.

Therefore they are still called TE(or TMyy) modes.

The procedure of applying the effective index mdthe straightforward. Because an
effective index is mode dependent, we first deadethe specific mode, either FEor
TMm, with specific mode indices andn, to be analyzed. The waveguide is then divided
into three structures for the three vertical regioh Il, and Ill, shown in Fig. 2.6. The
structure associated with each region is then ddeats a planar waveguide to find the
propagation constarft, for the moden. Thex dependence of thecomponent of the mode
field, Eny(X) in the case of a TE-like mode bimy(X) in the case of a TM-like mode, for

central waveguide region | is also found throughghme procedure.

The propagation constants for the three regionsised to determine the effective indices,
n=n =cBlw=1p. 12x,
n,=n, =cp, lw= A8y |27, and

n,=n, =cBy lo=Ap. 12r, (2.60)
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Figure 2.6. Analytical model for the effective ind@method.

for a vertical planar waveguide of core widthThis structure is then treated as a planar slab
waveguide to solve for the propagation consi@ént of the desired mode and for tlye
dependence of thg component of the mode fiel&,y(y) in the case of a TE-like mode or
Hny(y) in the case of a TM-like mode. Note thaf,(y) for a TE-like mode of the original
channel waveguide is obtained from tBg component of the TMfield of the effective
vertical planar waveguide, wherels,(y) for a TM-like mode of the original waveguide is
obtained from théd, component of the THield of the effective vertical planar waveguide.
Finally, they component of the total mode field for the originhhnnel waveguide Byy(X,

y) = Emy(X)Eny(y), in the case when the TE mode is considered, dflmy(X, y) =
Hmy(X)Hny(y), in the case when the TM mode is considered. Other significant field
components are found by using (2.26) and (2.27afoE-like mode and by using (2.34) and
(2.35) for a TM-like mode. The propagation constargimply S, found from the effective

vertical planar waveguide.
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For Tk and TMy modes, whem; = 1.57 anch, = 1.54 =n3, for a wavelength of 1550 nm
and for a channel waveguide of core thickness Bfufh with aspect ratio of unity, it was
found thatp = 6.320819, andg = 1.559284 for Tk mode ang¥ = 6.319853np = 1.559046
for TMgo mode using EIM based 2D mode solver (Hammer 20IR2¢. screenshots of the
results obtained from EIM based online 2D mode exolre available in Appendix B. From
the mode solver, it was also found that single mpagpagation is observed till the aspect

ratio is less than 1.25, i.e., till width of theweguide is 3..um.
2.8.2 Beam Propagation Method

The beam propagation method was first applied éblpms of integrated optics by Feit and
Fleck (Feit 1978 1979 1980 1983 1985 1990). The BRBRpMproach is based on the
approximation of the exact wave equation for momogtatic waves and the numerical
solution of the resulting equations. An overviewtlé basic BPM theory as described by
(Rsoft 1993) (Scarmozzino 2001) is presented s $bction.

In the basic form of BPM, the electric field is repented as a scalar value instead of a vector
value. As a result, polarization effects can belewtgd and the propagation is assumed to be
paraxial (i.e. confined to a narrow range of angléfe scalar field assumption allows the

wave equation to be written in the form of the Heditiz equation for monochromatic waves:

ViP(x, Y, 2) +k(x Y,2)*¢ =0 (2.61)
where
V(X Y, 2) = aa;)fﬁz L0999 (2.62)

o?y?  0%z%’
Here, the scalar electric field is written as
E(X,Y,zt) = d(x,y,2e"", (2.63)
and the notationk(x,y,z) =k,n(x,y,z) is the spatially dependent wave number, with

Ko = 77[ is the wave number in free space. It can be sewrifth refractive index distribution
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n(x, y, z) defines the geometry of the problem. Aside from $calar equation, (2.61) is

exact.

For typical guided wave problems, the phase vamatiue to propagation along the guided
axis (i.e. thez axis) gives the most rapid variation in the figldTo enhance the efficiency of
the technique, this rapid phase variation is faxtavut of the problem with the introduction

of a slowly varying fieldu, where:
#(X, Y, 2) = u(x, y, 2)e" (2.64)

wherek is a reference wave number, a constant represetfittnaverage phase variation of

the field ¢ ; and is frequently expressed in terms of a refexenefractive indexn, where
k = k,N. In this approximation, the slowly varying fieldrc be represented numerically on a

longitudinal grid that is much coarser than the elamgth for many problems, thus
increasing the efficiency of the technique. Howeveis approximation can only be applied

to paraxial fields (i.e. the field is propagatinginly along the z axis).
Substitution of (2.64) into (2.61) yields the fallmg equation for the slowly varying field:

o°u ..—ou o°u  du -

—— 4+ 2k—+—=—+——+(k*-k®u=0 2.65

0°z° 0z 0°x* 0%y® ( ) (2.69)
Assuming that the variatiomwith z is sufficiently slow, the second derivative temmezimay
be neglected. This is known as the paraxial orhmdi@ approximation, which reduces the
guided wave problem from a second-order boundatyevaroblem requiring eigenvalue
analysis, to a first-order initial value problemathcan be simply solved by integration.

Equation (2.65) then becomes:

ou i (d%u  é?u =
E:E(W—F@z—f—i_(kz_kz)u} (266)

Equation (2.66) is the basic BPM equation in thdeeensions which is also known as the
scalar, paraxial BPM. This basic form of BPM modtie continuous wave (CW) optical

fields propagating in the-direction. However, it is important to note thdtet direct
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consequence of the elimination of the second divivas that devices where reflections are
significant (i.e. backward travelling wave solutsyrcannot be accurately modeled based on
the basic BPM equation. Improved efficiency of Bk not been achieved without a price.
Fields that have a complicating superposition aigghvariation, such as exist in multimode
devices, may not be modeled accurately. Also, tesipility for backward traveling wave
solutions gets eliminated, thus devices for reitet are significant may not be modeled

accurately.

By discretizing the cross-section of a waveguidacstire into grid points, the BPM works
by decomposing a spatial mode into a superposttigglane waves using the above equation
(2.66) in thez-direction, with each next plane at+ Az being mathematically dependent on
the current plane a This process is repeated until the wave has gadpd through the
entire structure. The effects of propagating arwhllandex at continuously on the phase as
the wave travels but BPM numerically simulate thiscess in a series of small steps, i.e.,
BPM uses a split-step process. Equation (2.66)iarabolic partial differential equation that
can be integrated forward in z by a number of saashshumerical techniques. The BPM is a
numerical simulation of the field in a guide, not @pproximate solution to the exact wave
equation. The BPM can help us determine the mod&gin a unusual waveguide and can
determine the dynamic behavior of a mode as thexiqmtofile changes along z, commonly
found in a tapered guide or in a guide perturbedabgther nearby guide. Early BPM
employed a split-fourier method (Feit 1978), angrdan implicit finite-difference approach
based on Crank-Nicholson scheme was found supéWerick 1990) (Chung 1990a)
(Scarmozzino 1991). This approach and its derieatihave become the standard and are
frequently denoted as Finite Difference BPM (FD-BFMthe literature.

2.8.3 Mode Solving Via BeamPROP

Simulation of guided-wave photonic devices by meahshe beam propagation method
(BPM) has become one of the most common and widadpstrategies used to design planar
lightwave circuits (Marz 1995) (Hoekstra 1997) (Yaunhi 2003). Computer-aided design
and modeling software has in many ways spurrediévelopment of lightwave components
and systems. With these softwares, new device ptscan be easily evaluated; designs can

be optimized and the design cycle can be shortsigrficantly. BeamPROP is design
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tool that is part of the Rsoft Photonics ComponBesign Suite from RSoft Inc., USA.
BeamPROP" is based on the BPM for the design and simulatibintegrated and fiber-
optic waveguide devices and circuits. The BPM ipooates techniques that utilizes an
implicit finite-difference scheme, however it islprsuited for a planar topology (Lifante
2003). The flexibility of the software allows usedrscreate schematic designs of photonic
devices and circuits as well as fundamental objsath as straight, tapered, curved, and
branching waveguide segments. Each individual carapbhas its own set of properties that
can easily be accessed to be defined or modifiethéyser. BeamPROP allows the user
to manually create photonic structures, but it atemtains several built-in utilities to
automatically create complicated structures. WHBitare available for common periodic
structures, grating structures, and arrayed wadeggrating (AWG) structures. Rsoft CAD
with related utilities also allows for the creatiosf customized components using
mathematical equations or data files. BeamPRDRcludes BPM-based mode solvers
which allow the calculation of modal propagatiomstants and profiles of both guided and

radiation modes for any arbitrary 2D or 3D geoméRgoft 1993).

Once the width and height of the waveguide aredsecto allow only a single mode, they
can be applied to design a variety of devices sagshthe elementary straight channel
waveguide, power splitter, directional coupler, étcthis work, optical power splitters based
on Y-branch waveguides have been designed anccéabd. The optical power splitter is a
fundamental element in PICs. Power splitters wittaker footprints and lower excess losses
are need of the hour to allow high device densitpolymer-based PICs. Additionally, wide
optical bandwidth and splitting-ratio tunabilityeacritical. The targeted waveguides are
single-moded at telecommunication wavelengths. Wtis in mind, design of slab
waveguides single-moded at 1550 nm was first uaklert. The results provided the inputs
for designing single-moded channel waveguides, whHarm the backbone of the final
device.

Single mode slab waveguides were designed usingtdraard equations for TE and TM
mode propagation in planar rectangular waveguitésll known UV sensitive photoresist
SU-8 with a refractive index of 1.57 at 1550nm whesen as the material for the waveguide

core while Norland Optical Adhesive NOA 61 was ussdunderclad as well as overclad in
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order to fabricate a symmetric waveguide. It meshientioned that NOA 61 has a refractive
index of 1.54 at 1550nm. These refractive indicerewalso independently verified by
fabricating planar SU-8 and NOA 61 waveguides amtlytng out measurements on a prism
coupler (refer to Chapter 4 for details).

To support fundamental mode in a symmetric wavegjuie.,az = ay = 0, we know from

(2.51), (2.52) and (2.59) tha] ;- =M, :[X} = 1.

T int
Hence,V = r, for the fundamental mode. WiW = z, we get,d = 2.54um using (2.15),
where,n; = 1.57;n, = 1.54 andl = 1550 nm. With a thickness of 25, recalculating using
(2.15), we getV = 3.096. Since, the propagation angle for the sg@cnode will be less than

for the fundamental mode, for all angles greatanttie critical angle, the waveguide will be

monomode, i.e., from monomode condition (Pavesi 62009c<cos‘1(2’1_0d} where
n

6, :sin{&j:?&?gfor n; = 1.57 andn, = 1.54. This, again, yieldd = 2.54um for a
n

wavelength of 1550 nm. Hence, for a given symmetiweguide, a guide thickness of 2.5

um was chosen to ensure single mode operation & d%5wavelength.

Having fixed the guide thickness, in order to makegle mode channel waveguides it is also
important to use appropriate channel width. Thepagation constam® andng has already
been specified in section 2.8.1 forghand TMy modes. The values gfandng with (2.16)
yields the value of normalized guide indéxs 0.6592. This value df can also be observed
from Fig. 2.4 as for a value &f = 3.096,b = 0.66 for theV-b curve withm = 0 anda = 0.
The value ofb = 0.6592 andv = 3.096 can be used in a condition (Nishihara ):985

w T
0<—<

d by

limits the waveguide width to 3.Am. This is the same value of width of waveguiderove

. The condition corresponds to a maximum aspeid Ht1.249, as a result,

which higher modes exist in EIM based 2D Mode sotliscussed in section 2.8.1.

All waveguide structures that were simulated wédrannel waveguides that used a slab mode

beam with a wavelength of 1550nm. The simulatibnst used a launch beam that had same
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dimensions as the waveguide under test. Initialyestimate the number of modes in the
interconnection structures, mode calculations vpeméormed with the waveguide width and
height of 2.5 x 2.5um. The core and cladding refractive indices of thw materials
mentioned earlier were used in the simulation. fdfeactive index profile of this structure
and the field profile of the fundamental mode dreven in Fig. 2.7(a) and (b) respectively.
Again, note that the effective index evaluated BMBduring a 2D simulation as shown in
Fig. 2.7(b) is very close to that evaluated usinljl based 2D mode solver discussed in
Section 2.8.1.

Transverse Index Profile at Z=0 Computed Transverse Mode Profile (m=0.n_,~1.558298)
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Figure 2.7. 2D (a) Refractive Index Profile and Mx)de profile.

2.9 Source-to-Waveguide Coupling

Coupling between source and the optical wavegusdeased on a modal description of the
waveguide and depends on alignment, dimensiondérdifices and geometrical shape
(Pollock 1995). There can be significant loss iticgd connections due to misalignment or
mismatch of the modes between the source and tveguale. Misalignment between a
source and a single mode waveguide by dimensianthes 1lum can cause a coupling loss
exceeding 1 dB. Coupling problems are exaggeratedhb small dimension of typical

optical waveguides and sources which makes alighaerntical and challenging task.

The most efficient coupling between a waveguideatical source occurs when the source is
butted up against the cleaved end face of the wagegThis is called the butt coupling. The
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other way to couple an external beam directly veageguide is end-fire coupling, where the
beam is focused on to the end of the waveguides Mgthod works well, if a clean end-face
of the waveguide is optically accessible and if bas a ability to tightly focus and position
the external light beam The numerical apertiNA, is a critical parameter in coupling as
power coupled is proportional to the squaréNaf (Pollock 1995). High is the value A,
more efficient is source-to-waveguide coupling. $&ncan be used in certain circumstances

to improve coupling efficiency compared to butt plig between a waveguide and a source.

In order to employ and integrated optic componard fiber optical communication system,
it is important to provide a fiber pigtail(s) faght input and light output from the device. In
order to do this, such devices are usually pigiaiéth single mode optical fibers. In such a
case, an important parameter to consider is themmag of the mode field diameters of the
mode propagating in the integrated optic device amgjle mode fibers that would be
pigtailed to the device. Mode field diameter (MAB)}n expression of distribution of optical
power across the end-face of a single mode fiber. & Gaussian intensity, MFD is the
diameter at which the power density is reduced/¢d df the maximum power density. The
guassian mode profile shown in Fig. 2.7b indicaitesmode field diameter for the 2.5 x 2.5
um cross-section rectangular waveguide will be 4.8.5um at 1550 nm. Commercially
available low-loss fiber e.g. Corning SMF-28e+ Lasta MFD of 10.4 + 0.pm at 1550 nm.
The coupling efficiency will be less than 25% ifethlifferences between the mode field
diameters is 100% or above (Pollock 1995). For éigkfficiency, a better option will be
choosing a highNA fiber with MFD almost equal to that of the giveraweguide for fiber
pigtails. Commercially available, Nufern PWG1-XBdi is such an option with a MFD of
4.8 = 0.5um at 1550 nm. The specification sheet of Nufern PMKP fiber is available in
Appendix A.

