3D Microfabrication of Waveguides using

Two-Photon Polymerization

A Major Qualifying Project
submitted to the faculty of
Worcester Polytechnic Institute
in partial fulfillment of the requirements for the degree of
Bachelor of Science in Physics

By
Brady B. Jeong

Date:
April 28, 2022

Report Submitted to:
Professor Douglas T. Petkie
Worcester Polytechnic Institute

This report represents work of one or more WPI undergraduate students submitted to the faculty
as evidence of a degree requirement. WPI routinely publishes these reports on its web site

without editorial or peer review.



Acknowledgements

The author would like to thank the following individuals for their critical support and

invaluable contributions to this project:

Massachusetts state government, for their Massachusetts Manufacturing Innovation

Initiative (M212), which funded the LEAP@WPI/QCC facility in which this project was

completed, in support of the Manufacturing USA institute AIM Photonics.

e WPI Academic and Research Computing (ARC), for providing me with generous access
to their computational resources for the design and simulation process.

e Jake Bouchard (PhD candidate at WPI), for his assistance in measuring the reference
optical power and optically profiling the waveguides.

e James Eakin (project coadvisor), for sharing his expertise with the Nanoscribe Photonics

Profession GT+ system, which was critical for the completion of this project.

e Peter A. Hedlesky (PhD student at WPI), for his enthusiasm and curiosity for the project

and the invaluable guidance, encouragement, and support he provided at every step of the

way.

e Professor Douglas T. Petkie (project advisor), for his overall guidance and advisory for

the project and my undergraduate academics. His support has been integral to my success

over the past four years at Worcester Polytechnic Institute.

The completion of this project would not have been possible without the help of the people and

organizations listed above.



Table of Contents

ACKNOWLEDGEMENTS II
TABLE OF CONTENTS II1
LIST OF FIGURES A"
ABBREVIATIONS AND NOTATIONS VIII
ABSTRACT IX
CHAPTER 1: INTRODUCTION 1
CHAPTER 2: LITERATURE REVIEW AND BACKGROUND 3
2.1 PHOTONICS.......cueueureuresesessessessseessssssesssssstesssssssesssesssesssssssasssesssasssesssasssssssssssesasssssssassnssssassassstessessssassnssssesssesssessssssessessesasssssassssssassssenes 3
2.2 LASERS ... tustuetresssssssssssssssessessessssss s st ssessss s s s s s e sne eSS R AR AR R AR 4
2.2.1 HiSTOTICAl BACKGIOUN...............coneoreeseeereeeeresscrisesiseesassesssesassessassasesanssssessassesssssasssssssssssssasssssessasesanssssssasssssnssasessns 4
2.2.2 Types and OPerating PrINCIPLES ... ceorcrrerreernserserseesssesssessssssessassesssssissssssssssssasssssessassessssssssssassesssssassesses 6
AR ) 1) 1] § (s 13 (0] 1 1 S 7

2.3 FIBER OPTICS.......coeeureetretreusereteessssstesssssstesssssstesssesssesssssssssssesssssssesssssssssesssssesasssssssesssssstas msss essessstessnssssessnssssesssssassssesasssssssassssssassssenes 8
2.3.1 PTINCIPIE Of OPOIALION .........cooreorisirisirirsirissserissserisssesissssssssssssssesssss s s sssssssssssssssssssssssssssssssssssssssssssessssssssssssssssssss 8

2.4 WAVEGUIDES .....coueurtstreuresssesessssissesssssstessssstesssssstessssssssssssstsssssssssssssssssssssssssssssasssssssasssssssessassstesassstessnssstessnssssssssnssssssnsssssssasasses 10
2.5 PHOTONIC INTEGRATED CIRCUITS ....ocueureuetreeesessessessessessssssssssssessessessessssssssssssssessessessssessssssssssssessesesssessssssssssssessesssssssssessansanes 14
2.6 3D MICROPRINTING/ TWO-PHOTON POLYMERIZATION .......occosutermmsiesssssessssssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns 19
2.7 RESEARCH TOOLS ...t tesesessesseusessessetesssssssessessessessesssssssssssessessessesesssssesssssssessessesasssesesssssssesseseesesssesessusesssssessessssesssessansanes 22
2.7.1 COMSOL MUIEIPRYSICS.....oooeereviririsirissserissserisssesisssesisssesisssssssssssssssssssssssssssssssssssssssssssssssnsssssssssssssssssssssssesssssssasssssasssssansses 22
2.7.1.1 Wave Optics Module 24

2.7.1.2 The Electromagnetic Waves, Beam Envelopes Interface 27

2.7.2 NOANOSCIIDE.........cocoeoveeeveeereseesrssrisrssssssssssssssissassssasssssssssassassssassassasssssssssssassassansasssssssssssassassansassssssassssassassansasssnssassassas 28
2.7.2.1 Nanoscribe Photonic Professional GT+ 28

2.7.2.2 DeScribe 31

2.7.3 PIOD@ SEALION...........cceeeeeeeeesersrserstseessssrsssasssssssssssssssssssssassssssassansssssassassssassasssnsssssassassssassansansssssassassssassusssnssnssassassansas 33
2.7.3.1 Laser and Power Meter 35

2.7.4 Microscope and OpticQl ProfilOmeter ... croneersseersssessssesssssssssssssssssssesissesssssesasssesasssssasssssasses 37
2.8.1 PROTONICS INAUSTETY .........coooeoeeereeeereserisesissessssessesissess s sassesasssassssass s s ssssssassesasssssessassesssssassssssssssessanssssessansessneses 40
2.8.2 LEAP faCIlItYy ANA WPI (MQP) ...o..oooeeoeeeererereerserseriseeseseassesasssssesssssesssssasssssssssssessssssssssassessssssssssssssssesasssssessansessneses 45
CHAPTER 3: PROJECT STRATEGY 48
3.1 OBJECTIVE 1: DEVELOP BASIC WAVEGUIDES USING 2PP ... ssssssssssssesss s sssssssssesssssssssssssssssseans 49
3.2 OBJECTIVE 2: PROVIDE RECOMMENDATIONS FOR FUTURE PROJECTS.........cceeeesinsteranestessrestsssessssssssssssssssssssssssssssssssasassenes 49
CHAPTER 4: RESULTS & ANALYSIS 50
4.1 EXISTING DESIGN RULES/REQUIREMENTS .50
4.2 DESIGNS, SIMULATIONS, & PRINTS ......ceeiiitiiirneriissss st sssssss st ssssssssssssssssssssssssssssesssssssassssssbesssssbassssasbassessssesssassans 55
4.2, 1 SIMUIAEION SEUEIMGS .........covooeeriierriseerissstrrissssessissssessis s ssssis s sessis s ssssis s s ss s ss SRS 55
2.2 FAIIOA DESIGNS..........cooooveresieriserrisssisrissssississssessissssessisssssssis s sessas s sessas s sssis s sssis s st sssis st sssasssssssanssssssanssssseos 56
Design 1 (No Prints) 56

Design 2 (Print 1&2) 59

4.2.2.1 Print 1: Printed on March 30th, 2022 60

4.2.2.2 Print 2: Printed on March 30th, 2022 61



I ) I-Xy 1 1 B o i 11 LA 3 IO N 62
4.2.3.1 Print 3: Printed on April 5th, 2022 65

4.3 TESTING AND CHARACTERIZATION
4.3.1 Geometrical Inspection
4.3.2 Attenuation/Insertion Loss

CHAPTER 5: RECOMMENDATIONS & CONCLUSIONS 75
5.1 RECOMMENDATIONS .....covvuuieuissessssssssesssssssssssssssssssssasssssssssssssssssssssssssssssessssssss nssssssessssssssssasssesssssansssasssssssssssssssssnssssssnssssssssssesns 75
5.1.1 POLENEIAI FULUI'@ PIOJECES ...........cooeeoeevereeveris st easesisesas s esssssisssssssssssssassess s sassesass s sssassesssssassssassssssssassssnsssanees 76
5.1.2 ReCOMMENAALIONS fOT PPOCESS..........cooeeeeeeeeeriserisserisesesisesesisssesissssssssssssssssssssssasssssssssssssssssssssassssassesasssesassesaneses 77
5.1.2.1 Focus on understanding constraints 78

5.1.2.2 Improve design simulations 80

5.1.2.3 Measure more characteristics 81

5.2 CONCLUSIONS .....oevurmeuersesssesssssssssessasssssssesssssssssssssssssssssesssssssesssssasssessssssssssessssssse ansssessessssssasessesssesssesanssenssassssssussssnsssnssssssnssnsssssanssns 83
APPENDICES 85
APPENDIX A: IP-DIP AND IP-S DATA SHEETS.......cecsrurstreererresresrsssssssssessesssssssssssssssssessessessssssssssssssessessessssssssssssssessessesssssssssassaneas 85

D1 L ) ) | 7 S 85

N Y 88
APPENDIX B: PHOTOS FROM VHX-7 000 MICROSCOPE ........ccocorurniermrseessessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssess 91

) g 1 1 1A 91

) 20 11 T 92
2 17 T A0 2 95
APPENDIX C: GALLERY OF 3D PRINT PHOTOS ON PROBE STATION .....cocueruetnrercenearearessessssssssessessessesssssssssssssssssessesssssssssassssens 99

) o 1 1 1 T 99

) 24 1 17 T A 2 101
APPENDIX D: DATA GRAPHS FROM TESTING w107

RY 0 o0 (o 1 L s =T 1 T e L 107

S BENA WAVEGUIME.............cooeerereeeeereserseriseesssessesissessessassesasssssessassesssssasssssssssssesasssssssasscsasssssessassssasesasesssssssssesanssssessasessnssens 112
REFERENCES 116




List of Figures

FIGURE 1: OPTICAL FIBER CONSTRUCTION. THE CORE IS SURROUNDED BY THE CLADDING, WHICH IS COVERED BY THE

PROTECTIVE JACKET [27 [ euuseeuseesesssesseessesssessesssesssesssssssssssssssssssssesssesssessssssssssssssessssssesssssssessssssssssssassssssssesssesssssassssssssssassssssssasssnsssessnsssns 9
FIGURE 2: "2D" vS 3D WAVEGUIDES [29]. OPTICAL CONFINEMENT IN 2D WAVEGUIDES IS LIMITED TO A SINGLE TRANSVERSE
DIRECTION WHILE OPTICAL CONFINEMENT IN 3D WAVEGUIDES HAVE TWO-DIMENSIONAL OPTICAL CONFINEMENT. ......... 12
FIGURE 3: TYPES OF RECTANGULAR WAVEGUIDES [29]. RECTANGULAR WAVEGUIDES ARE THE MOST COMMON NON-PLANAR
WAVEGUIDES. otutueuseusessessessssssssssssessessessessssssssssasessessssssssssssssssassssssssssesssssssassassssssssssssassassassastnesesssesessssssnsssssnesasssssssssssnssssanessnssnssnsassaneas 13
FIGURE 4:A TIMELINE OF FOUNDATIONAL ADVANCES ENABLING PICS [4]. THESE ARE FUNDAMENTAL TECHNOLOGICAL
ADVANCEMENTS THAT ALLOWED FOR THE PIC TO EXIST. cvovvuuserseesmsesssessessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssssssss 15
FIGURE 5: A TIMELINE OF ESSENTIAL NEW FABRICATION PROCESSES FOR PICS [4] THE PROCESSES DEVELOPED ALLOWED THE
FOUNDATIONAL TECHNOLOGICAL ADVANCEMENTS TO BE APPLIED TO THE PRODUCTION OF THE PIC. .. 15
FIGURE 6: A TIMELINE OF PIC DEVELOPMENTAL MILESTONES [4]. THESE EVENTS DEFINE THE CREATION OF THE CORE BUILDING
BLOCKS OF THE PIC. ..uvureuueeeueesueesessssesssssessessssssssessssessssssssessssessssssssessssssssessssesssessssessssesssassssesssnssssesssssssses sesssnssssnssasesssessssessssesaessanes 16
FIGURE 7: A COMPARISON OF THE ELECTRONIC VS PHOTONIC INTEGRATED CIRCUITS [36]. THE BUILDING BLOCKS OF PICS ARE
COMPARABLE TO THE BUILDING BLOCKS OF THE ELECTRONIC INTEGRATED CIRCUIT ..ccoueeureeneesserssesssmssssessssesssessssessssssssessanes 17

FIGURE 8: SILICON-ON-INSULATOR CHIP WITH A VARIETY OF STRUCTURES INCLUDING MACH-ZEHNDER-MODULATORS, RAMAN-
LASERS AND -AMPLIFIERS, FABRY-PEROT MODULATORS, WAVEGUIDES [41]. SILICON-ON INSULATOR PICS ARE ONE OF

SEVERAL PLATFORMS FOR PICS.....vvtureuereueessreesssssessssssssessssssssssssessssssssesssesssessssessssssssassssesssnssssessssssssessasesssmssssassssssssessasessssssssssanes 18
FIGURE 9: SCHEMATIC DIAGRAM OF A DIRECT LASER WRITING SYSTEM [48]. DIRECT LASER 3D PRINTING IS A TECHNIQUE USED

TO CREATE INTRICATE 3D NANOSTRUCTURES. .20
FIGURE 10: TWO PHOTON POLYMERIZTION ACTION IN DETAIL [49]. A FEMTOSECOND-PULSED LASER IS DIRECTED TO THE

DESIRED LOCATION ON THE STAGE USING THE GALVO MIRROR AND THE PIEZOELECTRIC STAGE....cveusereseesseessesessessmssssssanes 21

FIGURE 11: EXAMPLES OF WAVEGUIDES FABRICATED USING TWO-PHOTON POLYMERIZATION. THE UPPER LEFT, UPPER RIGHT,
AND LOWER LEFT FIGURES ALL ARE HOLLOW LIGHT CAGE ARROW WAVEGUIDES [30, 53]. THE FIGURE ON THE BOTTOM

RIGHT IS AN EXAMPLE OF A PEDESTAL WAVEGUIDE [52]. vuuutereremseeeseesssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssanens 22
FIGURE 12:COMSOL MODEL BUILDER USER INTERFACE [54]. cvcvuurerureruersssessssessssesssssesssssessssssssssssssssssssssssssssssssssssssssssssssssssessssnesess 23
FIGURE 13:0VERVIEW OF WAVE OPTICS INTERFACES [S56].ccuureuueeeueeseerseesssesseessesseessesssesssssssssesssessssessssesssesssssssssssssesssesssssssssssssessases 25
FIGURE 14: GOVERNING EQUATIONS FOR WAVE OPTICS MODULE INTERFACES [57]. THE BEAM ENVELOPES INTERFACE WAS

THE INTERFACE USED FOR THE SIMULATIONS IN THIS PROJECT  ..uuveruuseeerssseesrssseserssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnes 27

FIGURE 15: BEAM ENVELOPES INTERFACE THEORY [57]. THE INTERFACE COMPUTES ELECTRIC AND MAGNETIC FIELD
DISTRIBUTIONS FOR SIMULATIONS WHERE THE AMPLITUDE FACTOR IS VARYING SLOWLY, AND THE PHASE FACTOR IS
VARYING RAPIDLY .ecuvtuteeuseuseseasessessssessssessesssssssessesssssssssssssssssssssssssssassssassasssssssassssasssssssassassnsussssssesssssssesssasssesssssssesstassassasssssssstassssasasssnes 28

FIGURE 16: THE FIGURE ON TOP IS THE NANOSCRIBE PHOTONIC PROFESSIONAL GT2 [58]. THE GT 2 MODEL IS EQUIVALENT TO
THE GT+. THE BOTTOM FIGURE IS A SET OF SAMPLE STRUCTURES PRINTED USING THE NANOSCRIBE PRINTER. NOTE THE

INTRICATE SHAPES AND SIZES. cvvu1ueeeeeusseesssssseesssssseeessssseesssssssesssssssesssssesesssssesesssssesesssssesssssssesesssssesssssssesssssssesssssssesssssssssssssssssssssssssanes 29
FIGURE 17: POLYMER MICRO-RING RESONATOR SENSOR [59]. THE PHOTONIC PROFESSIONAL GT+ HAS BROAD APPLICATIONS

AS IT HAS BEEN DESIGNED FOR USE IN MICROFLUIDICS, MICROMECHANICS, BIOMEDICAL ENGINEERING, AND MORE............ 30
FIGURE 18: NANOSCRIBE PHOTONIC PROFESSIONAL GT2 TECHNICAL SPECIFICATIONS [60]. ceveuueeeemeermseermeeerssesersessssessssesssssesens 30

FIGURE 19: DYNAMIC PRECISION PRINTING MODES [58]. THESE ODES ARE DESIGNED TO OPTIMIZE BALANCE BETWEEN

PRECISION AND SPEED DEPENDING ON THE NEEDS OF THE APPLICATION.
FIGURE 20: DESCRIBE FEATURES AND BENEFITS [58].
FIGURE 21: NANOSCRIBE PRINTING WORKFLOW [60]. A 3D CAD MODEL CAN BE IMPORTED INTO THE DESCRIBE TO BE