2.10 Conclusion

The chapter presented an overview of guided-moeeryhfor planar waveguides, following
which non-planar waveguides, i.e., rectangular nebhwaveguides were analyzed. The wave
equations for solving planar waveguides are derifredh Maxwell's equations and its
solution can be made about the nature of the paipagfield. The analysis of the planar and

rectangular channel waveguides involves findingpgtapagation constants and field profiles
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of all the modes that the waveguide supports. Tpgraximate analytical method using
effective index approximation was discussed witimatical methods like beam-propagation
method in the chapter. A 2D EIM based Mode Solvaswsed to find the propagation
constants for the fundamental mode. The waveguia&riess was chosen to be 25 to
support the fundamental mode only. The aspect latibetween unity to 1.25, insisting to a
maximum channel width of 3.km, ensuring single-mode propagation. A suitablerfib
Nufern PWG1-XP, was selected to ensure maximum lsaugefficiency for fiber-pigtails
after studying the Gaussian mode profile derivédgia commercial software BeamPRYP

based on beam-propagation method, of the propa$ed 2.5um waveguide.

48



CHAPTER 3

Y-BRANCH SPLITTER - DESIGN AND FABRICATION

The ever increasing demand for voice, data, andovigkervices in optical access networks
will require broadband optical splitters capable bsbadcasting and distributing optical
signals from the central office to many users (@k&897). The broad-band passive optical
network (PON) is an important access infrastructhieg provides a cost-effective fiber-to-
the-home service (Maeda 2001). A PLC-based dynagiical splitter for PON/fiber-to-the-
premise networks was reported and aimed at prayidarriers with the flexibility to add
new subscribers to an optical network without tleed for traffic disruption that usually
results from upgrading optical splitters (Quell@02). In the subscriber network of a PON, a
power splitter is used to distribute optical poirem one input channel into several output
ones. Multiport power splitters are routinely usedVDM systems. For economical reasons,
it is desirable to use passive components for apsignal distribution in broadband WDM
communication systems. Power splitters based amchiag waveguides are key components

for optical signal distribution in hybrid or fullyptical access networks (Ueda 2001).

A Y-branch waveguide is a fundamental elementagdiin deciding the structure and shape
of photonic devices and can be symmetric or asymengtcording to the required branching
ratio. Y-branch waveguides are essential in PIC¢h bor signal routing and signal
processing. They are utilized as power splittersmluiners in modulators, switches,
interferometric devices and semiconductor lasayatrFor the case of symmetric Y-branch,
many new structures have been proposed to achidees @&xcess loss (Chaudhari 2001)
(Yabu 2001) (Hu 1997) (Chung 1990b) (Seino 198@).tRe asymmetric case, a wide range
of branching ratio with less losses is requiredz(fii 1996) (Lin 1999a). Various passive
and active splitter designs have been proposedaqudy, including a tree of Y-branches
PLC splitter (Takahashi 1993), active splitters CRO00) (Jaouen 1999) (Ratovelomanana
1995) using post-amplification to compensate fog 8plitting loss. Splitters have been
realized with Y-branch waveguides (Tao 2008), mutiile interference waveguides (Wang
2004), directional couplers (Kiyat 2005), photomigystals (Frandsen 2004), and others
(Chung 2006) (Schuller 2007).
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A branching waveguide that has a low branching,lssgll and compact overall size, and is
easy to fabricate without critical fabrication régments is said to be an optimum and an
efficient structure. In the design of a power $etitreported in this work, the key design
parameters considered in device simulation werebthaching angle, the type of bend and
its length, the overall device length, the finapaetion of the output ports, etc., which
governed the device performance. Both device leagthradiation loss of optical waveguide
devices are critically determined by the bend amdnth requirements. Design and
realization of compact and low-loss branches argreat interest in several integrated optics

applications.

This chapter discuss the design and fabricatior-bfanch waveguide which is the basis of
the optical power splitter. The conventional Y-ktardesign for a 1 x 4 power splitter is
presented in the chapter. The design of mask fmidation of 1 x N splitters using L-Edit

(Tanner Tools) is presented here. The chapter @¢szribes an overview of the micro-
fabrication procedures and techniques for polymeveguides. Finally the details of

fabrication process used in this work is preseirig¢tie chapter.
3.1 Y-Structure Design and Optimization

Optical power splitters, other than cascaded Y-thmarfBurns 1990), are commonly
implemented using fiber couplers and multimode rietemeters (MMI) (Wang 2002)
(Huang 1997) (Huang 1998). However, splitters Hage evanescent field coupling and
MMI principles suffer from the problem of strong vedength and polarization dependence if
using low index contrast material such as polynaed therefore they are not suitable for
broadband applications (Huang 1997) (Huang 1998)th@ other hand, although Y-junction
optical power splitters are less wavelength ancanmdtion dependent, they suffer from
excess loss due to the mode field/wave-front mismdietween the output and input
branches (Yulianti 2010). Splitters based on Y-bhawaveguides however, are widely used
as the structure is simple and the excess losgdduysoptical power splitting is low. Optical
outputs of a Y-splitter have a uniform splittingioawhen the splitter is fabricated based on a
symmetric structure. Splitters with variable optipawer splitting ratio find applications in

dynamic control and efficient management of optigsalver in photonic applications. For
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example, the asymmetric power splitters can be usegtical communications to actively

distribute light to optical components that conswagying and uneven optical powers.

A conventional 1 x 2 splitter is simply a Y-branelaveguide where two output waveguides
are connected to a linear input waveguide. In cotiwral 1 x N power splitters constructed
by cascading Y-branch waveguides (Chaudhari 208api 2001), the overall physical
dimensions of the optical power splitter becomesy Varge as the number of output ports
increases. Consequently, it is desirable to devalopw structure for compact, multi-branch,
planar power splitters. It must be noted that Yabrabased 1xN splitters (Beguin 1988)
(Nourshargh 1989) (Haux 1989) have the advantafjesmeelength independence and small
insertion loss deviation between output ports wbempared with directional coupler type
splitters. The performance requirements for thétepd include a low insertion loss, a wide
operational wavelength range, a uniform splittiagia; a low polarization-dependent loss
and a compact size. However, the guided wave on laravich always loses energy by
radiation because of the discontinuous featurerahdh structures. Such radiation causes
serious problems in circuit performance due to uhdesired power coupling or crosstalk

with neighboring circuits.
3.1.1 Branching Angle

Burns and Milton introduced a coupled mode equabtiemveen branching waveguide modes,
and they showed that the Y-branch behaves as a-sphtter when Y-junction angle is

small and it acts as a power divider when the aisglarge (Burns 1975). The junction angle
should be sufficiently large to avoid coupling obwer between output waveguides is
negligible. Transmitted power decreases as Y-joncthalf-angle increases beyond 1°
(Anderson 1978). It is well known that Y-branchesfer from severe radiation losses in

excess of 3 dB, particularly with a branching antdeger than 2° (Weismann 1989)

(Tsutsumi 1988), resulting in poor device perforg®rwith respect to contrast ratio and
crosstalk. Consequently, for appropriate separa®per standard fiber ribbons between the
interacting waveguide arms demands very long dimesswith these narrow branch angles.
On the other hand, compact Y-branches that aressapgefor high-density integrated optics

incur unacceptable losses. The power of the guidexie is divided into branching
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waveguides with relatively small losses when thieactive index difference between the

core and the cladding is large (Anderson 1978).

A typical loss figure for a conventional Y-juncti@plitter is 1 dB with a branching angle of
1° (Yabu 2001). In order to minimize the loss, thrgle has to be less than 1°. This then
makes the Y-junction to be very long in order thiaee a standard full-pitch spacing of 127
um between its two output branches. Various methegte recently reported to compensate
for such a mismatch (Hung 1988) (Belanger 1983 (1994) (Lin 1999b) (Gamet 2004)
(Wang 2003) (Chan 1996) in order to reduce thetjanexcess loss with a larger branching
angle. In summary, there are two basic approach&xckle this problem. The first approach
is achieved by introducing a wave-front accelefat@roprism in order to compensate the
mismatch loss (Hsu 1998). However, this requiresentban two different types of index
materials and may result in higher fabrication cést a result, the fabrication cost would be
much higher. The second approach is to modify thgsigal geometry of the Y-junction
directly but, the reduction of loss is not so siigaint in this case especially at large

branching angles.
3.1.2 Output waveguide-bends

Standard splitters that are realized based on ¥toms design suffer from high reflection
and radiation loss due to branching complexity (€Ct896). It is well known that optical
devices using Y-branch structures with abrupt-band relatively large branching angles
suffer large radiation losses when the refractnadex difference between the core and the
cladding is small. However, a large index differemoakes the fabrication difficult. Also
there have been situations where Y-branches withllsmdex difference are found more
suitable from the viewpoint of coupling efficiengyith other optical devices in integrated
optics (Min 1997). Studies have been performed amgwhe relationship between the angle
of the bend and the losses encountered. Bendssftian 3° exhibited losses of less than
1dB, while bend angles 4° and higher showed exgailgngrowing losses of greater than
1dB (Eldada 1996).

A more compact Y-branching waveguide results with introduction of some curvature in

the arms in the form of an S-bend segment. If Sdfend segments were replaced by linear
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segments, such a waveguide design would be aihjttang (Ladouceur 1996). The types of
S-bend structures available in the opto-electr@¥®d software BeamPROP include the
arc type S-bend, Cosine type S-bend and the r&sedlS-bend. For the design of a low-loss
Y-branching waveguide, one has to investigate g@eddence of the type of S-bend. From
the parameter scans of the type of S-bend, optindesigns for Y-branching waveguides
were obtained. The Cosine type S-bend gives thedotranching loss and the largest output

power in its arms (Sum 2004).

The performance of Y-branches, is also affectednbsrference effects between the guided
mode and the field radiated from distortions in thput section, e.g., a fiber-waveguide
interface or a bend in the input waveguide as reduin cascaded splitter devices. These
effects impart an oscillatory dependence to thétsy ratio on wavelength and have been
noted both theoretically and experimentally (Muntawil992) (Chu 1991) (Deri 1988)
(Johnson 1984). The interference effects can bamead by using long straight waveguides
for the input section, as the intensity of radiateades decreases with growing distance from
the perturbation. Long input waveguides, howevesult in an inacceptable length of
complex devices. An optimal splitter design shocdnbine a short length with a low loss
and low sensitivity to distortions like those désed above.

3.1.3 BPM Simulation: 1 x N Splitters

A conventional Y-branch waveguide structure cossidta single input wave guide and two
output waveguides. Y-branches used for power dimidare easy to design and are fairly
insensitive to patterning tolerances (Tsai 2003). B.1 shows a Y-branch schematic. It
follows from the symmetry of the Y-branch structtinat it will act as a symmetrical power
divider between the output waveguides. Thus, fehesd the two output arms the theoretical
power splitting ratio is 50:50. The refractive ioel$ of the polymer materials SU-8 2002 and
NOA 61 were used as inputs to the BPM softwares. diéquired to find the power transmitted
to the output waveguides, the power reflected @itiput waveguide and the power radiated
from the junction into the surrounding medium. BRWhulations do not involve reflective
power measurements, hence we have to restrictishassion to power transmitted to output
waveguides and power radiated at the Y-junctiorsoAtransmission loss is predominantly
due to radiation (Anderson 1978).

53



Figure 3.1. RSoft CAD schematic of the Y-branchidev
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Figure 3.2. Simulation of a 3-dB, 2° Y-branch (adiyned Y-branch, (b) Performance of the
Y-branch.

We examine here the transmission performance &f ai2gle mode symmetrical Y-junction

formed on two cosine-bend waveguides that are aiiaddo a linear input segment using the
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BPM software, BeamPRO. The simulation for a 2° angle for a Y-branchliswn in Fig.
3.2. Fig. 3.2(a) shows a top-down view of the devicight propagation is along the z-
direction and the waveguide width is shown along tkaxis. The performance of the Y-
branch is shown in Fig. 3.2(b). The input power #énel power in the left arm of the Y-
branch are shown in blue and that in the right &rdisplayed in green. Even though the
input power is set to 1, the simulation shows tifeces of the 3-dB power distribution, hence
the power monitor in green (overlapping blue) shapproximately 0.50 units of the total

input power of 1 unit.
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Figure 3.3. Simulated 1 x 4 optical power splittéth the outputs.

Fig. 3.3 show the designed 1 x 4 optical powerttgpliand its performance. In all Y-
branching arms, cosine S-bends were used to mieithie radiation losses at the splitting
junction. The splitting ratio of a Y-branch waved@idepends only on the symmetry and is a
wavelength independent 3-dB splitter. The port sspen at the output has been
standardized to 12dm (center-to-center) so as to match standard fibbon for pigtailing.

In designing an S-bend arm, it is well known tra@ider arm length leads to better results,
since the radius of curvature at the waveguide ®émnthrger leading to lesser bending loss.
However, overall device length on a wafer of givdkmensions needs to be kept in mind.
Since the polymer layers will be deposited by spigrihe polymer solution on the wafer, it
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can be assumed that the film will be most unifomthe central region. With this in mind,
the splitter length was optimized in such a way tha entire device layout would be in the

central region of the spun wafer.

Theoretically, an insertion loss of 6 dB is expddia 1 x 4 splitter using this design, and by
simulation, it was achieved for the 1 x 4 splittdhe length of the S-bend has been
optimized to get the results as close to theorgtigaedicted ones as possible. The total
device length optimal for fabrication on a 4-inghicen wafer of a 1 x 4 splitter device is

about 30 mm (Satyanarayan 2006). However, in malcsituation, the device length should
be much shorter after optimization. Therefore, rdeo to achieve an acceptable device-
performance with an optimal device-length, a setpasanulation was carried out. The device
length for 1 x 4 splitter was reduced in order éshitable for fabrication on 3-inch silicon

wafer. The shortened device length (17 mm for 1device) shows only a marginal increase
in insertion loss, which was 6.03 dB. However, maqgtical devices, the actual insertion
losses will also be influenced by the quality ddfefi pigtailing at the input and output ports,
matching of the mode field diameters between thdarmropagating in the input and output
optical fibers and that propagating in the waveguathd also on the quality of the channel
waveguide end-facets and several other parameters.

3.2 Mask Design and Development

In contact printing, the resist-coated silicon wafebrought into physical contact with the
glass photomask. The photoresist is exposed witHight while the wafer is in contact with
the mask. Because of the contact between the raststmask, very high resolution is
possible in contact printing. However, a problenthvdontact printing is that debris, trapped
between the resist and the mask, can damage tHeandscause defects in the pattern. The
proximity exposure method is similar to contacnping except that a small gap, around 10
microns wide, is maintained between the wafer drel rhask during exposure. This gap
minimizes (but may not eliminate) mask damage legrades the resolution that can be
achieved from contact-printing. Projection printi(gshley 1991) (Tumolillo 1991), avoids
mask damage entirely. An image of the patternshennmhask is projected onto the resist-
coated wafer, which is many centimeters away. bteoto achieve high resolution, only a

small portion of the mask is imaged. This small gmdield is scanned or stepped over the
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surface of the wafer. Projection printers that stepmask image over the wafer surface are
called step-and-repeat systems. Step-and-repejgcpom printers are capable of providing

good resolution but for best resolution, contaattprg is still the first choice.

The design results from simulations in previougisacwvere converted to GDS-Il format in
BeamProp". L-Edit (Tanner Tools) was used to design the mlagaut. It may be recalled
from section 2.8.3 that for a channel waveguidpgesratio W/d) of 1 — 1.125 was chosen
so as to yield channel width in the range 2.5 tb8n for guide thickness of 2.6m. In
actual fabrication, it is possible that the actwadth of the channel may be different from
what is present on the mask. With this in mind, 4 splitters of different channel widths
were made in the mask layout. Various channel widdnged from 1.&m to 2.6 um.
Accompanying every splitter of a given channel Widtas a straight channel waveguide of
same channel width. The straight waveguide mayfhes® in device characterization. Since
the photoresist is a negative tone resist, theogpate mask used was a dark-field mask.

Figure 3.4 shows some portions of masks designédBdit with GDS-II format for 1 x 4

splitters.
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Figure 3.4. Portions of GDS-Il mask schematic far»a4 splitter.

The mask was fabricated by direct-write technigheough Laser Pattern Generator
(Heidelberg Instruments, Germany) at the Mask [Eation Facility in CSIR-CEERI, Pilani.
The fabricated mask was observed under the micpestm look for defective areas such as

pin holes and any other unwanted features.
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3.3 Fabrication Techniques for Polymer Waveguides

In this section, various existing and emerging téghes for the fabrication of polymer
optical waveguides will be briefly reviewed. Thejediive of this review is to provide a
broad perspective of the different techniques thetg available to fabricate polymer
waveguides. The techniques can be broadly categbiito: deposition and etching; direct
UV photolithography; casting/molding/embossing; ahect-write techniques. Direct write
techniques allow rapid prototyping, are flexibladacan afford precise control over different
parameters to create novel structures. However piheguce low-yields and are not suitable
for mass-production of devices. Plasma/Reactiveeimhing and embossing techniques too
are multi-step processes and time-consuming, heoseintensive. UV photolithography is
suitable for mass production but need design andyation of different masks for different
waveguide patterns before they can be fabricatedeheral, one of the techniques discussed
here in the section or a combination of these teglas may be required for the fabrication

of polymer waveguides.
3.3.1 Deposition and Etching

The deposition method is often used to lay dowayar of light-guiding or cladding material
on a substrate. For polymer waveguides, spin-cgatimd dip coating are two methods used
to deposit a uniform layer on a substrate. Foll@voeposition of light-guiding layer,
techniques such as photolithography and other teiveite methods are used to define the
optical pathways (Hikita 1993) (Wang 1994) (Hikitd898). Suitable polymers (usually in
powder form) are first dissolved in a suitable solvbefore being spun on a substrate in the
case of spin-coating. In the case of dip coatihg,dubstrate is dipped into the solvent and
then lifted off. After the deposition of the filmahe substrate, the coated film is thermally
treated to remove the excess solvent and to enhtwecadhesiveness of the film to the
substrate. Both spin-coating and dip-coating tespnes are widely used to deposit thin films
of polymeric materials on a substrate (Nishihar&85)9(Madou 2002). Vapor deposition
(chemically or thermally) and sputtering are ottien-film deposition techniques popular in
microelectronics industry but are not economicalmpared to techniques employed

commonly for polymer material deposition.
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The chemical wet etching processes use liquid-pktd®ants. The wafer is immersed in a
bath of etchant, which must be agitated to achgoed process control. The photographic
developer used for photoresist resembles wet ejctvodern VLSI processes avoid wet
etching to prevent the disposal of large amount®xic waste. For these reasons, they are
seldom used in state-of-the-art processes, anglasma etching instead. Plasma etching is a
physio-chemical etching process in which the makésiremoved from the surface by means
of bombardment of ions excited by a plasma (e.@ctiree ion etching). lons of the reactive
element are created in the plasma and an eleadtiti$ then used to direct the ions towards
the areas to be etched. The optical pathways camdb@ed by using a mask with
conventional photolithography that inhibits the hétgg. The advantage of reactive ion
etching (RIE) is that the process can be used walitihost any polymer material (Nguyen
2002). To ensure good quality of waveguide patteopimum control over critical etch
parameters is required. The etch parameters irduéme etching rate and the smoothness of
the etched sidewalls. The critical parameters i étch process are the pressure in the
etching chamber, the gas flow of the etching gakthe radio frequency (RF) power of the
plasma etching machine.,@ generally used as etching gas and differenalnayers like

chromium, aluminum or gold can serve as etch mask.

Higher RF power results in a higher etch rate. Ttneghness of the etched sidewalls is
improved with higher pressure and lower RF poweowElver, with higher pressure the
anisotropy is inferior due to stronger chemicahetg. The process is relatively long, but the
individual steps are well known and the resultgegroducible quality. A disadvantage of
this technology is the inability to fabricate wauedg structures with vertical sidewalls
(Nguyen 2002). The influence of the visible siddwalighness can be reduced by the fact,
that the refractive index contrast of the embeddethnel waveguide is to be kept small and
therefore the scattering losses may diminishedsrRdaetching is usually done after material
deposition followed by photolithography to fabriegtolymeric waveguides (Hikita 1993)
(Wang 1994) (Hikitaa 1998). Plasma or ion-etchelyrperic materials have been observed
to have high surface and sidewall roughness cordptirehose etched by chemical wet

etching with suitable developer.
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3.3.2 Direct UV Photolithography

Photolithography is one of the most widely usednferof lithography in micro-electronics
industry. Making a choice of suitable low-loss puobr for fabrication of micro-optical
components can exploit the same production lineadly available with the semiconductor
industry. The direct UV photolithographic fabriaati of optical waveguides, involves film
deposition by spin-coating techniques, patternstiemusing lithography, and wet-chemical
etching of resist film. Pattern transfer onto thwtoresist is achieved by the use of contact
masks as discussed in section 3.2. There are fpes tgf photoresist: positive and negative.
For negative photoresist, the exposed area renaias development while for a positive

photoresist, the exposed area is removed aftela@went.

The wavelengths of the light source ranges froepddtraviolet (DUV) - i.e. 150 - 300 nm
to near UV - i.e. 350 - 500 nm (Madou 2002). In ldiger case, the g-line (436 nm) or the i-
line (365 nm) of a mercury lamp is used. The sanglexposed to an appropriate dose of
UV radiation under a UV lamp through a photomasghotBlithographic process offers very
high contrast response allowing the definition dblymer waveguide features with
dimensions ranging from few microns to few milliret with a high degree of accuracy
using precise controls.Essentially, photolithogsajgha two-dimensional process. However,
three-dimension polymer waveguides have also besported by using combined
photolithography and reactive ion etching (Garr@99).

3.3.3 Casting/Molding/Embossing

Casting, molding, hot/cold embossing are few otkeshniques to fabricate polymer

waveguides (Becker 2008) (Mohr 2004). There is dirtit advantage of using polymers

over other conventional photonic materials suclglass and semiconductors for fabrication
because high throughput techniques are availableetéormer (Eldada 2000). The tool used
comprises of an inverted replica of the structardoé¢ fabricated (i.e. a channel on the tool
will become a ridge on the substrate, or vice JeM&veguides are formed by subsequently
either filling the channels or overcladding thesriiormed in the embossing process. In the
case for casting or cold embossing, photochemicahlygtive polymers are required and a UV

transparent substrate or a UV-transparent to@dsired for processing.
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One widely used technique in polymer micro-fabimais hot embossing. The popularity of
this technique can be partially attributed to itsydicity in tool and process setup as
compared with other competing techniques, such @soninjection molding (Wiesmann
1996) (Chuang 2005). Embossed polymer devices gsigras have demonstrated a great
commercial potential, especially for biomedicalet®@mmunication and optical applications.
However, embossing is subjected to some inherextegs flaws limiting its capability. One
major drawback is caused by the need of keepingwthele polymer material mass in
thermal cycling, resulting in a long cycle time.€Tlong dwell time at elevated temperatures
could further result in degradation of the embagginlymer. Another drawback lies in the
difficulty in reaching high embossing pressure d@hds in replicating high aspect ratio

features, because by nature hot embossing is andipeeompression molding process.
3.3.4 Direct-Write Techniques

Direct-write lithographic techniques have the adage of being maskless; thus capable of
inexpensive rapid prototyping. However, comparethwnasked lithography, direct-write

techniques can never compete with them in termsafufacturing throughput. There are
several direct-write techniques for the fabricatioh optical waveguides. These include

electron beam lithography, laser beam direct-wgitind proton beam writing.

Electron beam lithography (EBL) technique is insgdirfrom early scanning electron
microscopes (Madou 2002). Essentially, it is basadthe scanning a beam of electrons
across a surface covered with a resist film sesestd those electrons, thus depositing energy
in the desired pattern in the resist film. Oneha&f mmain advantages of EBL technique is high
resolution. However, electrons undergo large arsglattering in a material. Due to the
scattering of the electron beam inside the residt substrate, and backscattering from the
substrate, proximity effects are created, resulimtghe exposure of the resist up to several
microns from the point of impact (Mohammad 2004hisTeffect can be reduced by either
using a thin resist layer and thin substrate supporby using lithography simulation
software to optimize the design. Hence, EBL is esaly a surface micromachining
technique. Nonetheless, it is capable of sub-1Garsolated structures and 30 nm pitch for

dense periodic arrays of SiQillars (Vieu 2000). EBL has been used to fabagablymer
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optical waveguides (Wong 2001) (Nakayama 1997) el @& channel waveguides in silica
(Madden 1990) (Blanco 2001).

Laser direct-writing has the advantages of allowgngsiderable control in focusing, power
level and scanning speed. Hence, novel opticattstres can be fabricated which cannot be
easily done by conventional masked-based photgirdghic technique (Eldada 1996). The
incident laser beam is focused using a lens andwtiteng is performed by translating the
sample in longitudinal or transverse writing geamest Both femtosecond laser pulses
(Nolte 2003) as well as continuous wave UV exposnethods have been used to fabricate
optical waveguides in polymers (Eldada 1996).

Proton-beam writing (p-beam writing) (Watt 2000)as emerging maskless lithographic
technique which uses a focused sub-micron beam @V Mrotons to direct-write on a

suitable material - e.g. photoresists like PMMA &ld-8. The latent image formed in the
former materials is subsequently chemically devetbp hree-dimensional, high aspect ratio
micro-components with straight and smooth sidewdhlésse been produced using this
maskless technique (van Kan 2001). One of the plessiche areas for this new technique is
the fabrication of optical waveguides and compomd®um 2003a) (Sum 2003b) (Bettiol
2003).

3.4 Fabrication Process

In this section, the steps of fabrication procdssalymer optical waveguides fabricated and
developed in this work are discussed. The orgaalgnper, SU-8 2002 from MicroChem,
USA is the material for the core region in the fa#tion of channel waveguides. An
economical fabrication method was used to fabriqadéymeric optical waveguides on
(<100>) silicon wafers. NOA 61 is used as under aner cladding layer. The processing
steps required for the fabrication of single mogsical waveguides are presented. To
produce acceptable waveguides, the fabrication remvient must be taken into
consideration. Dust particles on the sample duiabgication lead to adhesion issues and can
give problems during photolithography stages wtrdasferring waveguide patterns using a
contact mask. For compact device lengths, contammanust be more tightly controlled.

Protecting wafers from particles becomes importémt ensure good quality optical
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waveguides and devices. Therefore, a clean roordittmms and practices are critical. The
entire studies on waveguide fabrication was caroitin the fabrication facility available in
the Semiconductor Devices Fabrication (SDF) FaoiitCSIR-CEERI, Pilani.

Subsirste Prefraat

Rinse and Dy
‘_,_..A-""Hf \‘
Hard Bake (cure) Remaoval
‘optional optional

Figure 3.5. Process description for NANO™ SU-8 28@0dies

The NANO™ SU-8 2000 Series are UV-sensitive pholypers that have been developed
for use in microelectronics applications (Microch@@00). The SU-8 2002 was chosen as
the raw material for waveguide fabrication becamigellows simple fabrication steps. The
SU-8 2002 inherently simplifies the steps of fahtion process and requirement of
critical/complex equipments for patterning wave@sidis avoided. Fabrication of single
mode SU-8 optical waveguides is based on a simipéetdUV photolithography process
(Tung 2005) (Pelletier 2006) (Yang 2009). Wavegudéterns can be developed simply by
direct UV exposure through a photomask containihg pattern using economically
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affordable equipments. The fabrication process fldhart (Microchem 2000) is shown in
Fig. 3.5.

3.4.1 Material Storage

The photoresist SU-8 and Norland optical adhesv&tared in a refrigerator away from the
sunlight between 5 °C to 20 °C as per their mdteédety datasheets provided by the
manufacturers of both products. SU-8 and NOA 61h bwed to be equilibrated to room

temperature before use.
3.4.2 Substrate Preparation

Silicon wafer was chosen as the substrate materigde polymer based optical waveguide
fabrication. Silicon has a good surface quality améfractive index of 3.48 at 1550nm. The
surface preparation of the substrate is extrenmafyortant to ensure proper adhesion of the
coated film. Typical contamination agents are dausd dirt from shipping or storage, and
sample holder or finger prints from handling (Ba®07). Substrates were ensured free of
scratches and pits, clean and dry prior to usea light-guiding film is deposited on a
scratched or cracked surface, the evanescent wssaeiated with the light would scatter
from the damaged area, as a result the guide willdyy lossy (Tamir 1975). The substrate
wafers were prepared by piranha etchS@, + H,O,) whenever required before rinsing
them with de-ionized water in an ultrasonic cleafer5 minutes. After that, they were
rinsed with ethanol and dried with high pressurgogen gun. The cleaned wafers were
dehydrated before use at 120-140°C in an oven.oliyhly dehydrated wafers were critical
in providing good adhesion between NOA 61 layer &iidon wafer surface.