PROCESSED INTO A PRINT JOB FILE. FROM THERE, THE PRINT JOB IS LOADED ONTO THE PRINTER USER INTERFACE. .......... 32
FIGURE 22: 3D PREVIEW OF THE FINISHED PRINT JOB IN DESCRIBE [58] ..uvuueeueeseerseesesessesssesssessssessssesssesssssssssssssssssessssssssssssssssanes 33
FIGURE 23: MAPLE LEAF PHOTONICS MULTI-DIE PROBE STATION [62]. A PROBE STATION ASSISTS IN TESTING AND

CHARACTERIZATION OF PHOTONIC INTEGRATED CIRCUIT. wvvusureesesssressssssresssssssesssssssssssssesssssesssssssesssssssesssssssessssssssssssssesssssssssssnnes 34




FIGURE 24: SENSOR INSTRUMENT CONTROLS ON MAPLE LEAF’S FOTONICA SOFTWARE [61]. THIS INTERFACE ALLOWS THE USER

TO CONTROL TO LASER AND DETECTOR ctuueeuuresseesssesssesssseessssssessssessessssessssssssessssesssasssssssssssssassssssssassssesssessssessssssssasssssssssssssassssssssnses 35
FIGURE 25: OUR KEYSIGHT 8164B LIGHTWAVE MEASUREMENT SYSTEM HOLDS A LASER SOURCE WITH A RANGE OF 1450 NM —
TE50 NM [B4 ] coveurrerureersseeessseessseesssssssssesssssesssssasssssassssssssssesssssesssssesssssasesssesssssesssssasssssassssessessesssssesssssesssssessssssssssesssasesssssasssssesssssassssns 35
FIGURE 26: KEYSIGHT N7744A OPTICAL MULTIPORT POWER METER WITH THE RANGE 1250 NM -1650 NM [66]. THIS IS USED
TO MEASURE TRANSMITTED POWER. ..uuvvtuueesueresseessessunssssesssssssssssssssssassssessssssssessssssssassssessssssssassssssssassssssssassssassssssssassssesssnssssassssssssnses 36
FIGURE 27: THORLABS PM100D COMPACT POWER AND ENERGY METER CONSOLE [67]. THIS IS USED TO OBTAIN POWER
MEASUREMENTS THROUGH OPTICAL FIBER WHEN A CONNECTOR IS NOT AVAILABLE. ....ovvtueeunreseesssesmsssssssssssssessssssssssssssssanes 37
FIGURE 28: THE KEYENCE VHX IS THE WORLD'’S FIRST 4K ULTRA HIGH ACCURACY MICROSCOPE THAT VIEW, CAPTURE, AND
MEASURE IN AN ALL IN ONE SYSTEM [B8]. ocuureeuueeeueessseesseessseesssesssessssssssassssesssssssssssssesssessssessssssssassssessssssssasssssssssssssssssessussssasesssassanes 38

FIGURE 29: VALUE DELIVERY SYSTEM VS. THE TRADITIONAL MODEL [70]. THE VALUE DELIVERY SYSTEM EMPHASIZES STARTING
BY CHOOSING THE VALUE RATHER THAN THE TRADITIONAL PRODUCT-ORIENTED SYSTEM WHICH CREATES THE PRODUCT
FIRST. THE VALUE DELIVERY SYSTEM IS A MORE EFFICIENT WAY TO DELIVER VALUE TO THE STAKEHOLDERS.......cccueeeuees 39

FIGURE 30: US LASER PATENTS FILED BY DECADE SINCE 1961 [8]

FIGURE 31: PROJECTED REVENUES FOR THE LASER DEVICE MARKET [8]

FIGURE 32: PROJECTED REVENUES FOR THE PRECISION OPTICS MARKET [8]

FIGURE 33: PROJECTED REVENUES FOR THE PHOTONIC-SENSOR MARKET [8] .euueeuueeesueersseesssesssseessseesssssssssssssssssssssssssesssssesssssesssans 44
FIGURE 34: LEAP NETWORK [71] tvvttieeursesersessssssssssssssssssessssssssssssssssssssssssssssssesssssssssssssssssssssssssessssssssssssssssssssassssssssssssessssssessssssssssssssssssnes 46
FIGURE 35: THE ELEMENTS OF THE WPI PLAN [7 3] ..tuiieisrnsissinsssssesssnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassssssssssssnes 47
FIGURE 36: PROJECT STRATEGY OVERVIEW ...ucurturirnissrsessessessessesssssssssssssssessessessssssssssssssssssessesssssssssssssssssssssssssssssssssssssssssssesssssessssssssssasssness 48

FIGURE 37: OVERVIEW OF NANOSCRIBE RESINS AVAILABLE SHOWN ON TOP [76]. AN OVERVIEW OF NANOSCRIBE PROCESS
RECIPES IS SHOWN ON THE BOTTOM [77]. EACH PROCESS RECIPE HAS A SPECIFIC RESIN IT MUST USE AND HAS DIFFERENT

PRINT TIMES AND RESOLUTIONS. evvvevusseeeesssseeessssseeessssseesssssssesssssssesssssssesssssesesssssesesssssesssssssesssssssesssssssesssssssesssssssessssssssssssssssssssssessanes 51
FIGURE 38: 3D MF SOLUTION SET (SHOWN ON TOP) AND ITO COATED SUBSTRATE (SHOWN ON BOTTOM) [77]. THE MF

SOLUTION SET IS USED BY THE IP-S 25X ITO SOLID PROCESS RECIPE, A MEDIUM FEATURE RECIPE. .....veruummeersmmerersssesessanns 52
FIGURE 39: CAUCHY PARAMETERS FROM VARIOUS PHOTORESISTS [79] .ouvuuueesseesssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssesess 53
FIGURE 40: TAPERED LENSED FIBER (END DETAIL OF TPM]J-X-1550-8/125-0.4-10-2.5-14-1-AR FIBER) [80]. .coveevrrn. 54
FIGURE 41: SIMULATION OF MODE OVERLAP LOSS AS A FUNCTION OF WAVEGUIDE CROSS SECTION DIMENSION FOR IP-Dip [51].

.................................................................................. 54

FIGURE 42: SIMULATION OF MODE OVERLAP LOSS AS A FUNCTION OF RIDGE WIDTH BETWEEN WAVEGUIDE AND SUPPORTING
STRUCTURE FOR IP-DIP [51]. covtueureruurersssrerssserssssesssssssssesssssesssssesssssesssssessssssssssssssssssssssesssssesssssasssssassssssssssesssssssssssesssssesssssesssssasssanens 55

FIGURE 43: WAVEGUIDE SIMULATIONS FOR DESIGN 1 & 2. NOTE THAT THE ELECTRIC FIELD IS WELL CONFINED IN THE
WAVEGUIDE. THE WAVEGUIDE CROSS SECTION IS A 14 X 14 um2SQUARE AND THE WAVEGUIDE IS CENTERED AT 62.5 um
FROM THE SUBSTRATE. THE CROSS-SECTION DIMENSIONS FOR THE RIDGE BETWEEN THE WAVEGUIDE AND PEDESTAL IS 3 X
BUUIMZ. oottt ss s s s bbb ss s SRR R R RS R AR e 58

FIGURE 44: DESIGN 1 MODEL. THERE WERE 5 STRAIGHT WAVEGUIDES IN THIS DESIGN OF INCREASING LENGTH, TWO 90-DEGREE
CURVED WAVEGUIDES, AND TWO S-BEND WAVEGUIDES. TESTING CHALLENGES OF HAVING THE 90-DEGREE WAVEGUIDES

LED US TO MOVE TO A NEWER DESIGN. .ucuitetiuiusecsiseesisssesssesesssssssssssssssssssssssssssessssssssssasessssssssssesasssssssssssasesssssssssssatessssssssassassssssssssas 59
FIGURE 45: DESIGN 2 MODEL. IN THIS DESIGN, WE MODIFIED THE 90-DEGREE CURVED WAVEGUIDES INTO S-BEND WAVEGUIDES,
SO IN THIS DESIGN, WE HAD 4 S-BEND WAVEGUIDES AND 5 STRAIGHT WAVEGUIDES. ...covvuteiensresssnsrssssssssssssssssssssssssssnns 60

FIGURE 46: 25X NA(.8 PROPERTIES (SHOWN ON LEFT) AND ITS GALVO WRITING FIELD (SHOWN ON RIGHT). THE WRITING
FIELD IS DEFINED BY THE OBJECTIVE LENS USED AND WILL LIMIT THE SIZE OF THE STRUCTURE THAT CAN BE PRINTED
WITHOUT STAGE MOVEMENT. STAGE MOVEMENT IS LESS PRECISE AND CAN CAUSE DISCONTINUOUS STRUCTURES. ...vuevnn. 61

FIGURE 47: THE LEFT FIGURE SHOWS THE SIMULATION OF A RIDGE WITH THE DIMENSIONS 10 X 10 pm?2. NOTICE HOW THE
ELECTRIC FIELD COUPLES INTO THE RIDGE AND WILL CAUSE HIGHER LOSS. THE RIGHT FIGURE IS A SIMULATION OF A RIDGE
WITH THE DIMENSIONS 3 X 10 ym2. NOTICE THE EXCELLENT OPTICAL CONFINEMENT .....ccosureureurernsessrsesessessessessssssssssssesnens 63

Vi



FIGURE 48: WAVEGUIDE SIMULATIONS FOR DESIGN 3. NOTE THAT THE ELECTRIC FIELD IS WELL CONFINED IN THE WAVEGUIDE.
THE RIDGE HAS THE DIMENSIONS 5 X 10 pm?2 AND THE WAVEGUIDE IS MAINTAINED AT ITS 14 X 14 um?2 CROSS SECTION.

.................................................................................. 64
FIGURE 49:DESIGN 3 MODEL. IN THIS DESIGN WE CONFINE THE DIMENSIONS INTO THE WRITING FIELD OF THE OBJECTIVE LENS
FOR CONTINUOUS PRINTING AND INCREASE THE HEIGHT OF THE PEDESTAL FOR HIGHER CLEARANCE. ...coovvesrnimnencsnssesisnnne 65

FIGURE 50: PRINT 1. NOTICE THE CIRCULAR PATH OUTLINED BY THE EDGES NEAR THE BOTTOM OF THE FIGURE IN ADDITION TO
THE SEEMINGLY BURNT EDGES FOR THE LEFT THREE WAVEGUIDES. THIS PRINT FAILED DUE TO IMPROPER BLOCK STITCH
SETTINGS. weveeuueesseessseesseessseessessssesssssessassssesssnssssassssesssessssessssesssessssesssnssssesssassssessssesssassssessseesssassssesssnssssessnssssns asesssessssesssnssssessasssssnesssassanes 67

FIGURE 51: PRINT 2. NOTICE THE FULLY PRINTED STRUCTURES IN THIS PRINT COMPARED TO PRINT 1. THIS PRINT FAILED DUE
TO THE BLOCK STITCHES THAT WERE SIGNIFICANTLY MISMATCHED IN HEIGHT. THE BLOCK STITCH CAN BE SEEN IN THE
RIGHT FIGURE AT THE LINE BETWEEN THE TWO SEGMENTS OF THE WAVEGUIDE. THE HEIGHT DIFFERENCE IS REALIZED
WHEN BOTH SEGMENTS DO NOT COME INTO FOCUS IN THE SAME IMAGE. ...vcouvtuueessressmsssssssssssssssssssssssssssssssssssssssssssssssssssssssssnses 67

FIGURE 52:PRINT 3. THE TOP VIEW (LEFT FIGURE) SHOWS THAT THE WAVEGUIDE HAS NO HEIGH MISMATCH AND THE FULL
STRUCTURE WAS PRINTED. THE SIDE VIEW (RIGHT FIGURE) SHOWS THAT ALL THREE PARTS OF THE STRUCTURE
(PEDESTAL, RIDGE, WAVEGUIDE) ARE ALL PRINTED AND SEEM TO BE WITHOUT SIGNIFICANTLY NOTICEABLE ERRORS. .....68

FIGURE 53:3D MAPPING ATTEMPT USING THE VHX-7000 MICROSCOPE. THE 3D MAPPING SOFTWARE WAS NOT ABLE TO MAP
OUT THE STRUCTURE DUE TO THE SIMILAR REFRACTIVE INDICES OF THE CURED POLYMER AND SUBSTRATE......evcomeemeeenee 69

FIGURE 54: THE FIBER ALIGNMENT PROCESS SHOWN THROUGH THE INFRARED (GRAY) AND PROBE STATION CAMERAS (COLOR).
THE TOP TWO PHOTOS SHOW THE LIGHT COUPLING INTO THE SUPPORTING PEDESTAL. THE MIDDLE TWO PHOTOS SHOW
FIBER ALIGNMENT AND LIGHT COUPLING INTO THE WAVEGUIDE ITSELF. THE BOTTOM PHOTO SHOWS THE LIGHT BEING

GUIDED THROUGH THE S-BEND WAVEGUIDE. SEE APPENDIX C FOR ADDITIONAL PROBE STATION PHOTOS....ccoovueerereesinniens 70
FIGURE 55: RASTER SCAN DISPLAY ON THE PROBE STATION SOFTWARE. THE DARKER THE COLOR OF THE BOX, THE HIGHER THE
POWER TRANSMISSION. cucuucteeuseeressssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssesssssssessassssesssssstessassstessessstessessssassssssssssssassssssasssses 71

FIGURE 56: THE TOP FIGURE SHOWS THE INSERTION LOSS OF STRAIGHT AND CURVED WAVEGUIDE AND IS THE RESULT OF TAKING
THE REFERENCE OPTICAL POWER MEASUREMENT TO ADJUST THE TRANSMISSION SPECTRUM DISPLAYED AT THE BOTTOM
LEFT. THE DIFFERENCE IN THE INSERTION LOSS OF THE TWO WAVEGUIDES IS SHOWN IN THE BOTTOM RIGHT. THE
PERIODIC OSCILLATIONS WHICH HAVE A PEAK TO PEAK SPACING OF APPROXIMATELY~ 3 nim ARE THE RESULT OF A
PHENOMENON THAT OCCURS WHEN A MULTIMODE WAVEGUIDE IS PLACED IN BETWEEN TWO SINGLE-MODE WAVEGUIDES
(OPTICAL FIBERS) AND PRODUCES MULTIMODE INTERFERENCE. ONE POINT OF INTEREST IS THAT THE CURVED AND
STRAIGHT CURVES ARE 180 DEGREES OUT OF PHASE. WE LEAVE THE EXPLORATION OF THIS EFFECT FOR FUTURE
RESEARCH. cocvuuererenrssersssesssanas

FIGURE 57: RECOMMENDATIONS OVERVIEW

FIGURE 58: ANSYS LUMERICAL’S DEVICE AND SYSTEM SUITES [B7] .ouveuueeeseesseesmsessssesssssssssssssssssssssssssssssssssssssssssssssssssssssesess 81

vii



Abbreviations and Notations

WPI: Worcester Polytechnic Institute

QCC: Quinsigamond Community College

IC: Integrated Circuit

PIC: Photonic Integrated Circuit

LEAP: Lab for Education & Application Prototypes

2PP: Two-Photon Polymerization

viii



Abstract

This project set a foundation for future related projects at the new photonics laboratory at
WPI. Integrated photonics is a rapidly growing industry with applications in communications,
sensing, medicine, defense, computing, and beyond. To illustrate the capabilities of the new
laboratory, we developed a straight waveguide and a waveguide with an S-bend. The design was
simulated using the finite element method and fabricated using two-photon polymerization-based
direct laser writing. For characterization, we measured the insertion loss of the waveguides and
inspected the quality of the prints. As a recommendation for future potential projects, we
proposed applications that could build upon this project and made several process

recommendations based upon the challenges we encountered.



Chapter 1: Introduction

The invention of the transistor and the discovery of minority carrier launched the modern
electronics era [1]. However, it wasn’t until the coming scalability of semiconductor technology
and the invention of the integrated circuit [2, 3] that the incredible advances of modern
electronics could come into fruition. The very fact that it is difficult to imagine a world without
electronics today is a testament to the unparalleled impact of modern electronics and
semiconductor technology which continues to increase in functionality, performance and
reliability while decreasing in size, power, and costs [4]. The exponential scaling of integrated
has been exponential with the cost per transistor of 0.1 micro-cents and chips with billions of
transistors. Integration results in eliminating the need to package and assemble several parts by
providing the device and connections in a single batch.