3.4.3 Adhesive Film (Under-Cladding Layer) Depositn

There are a few techniques for film depositionha tvaveguide fabrications. They are spin
coating, dip coating, thermal vapor deposition,tsging, chemical vapor deposition (CVD)

and polymerization (Nishihara 1985). The AdhesiveAN61 can be coated on Si-substrate
directly without the requirement for any bulky aextremely expensive deposition chamber.
The spin coating technique is the simplest andtleapensive, but contamination and
uniformity of the film needs control and check (hisara 1985). Adhesion of NOA 61 layers
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to the Si-substrate and core layer are criticalassin thin film fabrication processes. NOA
61 films were spun onto the substrate directly authany adhesion promoter. To obtain a
uniformly coated film, formation of air-bubbles veeprevented when dispensing the polymer
with a syringe or a dropper. The volume of solutthepensed was kept constant for each
sample to ensure the uniformity. The spin speed tsedeposit the adhesive layer varied
according to the final film thickness desired. Spoater Model PWM-32 PS-R790 SS from
Headway Research Inc., USA shown in Fig. 3.6 wasl der coating the adhesive. Fig. 3.7
shows the NOA 61 film thickness after UV curingdainal thicknesses obtained after a
series of experiments done for the same. A smatiusanof adhesive depending on the Si-
wafer size was dispensed statically at the cenfirth@® wafer in order to spread out the
adhesive evenly from the center of the substrateuAder-clad thickness of more than 10
um over silicon-wafer is required to achieve guidamg light through the SU-8 core as
analyzed over a EIM 2D mode solver (Hammer 2012)yg@ical spin-curve for NOAG61 is
shown in Fig. 3.7. The spinning speed was kept0@04pm for 30 seconds to achieve the

pre-cure thickness above fifth as shown in Fig. 3.7.

Figure 3.6. Spin coating unit at CSIR-CEERI, Pilani
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Spin Speed vs. NOA-61 Layer Thickness

S~
\

———,

N
(2}

N
o

[any
o

Thickness(microns)
[EnY
(0]

(2}

0
1000 1500 2000 2500 3000 3500 4000 4500 5000
Spin Speed (rpm)
Figure 3.7. Spin Speed vs. Thickness Curve for NSQA
3.4.4 UV Cure

The Adhesive NOA 61 gets cross-linked when curedulya-violet light. The curing was
carried out for 10 minutes at an average intensit¢d8 mW cn? by using a high wattage
(400 W) UV lamp (Dymax 5000EC) shown in Fig. 318en left for stabilization at 60°C for
next 15 hours. Besides improving adhesion betwe®@A N1 and Si-wafer, UV curing
develops strong adhesion between NOA 61 and SR8 20re layer to be coated over it.

Figure 3.8. Dymax 5000 EC: Set-up (in left), durtuging process (in right).
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3.4.5 Core (SU-8 2002) Layer Deposition

The most important step in the waveguide fabricaisothe light-guiding film deposition, in
which a material of slightly higher refractive indes deposited as a thin film on a under-
cladding layer of low-refractive index. The SU-8020core material was spun at 1400 rpm
for 30 seconds on top of NOA 61 coated Si-wafeteragquilibrating the wafer to room
temperature, to achieve a thickness of arounduth5The thickness of the film deposited
decreases in post-spinning baking process. Thehabstg thickness of the SU-8 resist was
verified by a stylus profiler discussed in secttbB. Fig. 3.9 shows a typical spin curve for
SU-8 2002.

Spin Speed vs. SU-8 2002 Layer Thickness
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Figure 3.9. Spin Speed vs Thickness Curve for SA0®.
3.4.6 Pre-Exposure Soft Bake

After spin coating, the films were soft-baked usityo-step process for a small duration of
time to remove the solvent from the film. The sfiedcime and temperature are dependent on
the composition of the substrate as well as theki@ss of the film. For SU-8 2002 layer,
specification sheet of SU-8 2000 series suppliednaynufacturer suggested two-step soft-
bake for a duration of 1-2 minutes, first at 60tA€n at 95 °C. Pre-exposure bake was done
on a hot plate in conjunction with a post-exposurrgre-develop bake. The soft-bake was

carried out immediately after spin coating. Thefammity of the film may get altered at
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places due to presence of solvent in a fresh-cddtedvhen moved from spin-coater to hot-
plate. Therefore, adequate care was taken to Keegubstrate in a horizontal position to
avoid any change in level while transferring thesttate from spin coater to hotplate during
the soft-bake process. The temperature and tregidarof soft-bake determine the residual
solvent concentration in SU-8 at the moment of Wgasure. For small durations less tfan

min, poor resolution and bad definition of sidewalas observed while for long durations
greater than 1 hour, insufficient cross-linking wsc due to partial development of SU-8
(Keller 2008). Here, a two step-process (65 °C5fonin and 95 °C for 20 min) was used to

remove any traces of solvent before exposure.
3.4.7 UV Photolithography

Photolithography process involves the transferaridevo-dimensional patterns available on
the mask to the polymer film. After being develop#tke film has an exact replica of the
mask patterns. After the soft bake, the wafers vedi@ved to cool to room temperature
before photolithography. Once the mask and the nsafgere appropriately aligned, the
exposure process was carried out. The alignmentdeas keeping in mind that the end-
facets of the devices will be prepared by cleavwhthe wafers. In order to achieve a better
resolution of the image, the mask was placed irsjgly contact with the wafer also known
as hard contact or contact exposure. Unfortunapdiysical contact with wafer degrades the
mask faster unlike non-contact, and proximity maskkich are few microns above the
wafer. The latter method prolongs the mask lifetimé degrades the resolution of the
resulting pattern since the separation causes @dosliag effect that increases as the light
incidence is less normal. The hard contact metheal degrades the uniformity of the film,

as the polymer will stick to the mask, in caseftlme is not fully dried after the pre-exposure
soft bake. However, hard contact method was useénsure better resolution for the
patterned waveguides as it was critical to achiegter device performance, as will be
discussed in chapter 4. The amount of incidentatamti required for an optimum resolution
depends on several parameters such as the coaitthgdss, underlying surface reflectivity,

structure size, desired wall profile and also featwniformity (Gang 2004). SU-8

waveguides were realized by UV exposure for 90 sg&dn contact with photomask using a
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Karl Suss MA56 mask aligner, shown in Fig. 3.10thman i-line mercury lamp providing

intensity~10 mW cm?.

Figure 3.10. Karl Suss MA56 Mask Aligner at CSIREF, Pilani.

3.4.8 Post-Exposure Bake

After exposure, a post exposure bak80 ‘C is required to cross link the resist. The issue
with thin SU-8 films is that this results in cracli or delamination mainly due to thermal
stress. One way to overcome the issue is to ude éxgosure dose as it corresponds to a
higher photo-acid concentration and improves cliogsag. For a post exposure bake60

°C, the thickness of the SU-8 layer stays uniforilevthe tensile stress increases linearly.
However, the absolute stress values are considetai at higher exposure doses. The
duration of post exposure bake has only minor erfke on the film thickness and stress
(Keller 2008). However, high exposure dose has gative influence on the lithographic
resolution. High exposure dose leads to waveguidadening and a reduced trench width
due to optical effects such as diffraction at thesknand reflection on the substrate (Zhang
2004). A post exposure two-step baking processC(®%or 2 min and 95 °C for 5 min) is

used to crosslink the polymer.
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3.4.9 Waveguides Development

Once the photolithographic process is done follog@ post exposure baking, the next step
is selective removal of the film from unexposedasref the samples with the etching
processes. SU-8 2002 can be developed by wet-gtchathod, which can be done without
costly and bulky equipments such as RIE, ICP osmbta etching. By wet etching, it is
understood that the elimination of a material i€omeplished by its dissolution in an
adequate etching solution. It is mainly used foeacing, shaping and polishing. The
drawback of wet chemical etching is the lower dyalf sidewall resolution of the
waveguides. The wafer was placed in a bowl filledhwSU-8 developer, the etching
solution: Propylene Glycol Methyl Ether Acetat&5(REA). Sufficient amount of developer
was used to completely immerse the wafer. The waéer allowed to rest in developer for a
pre-determined length of time to allow dissolutmfithe unexposed areas. The develop time
was set as 70 seconds and then rinsed in IPA fdr518econds. Following the rinse, the
wafer was blown dry (B to remove the developer solvent and dry the wdflee waveguide
patterns if loosely adhere to the under-clad layat,get displaced indicating poor adhesion

between core and cladding material.

The wafer was observed through a high resolutiowrescope for inspection of the

developed pattern. The etching process was repdiated waveguide was under etched.
Development times were varied to observe the efééothemical etching on waveguide

dimensions and the surface quality. The durationdfvelopment was optimized to obtain
best possible results. A step of post-develop Baka small-duration may also be included
here as without the post-develop bake, the sidé imabnsistencies of the waveguide may
occur and hence giving higher scattering losser@d¢hem 2000). The post-develop bake
can be carried out at 65°C for 60 seconds. Postidp\bake ensures removal of traces of

developer from wafer and improves adhesion withr-al&d layer to be deposited next.
3.4.10 Adhesive Film (Over-Cladding Layer) Depositin

Coating of NOA 61 layer as over-clad is the fin@psof waveguide fabrication process. The
over-clad deposition is done following the samestas for the under-clad layer deposition.

Following the photolithographic and chemical wethétg process, an over-cladding layer
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was deposited and the layer was UV-cured. The peooé deposition of under-clad layer
was repeated here to deposit over-cladding layer the SU-8 waveguides. The fabricated 1
x 4 device is shown in Fig. 3.11. A 1 x 4 deviceembver-clad deposition is not shown here
due to poor visibility of features of waveguide tpats through over-clad layer. Finally, a
hard bake at around 120-140 °C for 60 to 120 msigesuggested to remove further any
traces of solvent or developer left behind. The vHabrication process (from section 3.4.1

to 3.4.10) is summarized in Fig. 3.12 before codiclg this chapter.

Figure 3.11. Fabricated Conventional 1 x 4 splitter

(a) Spin coat under-clad NOA-61 (E] Spin EastOver-Elad NOA-GL

E= sjlicon = su-82000

(c) UV Exposure

I

(b) Spin coat SU-8 2000 I BN (d) Develap

Figure 3.12. Polymer Waveguide Fabrication Pro&teps.
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3.5 Conclusion

The design and fabrication of Y-branch waveguidecths the basis of the optical power
splitter was discussed in the chapter. The coneealiY-branch design for 1 x 4 power
splitter was presented in the chapter. The desfgmask for fabrication of 1 x N splitters
using L-Edit (Tanner Tools) was presented here. oAderview of the micro-fabrication
procedures and techniques for polymer waveguidesprasented in the chapter. Finally the
steps of fabrication process used and related ssshserved were discussed in the chapter.
The substrate surface is coated with NOA 61, foddviby UV curing and baking and then
left for stabilization at 60°C for 15 h. The SU-802 core material was spun on top of NOA
61 coated silicon substrate and then soft baketyusitwo-step process to remove any traces
of solvent after exposure. Channel waveguide widt®.5 um was realized by UV exposure
in contact with a photomask. A post-exposure tvapdiaking process was used to crosslink
the polymer. The photoresist-coated UV-exposed tsatieswas developed in PGMEA and
then rinsed in IPA. An over-clad of NOA 61 was tmmhon developed SU-8 waveguides.
Finally, a hard bake at 14@ for 1 hour, removed the traces of developer dvesu left
behind.
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CHAPTER 4

WAVEGUIDE CHARACTERIZATION

The characterization of optical waveguides is aseesal post-fabrication step in any
waveguide development process. It is necessarydioi@e and to confirm that the fabricated
waveguide exhibits characteristics, designed fonufation and fabrication steps can only be
validated when experimental results match with ¢éhasxpected. Thin film optical
characterization is needed in order to determieesthtability of the material for fabrication
of optical waveguides. The characteristics of aagande, designed and fabricated should be
evaluated through experiments in which a guideden@vexcited. The evaluation of the
waveguide characteristics serve as a feedback poowe the design and the fabrication
process, as a consequence improves the waveguidevme performance. In this chapter,
the optical waveguide characterization technigusesiun this work will be elaborated.

In a typical waveguide evaluation experiment, igha certain power is launched into the
waveguide and power of the light output from theveguide measured. The ratio of the
output to the input powers expressed in logarithsai&le (dB) gives the insertion loss of the
waveguide. In order to make a choice from optroaterials and to schematically design
waveguide based devices, it is necessary to knewdfractive index of the guiding layer,

the layer thickness, guide propagation loss, etordler to keep the refractive indices and the
waveguide geometry within the required toleranceits, they have to be measured with
suitable methods at appropriate times. Measuremamteptical waveguides are useful to
assess suitability of the device for a particulgplecation and enabling design optimization
of device structures. Such measurements provideorigamt fundamental data to decide
whether the waveguide is appropriate for constomctf optical integrated circuits. These

results are also utilized to specify the reason &y degradation in waveguide

characteristics. Techniques, methods or processanprove performance at waveguide or
device level are accomplished through feedbackealesign and fabrication processes.

The first step in any waveguide design is to deteemf the combination of substrate,
guiding region and the cover work as a waveguiddlat his can be done by determining the

number of modes supported by a given planar wadegstructure. This information is
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valuable in designing a channel waveguide whidheasbasis for any integrated optic device.
Some of the waveguide parameters usually measueedh@ waveguide effective index, the
refractive index profile, the guide-mode numbersppagation losses, etc. This chapter
includes brief details of facilities utilized foharacterization for waveguides available at
CSIR-CEERI, Pilani and SAMEER, Mumbai. Refractivedléx measurements and modal
characterization of planar waveguides are discussefirst few sections of the chapter.

Planar waveguides fabricated in this work were ati@rized by prism coupling for number
of TE and TM modes supported. Discussion on charaettion of planar waveguides is

followed by characterization of channel waveguidemally, characterization of power

splitter based on Y-branch waveguide is presemtdtie chapter. Effect of residual resist at
Y-junction of a conventional 1 x 2 splitter is aymdd through BPM simulation and

discussed in last section of the chapter.

4.1 Refractive Index Measurements

The silicon wafers coated with NOA 61 only and w8kJ-8 over NOA 61 were used to
measure the film refractive indices. The measurénvess carried out with UV-cured
polymers coated on Si-wafer in a commercial prismpter unit (Metricon 2010) available at
CSIR-CEERI Pilani. The measurements for TE mod&32t8 nm and 1548 nm are shown in
Fig. 4.1 (a) and (b) respectively. Measurementshenrefractive index of the film indicated
that the values of the refractive indices of cond alad polymers at a wavelength of 1550
nm assumed in the simulation were correct. Fig.studmarizes the measurements carried
out. Refractive index measurements of a given nadténrough Metricon 2010 Prism
Coupler requires information about the coated fimtkness. The film thickness can be
estimated through the spin speed versus film tlés&rcurve, or it can be measured through
an stylus profilometer e.g. AMBIOS XP-2 after wauete patterns are developed over
silicon wafer. Measurements were carried out usiIMBIOS XP-2 stylus profiler for SU-8
waveguides and details of the same are discussedction 4.4 of the chapter. It must be
pointed out here that the film thickness of NOA i61difficult to be accurately measured
using the stylus profiler. So, the best option warely upon the spin-speed versus thickness
curve. To avoid guided power penetration towardsuBstrate, optimum coating thickness of
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NOA 61 is required. Thus, a spin-speed of 4000 wpas chosen to spin-coat the optical
adhesive so as to keep the NOA 61 thickness ab@weidrons (See Fig. 3.7 in Chapter 3).
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Figure 4.1. Refractive index measured (a) at 68&8&nd (b) at 1548 nm.
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4.2 Modal Characterization

Determination of number of guided modes in a plamaveguide is an important
characterization. The waveguides in this work wdssigned to be single-mode at 1550 nm.
In multimode waveguides the light intensity coupbetween the different guided modes.
This altered intensity distribution strongly influmes the performance of a device, e.g. in
bends or in coupling regions. The well known teghiei of prism coupling (Tien 1971) was
used in this work to estimate the number of guidexies. One such prism coupler set-up is
shown in Fig. 4.3. The totally reflecting prismupder technique, also referred to as the m-
lines technique, is commonly used to determinedpigcal properties of thin films (Flory
1996). The refractive index and the thickness a§ agethe anisotropy of dielectric planar

waveguides can also be determined. (Kersten 191&pEz 1995).

The coupling of a laser beam by a prism into a glatielectric waveguide is governed by
the angle of incidence of the light onto the pridtnder certain conditions, the light energy
can be transferred into the waveguide by the ewamedields that are excited in the gap
between the prism and the film. These conditiors @) the incident beam must have the

proper angle of incidence so the evanescent fireltheé gap travels with the same phase
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velocity as the mode to be excited in the waveguidg the incident beam must have the
same polarization as the mode to be excited; gfililm must be placed close enough to the
prism base (typically the gap is in order of halMvavelength). The m-lines appear for the
different incident directions corresponding to ttwaipling of light in the waveguide. As the

coupling between the prism and the waveguide ise®athe m-lines are broadened and
shifted. For m-lines measurements, the couplinggeserally considered weak and is
neglected as soon as the thickness of the air lag®veen the prism and the waveguide is
greater than about half the wavelength of the @adipkam (Kersten 1975) (Lukosz 1995).

Laser Polariser Lens
\ X—l l Prism Wave?uide
'—u Rotation
E E Stage
Locking
16cm Nut
Vertical
Translation Adjust
Stage
1 I P | 1
r' i
(a)
Rotation Prism
Laser Polariser Lens

(b)
Figure 4.3. Set-up for m-lines (a) Side View (bpTew.

Figure 4.4 shows the experimental set-up from ORJIOSd., UK used to analyze the

planar waveguide and consisted of the followingdtare elements: An optical rail bench
fitted with a visible semiconductor diode lasertwihtegral drive electronics plus mount, a
polariser with a graduated rotational mount, a ntedrens, a precision graduated rotational
table fitted with a high index prism coupling as®dyrinto which the waveguide is mounted.
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While changing the incidence angle, the brightdifgo called m-lines because they display
the modes of different orders m) appear on theescomly when the laser beam is coupled

into a mode of the film.

Figure 4.4. Prism Coupler from OPTOSCI Ltd, UK.

The light propagating in that mode is scattered other directions (in the plane of the film)

of the same mode and of the other modes. A fradidhe scattered light is then coupled out
again by the prism and produces the bright linestten screen. In accordance with this
explanation it is characteristic for the bright mek that they all light up simultaneously

when, during rotation of the prism, one of the dowp directions passes through the

direction of the input beam. Moreover, in each luése coupling situations, the reflected
beam on the screen coincides with one of the nslitgentifying the mode number (m = 0,

1, 2...) and corresponding excitation angle, the fitmex and thickness can be determined.
At 632.8 nm, it was observed that m = 0, 1 for&2n thick SU-8 planar waveguides with a

lower cladding of NOA 61 and no upper cladding laygg. 4.6 shows one such m-line at
632.8 nm.
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Figure 4.5. Guided mode at 632.8 nm in planar Ska8eguide.

Figure 4.6. Mode-line (m-line for m = 0) at 6328 n
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Table 4.1: Mode Calculations at 632.8 nm (Theoadtic

Mode TE mode TM mode
Number Modal Cut-off Modal Cut-off
Eff. RI _ Eff. RI _

(m) Thickness um) Thickness um)

0 1.5663 0.4338 1.5661 0.4832

1 1.5553 1.4696 1.5547 1.519

cht-oﬂ’ = 132, VNun'ber = 758 cht-oﬂ’ = 147, VNun'ber = 758
Table 4.2. Mode Calculations at 632.8 nm (Experitakn
o Launch Angle Modal Cut-
Mode Direction _
_ Eff. Rl | off Thickness
Number (m) | (+ve/-ve) | Degrees | Minutes
(nm)

TE mode
0 +ve 2 56 1.566 0.434
1 +ve 1 24 1.553 1.471
TM mode
0 +ve 2 56 1.566 0.483
1 +ve 1 24 1.553 1.52
Film Index: 1.57; Depth: 2.32 um

SWAN (MIC) - Software for Waveguide Analysis (Modmdex Calculator) is an Optical

Waveguide Analysis Software provided by OPTOSCI dge with, and to complement,
OPTOSCI’'s prism coupling unit. It provides a simpteol for studying planar optical

waveguides experimentally and theoretically. As phem coupling unit is provided with a
632.8 nm laser, modes were calculated theoretieaityexperimentally for 2.p6m thick SU-

8 planar waveguides at wavelength of 632.8 nmialiyt the Laser orientation is fixed to
provide an output polarization direction at 45° ethiaunches both TE and TM polarization
conditions simultaneously. The polarization directincident may be adjusted simply by
rotating the polarizer till its transmission axs Vertical or horizontal as required. The
polarizer is fixed in its mount such that its tramssion axis is vertical (TE) when the
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orientation is set at zero. The theoretical andedrpental results are tabulated in Table 4.1

and Table 4.2 respectively.
4.3 Waveguide Surface analysis

High resolution microscopic examination of the plawaveguides is absolutely essential to
ensure that the surface of the waveguide is freangf particulate matter, presence of pin
holes, etc. Further, it is also important to enghia the film surface is free of any visible
cracks, strains and is of uniform thickness. Theted film of SU-8 2002 over cured NOA 61
on silicon substrate were observed under microscdpe thickness and the topography of
the waveguide can also be measured using a stydiace profiler. Estimates of film
thickness, waveguide width and the surface roughoéshe coating can be made using the
surface profiler. Surface profiling here in this lwavas done using AMBIOS XP-2 stylus
surface profiler. Stylus profiling provides infortrtan on both the film thickness as well as
film uniformity. However, the stylus of the surtarofiler could scratch the waveguide
during its scanning on the sample which may be gmwd by choosing optimum stylus
force. This is a reason why samples used for measmts for optical properties were

different from those used for guiding light.
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Figure 4.7. AMBIOS XP-2 surface profile measuremse(d) Before hardbake (b) After
hardbake.

Channel waveguides with wider cross-section webeidated to observe thickness of SU-8
films and surface roughness to estimate lossegguiding the light due to the same.
Measurements in Fig. 4.7 indicates film thicknekkess than 2..um. The surface roughness
of the SU-8 thin film captured by the surface pesfcan be observed on the top of the cross-
section. Decrease in surface roughness after thé bike is clearly visible in Fig. 4.7 (b).

The average surface roughness was observed tedthbin 10 nm.

4.4 Characterization Facility

For channel waveguide, the measurement of outght power with respect to that at the
input gives a measure of the insertion loss. Theetothe insertion loss, the better is the
quality of the channel waveguide. The channel wawgcharacterization was carried out at
SAMEER, Mumbai. The channel waveguide characteamasetup consisted of the

following:

a) Laser Systems (e.g., @ 632.8 nm, 5 mW He-N& faem Melles Griot).
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b) Micro-positioning stages to provide precise mtiggnt for end-fire coupling

experiments.
c) Microscope objective for coupling in the lightprmally a 10X objective.
d) Digital charge coupled device (CCD) camera.

Light was fed into the fabricated channel wavegaidy end-fire coupling. End-fire
coupling can be achieved by means of a microscbpetive lens focused on the input face
of the waveguide or butt-coupling an optical fikgth the input face of the waveguide. The
guided light from the waveguide end-face is exgdaising a long working distance (LWD)
microscope objective lens attached to a CCD canldraugh SAMEER, Mumbai had the
automatic fiber alignment facility, it was not udegicause of unpolished cleaved waveguide's
input and output end-facets. Therefore, throughpknend-fire coupling light was launched
into the waveguide and the output beam spots wieserged on the screen. One such set-up
is shown in Fig. 4.8. Light coupling experimengrdy involve the coupling of light into

waveguide samples that are simply cleaved witholisiped facets.

Figure 4.8. Setup at SAMEER Mumbai for end-fire ging.

The waveguide to be evaluated is kept on predigeraent stages capable of X-, Y- and Z-
movements. The input and output components (i.e. fiher or the input microscope

objective and the LWD output microscope objectia)d the waveguide sample are

83



separately mounted on high precision micro-posgéienand manipulators to achieve
accurate and stable alignment. End-fire couplinoeexnents were designed for observations
of the intensity profiles of waveguide modes. d&e insertion loss measurements could not
be made before pigtailing as there is no way tosmesathe amount of light going into the

waveguide in the absence of fiber pigtail at thuinrand output ends of the waveguide.
4.5 Channel Waveguides Characterization

A similar inspection of the channel waveguides uraéigh resolution microscope, apart
from any non-uniformities in the channel width, eig6 due to poor lithographic processes,
discontinuities in the devices, etc can also gnfermation on the quality of sidewalls, to a
certain extent. The thickness of the channel leeéxposure and hard bake was found to be
less than 2.7um, and after pattern development before hard bla&eheight of waveguides
was in range 1.8 - 2.2m. AMBIOS XP-2 surface profiler was used to measwight of
waveguides after pattern development. Figure 4o09vslone such typical measurement.
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Figure 4.1. SEM of a channel waveguide.

A good evaluation of the sidewall quality can beregi by SEM. SEM of a chann
waveguide developed using the optimized fabricaporcess is shown in Fig. 4.10. As
evident from the SEM, the fabricated waveguiwere smooth walled and vertical whi
shows optimal posexposure etching by the developer. There are naitlagks nor any kin

of defects in the fabricated waveguides througlioeitdevice lengt
4.7 Waveguide Losses

The attenuation of light propagating through antica waveguide is every important
parameter in the evaluation of its usefulness faaraye of applications. The optical loss ¢
guided mode is due to absorption, radiation anttestrag in the guiding medium. In straic
waveguides the absorption and the scatterincdominant. While the absorption may
due to the material itself, the scattering lossnfhienced by the quality of the fabricati
process.To quantatively describe the magnitude of opticak| the exponential attenuat
coefficients is generallysed (Hunsperger 2009). In that case, the integdwer per aree
at any point along the length of the waveguidevem by:

1(2) =1, 4.1)

where, lp is theinitial intensity at the input end of the waveguide i.e.zat 0. 1(2) is the
transmitted power through the waveguide at a dtstez (cm), anda is defined as th
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attenuation coefficient of the waveguide, measurediB/cm. The loss, L in decibels is

defined as:

L(indB)= —10Ioglo[@J (4.2)

0
While analyzing the SU-8 planar waveguides foraetive indices, loss measurements were

also conducted to understand the propagation lossigh planar waveguides at 632.8 nm
and 1548 nm. The results obtained are shown indFid..
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Figure 4.11. Loss measurements (a) at 632.8 n@t (150 nm on Metricon 2010
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When propagation losses measured for planar wadegui.e., Si/NOA 61/SU-8/Air, the
losses were found to be 0.39 dB/mm forpd EDue to small cross-section2 pm x 2um of
waveguides, it was very difficult to measure howcilight is coupled into the waveguide,
unless the input end is pigtailed and the inpu faicthe waveguide is polished to a very high
quality. Polishing soft materials such as polymenrgery challenging and has not been taken
up in this work. The input and output ends of thaveguides were simply prepared by
cleaving the Si-wafer on which they were patteraed the guided mode was excited by end-
fire coupling. At 1550 nm, the propagation loss weatimated to be 0.125 dB/mm for the
TEg mode and 0.171 dB/mm for the Bimode (Tung 2005). The average insertion loss
estimated at chip-level is 11 dB (Jgefor 2-cm waveguide at 1550 nm. Besides 2.5 dB of
propagation loss, the coupling losses estimate@ wWe¥ dB including field mismatch losses
of 3.5 dB/port and Fresnel reflection losses of dB2per port (Tung 2005) (Dai 2009). An
additional loss of 1 dB may account for radiatiowl @absorption losses in the waveguides. As
a next step, after the evaluation of straight waiegs, simple passive devices were
investigated. The performance of a passive devigeYebranch splitter is more sensitive to
fabrication quality than a straight waveguide. Hena more stringent examination of the
fabrication process is possible.