Several developments have created the foundation for modern optoelectronics and the
potential for extending the concept of integration to photonics. The semiconductor laser [5],
semiconductor alloy laser [6], and “tunable” bandgap materials [6] have led the groundwork of
photonic integrated circuits. First proposed in 1969 by Miller [7], photonic integrated circuits
have not made as much progress as its electronic counterparts. In the coming years however, the
photonics industry is expected to experience strong growth. For example, photonic sensors are
expected to grow 9% annually through 2025 with demand in automotive application expected to
grow at 21 percent a year [8]. Waveguides are one of the basic building blocks of a photonic
integrated circuit, the photonic counterpart to an electrical connection.

Two-photon polymerization allows for maskless rapid prototyping of nano and

microstructures. Polymers are advantageous over its counterparts because of their low cost, high



transmission, plasticity, and mechanical stability. Because direct laser writing using two-photon
polymerization can significantly reduce the fabrication time of microstructures using polymers, it
is useful in the fields of micro-optics, biomedicine, and microelectronics.

Within the past few years, a new photonics laboratory has been built at WPI. The facility,
LEAP@WPI/QCC, is designed to be an intersection of industry, government, and academia that
fosters collaborations without barriers to develop mass production technology. It was funded
through the Massachusetts Manufacturing Innovation Initiative (M212) and contains state of the
art equipment to develop photonic integrated devices and support the sector in central
Massachusetts through connections to the Manufacturing USA Institute AIM Photonics located
in Albany, NY on the campus of SUNY Polytechnic Institute.

The aim of this project was to showcase the capabilities of the new photonics laboratory
at WPI and set a foundation for similar future projects at the laboratory. We conducted
background research into existing design rules and modeled and simulated our own waveguides.
Using the Nanoscribe Photonics Professional GT+, we fabricated these air-clad polymer
waveguides and conducted basic tests to characterize them.

This project informed us on potential improvements to the process we took that could
benefit a related future project. We analyzed our approach in developing the waveguides and
provided recommendations for project approach and process based on the different challenges
we faced. Additionally, we proposed future projects that could reasonably build upon this project

without significant challenges.



Chapter 2: Literature Review and Background

Photonic technology is a promising industry with great future prospects. The photonics
market is expected to surge in the coming years due to the expanding applications in a wide
range of industries from life sciences and manufacturing to information technology and sensing
[9]. The first section of this background chapter introduces photonics, with a focus on
miniaturized photonic technology. Sections 2-6 delves into the core technology and components
of photonics that are used during the project. These include lasers, fiber optics, waveguides,
photonic integrated circuits, and direct laser writing. Section 7 introduces research tools the team
used to complete this project. Lastly, the chapter concludes with a brief analysis of the

stakeholders and beneficiaries of this project.

2.1 Photonics

The word photonics comes from the quantum of the electromagnetic field, photons.
Photonics is the science of generating, detecting, and manipulating light through various methods
[10]. The development of photonic integrated circuits and demand for miniaturization and high-
speed photonic technology has increased interest in the subject matter in recent years. Photonics
technology is used for a variety of applications across industries such as spectroscopy,
lithography, surgery, welding, electronics, manufacturing, military technology,
telecommunications, information processing, and sensing. Analogous to the microelectronics
revolution, the photonics industry is set to take off into a new age of miniaturized devices.
Lasers, integrated with optics and sensors at much smaller size, allow for much more

sophisticated applications in photonic sensing and precision optics.



2.2 Lasers

A laser is a core component of a photonic device as light is to photonics as electricity is
to electronics. Lasers use different methods for optical amplification and create a coherent beam
of light where all the photons have uniform frequency and waveform. Modulation of the light
from the laser carries the information for communication applications and the interaction of light
with the environment enables sensing applications and is an obvious and critical component to
photonics applications. The industries that combine lasers with other technologies are seeing the

strongest growth [8].

2.2.1 Historical Background

A discussion on the origins of lasers can’t be had without Albert Einstein. In 1917,
Einstein laid the theoretical groundwork for the laser in his paper, “On the Quantum Theory of
Radiation” by rederiving Max Planck’s law of radiation using the concepts of Einstein
coefficients for absorption, spontaneous, and stimulated emission [11]. In the coming decades,
there were few advancements in this area. In 1928, Rudolf W. Ladenburg indirectly confirmed
the evidence of stimulated emission and negative absorption [12]. In 1939, a Russian physicist
named Valentin A. Fabrikant predicted that stimulated emission in a gas discharge could amplify
light under certain conditions [13]. And sometime after WWII, Willis E. Lamb and R.C.
Retherford observed stimulated emission in hydrogen spectra [14].

Using Joseph Weber’s paper on using stimulated emission to create a maser, Charles
Hard Towne worked to develop a maser [15]. In 1954, Charles Hard Townes and his students
James P. Gordon and Herbert J. Zeiger produced the first microwave maser, amplifying

microwave radiations rather than light, as a laser would [16]. A few years later, in April 1957, a



Japanese engineer named Jun-ichi Nishizawa applied for a patent for the concept of a
“semiconductor optical maser” [17]. Interest in maser development boomed soon after, and some
began to think about extending the concept to higher frequencies of the electromagnetic
spectrum. Dismissing the idea at first, Townes began investigating the possibility of an optical
oscillator that generates coherent by amplifying stimulated emission. After conversations with
Gordan Gould about optical pumping, both men went off separately and succeeded in solving the
problem. Townes teamed with Arthur Schawlow and published a detailed proposal on a “optical
maser” in Physical Review in 1958 [18].

The difficulty in creating a laser were the following: what to use as an active medium and
how to excite a population inversion. Townes and Schawlow’s proposal had been based on the
optical pumping of a vaporized alkali metal with a lamp emitting on the lines of the same
element. At Bell labs, Ali Javan proposed using electric discharge to excite helium gas, which
would emit light by transferring energy to the neon atoms [19]. Gould also had a variety of
methods which had potential to solve the problem at hand. Despite these developments, progress
was slow. Theodore Maiman had designed a compact microwave maser using ruby crystals and
was investigating its potential use in lasers. His calculations showed that using intense white
pulses, he could raise chromium atoms in the ruby to the excited laser level [20]. On May 16,
1960, Maiman tested his design, marking the first experiment of a working laser [21, 22].

The term laser was first coined by Gordon Gould at a conference in 1959 [23]. The
“LASER” was an acronym for Light Amplification by Stimulated Emission of Radiation”. After
Maiman’s discovery, engineers and physicists replicated and improved upon the ruby laser and
developed a variety of laser types. The first notable companies in the laser market were Hughes

Aircraft, American Optical, TRG, AT&T (Bell Labs), and Raytheon. Some of the early laser



applications included increasing the bandwidth of Bell System’s backbone telephone network,
military technology, and holography.

The following decades saw great improvement and the introduction of new laser types. In
recent years, the solid-state laser revolution has taken place. The major driving force of this shift
is due to the remarkable efficiency of the high-power diode lasers. The development of the
guantum-cascade laser gave terahertz research another source for terahertz radiation, a band that
has seen increasing interest in recent years. Lasers have become a fundamental part of our modern
life. Whether we realize it or not, lasers have contributed to an immense amount of human
knowledge and make the core of the Internet. Lasers have and will continue to evolve and impact

the world as technology advances.

2.2.2 Types and Operating principles

There are many laser types available today with varying applications. In this review, we
will discuss some of the major laser types and their operating principles. The key difference
between the laser types is the gain medium, or source of optical amplification that is used, a
requirement to create the desired coherent beam of light. All lasers use population inversion, but
different mechanisms/mediums/pumping separate them apart. The gain medium of the lasers can
be solids, liquids, or gases as a gain medium [8]. Photons of the same frequency and waveform
form these coherent beams and is prevented from spreading and diffusing due to their
uniformity.

Gas lasers use gas as the medium to generate light. Electric current is sent through a gas
(CO2, helium-neon, argon, krypton, and excimer lasers), which produces coherent light. Gas
lasers usually emit less lossy and more uniform emission than its counterparts (solid and liquid

lasers). CO2 lasers are some of the most widely used devices tend to be less costly than other



types of lasers. They produce the highest power continuous wave gas lasers available, but their
maintenance costs often outweigh the benefits in frequent use applications. Excimer lasers are a
type of gas laser with an excimer lasing medium. Excimer lasers operate at UV wavelengths and
are used in applications such as photolithography and LASIK surgery. These are very
concentrated light in the UV region and can produce high power at lower wavelengths but are
much more expensive than fiber. Solid state lasers use doped ions that provide energy states
required to maintain population inversion. These have been overshadowed by fiber lasers due to
its lower efficiency and higher maintenance costs. Fiber lasers use rare earth elements such as
erbium or thulium to turn optical fiber into the active gain medium. Their simple and robust
design has cost advantages that have fueled its steady growth. Semiconductor lasers, or diode
lasers operate by electrically pumping the diodes and introducing optical gain. Their costs have
been falling and their versatility has been increasing, which has led to some growth in their
demand. Commercial applications include laser pointers, laser printers, CD/DVDs. Quantum
cascade lasers produce beams in the mid to far infrared spectrum. These have potential in optical
communications, medical diagnostics, and industrial process control and are often used in

defense applications. These like some others, are still too costly for many cases.

2.2.3 Applications

Lasers have a wide range of applications. Some scientific research applications include
spectroscopy, laser interferometry, and laser scattering. The military has developed uses of the
laser for its weapons and defense systems. These include guided munitions, missile defense, and
electro-optical countermeasures. Lasers have also made huge advancements in modern medicine
and are used in eye surgery, cancer treatments, and lithotripsy. Lastly, lasers are used extensively

in industry for processing materials including cutting, welding, marking, 3D printing, and laser



cleaning. Commercially, laser printers, barcode scanners, holograms, and laser printers are all

examples of uses of lasers.

2.3 Fiber Optics

The fundamental principle underlying optical fibers, refraction, was first demonstrated in
the early 1840s. Refraction is the change in direction of light due to entering a material with a
different index of refraction. In 1965, Charles Kao and George Hockman described a method that
could reduce the attenuation of optical fibers below 20 dB/km, making optical fiber a potentially
viable communication medium [24]. By using the right materials with high purity levels, they
theorized that it was possible to reduce the attenuation. This realization led to Kao’s Nobel Prize
in Physics in 2009 and over the next several decades, higher quality optical fiber with lower
attenuation were developed. Today, optical fiber cables are used as the main medium for
computer networking because of the low attenuation across long distances, higher bandwidth,
and immunity to electromagnetic interfaces [25]. Fiber optic sensors are also another use of
optical fibers. Optical fiber sensors can be used to measure strain, temperature, pressure, and
other quantities by exploiting the properties of the fiber such that the phase, wavelength

polarization, or intensity of the light in fiber is changed.

2.3.1 Principle of Operation

An optical fiber is a cylindrical dielectric waveguide, or a nonconducting waveguide that
uses total internal reflection to transmit light through its axis. The fiber construction includes the
core that is surrounded by a cladding layer, as shown in Fig. 1. Both materials are dielectric

materials, but the refractive index of the core is higher than the refractive index of the cladding to



confine the light in the core. The refractive index of a material is a property that measures the
speed of light in a certain material. The higher the refractive index, the slower the speed of light
through the material [26], making the speed of light in a vacuum the ultimate speed limit of light.
The change in refractive index between the core and cladding can be either abrupt or gradual,
step-index fiber and graded-index fiber respectively. Light is propagated through the fiber using

a source such as a laser.

Cladding

FProtective Jacket

Figure 1: Optical fiber construction. The core is surrounded by the cladding, which is covered by the
protective jacket [27].

Total internal reflection is the phenomena that occurs when light in a medium of higher
index of refraction hits a boundary between the two media at an angle that is larger than the
critical angle and is completely reflected. This effect is what keeps the light contained in the core
of the optical fiber. The acceptance cone of the fiber is defined by the range of angles that the
light can enter the fiber in such that the light will not leak out. The sine of the maximum angle is
called the numerical aperture of the fiber. A fiber with a smaller numerical aperture requires
more precise splicing.

A single mode fiber is one that cannot be analyzed using geometric optics and has a core
diameter that is less than ~10 times wavelength of the light propagating through the core,

typically 8 to 12 microns. Single mode fiber only carry a single mode of light, the transverse



mode. In single mode fiber, a large fraction of the light travels as an evanescent wave in the
cladding. Single mode fiber is designed for use in the near infrared and usually for long distance
applications. To analyze single mode fibers require using the electromagnetic wave equation
reduced from Maxwell’s equations since it must be considered as a waveguide structure. A
multi-mode fiber is one that can be analyzed by geometrical optics and has a larger core diameter
usually from 50-100 microns. Because a multi-mode fiber has a larger core diameter, the

maximum length of transmission is more limited than in a single mode fiber.

2.4 Waveguides

A waveguide is a structure that guides electromagnetic waves. Optical fiber is one type of
a broader family of waveguides with different applications. Waveguides are classified by their
geometry, mode structure, refractive index distribution and materials. Like optical fibers, a
waveguide will cause total internal reflection of the light passing through it. The properties of
two-dimensional waveguides can be described in closed forms due to their simple nature [28].
Three dimensional waveguides of varying complexity are more difficult to analyze. The basic
theory of the propagation of light in a waveguide is derived from the Maxwell’s equations. Here,
we are denoting E as the electric field amplitude and H as the magnetic field amplitude while D
and B are the electric and magnetic fluxes respectively. Assuming a source free (p = 0,] = 0),

linear (e and u independent of E and H), and isotropic medium [29], the equations are:

VXE=—— Equation 1

VxH=— Equation 2
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Note that € is the electric permittivity of the medium and u is the magnetic permittivity of the

medium. Using these equations, we derive the wave equation:

= 02E — Ve
2F — e — :
VE — ue 72 V(E - )- Equation 5

For most structures, there is negligible gradient in permittivity of the medium, making the right-

hand side of the equation zero. Therefore, the electric field becomes:

9%E

25 _ ;
V E — ue prolie 0, Equation 6
and the magnetic field becomes:
v2i — e ZE — g Equation 7
ue 9z~ Y- quation

A guided waveguide propagates along the longitudinal direction, along the z coordinate.
The characteristics of a waveguide are dependent on the transverse profile (x and y coordinates).
Two-dimensional waveguides, or planar waveguides, have optical confinement limited to a
single transverse direction, which we will denote as the x direction. On the other hand, non-
planar, or 3D waveguides have a two-dimensional optical confinement, where the core is
surrounded by cladding on all sides of the transverse directions. Each of these are shown in Fig.

2.
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1-d Optical Confinement 2-d Optical Confinement
(a) (b)
Core X
Slab Waveguide Channel Waveguide
n(x,y)
y

Figure 2: "2D" vs 3D waveguides [29]. Optical confinement in 2D waveguides is limited to a single transverse direction while
optical confinement in 3D waveguides have two-dimensional optical confinement.

A waveguide mode is a propagating wave that has a distinct phase velocity, group
velocity, cross-sectional intensity distribution, and polarization. A mode can be described by the
effective index of the medium and the invariant transversal intensity profile. The phase velocity
describes how well the optical power is confined to the core and is defined by the phase velocity
C/Mefrective - The effective mode is the refractive index felt by the mode. The following modes

exist with an effective index that is higher than the largest cladding index:

1. Guided modes
2. Substrate radiation modes
3. Substrate cover radiation mode

4. Evanescent modes

The possible modes are determined by the dimensions of the waveguide. The single mode is
created when the waveguide dimensions are shrunk to a point where the fundamental modes are

the sole modes propagating. These modes are the following

1. Transverse electric and magnetic mode (TEM mode)

2. Transverse electric mode (TE mode)

12



3. Transverse magnetic mode (TM mode)

4. Hybrid mode (only in non-planar waveguides)

There exists a homogeneous wave equation for planar waveguides with any index profile. Non-
planar waveguides are a bit more complicated. The most used non-planar waveguides are
rectangular waveguides. These include the buried waveguide, diffused waveguide, wire
waveguide, strip-loaded, rib waveguide, slot waveguide, ARROW, etc. The wire waveguide
consists of a core that sits on top of a cladding of a different material. For the mode to be guided
in the waveguide, the effective refractive index must be larger than the cladding’s refractive

index but smaller than the core index. The rest of the waveguides will not be investigated in this

Sl

Buried Waveguide Diffused Waveguide Ridge/Wire Waveguide

> &

Strip-Loaded Waveguide ARROW Waveguide Rib Waveguide Slot Waveguide

project but are shown in Fig. 3.

Figure 3: Types of rectangular waveguides [29]. Rectangular waveguides are the most common non-planar waveguides.

Several special types of waveguides exist beyond the ones previously mentioned. These
include the diffused waveguide, photonic crystal waveguide, Triplex waveguide, suspended
waveguide, pedestal waveguide, augmented waveguide, and hollow waveguide. The ARROW

waveguides are anti-resonant reflecting optical waveguides where the waveguide creates a
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Fabry-Perot reflector for the transverse component of the wave vector and confines the light.
Several ARROW waveguides with a hollow circular core have been designed using the 3D
printing method used by this project [30-32]. Pedestal waveguides are waveguides that raise the
waveguide thus achieving lower propagation losses than conventional rib or strip waveguides
[33]. Subwavelength structures are structures that are smaller than the wavelength of light it is
interacting with. In general, this refers to an arrangement of different materials that suppresses
the diffraction effects [34]. Subwavelength structured waveguides have been studied [35] to
achieve manipulate the optical field and achieve effective index matching for a multitude of

devices.

2.5 Photonic Integrated Circuits

The photonics integrated circuits (PICs) are a rapidly growing market with numerous
applications. A dominant technology in high-speed communications and an equivalent of
microelectronics in the electronics sector, PICs provide many benefits to photonics applications.
First proposed by Miller [7] in 1969, PICs have been primarily used in the field of optical
communications [4].

Several foundational advances throughout history have made photonic integrated circuits
possible, as shown in Fig. 4. These include the invention of the laser, transistor, electronic

integrated circuit, and the low attenuation fiber-optic transmission.
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Year Technology Break-Through

1883  Light detection in a semiconductor

1947  Transistor (including the discovery of minority
carrier injection)

1959  Electronic integrated circuit (IC)

1960 Invention of the LASER

1961  Light modulation in a ITI-V semiconductors

1962  Semiconductor injection laser

1962  III-V alloy injection laser

1963  Heterojunction semiconductor laser proposal

1966  Low-loss fiber-optic transmission

1969  Double heterojunction injection laser (RT, cw)

1969  Photonic IC proposal

Figure 4:A timeline of foundational advances enabling PICs [4]. These
are fundamental technological advancements that allowed for the PIC to
exist.

While the photonic integrated circuit was proposed and its scientific foundations were

established, the fabrication technology to manufacture and develop the photonic IC were not.

Several fabrication advancements have been made to make photonic ICs a reality (see Fig. 5).

These mostly include developments in material science that in conjunction with the development

of the building blocks of photonic ICs would result in viable photonic IC decades after Miller’s

proposal.

Year Technology Break-Through

1956  Bulk Czochralski crystal growth of ITI-V matenals
1961  Vapor phase epitaxy (VPE) of III-V alloys
1962  Bulk crystal growth of InP
1962  Cleaved optical facets
1970  Viability of III-V quaternary alloys
(I1I-V quaternary alloy injection laser)
1974  DFB injection laser demonstration
(integrated mirrors)
1976  InGaAsP / InP laser demonstration (RT, cw)
1977  Viability of Metal Organic Vapor Phase Epitaxy
(MOVPE)
1981  Butt-coupled regrowth for photonic ICs
1987  InAlGaAs / InP laser demonstration (RT, cw)
1991  Selective area epitaxy for photonic integration
1992 High-volume MOVPE tools

Figure 5: A timeline of essential new fabrication processes for PICs [4]
The processes developed allowed the foundational technological
advancements to be applied to the production of the PIC.
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The complete, functional, and integrated photonic IC should have sources, modulators,
waveguides, and photodetectors in addition to optical amplifiers, multiplexers, demultiplexers,

phase shifters, and other tunable devices. These developments are summarized in Fig. 6.

Year

Technology Break-Through

1959
1966
1971
1974
1975
1975
1977
1979
1978
1981
1984
1984
1984
1986
1986
1988
1989
1991
1992

[1I-V photodetector

I1I-V electroabsorption (EA) modulator

DFB laser proposal

DFB injection laser demonstration

DFB injection laser (RT, cw)

Self-imaging in planar optical waveguides
Quantum well (QW) injection laser

QW MOVPE injection lasers (RT, cw)
InGaAsP/InP photodetectors

InP-based DFB injection laser (RT,cw)
Strained QW injection laser

[1I-V Mach-Zehnder modulator

InP-based electroabsorption (EA) modulator
Strained QW laser band-structure engineering
Waveguide photodetector

Phased array waveguides

InP-based Mach-Zehnder modulator
Arrayed waveguide gratings (AWGs)

III-V AWG devices

Figure 6: A timeline of PIC developmental milestones [4]. These events

define the creation of the core building blocks of the PIC.

To help the reader understand the basic foundations of photonic integrated circuits, an

analogy can be made between the electronic building blocks and the photonic building blocks as

shown in Fig. 7. Light has amplitude, phase, and polarization. Using various optical components,

these properties can be manipulated using the optical amplifier, a phase modulator, and a

polarization converter. An optical amplifier amplifies an optical signal directly and is analogous

to the transistor in the electronic circuit. A resistor is analogous to the phase shifter while the
capacitor is comparable to the polarization convertor. The waveguide is where the light

propagates through, just as the electrical connection is how electricity flows.
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Electrical Connection Waveguide

Figure 7: A comparison of the electronic vs photonic integrated circuits [36].
The building blocks of PICs are comparable to the building blocks of the
electronic integrated circuit.

The most commonly used platform for photonic integrated circuits is indium phosphide
(InP), due to its versatility in integrating optically active and passive functions. InP PIC
integration has followed a similar trajectory as the Moore’s law for electronic IC [37].
Monolithic integration in InP technology is expected to reduce energy, remove assembly
complexity, and sustain performance increases [38]. Other developments are occurring in InP
photonics technology using sub-micron thick InP membrane [39]. Silicon photonics based on
silicon on insulator (SOI) have also come onto the scene due to the open access nature of silicon
photonics fabs and the reduced overall costs [40] (see Fig. 8). The obvious advantage for silicon
photonics is that it is leveraging the decades of investment put into silicon manufacturing
processing for semiconductors. Silicon is transparent at wavelengths typically used for optical
communications (1270nm - 1625nm) resulting from its intrinsic bandgap ~ 1.1 eV [41]. This

makes it a good candidate for use with optical fibers. To further broaden the use of PICs will
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require a large undertaking of research in chip packaging and assembling manufacturing

technology [42].

Figure 8: Silicon-on-Insulator chip with a variety of structures including Mach-
Zehnder-modulators, Raman-lasers and -amplifiers, Fabry-Pérot modulators,
waveguides [41]. Silicon-on Insulator PICs are one of several platforms for
PICs.

In his proposal, Miller highlighted economics as a motivating factor for photonic integration.
However, since his proposal, there has been limited commercial success of PICs even with much
research demonstrations and advancements. Some reasons for why photonic ICs have not been as

economically viable as its electronic counterparts, as outlined by Kaminow in 2008 [43] include:

1. The need for a diverse set of semiconductors that are harder to control and manufacture,

2. The larger fundamental size limit of photonic integrated circuits compared with the
electronic 1C making it less scalable,

3. A larger set of building blocks compared with the electronic IC,

4. The lack of sizeable applications for heavy and continued investment into the technology.

Even so, the photonic IC has been implemented across a variety of applications. The biggest

area for photonic integrated circuits is in the field of fiber optic communication. PICs are used as
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optical transceivers for fiber-optic communications, serving as the interface between the
electronic and optical parts of the network [41], and are also used as multiplexers and
demultiplexers for high-speed transmission [44]. Beyond communications, PICs are used in
biomedical applications [45] and photonic computing. Beyond industrial applications, PICs are a
topic of research in defense. For an example, studies have been done on the viability of PICs as
biochemical sensors for the Department of Defense [46]. Continuing advancements in photonics
is expected to continue to drive growth of the photonics industry across the globe [9]. As a wide
range of industries find use for PICs, it will continue to drive demand. Some potential
applications include AR, lab-on chip, real-time biosensors, aerospace & defense, and navigation

for autonomous vehicles.

2.6 3D Microprinting/Two-Photon polymerization

Direct laser 3D printing, more specifically multiphoton lithography, is a technique used
to create intricate three-dimensional nanostructures. It was developed in 2001, when researchers
in Germany created a system that used two-photon polymerization [47]. Polymer-based devices
are advantageous in their low cost, high transmission, plasticity, and mechanical stability. Direct
laser writing using two-photon polymerization allow the user to create prototypes rapidly with
high processing resolution. This makes two-photon polymerization direct laser writing very
useful in the fields of micro-optics, biomedicine, and microelectronics.

Two photon polymerization is uses a beam emitted from a femtosecond laser and focuses
the light into the interior of the material using a high numerical aperture objective lens [48] (see
Fig. 9 and 10). It’s important that the intensity of the scanning laser is higher than the threshold

intensity of the photopolymer resin. The stage controller controls the position and depth of the
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polymerization area by controlling the area of the resin being beamed by the laser. The final
structure is obtained by removing to unexposed areas. The photopolymer resin needs to have
photosensitive properties; therefore, the commonly used material is a prepolymer resin
containing a photo initiator such as IP-Dip or SU-8. Additionally, dye molecules may be added

to the substrate as a photosensitizer to make the photopolymerization more efficient.
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Figure 1. Schematic diagram of a DIW system.

Figure 9: Schematic diagram of a direct laser writing system [48]. Direct laser 3D printing is a
technique used to create intricate 3D nanostructures.

The commonly used laser wavelength for fabricating polymer-based printing is 400-800nm and
the power ranges from the milliwatt range to a several hundred milliwatts. The resolution of the
structure is dependent on the chemical reaction that occurs and the chosen parameters of the

system, such as writing speed and power.
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Figure 10: Two photon polymeriztion action in detail [49]. A femtosecond-pulsed laser is directed to the
desired location on the stage using the galvo mirror and the piezoelectric stage.

Using two-photon polymerization, polymer fiber gratings, micro resonators, micro lenses,
and optical waveguide couplers have been created. Additionally, on the topic of
electromagnetics, electronic circuits, PICs, micro capacitors, and electro-optic modulators have
also been printed. Thus, two-photon polymerization is a great potential tool for rapid prototyping
a variety of PIC applications since many optical elements and circuitry required for PICs can be
developed using multiphoton polymerization [50]. Limited research has been done to print
waveguides using this method [30, 51-53]. Some notable examples include the hollow light cage

ARROW waveguides and pedestal waveguide seen in Fig. 11.
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Figure 11: Examples of waveguides fabricated using two-photon polymerization. The upper left, upper right, and
lower left figures all are hollow light cage ARROW waveguides [30, 53]. The figure on the bottom right is an
example of a pedestal waveguide [52].

2.7 Research Tools

2.7.1 COMSOL Multiphysics

COMSOL Multiphysics or COMSOL is a physics simulation software used in
engineering, manufacturing, and scientific research fields to model and simulate systems. It is
often used by scientists and engineers to simulate real-world situations that are very costly to
test. In addition to the possibility of exploring more extreme conditions while maintaining safety
and product integrity, COMSOL allows us to evaluate and predict entities not directly

measurable in experiments. There are two components of the COMSOL Desktop environment:
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the Model Builder and the Application Builder [54]. The Application Builder allows the user to
create an application based on a model created with the Model Builder with a specialized user
interface. The Model Builder, the primary focus of this review, allows the user to define a model,
specify ways to solve it, and analyze the simulation result. The Model Builder works by building
a model tree which reflects the model object, which stores various settings relevant to the state of
the model. Fig. 12 show the COMSOL user interface for the Model Builder.

COMSOL uses different modules with predefined physics of several different categories,
simplifying the modeling of device geometry, governing equations, boundary conditions, etc.
These include modules relating to Electromagnetics, Fluid Flow & Heat Transfer, Structural
Mechanics & Acoustics, Chemical Engineering, and other Multipurpose and Interfacing
Modules. For the purpose creating a waveguide simulation, the Wave Optics module under the

Electromagnetic category was used.
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Figure 12:COMSOL Model Builder user interface [54].
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2.7.1.1 Wave Optics Module

The Wave Optics Module is used to simulate electromagnetic wave propagation and
resonance effects in applications relating to optics in both two-dimensional and three-
dimensional designs [55]. It can predict electromagnetic field distributions, transmission,
reflection coefficients, and power dissipation in design. The modeling is based on Maxwell’s
equations and material propagation laws. The wave optics module is often used to simulate the
propagation and coupling of electromagnetic fields and waves in different optical structures.
Wave optics module is useful in E&M problems at optical frequencies, corresponding to nano to
micrometer wavelength range [56]. Using the Wave Optics Module, the user can solve problems
with high frequency E&M simulations. It is very useful in simulations that involve domains that
are much larger than the wavelength. Thus, the module can solve problems that involve optical
phenomena and typical waveguide simulations without huge computer memory needs. The
applications of the wave optics module include just about any optical applications such as optical
fiber, photonic waveguides, photonic crystals, nonlinear optics, laser resonator design, and active
devices in photonics. Material properties can range from inhomogeneous and fully anisotropic
materials, complex valued material properties, and medium with gains or losses. The simulations
can directly compute S-parameters and far-field radiation patterns and simulation can have ports
with specified power and mode with perfectly matched layers to simulate unbounded domain.

The Wave Optics Module works with several physics interfaces that cover across
different types of electromagnetic field simulations. They handle problems involving time-
harmonic, time-dependent, and eigenfrequency & eigenmode problems. Analysis of in-plane,

axisymmetric, and full 3D electromagnetic propagation and full vector mode analysis in 2D and
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3D can be done. The following predefined wave optics interfaces allow the setup of

electromagnetic models (see Fig. 13 for details):

e Electromagnetic Waves, Frequency Domain
e Electromagnetic Waves, Time Explicit
e Electromagnetic Waves, Beam Envelopes

e Electromagnetic Waves, Transient

PHYSICS INTERFACE ‘ ICON ‘TAG ‘smcs AVAILABLE STUDY TYPE
DIMENSION
Optics
VWave Optics
Electromagnetic awbe 3D.1D, 2D adaptive frequency sweep;
Waves, Beam axisymmetric  boundary mode analysis;
Envelopes elgenfrequency; frequency

domain; frequency domain,
modal; wavelength domain;
frequency domain source

sweep
Electromagnetic awid 3D.1D, 2D adaptive frequency sweep;
Waves, Frequency amisymmetric  [boundary mode analysis;
Domaln elgenfrequency; frequency

domain; frequency domain,
modal; mode analysis (2D
and 2D axisymmetric
maodels enly); wavelength
domaln; frequency domain
source sweep

Electromagnetic ; teew 3D.1D, 2D time dependent; dme
Waves, Time Explicit axisymmetric  |dependent with FFT
Electromagnetic awt 3D.1D, 2D elgenfrequency; time
Waves, Translent amisymmetric  (dependent; time

dependent, modal, time
dependent with FFT

Figure 13:Overview of Wave Optics interfaces [56].

Interfaces formulate and solve the differential form of Maxwell’s equations with initial and
boundary initial and boundary conditions using the finite element method with numerically
stable edge element discretization and algorithms for preconditioning and solution of resulting

sparse equation systems. The results are displayed using plots of electromagnetic fields,

25



reflectance, transmittances, diffraction efficiencies, S-parameters, power flow, and dissipation.
The result presentation is customizable as well if the default plots are not sufficient. The steps for

creating a simulation are as follows:

1. Define geometry

2. Select materials

3. Select wave optics interface

4. Define boundary and initial conditions
5. Define fine element mesh

6. Select solver

7. Visualize results

There are more than a thousand prepared materials for use in the built-in material libraries, but a
custom material can be created with user defined properties. The mesh creation and solver
selection are tuned for each interface specifically and often done automatically with default
settings.

In an environment with time variations, there are two approaches the user can take. One
is to calculate change for each time step by using the Time Dependent study through the
Electromagnetic Waves, Time Explicit and Electromagnetic Waves, Time Explicit interfaces.
One downside of this approach is that it can be time intensive depending on the size of the time
steps. The alternative approach is to use the Frequency Domain study through the
Electromagnetic Waves, Frequency Domain and the Electromagnetic Waves, Beam Envelopes
interfaces. By assuming that all time variations occur sinusoidally, the problem becomes time
harmonic and in the frequency domain. This simplifies the problem and applies to all periodic

signals in conjunction with Fourier analysis.
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In the Frequency Domain interface, the total electric field is the dependent variable. As
long as the mesh size is small enough relative to the wavelength, the Frequency Domain
interfaces are very efficient for solving propagation and scattering simulations. As mentioned
earlier, the wave optics module is often used for simulations involving high frequency
electromagnetic waves. For many optical applications, the length of propagation is much longer
than the wavelength. For example, the wavelength may be around 1 micron and the propagation
length may be on the millimeter scale. While this would necessitate a huge amount of memory
resources, the beam Envelopes interface can simplify this problem by assuming a slowly varying
amplitude factor and a rapidly varying phase factor. Fig. 14 gives an overview of the different

interfaces and their governing equations.

Interface Governing Equations
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Figure 14: Governing equations for Wave Optics module interfaces [57]. The Beam Envelopes
interface was the interface used for the simulations in this project.