4.8 Power splitters

Y-branch based splitters are the most common typgoover splitters or combiners.
Generally, they have one input and up t@@tputs, where n = 1, 2, 3, 4... The pitch between
the outputs is standardized to either 127 or 250um. Here, in this work we have designed
power splitter assuming a pitch of 12 between the outputs. The designs need to be
optimized for a small insertion loss and symmetiaever distribution among the outputs of
the splitter. In the present conventional designavoid radiation losses due to bends, S-
bends were used to define the branches of the iffesplThe cosine-shape allows a gentle
separation of the branches at the junction. Oneebtlanches are separated, the radius of
curvature decreases and the desired pitch is aahieslatively quickly. The final insertion
loss in Y-splitter is expected to be larger thantaoted in simulations. A general
specification for 1 x N splitters regarding thedrgn loss (IL) of these devices is given by
(Telcordia 2001).
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IL (in dB) = 0.8 + 3.4log N (4.3)

The uniformity (maximum variation of insertion losstween input port and N output ports)

should be smaller than (Verizon 2007).
AIL <0.6log N (in dB) (4.4)

Hence, for a 1 x 4 device as per Telcordia starsjandertion loss should be equal to 7.6 dB
andAIL <1.2 dB.

4.9 Preparation of Splitter Chips

Before packaging an integrated optic componeid,necessary to test whether the fabricated
structure is guiding light. Edge polishing is arpontant processing step. If the material to be
polished has sufficiently high mechanical hardnessjventional lapping and polishing
methods can be employed. In the case of polymarsgoto their soft nature, conventional
lapping and polishing procedure cannot be dirediyployed. However, to check if
conventional lapping and polishing works in theeca$ SU-8 based waveguides, a wafer
containing the fabricated splitters was diced. Tt and output faces of the waveguide
were lapped and polished on a Logitech lappingmoighing machine at low speeds. After
the polishing process, the wafer was observed utidemicroscope for possible chipping
and delamination which is typical in the case olfypwr materials. In this case, dicing at
high speed did not cause any chipping of the polyfilra. However, attempts to polish it
were not successful as the edge of the chip wasnads to be not flat but tapered. A typical
picture of such an edge is shown in Fig. 4.12. &toee, it was observed that conventional

polishing techniques would not be applicable here.

There have been a large number of reports in fiteza(Pelletier 2006) ( Pelletier 2004)
wherein the fabricated devices on silicon wafer eveimply cleaved, thus avoiding the
complications arising out of dicing and edge potigh Since polishing was not successful, it
was decided to adopt this approach. As mentiondokealuring fabrication of 1 x 4 power
splitters, the pattern on the mask was alignedlieata the primary flat (<100>) of the wafer
so that direct cleaving becomes possible. The alg sections describe the cleaving

process, chip preparation and device measuremerte $he wafer used in this thesis work
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was a (<100>) oriented silicon, it was possiblelaave the wafer at 90° making it possible

to prepare small rectangular chips each contaitvirmgor more devices.

- Edge ;
| polished *

Tapered after
polishing

Figure 4.12. Tapered end resulting from polishimg polymer waveguide.

4.10 Cleaving chips for Testing

STEP1 STEP 2
T
STEP3 STEP 4

Figure 4.13. Steps involved in cleaving the chipsfthe wafer.

The wafers containing the fabricated devices west €leaved before testing. In a typical

cleaving experiment, a wafer was placed on a flatase. Using a sharp tool, such as the
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edge of a tweezeg pointed pressure was applied to the edge of tiferwo initiate the
cleaving process. Once initiated, the process teted as the cleaving point reached
opposite side of the wafer. This is repeated titk@angular piece of the devices wasaved
out. The process is schematically shown in Fig3 the dashed lines showing cleaved si
Individual chips containing one splitter or groujpsplitters were prepared in this manr In
carrying out this kind of facet preparation, iteistremelyimportant to keep the mirr-like
guality of cleaved surfaces. On many occasionsingmet end of the device did not termin
in the cleaved facet. Microscopic examination & ttieaved face did show some kind
strain in the polymer layers which eir resulted from the cleaving process itself or oced
during the time the cleaved pieces were separated €ach other. Getting a cleaved fe
exactly perpendicular to the axis of the devicéiaaily depended upon how accurately
pattern on the nsk is aligned parallel with the primary flat of thafer.
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Figure 4.14(a) Cleaved x 4 chips, (b) Exit face of chip showing tbleaved plar.

Obtaining a mirrotike facet quality was found to be very statisticBbme chips whet
marginal success was achieved in producing theedietevel of cleaving, were used 1
testing at chip level before packaging (shown i Bi14). A rough test of light guidance |
these devices was done in a conventional test beostaining manual rcro-positioning
stages. Light at 632.8 nm from a-Ne laser was injected into the input end of théteps
though an optical fiber. At the output end of tipdtger, a microscope objective was usec
project the spots on a screen. Fig5 shows thdight guidance through ax 4 splitter. The
power in the output ports however is not equals Itifficult to estimate how much ligl

would have coupled into thei2n x 2 um channel waveguide made in 8U-
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Figure 4.15. 1 x 4 splitter output at 632.8 nm.

In several 1 x 4 devices, it addition to the foutput spots a general scattering of light was
also observed in the form of streak running throtigh spots. Testing of 1 x 4 devices at
632.8 nm, 1310 nm as well as 1550 nm before pigtpiWas carried out. Table 4.3 shows the
result of the testing. It is again seen that thgpwaiupower in the devices is very unequal, with
one port showing a large power compared to thergibgs. The experimental results were
analyzed. Initial analysis gave important inforioatas to why such unequal splitting could

be happening.

Table 4.3: Insertion Loss of fabricated (Converdidh x 4 chip.

Wavelength— 632.8 nm 1310 nm 1550 nm
Device No. Output Loss

Ports (in dB)
Dev.2 chip-1 1 -24.47 -17.13 -25.12

2 -22.53 -15.47 -14.76

3 -25.37 -18.15 -17.84

4 -18.91 -15.39 -19.57
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The special Nufern fiber (PWG-10) was used forailgtg. This is a high-index optical fiber
especially meant for pigtailing integrated optiealveguides. The utility of this special fiber
had already been discussed in section 2.9. Onleeofi¢vices was packaged using v-groove
chips procured from OZ Optics, Inc. The fiber wéascpd in the v-groove chip, epoxied and
UV cured. The fiber with the v-groove was then @adished using standard techniques. The
prepared v-groove assembly was then placed in #heplrt pigtailing bench to carry out
packaging. The v-groove assemblies for the inpdtautput ends of the chips were prepared
as mentioned above. The chip to be pigtailed wased in the pigtailing bench together with
the v-groove assemblies and optimally aligned. @wim poor cleave quality of the output
end of the chip, the 4-array fiber assembly couwdt lme optimally placed. The output v-
groove assembly was removed and input power tehips was optimized. The best result
for 1 x 4 conventional splitter that could be ab¢a with this set-up is shown in Table 4.3.
The results obtained after characterization of $ardpvices at SAMEER, Mumbai are listed

in Appendix C.

At times, it was found that cleaving actually happe a fraction of a millimeter away from
the point where the wafer was pressed. It must betioned that in such chips where the
cleaved facet was away by a fraction of a millimétem the input end of the waveguide,
hand polishing was carried out on pads chargedip8b and L particle-size in order to let
the polished face intersect the input waveguidéhefsplitter. Extensive damage to the face
was observed during microscopic examination of gbéshed surface. In addition, some
chipping of the polymer layers was also observedné used water to lubricate, it worsened
the situation by attacking the polymer layers. Eifiene, it was concluded that any polishing
activity involving SU-8 must use non-water basadrgl Ideally, it has to be a combination
of chemical and mechanical polish. Chemical-meat@npolishing, however, was not

pursued in this work due to lack of such facilitieshe country.
4.11 Effect of Remnant Resist on Device Performanc8imulation Results

Polymer residues are usually left behind in theuifefions of the Y-branch waveguides. The
presence of residual SU-8 resist at the every ¥tjan as shown in Fig. 4.16, is the prime
reason for unequal power splitting. The remnant8Sld- due to the limitations with the

resolution of the MA-56 mask aligner. The minimusature size for this aligner isuan.
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Figure 4..6. Remnant residue at Y-junction.

The initial distance between the output brancof a 1 x 2 splitter is less than the minim
resolvable feature size of the mask aligne the earlier fabrication attemptthis was
observed consistenthnd fabrication steps were chosen to minimize ihash as possibl
In order to minimize thesffect of residual resisbn the splitter performance, the split
design was improved by inserting linear taand a gap between the output branches :
splitting junctions.The design is proposed and its performance is ss& in detail in
chapter 51t was required tiexaminethe effect of remnant resist on the device perfoce.
As a first step, a 1 x 2 splitter was simulatede Dlasicconventionalstructure used for tr

simulation is shown in Fig. 47.

Figure 4.17.Schematic (aY-branch waveguide (b) Y-junctionith residual polyme
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A conventional Y-branch waveguide as discussedeeanl chapter 3 comprises of a straight
guide followed by a Y-branch with cosine S-bend &f@um 2004) (Satyanarayan 2006) and
is generally referred to as a 1 x 2 power splifiéde conventional 1 x 2 power splitter shown
in Fig. 4.17 is different from that shown in Figl3in sense that here, resist is included at the
Y-junction in the design schematic as shown in Big.7(b). Also, the output ends of the Y-
branch shown in Fig. 4.17 are separated by a distaf 254um while in the Y-branch
shown in Fig. 3.1, they are separated by LY. A 1 x N power splitter is realized by
cascading symmetrical Y-branching guides with negidresist at all Y-junctions of the
cascaded structure. The major limitation when desg a conventional Y-branch is
transmission loss due to the minimum width of thap goetween the two branching

waveguides limited by photolithography and etchpngcess (Gamet 2004).

The major losses in a Y-branch power divider ocairthe Y-junction i.e. at the branching
point where cosine S-bend branches separate fremather. Here in this work, minimum
trench width achievable due to limitation from ptlathography was assumed to Wwe~ 2

pum due the limitation of lithographic resolution 8#-8 and the mask aligner used in
fabrication. A parameter denoted a&p is defined as the length of residue from the poin
whenw ~ 0 tow ~ 2 um. Towards the branching poigtapproaches to zero and increases as
gap between S-bend branches increases in direofiggropagation of light through the
device as shown in Fig. 4.17(b). The analysis pagormed on BeamPrdf (R-Soft),
which is the same simulation tool used to designdblitters. The region that represents the
remnant SU-8 has the same refractive index asuiteng region in our simulation. For a 1 x

2 basic splitter as above, it was observed thlasimulation yields unequal power splitting.

Due to polymer residue at Y-junction, the evanestielus of both guides exist in this region
between the branches. The overlap of the fieldshen two branches causes the power
coupling between the two branches. The spreadeoévianescent fields of both guides in the
region between the branches near the junctiomasorigin of the radiation loss. More
residual polymer if left at Y-junction, leads to raccoupling and thus, more is the radiation
loss. Fig. 4.18(a) shows the effect of residualsteshen it is not present at the branching

point of the splitter, while Fig. 4.18(b) shows #féect when it is present.
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Figure 4.18. BPM Simulation: Radiation loss ince=am presence of residue.

An extensive light leakage is clearly observedh@ junction in Fig. 4.18(b) when residue is

present at the Y-junction of a conventional

layout, 0<Kw <2 um, 0<g <130 um and. ~

1 xptwer. In Fig. 4.18(b), from schematic

254 um. The insertion loss (IL) of a 1 x 2

device degrades from 3 dB to 4 dB when the resaftested area increases from the

branching pointd ~ 0,w ~ 0) to the point wherg(~ 130 umw ~ 2 um) in as shown in Fig.

4.16.

One of the ways to minimize the radiation loss edudy residue is to optimize the

fabrication process to etch out the residual polyfnem the Y-junction. As mentioned

earlier,g is 130 um whemv ~ 2 um but as the fabrication process is optimipedninimum

residual polymer at branching point of Y-waveguidke length of residue affecting the area
decreases frog = 130pum tog = 90 um. Atg ~ 90 um, it was observed in Fig. 4.19 that
insertion loss is ~ 3.5 dB. An advantage of highagnitude can be expected from cascaded
stages of a high-order 1 x N power splitter. Besitereased insertion loss, the Y-junction

residue results in non-uniform splitting ratio.
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Figure 4.19. BPM Simulation: Insertion Loss .

Table 4.4 shows the effect of Y-junction residuetloe power distribution among the output
ports of a conventional 1 x 4 power splitter usiBBM analysis. Besides increase in
magnitude of insertion loss, there is non-unifoymit power at the output ends due to the
junction residue. The splitters compared in Tahke dre of same optimized lengths and
geometric features. The device length obtained aftémizing different segment lengths for
a conventional design is 1.70 cm. The only diffeeebetween the splitters compared is that
residue at Y-junction is included in one to measpeeformance while for other it is not

included.

Table 4.4. Loss at outputs of a conventional 1spldter (TE mode)

. . No Residue
Conventional 1 x 4 power splitter .
Residue present
1 6.01 7.47
Loss in 2 6.06 8.28
Output(s) in dB 3 6.04 8.18
4 6.01 7.51

Average Output with Change (dB) 6.03+0.03 7.86+0.42
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The propagation and splitting losses add to give\arall insertion loss of more than 15 dB
at 1550 nm as indicated in Table 4.3. As can ber de@m the simulated result, the
performance of the splitter with residue is indeddrior compared to the case where there is
no junction residue. The residue can be largelyimied by employing a mask aligner

which has a better resolution than what was usdélisrthesis work.
4.12 Conclusion

In this chapter, optical characterization of Sigi&nar and channel waveguides is presented
and discussed. Thin film SU-8 waveguides of thidsnkess than 2.pm were characterized
for film thickness, refractive indices, modal chaeaistics, and propagation loss. For a
thickness of film 2.5um, the refractive index measured at 1550 nm wasddo be 1.57.
Single mode channel waveguides with a step heigtt.® to 2.2um were realized and
characterized. The quality of 1 x N power splittpreduced in this work was critically
dependent on the limitations imposed by the masgnat. Polishing of SU-8 based
waveguides requires a different approach compasecohventional polishing techniques.
The quality of cleaved samples is statistical andhat a reliable process in a production
environment. The packaging of the power splittessild have been completed had the
chemical-mechanical polishing facility for edge iphing of waveguides been available in

the country.
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CHAPTER 5

PROPOSEDSPLITTER DESIGN

Besides increased insertion loss, the residueiethe Y-junctions of the conventional
splitters results in asymmetric distribution of movat device outputs. The remnant residue at
the Y-junction of a fabricated 1 x 4 splitter isile in Fig. 4.16. As is evident from the
photomicrographs and SEM of a channel waveguidedn4.10, the fabricated waveguides
were smooth walled. However, a small amount ofdiedi resist remained in the region
between the Y-junction guides. The residue lefiveen the Y-junction arms is, in fact, SU-
8, which was not removed due to limitations witk tiesolution of the mask aligner used for
photoexposure. As a result, SU-8 in trench nearytpenction is not etched out well. The
mask aligner employed in this work had a resolubdr2 um, whereas the waveguides are
separated by a distance less than the resolutidheomask aligner near to the Y-junction
region. The residue can be reduced with an incdebBRé exposure time during fabrication
but an increased exposure time leads to wider wasgleg. An analysis of the device
performance in the presence of junction residue pvasented in chapter 4 and a design to
overcome the non-uniformities in output power disttion brought about by the presence of
the residue is proposed in this chapter.