2.7.1.2 The Electromagnetic Waves, Beam Envelopes Interface

The Electromagnetic Waves, Beam Envelopes interface is used to model systems that
need solutions on one or two frequency-domain wave equations for the electric field envelope.
As mentioned above, the interface computes electric and magnetic field distributions for

simulations where the amplitude factor is varying slowly, and the phase factor is varying rapidly.
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See Fig. 15 for a more detailed description of the theory of the Beam Envelopes interface. The
Beam Envelopes interface is best suited for uni and bidirectional propagation. This interface
supports the Frequency Domain and Eigenfrequency studies, and Boundary Mode Analysis and

Wavelength Domain studies that find resonance frequencies and the respective eigenmodes.

Unknown Given e
B Wave vector /\'1
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Vx (u;'V xE) — kic BE=0 5

No approximation ﬂ

Electric field envelope E)(x) Electric field F(x)

solvefor By (7 —ky) % (u72(V — k) x By) — k3e, By = 0

Figure 15: Beam Envelopes interface theory [57]. The interface computes electric and magnetic field distributions for
simulations where the amplitude factor is varying slowly, and the phase factor is varying rapidly

2.7.2 Nanoscribe

2.7.2.1 Nanoscribe Photonic Professional GT+

The Nanoscibe Photonic Professional GT+, equivalent to the Nanoscribe Photonic
Professional GT2 [49], is a high resolution two-photon polymerization 3D printer designed for
microfabrication. The device is capable of creating a variety of 3D structures including crystal
lattices, porous scaffolds, sharp edges, contours, and nearly any imaginable designs [58] (see Fig.
16). The printer is versatile with numerous substrates, materials, and options, while its galvo-
based system allows for high-speed submicron precision in nano, micro, and mesoscale
fabrication. More than 1200 research projects have been used for state-of-the-art research in over
30 countries. The 3D printing workflow from the CAD file to the printed product is

straightforward through Nanoscribe’s proprietary printing software, DeScribe.

28



Figure 16: The figure on top is the Nanoscribe Photonic Professional GT2 [58].
The GT2 model is equivalent to the GT+. The bottom figure is a set of sample
structures printed using the Nanoscribe printer. Note the intricate shapes and

sizes.

The Photonic Professional GT+ has broad applications as it has been designed for use in
microfluidics, micromechanics, biomedical engineering, micro-electro-mechanical systems,
mechanical metamaterials, photonic metamaterials and plasmonic, micro-optics, nanostructures.
In one application, the this printer was used to create a polymer micro-ring resonator integrated

with a fiber ring laser for ultrasound detection [59] (see Fig. 17).
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Figure 17: Polymer micro-ring resonator sensor [59]. The Photonic Professional GT+
has broad applications as it has been designed for use in microfluidics,
micromechanics, biomedical engineering, and more.

By using two-photon polymerization, the Nanoscribe Photonics Professional GT2 printer
is capable of 400nm XY resolution, and 1-micron vertical resolution. The combination of two-
photon polymerization with additive manufacturing allows for high-speed 3D Microfabrication

and sub-micrometer precision. See the full technical details in Fig. 18.

TECHNICAL SPECIFICATIONS

Printing technology Layer-by-layer Two-Photon Polymerization
Minimum XY feature size 160 nm typical; 200 nm specified*
Finest XY resolution 400 nm typical; 500 nm specified*

Finest vertical resolution 1,000 nm typical; 1,500 nm specified*
Layer distance 0.3-5.0 pm*

Maximum object height 8 mm*

Build volume 100 x 100 x 8 mm?3*

Minimum surface roughness R, <20 nm*

Max. scan speed from 100 to 625 mm/s*

*Values may vary depending on the Solution Set, objective or photoresin in use

Figure 18: Nanoscribe Photonic Professional GT2 technical specifications [60].

The print job allows for different printing modes, called Dynamic Precision Printing
(DPP) modes. These modes are designed to optimize balance between precision and speed
depending on the needs of the application. The solid mode, the base mode, is the highest
precision mode with the slowest print time. The shell/scaffold mode creates inner support
structures instead of printing at full volume to maintain same shape accuracy and increase print

speed by a factor of five. This can be useful if the internal structure of the print is not important
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for the application. The pure shell mode increases the print speed 7x but has no internal structure
at all. The swift mode prints 10 times faster than the solid mode and is the fastest print mode of
all the structures. However, its precision is the lowest out of the five. Lastly, the balanced swift
mode prints at 6x the speed of the solid mode with higher precision than the swift mode. Fig. 19

shows the different DPP modes on a precision vs speed scale.
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Figure 19: Dynamic Precision Printing modes [58]. These odes are designed to optimize
balance between precision and speed depending on the needs of the application.

2.7.2.2 DeScribe

DeScribe is Nanoscribe’s proprietary print job development software for Nanoscribe
Photonics Professional systems. It imports 3D STL (CAD) files and generates print jobs for
Nanoscribe printers. The streamlined import wizard takes the 3D CAD model and prepares it for
printing. Some benefits of the software are the intuitive workflow, a balance between detail
controllability through the IDE and simplicity of ready to use preset parameters, and the ability
to use different Dynamic Precision Printing modes for optimizing precision and speed (see Fig.

20).
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Key feature Benefits

3D CAD model import wizard Intuitive workflow generates suitable print job files from standard STL files

Printing modes with field-proven Ready-to-use preset parameters to achieve optimal printing results right out of the

print parameter presets box

Dynamic Precision Printing modes Find optimized balance between precision and speed

Adaptive slicing For improving shape accuracy

Parameter sweep Find perfectly matching print parameter for new materials and applications easily

Integrated Development Experts can generate and modify print files (6WL) for customized and really

Environment (IDE) advanced print tasks

3D preview and printing simulation What you see is what you print! DeScribe displays parameters such as print time,
scan speed or laser power and simulates the whole printing process in detail

Figure 20: DeScribe features and benefits [58].

The workflow of a print job is the following. The 3D CAD model is imported into DeScribe
software and the user selects the applicable parameters (slicing distance, hatching distance, print
mode, etc) and output the print job file. From there, the print job is loaded to the NanoWrite, the
printer’s user interface, and the NanoWrite executes the job maintaining all the parameters the
user selected throughout the print. The live camera allows the user to monitor the print process in

real-time. The simple workflow process is described in Fig. 21.

3D CAD Mode| = Slicing + Hatching e 3D Printing == Final Part

_ photoresin

— substrate
t slicing hatching <. ’ Q ‘
+ distance distance

Figure 21: Nanoscribe printing workflow [60]. A 3D CAD model can be imported into the DeScribe to be processed into
a print job file. From there, the print job is loaded onto the printer user interface.

The interface for DeScribe is intuitive. Once the 3D CAD model is imported, the
DeScribe graphical user interface displays a high-quality rendition of the model and displays
what the print will look like according the parameters that the user selects. Once the print job is

created, the user can view the 3D Preview of the print job that simulates the actual print. The
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preview also allows the user to estimate how long the print will take to finish. See Fig. 22 to see

an example of this 3D Preview.
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Figure 22: 3D Preview of the finished print job in DeScribe [58]

2.7.3 Probe Station

Probe stations are used to characterize and test devices, usually with external stimulus of
electrical, optical, or RF. The probe station is used to position the device being tested and other
equipment required for the analysis. Probing is used often in semiconductor failure analysis to
improve quality and it is used for characterization of integrated circuits for engineers. Optical
probe stations work in similar ways for photonic integrated circuits. The MD-100 Optical Probe
Station by Maple Leaf Photonics is a multi-die probe station that is capable of characterizing
multiple dies in a single test run with automatic optical alignment [61] (see Fig. 23). Its fotonica
software suite provides specialized alignment routines, instrument controls and test routines,
while providing intuitive control of motion. The probe station features automatic optical

alignment, application specific aligners driven by motorized stages, and multi-vendor instrument
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support that allows users to use existing equipment in conjunction with the station. The MD-100
is also capable of multi-die handling for chips ranging in size from 1 x 3 mm? to 5 x 8 mm? in

addition to the 25 x 25 mm? single die mount.

Figure 23: Maple Leaf Photonics Multi-Die Probe Station [62]. A probe
station assists in testing and characterization of photonic integrated
circuit.

The fotonica software suite provides a GUI that connects instruments, registers the chip
selects devices, executes complex tests, and log results. Fig. 24 shows the user interface for the
sensor instrument control, which allows the user to control the laser and detector. The script
interface gives the user more control, and alternatively, the fotonica API allows integration into
existing environments. Fotonica provides the necessary motion control, routines, and instrument
settings that are needed for automated testing. The routines could involve wavelength sweeps,
fiber alignments, etc. The first light and Fiber Alignment Algorithms allows the software to get
first light quickly and allows the user to quickly set up a coordinate system. The automated
testing feature gives users the ability to test hundreds of devices in a single run or run a

parametric test.
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Figure 24: Sensor instrument controls on Maple Leaf s fotonica software [61]. This
interface allows the user to control to laser and detector.

2.7.3.1 Laser and Power Meter

The probe station uses the laser as a light source when testing photonic devices. For this
project, we used the Keysight 8164B Lightwave Measurement System (see Fig. 25). The
Keysight 8164B mainframe is a basis platform for optical component tests that hosts a tunable

laser source [63, 64]. The device we had at the facility had a range of 1450 nm — 1650 nm.

Figure 25: Our Keysight 8164B lightwave measurement system holds a laser
source with a range of 1450 nm — 1650 nm [64].

35



Often for optical component tests, a power meter is used in addition to the laser source to
measure power changes across a component. The Keysight n7744a optical multiport power
meter is a 4 channel power meter with 1 us minimum average time and 1250 nm - 1650 nm
wavelength range [65, 66] (see Fig. 26). The power uncertainty is +2.5% and it has a low

polarization dependence < + 0.01 dB

Figure 26: Keysight N7744A optical multiport power meter with the range 1250
nm -1650 nm [66]. This is used to measure transmitted power.

The ThorLabs PM100D is also a power meter console that reads power measurements
independent of beam shape, beam uniformity, divergence angle, or entrance angle (see Fig. 27).
This is a useful tool for working with fiber sources and off-axis free space sources without

connectors.
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Figure 27: ThorLabs PM100D compact power and energy meter console
[67]. This is used to obtain power measurements through optical fiber when
a connector is not available.

2.7.4 Microscope and Optical Profilometer

Microscopes and optical profilometers are often used in realms of photonics due to its
small nature. Profilometry is a technique used to read topographical data from a surface. Optical
profilometers are a non-contact (probe less) method of profiling a surface. Modern microscopes
have become digitized and more complex and many functionalities that were not available in the
past. The Keyence VHX-7000 is the world’s first 4K ultra high accuracy microscope that view,
capture, and measure in an all in one system [68, 69] (see Fig. 28). The microscope delivers
images with a fully automated digital microscope system that offers a depth of field that is 20
times greater than a conventional optical microscope and provides the user with the ability to
easily perform 2D and 3D measurements. Examples include roughness, contamination, grain
size, and other measurements. Its Optical Shadow Effect Mode combines high resolution lenses,
a 4K CMQS, and high-performance lighting to provide the user with minute surface details for

analysis. The magnification ranges from 20x to 6000x.
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Figure 28: The Keyence VHX is the world’s first 4K ultra high accuracy
microscope that view, capture, and measure in an all in one system [68].

2.8 Stakeholders and Beneficiaries

The stakeholders of this project are:

e Photonics-Industry
e LEAP facility

e Future MQP Research Teams

Traditionally, businesses and research teams start with the product or development and work
on making whatever it is that they produced fit into the existing system by marketing and
advertising. While this works, it is not the most efficient way to deliver value. In business, it is
much more difficult to force a product onto the market than it is to develop something that the
market wants. In research, it is much more beneficial to research topics that will provide the most
value than it is to work on an obscure topic with not much benefit to anyone. This is not to say

that the traditional method isn’t useful. In fact, some of the most incredible breakthroughs
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happen by mistake and without grand planning and people generally find a use for almost
anything. However, more often than not, it’s more efficient to start with finding value needs. The
value delivery system [70] focuses on starting with an analysis into the needs of the market,
choosing the value, providing the value, then communicating the value to the world. Refer to

Fig. 29 for a comparison of the value delivery system vs. the traditional model.

The value delivery system vs. the traditional model

Traditional product-oriented system

Create the product Make the product Sell the product
Product design Procurement Marketing
Process design Manufacturin * Research
g . g ¢ Advertising
Service * Promotion
* Price
Sales and distribution

Value delivery system

Communicate the
Choose the value Provide the value value to the customer

Understand value drivers  Product, process design ~ Sales message

Select target Procurement, Advertising
Define benefits, price manufacturing Promotion,
Distribution public relations
Service
Price

Figure 29: Value delivery system vs. the traditional model [70]. The value delivery
system emphasizes starting by choosing the value rather than the traditional product-
oriented system which creates the product first. The value delivery system is a more
efficient way to deliver value to the stakeholders.

In this section we look at the variety of stakeholders of this project and analyze the potential

impacts of this project on them. This analysis informed the project strategy.
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2.8.1 Photonics Industry

The photonics industry developed after the development of the laser in the 1960s. With
the first widely commercialized lasers entering the market, their primary use was in high cost
applications like advanced research and cutting edge medicine [8]. Some applications include
DNA sequencing, semiconductor manufacturing, surgery, and many other research applications.
Since then, the market has slowly grown but innovation has been stagnant. As the core
technology advanced, low-cost products entered the market and average sales price for high
volume end products felt the squeeze. With recent developments on integrated optics and
demand for more sophisticated optical devices, the laser market could return to high growth and
innovation.

Since the 1990s, laser technology moved from laboratory to commercial sphere, raising the
laser market to a valuation of $17 billion in 2020. While this is a good sign for the market, there
are some worrying signs. For example, Fig. 30 shows the drop in the number of new laser related
patents since 2011. From the 1960s through the 2000s, the number of new patents in this area
doubled each decade. The years from 2011-2020 show a massive deviation from this trend with a
drop in about 5000 patents compared to the previous decade. It’s possible that this is due to the
Telecoms crash in the early 2000s. In addition to the drop in patent applications, the focus of
technology is changing for fiber, diode, solid state, carbon dioxide, excimer, and quantum
cascade lasers. Fiber lasers account for more than 45% of all patents. Its ability to focus the beam
down to the micro level and generate more power in a smaller than the CO2 makes it attractive
for metal and welding applications in addition to precision medical applications such as
dermatology. Quantum cascade lasers have opened new opportunities in communications and

industrial process monitoring due to its efficiency and wavelength. It has seen more rapid growth
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development in lasers can be very expensive and once a solid solution is found, companies are

hesitant to spend more for continued innovation in the sector.

The number of new patents is dropping, and the focus of technology continues

to shift.
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Figure 30: US laser patents filed by decade since 1961 [8]

than fiber in recent years. Part of the reason why laser patents are declining is that research and

Even with lower applications for laser technologies, the laser device market is expected

to grow 10 percent annually through 2025, a very strong growth potential that will reach a

market value of nearly $28 billion by 2025 (see Fig. 31). The aerospace and defense sector is

expected to have the highest growth of 24% per year due to increasing need for high

performance sensing and tracking. Industries with the highest growth are those where lasers are

combined with other advancing technologies. These include optics and photonic sensors, whose

combination can enhance the performance of lasers. The integration of optic, laser, and sensor

technologies show exceptional promise in future applications.
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The laser-device market is expected to grow by 10 percent annually through 2025.
Revenue for laser-device market, $ billion' @ 2020 @ 2025 (projected)
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Figure 31: Projected revenues for the laser device market [8]

The optics market includes components such as filters, lenses, selective mirrors, beam
splitters, prisms, and adaptive optics. Precision optics, making up nearly two-thirds of the overall
optics market with a value of $20 billion, is expected to grow at 8% annually through 2025 (see
Fig. 32). This will be driven mostly by consumer applications such as LiDAR, biosensing and
security. Additionally, the automotive, space, and semiconductor sectors will provide strong

revenue.
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Most segments of precision optics are growing significantly.