During fabrication employing a photomask, the sestlfeature size obtainable depends on
resolution of the mask aligner used for photolittapipy. As a result, a small amount of
polymer residue may remain at the Y-junction, asashin Fig. 4.16. The residue length is
defined as the distance from the initial point eparation of Y-arms to the end, till the
distance between Y-branch arms is equal to thelu#gso of the mask aligner, in the
direction of propagation of light. The residue vei®wn in schematic used for simulation in
Fig. 4.17(b) andg' defined the length of the residue. While designan schematic of a
conventional 1 x 4 splitter with overall device dg#¢im of 1.70 cm, it was observed that the
residue lengths were in the range of 146-160um in the second stage (i.e., when the
output waveguides are separated by a distance7girh of the device. For the first stage of
the same device, the residue lengths were in tiger@30um—-250um. It can be observed

thatg was 130um for a 1 x 2 splitter discussed in section 4.1ihwi54 um of separation
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between output arms of Y-branch i.e. similar togbparation between the first stage of a 1 x
4 splitter. The difference in residual lengths aitbdevices is due to the difference in lengths
of cosine S-bends optimized for both designs ségsréStages in a cascaded structure have
different geometric features, hence, they havesdbfit values of residual lengths. Coupling
light into a power splitter that contains such desis at all junctions leads to unequal output
power distribution, along with increased propagatioss. The more is the length of the

residue, more is the degraded performance of thieele

The chapter presents the proposed design thatweame the non-uniformities in output
power distribution brought about by the presencéhefremnant residue at Y-junction. The
proposed Y-branch with tapered waveguide beam a@gran discussed and presented in the
chapter. The BPM simulation results of 1 x 4 spigtbased on the proposed Y-branch
design are presented in the chapter. The fabricgbimwcess and characterization steps
applied for the conventional design have also bagplied to the proposed design. The

comparison between the proposed and conventiora §plitter is discussed in the chapter.

5.1 Proposed Y-branch

Cosme
S-bend

Tapered
Wavemude
Beam
Expander

Figure 5.1. Segments of proposed Y-branch.

The proposed design of Y-branch waveguide comprisésa waveguide beam expander

(Jamroz 2006) and cosine S-bend segment. Fig. Bolvss the Y-branch waveguide
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comprising of four segments (from bottom to topkhart straight waveguide, a linear taper,
another short straight but a wider waveguide ateahd of the taper and cosine S-bend
segment. If the fundamental mode is excited atirtpeat, it will split evenly between two

branches and the optical power exiting the two tnas will be equal. The basic part of
waveguide beam expander is a single-dimension riymeéapered waveguide in which the

width of channel waveguide is gradually expanderkthuce the effective numerical aperture
of the optical beam in the direction of propagatidrhe linear taper segment allows
expansion of the guide width without mode conversibhe tapered waveguide is followed
by a straight guide with width equal to the broaded of the taper. A straight waveguide
with width equal to broader end of linear taperréases coupling of light to S-bend Y-

branches. At the end of each cosine S-bend segmeititaight waveguide is introduced for
coupling power to the next stage efficiently, abstiing as the input section for the next

stage. The width of the waveguide kept wasp2bfor single-mode propagation.

5 Gap Width
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Figure 5.2. 1 x 4 splitter output vs Gap width optied at different gap widths

A gap was included between the branching waveguatethe splitting junction in the
schematic as shown in Fig. 5.1 in order to overcdhee fabrication limitations. Post-
fabrication, a reduction in area covered by the&lted resist was expected due to inclusion of
the gap at Y-junction between branching wavegurdesaThe inclusion of the gap results in
slight degradation in the simulated device outpgtthe gap width increases, the propagation
loss of the 1 x 4 splitters increases, as showkign5.2. The loss in output power, when gap
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is 2 um compared to no gap case, is less than 2 dB. Araepn of the waveguides larger
than 1um resulted in increased leakage of light from theald end of the taper, as expected.
As can be observed from Fig. 5.2, the slope ofathenuation curves get steeper after a gap
of 1 um. The separation between the two output waveguwéiéise proposed Y-branch was
varied to obtain an optimum separation ofuth. The taper length was also carefully

optimized to minimize the loss of light from thenption.
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Fig. 5.3. Schematic of 1 x 4 power splitter

Here also, the 1 x 4 power splitter is realizedchgcading two symmetrical Y-branching
guides as shown in Fig. 5.3. Through a simulati@mgmam, the length of each segment used
in the schematic is optimized with the main aimaghieving low propagation loss with
symmetric distribution of power at all output endi®e overall device length achieved after
optimizing segments is 1.43 cm as summarized ineTAbThe separation between the output
ports of the first stage of device is 24, and the second stage output port separatio?i/is 1
um. The residue lengths as observed from the prapdssign schematic lies in range of 160
um-180um for the second stage of device, while for th&t fitage of the device, it lies in the
range of 23Qum—-250um, which is almost same the length of the residueanventional
case. Since the lengths of the area affected byedsidual resist is of same order in both

conventional and proposed designs, it becomesestiag to investigate and compare their
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performance. The 1 x N power splitters can be zedliby cascading (N - 1) symmetric Y-
branch guides. The length of each segment of 1deWce should be optimized to achieve

low variance and low propagation loss at all ougnds.

Table 5.1. Segment Lengths (im) of optimized 1 x 4 splitters

Device Segments ConventionalProposed
Input Waveguide 810 540
Tapered Waveguide NA 1340
Straight Guide after Taper NA 130
Cosine Bend 11369 5800
Input/Output Waveguide 180 130
Tapered Waveguide NA 1770
Straight Guide after Taper NA 610
Cosine Bend 4615 3040
Input/Output Waveguide 20 930
Overall Length (in pm) 16994 14290
Average Output (dB) - 6.033 -6.599

5.2 BPM Simulation Results (1 x 4 Splitter)

One of the important input parameters for the BeR@P™ (Rsoft Design) is the refractive

indices of core and cladding of waveguide. Accuratadeling of waveguides is possible if
the refractive indices of SU-8 and NOA 61 are measuThe refractive indices of cross-
linked thin films SU-8 and UV-cured NOA 61 were raaeed using a Metricon 2010 prism
coupler. It may be recalled from chapter 4 that ttedractive index for the SU-8 thin film

was measured to be 1.57, while that for the UV-@WIN©A 61 was 1.54 at 1550 nm, which
agree well with publications by different researshi@ previously reported literature. In the
proposed design, the residue at the Y-junction suasilated as SU-8 itself, and a refractive
index of 1.57 was used for this region in the satiohs. It can be observed from Fig. 4.16
that the junction residue is visible as the dar&dghin color between Y-branches, which

suggests non-uniform surface after etching. Thesoreanent of surface non-uniformity in

102



the affected area could be estimated by the avdreight of residue but measurements were
not carried out due to lack of facilities. Thusange in the height of the residue was ignored
during simulations; i.e., the height of residue Wapt the same as that of the waveguide, but
the residue lengths differ at different stageshef tascaded structure of the device, and the
estimated values were included accordingly in dedigfore simulation. Although after
optimum fabrication process steps, length and waftiarea affected by the residual resist
decreases, the trench width after which the afteatea was not considered in the simulation
was 2um.

Table 5.2. Loss at outputs of the proposed 1 Nitessp(TE mode)

. No Residue
Proposed 1 x 4 power splitter _
Residue present

1 6.66 7.70

Loss in 2 6.64 7.74
Output(s) in dB 3 6.61 7.88
4 6.63 7.88

Average Output with Change (dB) 6.64+0.03 7.80+0.18

Fig. 5.4 (a) and 5.4 (b) compares a conventiondlaproposed 1 x 4 splitter, having a gap
of 1 um at Y-junction of both stages of cascaded strectwithout residue. As the segments
are optimized in both the cases, the performandbeoproposed design is slightly degraded
as also listed in Table 5.2. But when conventicaradl proposed design with residue are
compared as shown in Fig. 5.5 (a) and 5.5 (b)pthputs of both devices are comparable but
proposed design distribute the power at outputsemaoriformly. The fact is visible as
monitor values are observed from Fig. 5.5 (a) dmd The propagation loss (TE mode)
evaluated for proposed design through BPM analysiisg BeamPRO® is listed in Table
5.2. From Table 4.4 and 5.2, it can be concludatittie performance of the proposed device
is comparable to that of a conventional design. Bi$ shows that the performance of
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conventional and proposed device with residue mparable independent of wavelength of

the optical input.
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Figure 5.4. (a) Conventional 1 x 4 splitter withdujunction residue.
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Figure 5.4. (b) Proposed 1 x 4 splitter withouturigtion residue.

104



T [ Pathway,
16000 E Z Monitor: 1.0
1 L 1. Mode 0 i '
12000 . -
i [ 2, Mode 0
E J L 3, Mode 0 |
;r 8000 E : B
4000 - - I
0 L ]
200 0 200 1.0 0.5 0.0 0.0
X (um) Monitor Value (a.u.)

Figure 5.5. (a) Conventional 1 x 4 splitter withjufiction residue.
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Figure 5.5. (b) Proposed 1 x 4 splitter with Y-jtion residue.

The plot of Fig. 5.6 also suggests that the progpaiesign reduces the effect of Y-junction
residue as the difference in loss is large in cds®nventional than for proposed design after
inclusion of junction residue. It can be seen fieig. 5.6 that output of conventional design
degrades by around 2 dB in presence of residugtrest the outputs of proposed design
degrades by around 1 dB. In other words, it carsdid that the proposed design is less
affected by the presence of Y-junction residue tthenconventional design. Fig. 5.7 shows

105



the variation in output ends of the conventional proposed design before and after residue
is included. The uniformity in power at the outemids of the proposed design is better than
conventional device in presence of residue. Wittbmpact device length of 1.43 cm, the
proposed design provides an advantage in devicertios loss and symmetric power

distribution among device outputs compared to threventional design.
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Figure 5.6. Average Splitter Loss (TE mode) veislzs/elength.
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5.3 Fabrication and Characterization

The steps of the fabrication process presentechaptér 3 and the characterization methods
discussed in Chapter 4 were applied again to fateriand characterize the devices based on
the proposed design. The residue was visible invtenction of proposed device as shown
in Fig. 5.8 (b), but the area covered by the residas reduced due to the gap ofuth
introduced between the Y-arms as compared withr¢tjon of conventional device shown
in Fig. 5.8 (a). The proposed design reducesehgth of residue, and thus, an improvement
in performance of the device is expected.

Propagation losses reported previously have beE260B/mm (Tung 2005), 0.15 dB/mm
(Yang 2009), and 0.18 dB/mm (Nordstrom 2007) at50L®mm. The materials used to
fabricate waveguides in (Tung 2005) are SU-8 2008 HOA 61, and the measurements
were done at 1550 nm for single mode propagatitwe. dverage propagation loss estimated
here is 0.125 dB/mm when the loss for several clemtded channel waveguides of different
lengths are measured at 1550 nm. The insertionftrsthe 1 x 4 splitter chip in this case
includes intrinsic splitting losses estimated tlglouthe simulation in Fig. 5.6 along with
losses in the waveguide that are independent o$ghiger, e.g., Y-junction losses, radiation
losses, and coupling losses. Coupling losses atdode losses due to Fresnel reflection.

Figure 5.8. (a) Residue at Y-junction of Convendilotevice.
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Figure 5.8. (b) Residue at Y-junction of Proposedick.

Since the waveguides were as narrow asby 2um, it was very difficult to measure how

much light got coupled into the waveguide, unléssitput face of the waveguide is polished
to a very high quality and the input/output ends @igtailed. As earlier discussed in section
4.9 and 4.10 that edge polishing has not been tagen this work, the input and output ends
of the splitters were simply prepared by cleavimng $i wafer on which they were patterned.
The optical power was fed to the end-face of thgegaide through end-fire coupling. The

insertion losses obtained at the chip level atedisn Table 5.3 for 632.8 nm, 1310 nm and
1550 nm.

The length of the fabricated device is 1.43 cm, tedaverage propagation loss estimated at
1550 nm is 1.25 dB/cm (Tung 2005), which accouatsafloss of 1.8 dB for the device. An
analysis was carried out when power was couplethéoinput of the device through an
optical fiber (Nufern PWG1-XP, Nufern, USA) undéetcondition that the axis of the input
waveguide was perfectly aligned to that of therfibB®wer at each output port was measured
with no interference from either of the adjacenttpoEven though theoretically the mode
field diameters of fiber and waveguide match witlicke other, the fiber-to-waveguide
coupling loss cannot be avoided, as the fiber auangular waveguides differ in their
geometrical cross-sections. In addition, Fresnigéeton at the input and output results in an

108



estimated coupling loss of 3.7 dB/port. Similar gking losses for SU-8 waveguides have
been reported earlier (Tung 2005) (Dai 2009). Ciogplosses for the conventional and
proposed devices are the same as the geometnedsaif waveguides used in the design of
both types of devices are the same. It must beratéd that losses can only be estimated, as
the light had been coupled from the optical fibethe device with the ends of the device

prepared only by cleaving.

The theoretical splitting loss of proposed devidcthwesidue at Y-junctions is around 8 dB at
1550 nm, as shown in Fig. 5.7. The theoreticaktspdj loss of 8 dB, when added to 1.8 dB
of propagation loss and 7.4 dB of coupling lossveen input and each of the output ports,
results in 17.2 dB of insertion loss for the devi¢ée difference between estimated and
obtained results shown in Table 5.3 may accountddiation losses at Y-junctions and poor
coupling of light due to cleaved end-facets of desi Thus, the excess losses as defined in
(Sohn 2005) can be estimated to be more than 10 dB.