Revenue for optical components by type in 2020, %
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Figure 32: Projected revenues for the precision optics market [8]

The photonic sensor market is a $29 billion market, 16% of the $180 billion general
sensor market. The photonic sensor market is expected to see 9 percent growth annually through
2025, amounting to $44 billion in revenues in 2025 (see Fig. 33). The automotive application of
the photonic sensor market is expected to grow by 21 percent a year due to increased interest in
autonomous driving systems that require high precision sensors. Infrastructure applications will
see a demand rise by about 14% as building measurement technology advances. The energy
sector has potential to grow by 15 percent a year with a changing landscape of the energy sector
and the incorporation of fiber optic sensor technology for monitoring and measuring. Aerospace
and defense sector is expected to see 8 percent growth as automated applications and other

remote sensing tools increase demand.
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Photonic sensors are expected to experience 9 percent annual growth through 2025.
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Figure 33: Projected revenues for the photonic-sensor market [8]

The laser device industry is currently fragmented, with many smaller companies
specializing in small segments of technology. Thus, there are many opportunities for synergistic
combinations. As lasers, sensors, and optics continue to become integrated, it becomes
imperative that stakeholders position themselves for the disruption on the value chain. Photonics
is a high-tech sector and requires constant innovation to survive. Development of laser
technology is slowing down. However, new devices that integrate lasers, sensors, and optics onto
a smaller package is a new area of opportunity. By providing a way to rapidly prototype photonic
devices at a facility that is a part of a larger photonics development network (LEAP), we help

advance the integration of photonics.
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2.8.2 LEAP facility and WPI (MQP)

The Lab for Education & Application Prototypes (LEAP @ WPI/QCC) is a collaboration
between WPI and QCC, located at WPI’s Gateway Park. The goal of the LEAP facility in
Worcester in to collaborate with industry affiliates and advance the growing field of integrated
photonics [71]. Designed to be the intersection of industry, government, and academia, LEAP
promises collaboration without barriers to develop technology for mass production. The
laboratory was built by joint efforts from WPI and Quinsigamond Community College (QCC) as
part of the national American Institute for Manufacturing Integrated Photonics (AlIM Photonics)
and funded through the Massachusetts Manufacturing Innovation Initiative (M212). The facility
contains state of the art equipment to develop photonic integrated devices and support the
integrated photonics manufacturing sector in central Massachusetts. The LEAP Network,
consisting of organizations and government entities at the community, state, and national level is
illustrated in Fig. 34.

The LEAP facility in Worcester has a highly flexible membership model that allows all
types of organizations ranging from startups to large corporations to incorporate integrated
photonics into their business. With state-of-the-art equipment and strong network, the facility is
well positioned to be a hub for innovation in the photonics sector. Beyond the industry, the
LEAP facility benefits the students at WPI, who will have the opportunity to gain experience

with cutting edge technology while contributing to variety of ongoing research.
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Figure 34: LEAP Network [71]

The Major Qualifying Project (MQP) is a critical part of WPI’s unique signature
education. The WPI Plan, implemented in 1970 as a bold experiment, sets its graduates apart in
the world with its emphasis on project-based learning and real-world problem-solving
experiences (see Fig. 35). The equivalent of a traditional senior capstone project, the MQP is a
team-based, professional level design or research experience that answers the question, “once
you graduate, what will you be able to DO?” [72]. As the final part of WPI’s project-based
education, the MQP is the final test that pushes students to put theory into practice by tackling a

real-life situation.
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The Elements of the WPI Plan

The pioneering elements of a WPI education set the footing for a personal journey—yours. Here youll be encouraged to
chart your own path and do things youve only imagined

"0 ©

PURSUE YOUR LEARN HOW TO PROJECT-BASED
PASSION LEARN LEARNING
GLOBAL BEYOND THE PERSONAL IMPACT

IMMERSION CLASSROOM

Figure 35: The Elements of the WPI Plan [73]

This project is one of the first to make use of the new LEAP facility’s research
equipment. Thus, this paper sets a baseline for which future projects can refer to as a reference

point when attempting to tackle a similar problem.



Chapter 3: Project Strategy

The goal of this project was to showcase the capabilities of the new photonics laboratory

at WPI and set a foundation for future projects at the laboratory. The following objectives guided

the project:

Objective 1: To develop basic waveguides using two-photon polymerization;

Objective 2: To provide recommendations for similar future projects at WPI.

The objectives and methods used to complete this project are illustrated below in Fig. 36.

¥

Objective 1

Develop basic waveguides
using two-photon
polymerization

&

Objective 2

Provide recommendations
for similar future projects
at WPI

Goal
The goal of this project was to showcase the capabilities of the new photonics

laboratory at WPI and set a foundation for similar future projects at the
laboratory. To accomplish this goal, the following objectives were developed:

Implementation

Research existing design
rules

Design and simulate
waveguides

. 3D printing
. Testing and

characterization

. Determine potential future

projects of similar topic

. Assess the roadblocks and

difficulties encountered by
this project

Figure 36: Project Strategy Overview

48



The following sections lay out the methods that were used to complete these objectives.

3.1 Objective 1: Develop Basic waveguides using 2PP

In order to showcase the capabilities of the new photonics laboratory at WPI, it was
essential that a photonic building block component was produced and tested in the facility. Thus,
the first objective of this project was to develop basic waveguides in the laboratory using two-
photon polymerization rapid prototyping capabilities. To achieve this objective, we first
researched existing design rules that could guide this project and provide direction. Then, using
the research, we designed and simulated a set of waveguides in COMSOI. Next, using the
Nanoscribe Photonic Professional GT+, we printed the waveguide design. Lastly, to test the
quality of the waveguides printed and further illustrate the capabilities of the laboratory, we

tested and characterized the waveguides using a variety of equipment available.

3.2 Objective 2: Provide Recommendations for future projects

Ultimately, the aim of this project was to provide a foundation for similar future projects
at WPI. By microfabricating a set of waveguides, we gave a physical and tangible foundation for
other projects to build upon. Beyond the physical deliverable, the background review, research of
design rules, and the development process inspired some exciting future potential projects and
informed us of numerous improvements to our approach. Using this experience, we propose
some potential future projects of similar topic and provide recommendations on things to
consider when attempting to tackle a project such as this one.

The timeline for this project was 25 August 2021 through 28 April 2022.
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Chapter 4: Results & Analysis

This chapter presents the results and analysis of this project. This chapter covers the
results and analysis that were obtained while completing Objective 1, which was to develop
basic waveguides using two-photon polymerization. The following results led to the completion

of Objective 2, which will be covered in the next chapter.

4.1 Existing Design Rules/Requirements

Design rules are a set of guidelines that assist a developer fabricate the intended product.
When it comes to printing waveguides using two photon polymerization, established design rules
don’t exist due to its relatively recent emergence. Several attempts to develop design rules and
3D print using 2PP have been made [51, 74, 75] with general positive results. There were several
things we considered as we worked through the design process. These included the refractive
index of the resin and substrate used by the Nanoscribe printer, coupling/fiber alignment
challenges, and printing parameters.

To simulate the the waveguides, it was necessary to understand the refractive index of the
materials in question. This required us to first make a decision on the printing parameters.
Nanoscribe provides a set of standard printing parameters called process recipes. These recipes
differ in print time, resolution, and applications. For micro-optics and photonic applications,
process recipes using the photoresist resins IP-DIP and IP-S are the best to use. See Fig. 37 for

resin and process recipe information. Refer to Appendix A for more data on both photopolymers.

50



Properties Application areas Key Features

IP-Q High-speed fabrication of mesoscale » 3D Microfabrication on = Refractive index matched material
structures with print volumes > 10 mm?, the mesoscale for Nanoscribe's large features set
designed for Dip-in Laser Lithography » Biomedical engineering
(DiLL) » Mechanical components

IP-s Smooth surfaces for micro- and meso- ~ 3D Microfabrication on » Refractive index matched material
scale fabrication with smooth surfaces the mesoscale for Nanoscribe's medium features set
and shape accuracy in optical quality, » Microoptics » Biocompatible
designed for Dip-in Laser Lithography = Integrated photonics
(DiLL) »  Microfluidics

IP-Dip Finest submicron features and high » 3D Microfabrication on » Refractive index matched material
aspect ratio structures, designed for the submicron scale for Nanoscribe's small features set
Dip-in Laser Lithography (DiLL) » Microoptics » Biocompatible

» Micromechanics & MEMS
= Integrated photonics

IP-L Finest submicron features and low = 3D Microfabrication on = Refractive index matched material
shrinkage, designed for oil immer- the submicron scale for Nanoscribe's small features set
sion configuration = Material engineering = Biocompatible

= Integrated photonics

| eore | sousonsn oo carie | e smeper e | sy

Process recipes for Microfabrication Solution Sets

IP-Dip 63x Fused Silica ~25 days/mm?
(30 5F) photonic meta- (estimated)
) . 3D SF materials, rheology
IP-Dip 63x Fused Silica microfilters 10 b/ m?
Swift (3D SF)
IP-S 25x ITO Solid (3D
10 h/mm?
MF)
IP-S 25x ITO Shell (3D
2.5 h/mm?
MF) D microoptics,
IP-5 25x ITO balanced microfluidics . . )
. 1.7 h/mm? integrated in DeScribe
Swift (3D MF)
IP-5 25x ITO Swift (3D
1 h/mm?
MF)
IP-Q 10x Silicon Solid
0 LF 0.6 h/mm?
{ ) Microtools (tweezers,
IP-Q 10x Silicon Shell . clamps), microfluidic
3D LF . 0.2 h/mm?
(3D LF) chips, molds for

1P-Q) 10x Silicon Swift electroplating, MEMS

(30 LF)

~0.1 h/mm?

Figure 37: Overview of Nanoscribe resins available shown on top [76]. An overview of
Nanoscribe process recipes is shown on the bottom [77]. Each process recipe has a specific
resin it must use and has different print times and resolutions.

Each process recipe uses a solution set that defines the objective, resin, substrate, substrate
holder, and other materials needed to use the recipe. Many applications of the Nanoscribe
Photonic Professional GT+ in the photonic field have used IP-Dip because of its higher
resolution [51, 74, 75]. However, the print time per mm3 for the IP-Dip 63x Fused Silica recipe

is around 60 times that of the IP-S 25x ITO Solid recipe (see Fig. 38). Recognizing the reality of
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potential errors and missteps in the first few prints as a first of its kind at the new laboratory, we

decided to use the the IP-S 25x ITO Solid process recipe for our prints to reduce time lost in case

of failures and to test the IP-S as a viable resin for a waveguide. The solution set that

supplements the recipe is the 3D medium feature (MF) solution set. The 3D MF includes the 25x

NA 0.8 objective lens, IP-S resin, ITO-coated substrate, multi-Dip-in Laser Lithography (DiLL)

substrate holder. See Fig. 38 for an overview of the MF solution set and the ITO coated

substrate. When printing with the ITO-coated substrate, it’s important to use an ohmmeter to test

for the ITO coated side, which will have resistance and will be the side the printer will print on.

[

scan mode: galvo/piezo
working distance: 380 pm

Objective 25% NA O
printing field (@): 400 pm
adjustment ring set on 'Glyc'

2PP resins IP-S 1.478 @ 780 nm, 20°C
dimensions: 25 x 25 « 0.7 mm®

Substrate ITO-coated substrate (3D MF DiLL) | {_¢24 @ 780 nm ITO; coated side facing
objective

Substrate holder multi-DiLL

- IP-5 25 ITO Solid (3D MF) hatching distance: 0.5 pm

IP-5 25x ITO Shell (3D MF) slicing distance: 1 ym

Other material felt ring 30 ‘mm.ur 32 ITIII'I'l inner diameter (depending on

objective version)
Property Value Comments
Material soda lime glass
« 1.624 @ 780 nm ITO

Refractive index « 1.518 @ 780 nm scda lime

Dimension 25 mm x 25 mm x 0.7 mm

Thickness variation + 60 pm

Surface finish polished on both sides

Coating indium-tin oxide (ITO)

ITO film thickness 16 nm + 5 nm

ITO surface resistance 100 - 3000

Transmittance =B89%

Figure 38: 3D MF Solution Set (shown on top) and ITO coated substrate (shown on
bottom) [77]. The MF solution set is used by the IP-S 25x ITO Solid process recipe, a
medium feature recipe.
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The refractive index of the IP-S resin is outlined on the nanoscribe website for
wavelengths between 405-950 nm (see Appendix A). For the waveguide, we wanted to use 1550
nm laser because it is the most common wavelength for optical fiber due to its low loss in optical
fiber. To find the refractive index of IP-S at 1550 nm required us to look through the literature
for experimental data on Nanoscribe resins. IP-Dip has a refractive index of around 1.53 at 1550
nm [78, 79]. The relationship of the refractive index and wavelength can be described by

Cauchy’s equation:
nA) =A+ % + A% . Equation 8

The Cauchy parameters are shown in Fig. 39.

Cauchy parameters A B (um’) C (um®)
Nanoscribe IP-S 1.4915 4.8486-107° 1.3694-107"
Nanoscribe IP-L 1.5003 3.6771-107° 35288107
Nanoscribe IP-G 1.5008 4.3331-107° 1.9364-107

micro resist OrmoComp 1.5049 5.5461-107° -3.3369-107

Nanoscribe [P-Dip 1.5273 6.5456-107° 2.5345-107"

Figure 39: cauchy parameters from various photoresists [79]

Using this equation, IP-S has a refractive index of around 1.49 at 1550 nm.

Beyond the materials used and the printing parameters, it was clear that one of the
challenges of this project would be coupling light from the fiber into the printed waveguide. The
fiber we used is TPMJ-X-1550-8/125-0.4-10-2.5-14-1-AR fiber [80] (see Fig. 40). Since the
stripped fiber diameter is at 125 um, it was important that we make the structure tall enough
such that the fiber could couple into the waveguides with no obstruction from the substrate. The
core itself is 8 um thick and the stripped length is 10 um. Since the fiber is tapered, the spot

diameter at the working distance of 14 £ 2 um is 2.5 £ 0.5 um.
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Figure 40: Tapered Lensed Fiber

During the research process, we di

(End Detail of TPMJ-X-1550-8/125-0.4-10-2.5-14-1-
AR fiber) [80].

scovered a paper published in the Journal of Physics:

Photonics [51] that attempted a similar project based on the IP-Dip resin and the 63x objective

lens. The paper describes a design that raises the waveguide onto a support such that the

waveguide’s center is positioned at a height of 62.5 um to align with the center of the single

mode fiber’s core due to its 125 um diameter. In addition to the support, the design includes a

ridge that sits between the waveguide and

affect the waveguide’s guiding properties.

the supporting structure that is narrow enough to not

The simulations of these structures found that the best

mode matching, thus best coupling for a square waveguide for IP-Dip to be a 14 x 14 uym?

square waveguide (see Fig. 41).

Mode overlap loss (dB)

Square waveguide
Circular wavegnide

10

L 1 1
12 14 16

Waveguide size/diameter (pum)

Figure 41: Simulation of mode overlap loss as a function of waveguide
cross section dimension for IP-Dip [51].
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To find the ideal dimensions for their ridge, the research team fixed the height of the ridge to 3
um and simulated results for varying ridge width from 0 to 8 um. The paper found that ridge

width up to 4 um has a negligible effect on the mode overlap loss (see Fig. 42).
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Figure 42: Simulation of mode overlap loss as a function of ridge width between waveguide
and supporting structure for IP-Dip [51].

4.2 Designs, Simulations, & Prints

This section of the chapter contains the process taken to print the waveguides that were
tested in the next section. The first part briefly describes the simulation process, the second part

delves into the first two designs that failed, and the last part addresses the final design which was
successful.
4.2.1 Simulation Settings

Because of the costs associated with microfabrication and to optimize time use during the
project, we first used COMSOL to simulate our waveguides. To simulate waveguides in

COMSOL, there were some properties of waveguides to consider:
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1. Bounded fields

2. Known propagation directions

3. Length of waveguides are long compared with the wavelength.
The length of the waveguide relative to the wavelength greatly increases the amount of mesh
during the simulation process, which can easily overload the memory. However, the Beam
Envelope interface of the Wave Optics module reformulates the electromagnetic equations using
the first two properties above and makes it easier to simulate waveguide systems [57]. To model
the simulation, we did the following. In the Physics settings, we first determined the number of
wave directions in our model, which in this case, was unidirectional. Then we defined the wave
vector of the electromagnetic wave as ewbe.beta_1. This is a built-in variable in COMSOL that
represents the propagation constant for wave 1 (1 in case of bidirectional models). COMSOL
calculates the boundary mode transverse propagation constant first, then calculates ewbe.beta 1,
the longitudinal propagation. Next, we defined the ports with the Numerical Port Boundary
condition and allowed port excitation on the input port. Moving onto the Study settings, we
added a Boundary Mode Analysis study step for each Port before adding the main step and
configured them to search for modes around the core index. Lastly, we added the main study
step, the wavelength domain study and set the wavelength to 1550 nm, our desired input

wavelength.

4.2.2 Failed Designs

Design 1 (No Prints)
The project started out with designing and simulating waveguides using the information
gathered in the previous section. The design process started with several parameters. First, the

refractive indices of the ITO coated substrate, IP-S resin, and air were obtained. Then, for the
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actual dimensions of the waveguides, we referred to the experiment done using IP-Dip described
in the previous section. Because the difference between the refractive indices of the two
polymers are low, we expected coupling effects to be similar. Therefore, we modeled a 14 x 14
um? square waveguide on top of a 3 x 3 um? ridge that sits upon a rectangular structure 14 x
2.5 um? that is designed to raise the center of the waveguide to a height of 62.5 um. When
considering the constraints set for coupling, it’s helpful to understand the room for error on the
side of entrance angle of the light by calculating the acceptance angle of the waveguide, which is
the maximum angle with the axis of the waveguide at which the light can enter for it to propagate
through it. The acceptance angle can be calculated as follows:

The numerical aperture of an optical system is given by

NA = n sinf. Equation 9

For a multi-mode waveguide with a step-index profile, the numerical aperture is given as

NA = \/ngm - ngladding' Equation 10

Then, rearranging the equation

1 NA

Ncore

Acceptance Angle = sin™ Equation 11

Using the refractive index of IP-S we calculated earlier (1.49), and the refractive index of air (1),
the acceptance angle of our waveguide is 0.835 radians or 47.8 degrees. We felt that this was
enough wiggle room for our coupling needs. The simulation for this design showed very good

optical confinement for this design (see Fig. 43).
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lambda0(1)=1.55 pm m Multislice: Electric field norm (V/m) Surface: Electric field norm (V/m)
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Figure 43: Waveguide simulations for Design 1 & 2. Note that the electric field is well confined in the
waveguide. The waveguide cross section is a 14 x 14 ym? square and the waveguide is centered at
62.5um from the substrate. The cross-section dimensions for the ridge between the waveguide and
pedestal is 3 x 3 um?,

In addition to the straight waveguide, we designed a waveguide with an S-bend that
offset the waveguide axes with respect to each other. Our approach to designing this shape was
based on two basic circular section curves. Other methods of creating S-bends exist, but we leave
the exploration of the alternative shapes for future research.

Lastly, for absolute certainty that the light is being guided by the waveguide, two 90-
degree curved waveguides were designed. Thus, for the first print design, there were five straight

waveguides with the lengths ranging from 200 um to 1 mm in 200 um increments, two S-bend

58



waveguides, and two 90-degree curved waveguides (see Fig. 44). The cross section of all the
structures were the same: 14 x 14 um? square waveguide on top of a 3 x 3 um? ridge on top of

a 14 x 52.5 um? pedestal.

Figure 44: Design 1 model. There were 5 straight waveguides in this
design of increasing length, two 90-degree curved waveguides, and two
S-bend waveguides. Testing challenges of having the 90-degree
waveguides led us to move to a newer design.

Before this print was loaded onto the Nanoscribe, we realized the 90-degree curved
waveguides would increase testing time and create additional coupling challenges by forcing us
to make modifications to our probe station during the testing. Coupling would be much easier to
keep waveguide inputs and outputs on opposite sides of each other. Because of this realization,
we decided to replace the 90-degree curved waveguides with additional S-bend waveguides.
Design 2 (Print 1&2)

For design 2, we maintained the cross section of the waveguides and the five straight
waveguides with lengths ranging from 200 um to 1 mm. The four S- bend waveguides, each

with increasing curvature, replaced the previous S-bends and 90-degree bends (see Fig. 45).
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Figure 45: Design 2 model. In this design, we modified the 90-degree curved
waveguides into S-bend waveguides, so in this design, we had 4 S-bend
waveguides and 5 straight waveguides.

4.2.2.1 Print 1: Printed on March 30%, 2022

In an attempt to increase the precision of the prints, we reduced the typical slicing and
hatching distances of 1 um and 0.5 um respectively by half. When printing with the Nanoscribe
Photonic Professional, there are three positioning scanning modes in decreasing accuracy:
PiezoScanMode, GalvoScanMode, and StageScanMode. The PiezoScanMode results in the
highest resolution positioning accuracy in the range of 10 nm within a writing area of 300 x 300
um?. Our first design’s dimensions were too large for this mode and the DeScribe software set

the positioning mode to GalvoScanMode. GalvoScanMode’s positioning accuracy and printing
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field depends upon the objective in use. In the case of IP-S 25x ITO Solid recipe, the objective in
use is the 25x NA0.8, which give a printing field of 400 pum in diameter or 285 x 285 um? (see
Fig. 46). We did not catch this limitation in time and proceeded to print the design without any

block splitting and stitching parameters that would allow for stage movement.

Objective 25x NAD.8 see also
Immersion (DiLL) mode yes
Most IP resins from Nanoscribe are safe to use
Immersion media oil/glycol/water/2PP resin .
with this objective
Working distance WD 380 pm
Objective opening angle a 31"
Objective lens diameter D 5.2mm 285 X 285 H
Felt ring size 30 mm / 32 mm depending on objective version
stage movement allows for a larger printing
Printing field (Galvo 0] 400 pm —
2 field (Galvo 9) ’ field @ =400 um
. . for 780 nm laser wavelength, IP-5 and 25°C;
Theoretical lateral (azy) and axial
. = . Gzy = 599 nm, @. = 3313 nm; 5.6 depend on
resolution (a);""=" [aspect ratio]
and print parameters
) ) IP-Visio, IP-L, IP-n162 and IP-PDMS are also
Standard 2PP resin P-S .
suitable
Solutien set
An required @ 830nm >0.1
Typical slicing distance 1pm
for IP-5
Typical hatching distance 0.5 pm

Figure 46: 25x NA0.8 Properties (shown on left) and its Galvo Writing Field (shown on right). The writing field is defined
by the objective lens used and will limit the size of the structure that can be printed without stage movement. Stage
movement is less precise and can cause discontinuous structures.

Thus, our first print attempt resulted in an incomplete print of waveguides.
4.2.2.2 Print 2: Printed on March 30%, 2022

For the second print, we modified the block splitting and stitching parameters such that
the print would be split between several blocks within the galvo printing field and stitched
together after all of the blocks were developed. After this modification, the print was successful
in producing the complete structure. However, when we attempted to test the waveguides on the
probe station, we realized that we didn’t provide enough clearance for the optical fibers needed
for testing. In a perfect situation, the design that we created would have worked with exact
precision. What we didn’t consider was the amount of room for error that would be required due
to several factors.
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4.2.3 Design 3 (Print 3)

The goals for this design and print were the following:

1. Increase the height of the ridge,
2. Provide more height clearance for our testing tools to interact with the waveguide,

3. Keep print block within the printing range for contiguous printing.

We wanted to raise the height of the ridge because after our initial visual inspection, the ridge
structure wasn’t very clear. If it was the case that the ridge didn’t do its job of separating the
waveguide from the pedestal, then there was no reason for including it in the design. Since the
theoretical resolution of the objective lens is a, ,, = 595 nm and a, = 3313 nm (see Fig. 46), it
is very possible that the height of the ridge design was too small for a proper ridge to print. Thus,
to make sure there is a gap between the waveguide and the pedestal, we increased height of the
ridge from 3 um to 10 um and created simulations with varying width. To make sure that our
input and output optical fibers are able to interact with the waveguides with no obstructions, we
had to provide more height clearance for the waveguide. Part of the reason for this was that we
didn’t give any room for error when it came to the fiber alignment. The print could be slightly
off the intended design, the input/output fibers may be slightly off axis, and the probe station
does not have the level of precision required to make sub-micron adjustments. Additionally, the
length of the waveguide is so short that when printed on our substrate which is 25 x 25 mm?,
the optical fiber’s stripped length of 10 mm is not enough to reach within the working distance.
Therefore, we had to provide enough clearance for any potential problems in addition to the 400
um coating jacket. Raising the height of the pedestal also meant increasing the width such that it

would have less chance of falling over. Lastly, to reduce structural defects of the printed
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waveguide, we limited the size of the print to the printing field allowed by the 25x NAO0.8
objective. It is likely possible to produce a larger working waveguide with block splitting and
stitching parameters using the 25x ITO Solid recipe. However, judging from the second print, it
will likely cause additional limitations to the design, and we leave this to be investigated by
future research.

To investigate the optimal ridge width, we simulated varying ridge sizes to see how well
different ridge widths would affect optical confinement. We simulated three ridge widths, 3 um,
5 um, 10 um. The simulation showed that a ridge width of 10 um would not confine the electric
field. A ridge width of 3 um showed best optical confinement in the waveguide but worries

about the structural strength of a ridge of those dimensions led us to look deeper (see Fig. 47).

Figure 47: The left figure shows the simulation of a ridge with the dimensions 10 x 10 um?. Notice how the electric
field couples into the ridge and will cause higher loss. The right figure is a simulation of a ridge with the dimensions 3
x 10 um?. Notice the excellent optical confinement.

The 5 x 10 um? ridge waveguide showed good optical confinement while improving upon the

structural integrity of the design (see Fig. 48).
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lambda0(1)=1.5b6 uJF

Figure 48: Waveguide simulations for Design 3. Note that the electric field is well confined in the waveguide.
The ridge has the dimensions 5 x 10 um? and the waveguide is maintained at its 14 x 14 um? cross section.

The final design resulted in two waveguides within the printing field of the 25x ITO
Solid recipe and consisted of one straight waveguide and one S-bend waveguide. Both
waveguides had a length of 200 um (see Fig. 49). The cross section of the structures was the

following:

e 14 X 14 ym? square waveguide
e 5 X 10 um?ridge

e 50 X 500 um? pedestal
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The S-bend waveguide was offset by 50 um and created using two circular section curves

with a radius of 140 um.

Figure 49:Design 3 model. In this design we confine the dimensions into the writing field of the objective lens for
continuous printing and increase the height of the pedestal for higher clearance.

4.2.3.1 Print 3: Printed on April 51, 2022

The final print of the project took 28 minutes and 54 seconds to print. Immediately after
the print was developed, it was brought to the testing station for quality inspection. During this
inspection, we checked to see that the waveguide, ridge, and pedestal were all printed and didn’t
have any breaks or discontinuities. Satisfied with the quality, structural integrity and seeing that
it would be suitable for our needs, we proceeded with the testing and characterization of the

waveguides.

4.3 Testing and Characterization

The testing and characterization are critical parts of the waveguide development and
manufacturing process. The objective of testing and characterization is to evaluate the resulting

characteristics and properties in comparison to the intended properties of the design. For a
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waveguide, the major key characteristics include surface and sidewall roughness, refractive
index, thickness, structural integrity, resolution quality, optical coupling, optical loss, and
nonlinear properties [81].

For the purpose of this project, we characterized the waveguides through geometrical
inspection and testing optical insertion loss. We conducted the geometrical inspection on all
three prints, but the optical insertion loss was only carried out on the final print as it was not

possible to test the previous prints.

4.3.1 Geometrical Inspection

Waveguides confine and guide electromagnetic waves in a region of higher refractive
index than its surrounding medium. Additionally, the structure, thickness, and its other
topological and physical qualities are important in its ability to confine and guide light. Using the
VHX-7000 microscope, we looked at the quality of the prints and made an attempt to optically
profile the waveguides using the 3D mapping software of the VHX-7000.

The first print was too large to print without block splitting parameters and resulted in an
incomplete print. The edges if the incomplete seem to outline a circular path which we assume to
be the limits of the galvo printing field of the 25x objective used (see Fig. 50). For reasons that
are unclear, the edges that were cut off due to the printing limits seem to have been burnt during

the process.
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Tilt angle: 0)
[Magpnification: X400.0}

Figure 50: Print 1. Notice the circular path outlined by the edges near the bottom
of the figure in addition to the seemingly burnt edges for the left three
waveguides. This print failed due to improper block stitch settings.

The second print resulted in the full intended structure but had some serious block
stitching issues (see Fig. 51). The height between the stitched blocks were mismatched as noticed
when we were trying to focus on the microscope lens on the waveguides. Additionally, it was
unclear whether or not the ridge had been printed to achieve its goal, to create a gap between the

pedestal and the waveguide.

Figure 51: Print 2. Notice the fully printed structures in this print compared to Print 1. This print failed due to the
block stitches that were significantly mismatched in height. The block stitch can be seen in the right figure at the line
between the two segments of the waveguide. The height difference is realized when both segments do not come into
focus in the same image.
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The modifications made between the second and final prints made a substantial
difference in the print quality. We had initially worried about the very large height to width ratio
for both the pedestal and ridge, but the geometrical inspection revealed a sound structure with
clear view of the ridge. In this final print, there were no block stitches, and the waveguide was

continuous with less structural defects (see Fig. 52).

[Tt angle: -2}
lagnification: X400

Figure 52:Print 3. The top view (left figure) shows that the waveguide has no heigh mismatch and the full structure
was printed. The side view (right figure) shows that all three parts of the structure (pedestal, ridge, waveguide) are
all printed and seem to be without significantly noticeable errors.

With the final print, we explored the use of optical profilometry to obtain the surface
topography of the cured polymer structure. However, it became apparent that this would not be
possible with the equipment that we had (see Fig. 53). One of the challenges we faced in visually
inspected the waveguides was the low difference in refractive index between the substrate and
the cured polymer. While we overcame this challenge using different lighting and background

methods, the 3D mapping software found it near impossible to single out the structure.
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Figure 53:3D mapping attempt using the VHX-7000 microscope. The 3D mapping software was not able to map out the
structure due to the similar refractive indices of the cured polymer and substrate.

See Appendix B for more photographs from the VHX-7000 microscope.

4.3.2 Attenuation/Insertion Loss

To truly test the effectiveness of a waveguide, we need to test its ability to confine and
guide light through itself. One way to do this is by testing for the insertion loss of the waveguide,
that is, the loss of signal power resulting from the signal traveling through the waveguide. When
discussing power levels in waveguides, dBm is often used as the unit of level with reference to

one milliwatt:

Pmw

dem = 10 loglom.

Equation 12

Our coupling/fiber alignment method was carried out using the probe station and visual
fault detector. The visual fault detector is a 650 nm (red) laser that allows the user to visually
test fiber optic cables for breaks, bad splices, bends, etc. The visual fault detector assisted us in
getting a general sense for alignment and waveguide coupling. Fig. 54 shows this in practice.
The difference between misalignment and coupling of light into the waveguide is subtle on the

infrared camera, but much clearer on the side camera of the probe station. The visual fault

69



detector’s effectiveness is best shown at the bottom of Fig. 54 where it is clear that the light is

being guided through the S-bend waveguide from one end to the other.

Figure 54: The fiber alignment process shown through the infrared (gray) and probe station cameras (color).
The top two photos show the light coupling into the supporting pedestal. The middle two photos show fiber
alignment and light coupling into the waveguide itself. The bottom photo shows the light being guided through
the S-bend waveguide. See Appendix C for additional probe station photos.
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To maximize coupling, we conducted a raster scan which scans the transverse plane to

find the zone with the highest power transmission (see Fig. 55).

-5 0 5
* [um]

Figure 55: Raster scan display on the probe station
software. The darker the color of the box, the higher
the power transmission.

After the raster scan, we proceeded with the fine alignment function of the probe station’s
software which finds the location with the highest power with even greater detail than the raster
scan.

We performed our insertion loss calculations by first taking the reference optical power
measurement MO, using the PM100D power meter. The total reference power measurement (MO)
was measured at -2.33 dBm (-1.28 dBm for transmitter fiber and -1.05 dBm for receiver fiber).
The reference power measurement’s insertion loss is most likely due to the fusion splice that had
to be created to connect the pig tail fiber to the lensed fiber used for the probe station. After
aligning the input and output fibers with the polymer waveguide using the method above, we
took the second transmission power measurement (M1). We then calculated the insertion loss of
the device as MO-M1. To reduce scattering, the power output on the laser was kept low at 0.1

dBm. We carried out insertion loss calculations for wavelengths 1550-1560 nm in 0.0003 nm
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increments. Three trials were carried out for each measurement and were averaged together for

analysis. The results of the analysis are shown in Fig.56.

Insertion Loss of Straight and Curved Waveguides
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Figure 56: The top figure shows the insertion loss of straight and curved waveguide and is the result of taking the
reference optical power measurement to adjust the transmission spectrum displayed at the bottom left. The difference
in the insertion loss of the two waveguides is shown in the bottom right. The periodic oscillations which have a peak to
peak spacing of approximately~ 3 nm are the result of a phenomenon that occurs when a multimode waveguide is
placed in between two single-mode waveguides (optical fibers) and produces multimode interference. One point of
interest is that the curved and straight curves are 180 degrees out of phase. We leave the exploration of this effect for

future research.




The first thing that is noticeable in the spectral transmission and insertion loss spectra for
both waveguides are the periodic oscillations. These oscillations are the result of a phenomenon
that occurs when a multimode waveguide is placed in between two single-mode waveguides
(optical fibers) and produces multimode interference [51, 82, 83]. The interference arises from
the excitation of the closest higher order mode of the waveguide and the oscillation period
depends on the length of the waveguide. Some potential causes for the oscillations include
surface roughness and low-quality coupling of light from the fiber into the waveguide. While we
did not explore this further, we encourage future research into these effects for polymer
waveguides.