Table 5.3. Insertion Loss of fabricated (Proposedfisplitter chip

Wavelengths— 632.8 nm 1310 nm 1550 nm
. Output ]
Device No. Loss (indB)
Ports
1 -23.32 -18.29 -19.57
2 -23.32 -14.36 -17.13
Dev.5 chip-1
3 -21.17 -14.73 -17.01
4 -22.99 -13.82 -18.85

Table 5.3 suggests that the average insertiondb4$50 nm is 18.14 dB with a maximum
variation of 1.43 dB among the output arms of thegpsed device compared to the insertion
loss of 19.32 dB with a maximum variation of 5.8 &8 given in Table 4.3 for a

conventional device. An advantage of ~1.2 dB indeeice insertion loss due to compact
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device length with the symmetric distribution ofwer at the output ends is observed in the

proposed device at 1550 nm.
5.4 Conclusion

Polymer residues are generally left in the Y-juoies of the conventional splitters. Besides
increased insertion loss, the Y-junction residusults in asymmetric splitting of optical
power. A design incorporating a tapered wavegueinbexpander is proposed, which offers
better performance with Y-junction residue than ¢baventional 1 x N splitter in terms of
insertion loss and symmetric power distributionhest output ends of the device at 1550 nm.
SU-8 optical waveguides with a width of ZuBn, with an optical adhesive NOA 61 over- and
under-cladding on silicon substrate, have beenzeghl The process to fabricate single-mode
polymeric channel waveguide-based optical splitiessng simple direct ultraviolet (UV)
photolithography is optimized and presented. Tharatterization of the proposed 1 x 4
optical power splitter shows symmetric distributminpower at outputs of the splitter with a

decrement of 1.2 dB in insertion loss comparedhéocbnventional device at 1550 nm.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

6.1 Conclusion

Polymers have emerged as cost-effective materiatalde for development of affordable
integrated components used for optical communinati®olymer waveguides are quick and
simple to fabricate using an economic environménfalendly fabrication processes. SU-8
polymer was introduced by IBM in 1989. It is an kpbased chemically amplified, negative
tone, near UV photo-resist. Cross-linked SU-8 filare highly resistant to a majority of
acids, bases and solvents. Due to its physicaindat, mechanical, and excellent optical
transparency, it has been explored as an impamaterial in diverse fields of manufacturing
not only as a resist material but also as the stitetural material. SU-8 has been preferred
as a suitable material for the fabrication of ogitizaveguides, gratings, filters, photonic
bandgap structures, on-chip light sources, pressnsors, opto-fluidic sensors, etc.
Symmetric channel waveguides were designed witlBR002 chosen as core material while
NOA 61 was used as underclad as well as overclefta&ive indices for both the materials
were measured using prism coupling technique anéd foeind to be 1.57 for SU-8 and 1.54
for NOA 61. To ensure single mode propagation thhothhe channel waveguide, aspect ratio
(w/d) of less than 1.125 was chosen so as to yieldngtamidth below 3.1um for a guide
thickness of 2.5um. Waveguide dimensions of 2.5 x 2.5 um were chdsedesign the
single-mode channel waveguides. The refractivexnutefile and the mode profile of the
fundamental mode were studied. The channel waveguicere designed and simulated for

performance using BeamPr8p(Rsoft Design Group, USA).

Y-branch waveguides were also designed as thejuadamental in designing most of the
optical integrated circuits e.g. optical power dtis, modulators, switches, etc. and thus, can
be considered as one of the essential structused tn integrated optics. Key design
parameters for a Y-branch are branching angle,cdelangth, type of bend, separation at
output ports, etc. Conventional Y-branch structwes designed and simulated to realize an

optimum branching structure with low loss and cootpaverall size. A conventional Y-
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branch waveguide consists of a single linear inpatveguide and two output bend
waveguides. Cosine S-bends were used as arms odnéip structure to minimize radiation
losses at Y-junction. Standard output ports separalvas selected in design to match
standard fiber ribbon pigtailing. Conventional INxpower splitters were designed using
cascaded Y-branch waveguides. The device lengthk »fN splitters were optimized to
accommodate the structures on a 3-inch wafer. hbeened device length (17 mm for 1 x

4) shows only a marginal increase in splitting Joglsich was 6.03 dB.

The design results from simulations in previougiesacwere converted to GDSII format in
BeamPROP". L-Edit (Tanner Tools) was used to design the mksfout. In actual
fabrication, it is possible that the actual widthttee channel may be different from what is
present on the mask. With this in mind, 1 x 4 spid of different channel widths were made
in the mask layout. Various channel widths rangeunf1.8 um to 2.6 um. Single mode
buried channel waveguides were fabricated usingnaoaal UV photolithographic
techniques and wet-chemical etching processes. uti8al waveguides buried in an optical
adhesive NOA 61 on a silicon substrate were zedli A two-step pre-exposure soft bake
and post-exposure baking was used to crosslinkptilgmer. Waveguides were obtained
after SU-8 2002 polymer was exposed to UV througlphotomask. The fabricated
waveguides were smooth-walled and vertical. Theszewneither cracks nor defects in
waveguide throughout the guide length. The expartaieresults have demonstrated light
wave-guiding in the polymer material. The averagseition loss estimated for a 2-cm
straight waveguide was 11 dB (Jgcat 1550 nm.

In the conventional Y-branch based power splitfetsicated in this work , a small amount
of residual resist remained in the region betwden Y-junction guides. The residue left
between the Y-junction arms is, in fact, SU-8, whigas not removed after chemical wet
etching due to limitations with the resolution detmask aligner used for photoexposure.
The mask aligner employed in this work had a ragmiuof 2 um, whereas the waveguides
separation near the junction region was less thanrésolution of the mask aligner. The
effect of remnant resist on the device performan@s examined through simulation.
Besides increased insertion loss, the Y-junctiandiee results in asymmetric distribution of

power at device outputs. The fabrication process oyimized to reduce residual polymer at
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branching point of Y-waveguide. Advantage of halia was observed for a 1 x 2 splitter
due to optimized fabrication process. The advan@gefebigger as the power splitting in

cascaded Y-branch structures to obtain high-ordesep splitting is observed.

A Y-branch waveguide comprising a waveguide beapapger and cosine S-bend segment
is also proposed in this work. The basic part ovegauide beam expander is a single-
dimension linearly tapered waveguide. The taperadeguide is followed by a straight guide
with width equal to the broader end of the tapdrth& end of each cosine S-bend segment, a
straight waveguide is introduced for coupling poweethe next stage efficiently, also acting
as the input section for the next stage. The wafthhe waveguide kept was 2i8n for
single-mode propagation. A gap between the bragchwaveguides is included at the
splitting junction in order to overcome the fabtioa limitations. This results in slight
degradation in the simulated device output. Dusigulations, the separation between the
two output waveguides of a Y-branch was varied andptimum separation of dm was
obtained. The proposed Y-branch based splitterg Wadsricated using the same fabrication
process optimized for conventional Y-branch to obtaduced residue at branching junction.
The proposed device has a shorter device lengthttie conventional device structure and
thus, an improvement in performance of the devec®ebserved. The performance of the
proposed design reflects reduced insertion losstalueduced residue and less propagation
losses due to shorter device length. The uniforimityptical power at the output ports of the
device based on the proposed design has also bleserved to be better than the
conventional device. The characterization of tr@ppsed 1 x 4 optical power splitter shows
improvements of ~1.2 dB in insertion loss and symnimelistribution of optical power at

device outputs in comparison to the conventional @n1550 nm.
6.2 Future Work

With establishment of economical waveguide fabricaprocedures and parameters for UV
lithography, several other areas of research cafuriger explored. These range from basic
waveguide modeling to advanced waveguide applicatiovolving some of the concepts,
procedures and parameters adopted in this workhé&uidevelopment may include the

following:
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b)

d)

Waveguide modeling of polymeric waveguides may bB@aaded to include a

theoretical analysis of propagation losses estidhlayecharacterization of polymers to
be used in development of waveguides, scatteriage® estimated from the surface
roughness parameters, etc. The objective is taliha theoretical values evaluated

for polymeric waveguides closer to those obtaingzeementally.

Polymers have a scope of tailoring their propertigdlending and copolymerizing
selected miscible monomers. Considerable effort iayput in development and
application of organic non-linear optical materiat active devices. Photoinitiators
may also be added in case, doping of non-lineaorobphores affect the cross-
linking property of the polymer.

In practice, the results of fabrication processesewnot perfect as expected. One of
the limitations of UV photolithography techniquettse resolution of mask aligner
used in development of waveguides. The photolithplgy processes need to be
critically optimized further or a mask aligner witbwer resolution may be used in
order to obtain better resolution.

Polymers and substrates such as silicon or glass Hifferent hardness. While
polymers are soft materials, the substrate on whigdy are deposited are hard
materials. This creates a problem in preparatfoend-facets which have to have a
mirror finish in order to couple light in and ouffieiently. In polishing polymer

materials, conventional polishing techniques sigtdbr harder materials cannot be
applied. Alternate methods such as chemical-mechbhmpolishing have been

explored by many researchers, but such methods hatveeen used in this study
owing to lack of facilities to carry out such warkthe country. Once such facilities
exist, improvements in dicing and end-facet polightan be one interesting area to

be explored further.

A critical part of the fabrication of integratedwiges is the fiber pigtailing of the
waveguide ends. Since cladding layer used hereisnatork was an optical adhesive,
simple, precise and active fiber alignment methtlizing a UV curable adhesive to

achieve a low coupling loss may be explored further
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f) An environmentally and mechanically stable pack@gtechnique for pigtailed
polymeric waveguide chip should be explored furtteerobtaining better efficiency

and reliability.

New polymer based optical integrated devices eegoRators, Gratings, Switches, Sensors,
etc. may be designed and developed for applicatiorgptical access networks, switching

architectures, sensing applications, etc.
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APPENDIX A: NUFERN PWG1-XP SPECIFICATION SHEET

/WFERH
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Planar Waveguide Single-Mode Fiber

Fiber Gonstruction

Operating Wavelength (nominal) 1550 nm
MFD @& 1550 nm 48+ 05 pum
Second Mede Cut-Off 1330 + 50 nm
Mumerical Aperwre (nominaf) 0.26
Bend Loss @@ 1550 nm (100 twms, 13 mm radius) = 0001 dB
Bend radiug for 0.05 dB per 100 wms @ 1550 nm Much Jzss than LTBR
GEOMETRICAL AND MECHAMICAL SPECS
Ciad Diameter 125 + 0.5 um
Coating Diameter 245 + 10 pm
Core-Clad Concenmicity < 03 um
CoatingClad Offzet =5um
Prood Test Leve! = 200 kpsi (1.4 GN/F)
Coating Material UV Curable, Dual Acryiate
Operating Temgperature -3t + 8 C
Short-Term Bend Radius =6 mm
Long-Term Bend Radius =13 mm
* Fibertails for Planar Waveguides
+ Bridge fiber
Features and Benefits:
* Superior fiber diameter tolerances

-iﬂspﬁelmhhauﬁmmﬂnr -
* High coupling fficiency with Planar Waveguides

Standard specifications and desion parametsrs arz lizted above, Other
configurations such az alternative form factors, optimized cut-off and
UV cur=d color coating may be available, Let uz know how Nufern can
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APPENDIX B: EIM 2D M ODE-SOLVER RESULTS

2-D multilaver waveguide mode solver
effective index approximation

Select a number of inner waveguide layers. Defing opens a window that accepts the
waveguide data. Sofve mvokes the mode solver. A frame reports on the mode properties.
Jnspect pops up a dialog for selecting components for mode prefile plots. Choose Ploi to
view the fizure. And be aware of the limitations of the effective mdex approximation. Should
work properly for reasonable nputs ...

PERNCH =)
- . v

| £ Waveguide definition

Refractive index: Thickness:

Cover: il.S4

Layer 1: |1.57 [2.5

Substrate: |1.54

Wavelength:  Etching depth: Rib width:
|1.55 |2.5 |2.s
’
——————————————————————————————————————————————————————————— EIMS ——

Central -3lice, 1-D modes:
TE 0: beta: 6.320819 £
™ 0= beta: 6.319853 nef
Lateral 3lices, 1-D modeas:
No guided modes, using substrate refractive index.

: 1.5592839
: 1.55904548

£
r
L

2-D effective index approximation:

[*#%#%% |TE 0| #**%*] >5>

TE 0 0: Leta: 6.2850766 neff: 1.55046635
[*&ds |TM (0| **%%] >35>

M 0 0: beta: 6.284839 neff: 1.550408
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APPENDIX C: TEST RESULTS FROM SAMEER , MUMBAI

TEST REPORT

Device Type ;1 x4 ,1 x 8 splitter of SU8-NOA 61 on Si

Material . Silicon

Technical details . All devices are fabricated on Si wafer having NOA&S
lower cladding and SUS8 as core. Channel spaciag@isum

Number of samples : 8 samples:

checked

Work completed :  Chip-1 Device No5 is fiber pigtailed at input side

Tested by :Arun Kumar Mallik & Indrajit Boiragi

Packaged by : Anuj Bhatnagar

Devices tested and : Optoelectronics Division, SAMEER, IIT Campus, Powai

Packaged at Mumbai-400076.

Before pigtailing

632.8 nm 1310 nm 1550 nm
Device No. Input Output Input Output Input Output
Power | power Power | power Power | power
(eW) [ (pW) [ (pW) | (1W) (nW) | (1W)
Dev.1-Chipl | 537 1.92 398 7.7 553 1.7
3.0 11.3 18.5
1.56 6.1 9.1
6.9 11.5 6.1
Dev.2-Chipl | 537 3.5 398 18.1 553 10.6
3.15 8.4 5.6
6.8 18.2 9.0
3.2 13.4 4.0
Dev.5 chip-1| 537 2.5 398 5.9 553 6.1
2.5 14.6 10.7
4.1 13.4 11.0
2.7 16.5 7.2
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After pigtailing

635 nm 1310 nm 1550 nm

Device No. Input Output Input Output Input Output
Power | power Power | power Power | power
(mW) | (W) | (mW) | (uW) (mW) | (nW)

Dev.2 chip-1| 3.7 5.7 2.5 5.3 1.57 4.4
6.8 12.5 8.4
7.9 29.3 2.8
4.6 14.4 2.9

Report prepared by: Dr. Anuj Bharnagar
Signature:

Report verified by: Dr. K. Chalapathi
Signature:

Received by M. N .Satyanarayan
Signature:
Date:
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