As expected, the straight waveguide showed lower loss than the curved waveguide. The
insertion loss across the spectrum of 1540-1560 nm ranged from 11.29 dB to 12.90 dB and was
11.93 dB at 1550 nm. For the curved waveguide, the insertion loss ranged from 14.36 dB to
17.38 dB and was 14.98 dB at 1550 nm. The similar project using IP-Dip found the mean
insertion loss value of their 14 x 14 um? square waveguide at 200 um to be around -0.6 dB [51].
Insertion loss should always be a positive number since a passive waveguide would never
amplify the power level. It is possible that the authors of this report meant an insertion loss of 0.6
dB. Regardless of the intent of the authors of this paper, the magnitude of this value is very small
and implies a much smaller insertion loss through their waveguide compared to ours. Similarly,
the paper mentions a mean insertion loss of their S-bend waveguide to be -1.69 dB. While their
design included a taper for better coupling and had a slightly different shape, the reported
performance is much better than our waveguide.

There are several reasons why our insertion loss was so high. One reason is that our

coupling method was imprecise. While we did our best to use the tools available, our fiber
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alignment was less than perfect. There is also likely to be some reflection off the surface of the
waveguide which would cause there to be insertion loss. Additionally, lower quality of print due
to the lower level of resolution of the IP-S printing recipe could increase sidewall roughness of
the material which could increase insertion loss. Lastly, further loss is likely to come from the
free space coupling method which leads to Fresnal reflections and potentially Fabry Perot etalon
created by the air gap [84].

Supplementary air coupling transmission data was collected by raising the input and
output fibers after collecting transmission data on the waveguides. It was unclear how beneficial
this data will be, but it may be of interest to the reader to see how much power can be transmitted
through the air at the same displacement as the waveguides. See Appendix D for this data in

addition to the raw transmission data graphs.
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Chapter 5: Recommendations & Conclusions

The final chapter includes the second objective of this project, which was to provide

recommendations for similar future projects at WPI.

5.1 Recommendations

The recommendations for future projects are illustrated below in Fig. 57.

Potential Future

Recommendations for Process

Projects

Focus on
understanding
constraints

Single-Mode
Waveguide

Surface-Relief
Bragg Grating
Waveguide

Improve
design
simulations

Measure
more
characteristics

Micro-Ring
Resonator

. Develop an effective and
repeatable coupling method
I Be aware of the complex
options and limitations of
the Nanoscribe printer

Create a comprehensive set
of simulations for each
design

Research the potential
benefits of using different
simulation software

1. Refractive index
I 2. Polarization effects
3. Scattering loss

Figure 57: Recommendations Overview
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5.1.1 Potential Future Projects

The first set of recommendations pertain to similar potential future projects. To select
these projects, we looked at the broad set of applications of two photon polymerization in the
photonics field and separated them by difficulty levels. As a foundational project for the new
laboratory, we’ve fabricated a proof-of-concept waveguide, and we propose future teams some

project ideas that could realistically build upon this project without significant challenges:

1. Single-mode waveguide
2. Surface-relief Bragg grating waveguide

3. Micro-ring resonator

Fabricating a single-mode polymer waveguide should be a relatively manageable project for
anyone attempting to build upon this project. Developing a single-mode waveguide will require
redesigning the waveguide’s cross section to make it smaller and potentially move away from the
square waveguide. Beyond the higher focus on the fundamental modes, most of the work done in
this project should apply to creating a single-mode polymer waveguide. A Bragg grating is a
modified waveguide that reflects certain wavelengths of light and transits all others. This is done
by periodically varying the refractive index of the core to create a wavelength specific dielectric
mirror. A Bragg grating can used to lock certain wavelengths, which can be useful in sensing
applications. A polymer surface-relief Bragg grating waveguide has been studied using IP-Dip
[74]. The design is similar to a regular waveguide except that there are surface relief gratings on
the waveguide. Brief research into Bragg gratings in addition to this report should provide
enough guidance to put this project on the right path. The micro-ring resonator is an important

photonic component used in sensing and filtering applications. It consists of a set of waveguides
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where one is a close loop that couples to an input and an output. When a resonant wavelength
propagates through the loop, the constructive interference will increase the intensity of light.
Because only certain wavelengths are at resonance within the loop, the micro-ring resonator acts
as a filter. A polymer micro-ring resonator has been studied for ultrasound detection [59] and this
could be an interesting application to explore.

Several other applications of direct laser writing (2PP) in micro-optics, waveguides, and
optical micro-cavities exist, each with its own challenges [85] and there is no doubt an endless
number of potential future projects. This list is not intended to be exhaustive by any means and
are only suggestions to guide the future research team in deciding. An important thing to
consider when picking a similar project is to watch that the proposed project does not pose too
many new and extreme challenges from the beginning where the team needs to fully start from
scratch. The recommended projects are not at the cutting edge of research in the field of
photonics. However, they are the steppingstones for the LEAP facility to gain expertise in this
area to conduct cutting edge research in the future. We recommend that project teams think big

but be aware of the challenges that come with it.

5.1.2 Recommendations for Process

The second set of recommendations delves into the approach and process of future
similar projects at the LEAP facility. After analyzing the roadblocks and difficulties encountered
by the project, we found several improvements and considerations for the project process and

approach:

1. Focus on understanding constraints

2. Improve design simulations
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3. Measure more characteristics.

5.1.2.1 Focus on understanding constraints

A project that requires very high precision (micron or submicron level) has many constraints
either in the design, fabrication, or testing. These constraints are very important in the design
process because a lack of understanding of these constraints can lead to serious problems for the
project. Two key constraints that posed the greatest challenges were in fiber alignment for
maximum coupling into the waveguides and the complexity of options and limitations of the
Nanoscribe printer. We recommend that an effective and repeatable coupling method be
developed and to be aware of the complex options and limitations of the Nanoscribe printer.

Fiber alignment and maximizing coupling is a difficult challenge with any project dealing
with photonics due to the incredibly small nature of the structures in addition to need for high
precision. For a project using two-photon polymerization, it’s important to remember that the
structures will be printed on a substrate that will hinder the ability for fiber to couple in directly
into the waveguide without raising it in some way. If the structure is small enough, then the
clearance needed will increase because it may become necessary to get farther down the fiber
where the coating jacket is. The type of fiber being used to test the waveguides matter when
determining these design constraints. The type of fiber will determine how far the fiber must be
from the waveguide and how high the clearance should be. A potential way of getting around the
issue of the substrate would be to find some way to have a custom substrate that is smaller, or to
find a way to cut off the substrate after the prints are complete. These options should only be
considered after a cost analysis of these modifications. An improvement in the actual method of
fiber alignment could be very beneficial for future research. The method that we used involves

general coupling using the visual fault detector, raster scanning, and fiber alignment. While this
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method works, it is unclear how effective it was in maximizing the coupling and it took a very
long time to get through. As we increase the number of inputs and outputs on future projects, a
faster, reliable, and effective method of fiber alignment is necessary. One possible way to
separate the loss to coupling and loss because of poor waveguide design could be to print
different lengths of waveguides. Additionally, automating fiber alignment for many fibers will be
very helpful for the testing process, and could be a worthwhile investment. Some ways that other
projects have solved this problem is by using tapers and v grooves [51]. There are many
interesting ways to couple light into waveguides, and we encourage the reader to explore the
many options.

Beyond the issues with coupling, the complexity of options and limitations of the Nanoscribe
Photonics GT+ can be both exciting and frustrating. Our first two prints suffered from serious
printing issues that in addition to lack of clearance for the fiber, did not make it to the testing
phase of the project. A few key things stand out when attempting to use the Nanoscribe printer.
Resolution depends on the process recipe used that determines the objective and resin used in the
print in addition to the different printing modes selected. The print time can be very substantial
when using high resolution settings and every effort should be made to avoid high print times
unless the user is highly certain of the design. Each resin has a slightly different refractive index,
and these values change based on the temperature, state of resin, and the wavelength propagating
through. The substrate’s properties also change depending on the process recipe/resin used.
When designing larger prints, a critical setting to understand is the block splitting/stitching
modes. If done incorrectly, it can cause serious structural problems including mismatched

heights of stitched parts and incontiguous structures. It seems that using a higher objective
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reduces these effects [51] but it’s unclear how to optimize the setting to create large structures
without significant defects.
5.1.2.2 Improve design simulations

Simulations are very useful in getting a general sense in design performance without the
costs and time associated with an actual experiment. This project used COMSOL to simulate the
straight waveguide’s ability to confine the electric field from one end to another and kept the
same waveguide cross section design for a curved waveguide. However, a more detailed and
exhaustive set of simulations will be beneficial for larger, more complex projects. With the
increasing complexity, some may find COMSOL not adequate for their needs. We recommend
future projects create a more comprehensive set of simulations for each design and to research
the potential benefits of using different photonics simulation software.

For the purpose of this project, we did not conduct a comprehensive set of simulations
that covered all the waveguides printed and we did not attempt to collect data beyond electric
field confinement in the waveguide. As projects get more complex and the aim turns towards
optimizing performance of the application at hand, this data becomes increasingly important. As
the designs become more complicated with bends and complex coupling techniques, creating the
simulation can itself be burdensome.

While COMSOL is a very useful tool for general Multiphysics simulations, it may not be
the best platform for complex photonics design simulations. Several photonics specialized
simulation software platforms currently exist. One such platform is called Ansys Lumerical, a
photonics simulation solution that models light’s interactions for designing photonic systems
[86]. Ansys Lumerical has a set of photonics simulation and analysis tools called suites. The

suites together offer component and system level simulations with enhanced design flows that
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enable designers with models that are calibrated to leading foundry processes. The suites work
together with flexible interoperability to model and solve complex problems in photonics design
for optical, electrical, and thermal effects. Two suites worth mentioning are the DEVICE Suite
and SYSTEM Suite (see Fig. 58). The two suites combine device multiphysics and system level
photonic circuit simulation with third party productivity tools. Python based automation combine
device multiphysics and system-level photonic circuit simulation with h Python-based

automation further increases interoperability.

DEVICE Suite . SYSTEM Suite
for Photonic Multiphysics Simulation for Photonic Integrated Circuit Simulation

FDTD 3D Electromagnetic Simulator INTERCONNECT Photonic Integrated Circuit Simulation
MODE Waveguide Simulator

CHARGE 3D Charge Transport Simulator

CML Compiler Photonic Model Development Kit

CML Publisher+ CML License Protection Option

DGTD 3D Flectromagnetic Simulator Laser lerary Advanced Laser Modeling I;xtensmn ‘
A System Library Advanced System Modeling Extension

FEEM Waveguide Simulator h . i latf

MQW Quantum Well Gain Simulator Photonic Verilog-A Platform

STACK Optical Multilayer Simulator

HEAT 3D Heat Transport Simulator

Figure 58: Ansys Lumerical s DEVICE and SYSTEM Suites [87]

We do not support any specific software for future research. Ansys Lumerical is but one
of many tools that exist for numerical simulations. It is up to the future project teams to decide
which software will best suit their needs and understand the costs and availability of that
software.
5.1.2.3 Measure more characteristics

Our last recommendation for future projects is to measure more characteristics during the
testing phase. In this project, we conducted geometric inspection and insertion loss
characterization for the waveguides that we printed. As mentioned previously, there are many
characteristics of a waveguide-based system. We recommend measuring the following

characteristics for future projects:
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1. Refractive index

2. Polarization effects

3. Scattering loss.

The refractive index is one of the most important characteristics of an optical component.
Refractive index can be used to calculate insertion loss, cutoff wavelengths, and more. Several
techniques exist for measure the refractive index of waveguides including reflectometry and
ellipsometry, surface plasmon resonance, incoherent light transmission the refracted near field
technique, prism coupling, as well as the propagation-mode near-field method [81]. The
refractive index of the different polymer resins has been studied but it would be beneficial for
future projects to conduct their own measurements of the refractive index of their structures as it
is a crucial property of any optical component.

Another characteristic to considering measuring is the effects of using polarized light on
other variables such as insertion loss. While our research used unpolarized beams in our insertion
loss measurements, it would be interesting to see the impact of polarized beams on waveguide
performance.

The last characteristic to consider is scattering loss. There exists many methods to measure
scattering: the sliding prism method, three-prism method, out-of-plane scattering measurement,
pyroelectric absorption loss measurement, direct temperature measurement, Fabry Perot
resonance method, photothermal deflection, and the Coblentz mirror method [88]. Scattering loss
measurements can also be used to calculate the propagation loss of a waveguide assuming that
the amount of light scattered from the surface is proportional to the light propagation inside the
waveguide [81]. If nothing else, scattering loss measurements would provide feedback on where

the losses are coming from.
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One of the most difficult things about working with waveguides is that they are very small
structures requiring high precision. Beyond the design constraints that they create, the equipment
that we use has an impact on what we can measure. Using equipment such as the atomic force
microscope, electron scanning microscope, and the Zygo optical profilometers could improve the
geometrical inspection of the prints and higher resolution cameras on the probe station can

improve fiber alignment.

5.2 Conclusions

The goal of this project was to showcase the capabilities of the new photonics laboratory
at WPI and set a foundation for similar future projects at the laboratory. The final set of
deliverables included the air clad polymer waveguides and recommendations for future projects.

By using COMSOL, we modeled and simulated our waveguide based on similar work
done by other research teams. We fabricated one straight waveguide and one curved waveguide
using the IP-S 25x ITO Solid process recipe on the Nanoscribe Photonics Professional GT+
printer. Using the VHX-7000 microscope we conducted geometrical inspections and attempted
to 3D map the surface of the polymer waveguide. We also measured the insertion loss of the
waveguides across the wavelengths 1540-1560 nm using a laser source, power meter, lensed
fibers, and a probe station. While the insertion loss of our waveguides was higher than those in
open literature, we found that the curved waveguide has higher insertion loss than the straight
waveguide as expected.

After going through the process and analyzing the various challenges, roadblocks, and
successes, we made recommendations on future work. For potential future project we believe

that an air-clad polymer single mode waveguide, surface-relief Bragg grating waveguide, and
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micro-ring resonators are all reasonable projects that can build upon this project without
significant challenges. Our recommendations on the process of a similar project are based around
design constraints, design simulations, and testing characteristics. Understanding the constraints
set by the equipment and tools that we have are critical to the design process. We recommend
that an effective and repeatable coupling/fiber alignment be developed. Our method was
cumbersome, time consuming, and possibly imprecise. As designs become more complex, it will
be important to have a reliable method of coupling the input/output fiber with the component.
We also recommend that future teams make every effort to fully understand the options and
limitations of the Nanoscribe printer. The complexity of the Nanoscribe printer can be turned
into an advantage but can also cause structural flaws as it did in our project. Design simulations
are important for understanding the likelihood of success of a design. It is a cost effective and
time efficient method of getting a basic idea of how the component will perform in an
experiment. We recommend that a comprehensive set of simulations for each component and
design be created to get a deeper understanding of the design’s potential. We also recommend
researching different simulation software specializing in photonics as they may provide more
functionality. Lastly, we recommend that future teams measure more characteristics such as the
refractive index, polarization effects, and scattering loss of the photonic device. Our focus was to
provide a proof-of-concept waveguide and we did not delve into the different characteristics to
test. As projects become more advanced, properties to test and characterize the designs will also
need to increase.

We hope that this work can serve as a starting point for future research teams at WPI

attempting similar projects.
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Appendices

Appendix A: IP-Dip and IP-S Data Sheets

All data in Appendix A is sourced from the nanoscribe support website at

support.nanoscribe.com

IP-Dip

General Info

Property
Reactive group
Curing mechanism

Cured Polymer
Polarity

Hazard class

Expiration date/shelf life
and storage

Chemical resistance

Biocompatibility

Description
acrylate
free radical polymerization (FRP)

thermoset

hydrophobic

refer to the MSD5 supplied with the shipment

warranted shelf life of 12 months from
production

polymerized resin does not melt and cannot be
dissolved

Comments

cured flat resin structures are
slightly hydrophilicl™=frefll=1;
see printing non-stick surfaces
article

store at 4-8°C

polymerized resin can be
degraded using harsh
conditions,["*"! see
removal/stripping article

see biocompatibility article

Process Info

ey e o

Resist tone

Polymerization

Solution set

Development/washing

Pre/post bake

Spin coating

Removal/stripping

negative

designed for 2PP

3D SF

12 min Mr-Dev/30 s Novec

not required

not required

further information on the
usage of IP-Dip can be found in
the application article

see sample development
article

see sample preparation article

see removal/stripping article
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Physical Properties

Property

Degradation temperature

Color
Fluorescence
Refractive index (liquid)

Refractive index (2PP
polymerized)

Transmittance (polymerized)

Extinction coefficient

Dielectric constant {relative
permittivity)/loss tangent

Young's modulus

WVickers Hardness
Hardness

Storage modulus

Loss medulus

Poisson’s ratio (estimated)

Expansion coefficient (2PP
polymerizad)

Shrinkage after
polymerization

Density (liguid)
Viscosity n (liguid)

95% Material

loss [*C]

IP-Dip solid

an 585
custom[graph]

yellow fluorescent (liquid; polymerized)
yes

1.521 @ 589 nm, 20°C

1.552 @ 589 nm, 20°C

»95% @ at 633 nm and essentially transparent up to
2.4 pm with two local transmission minima at 2.9 pm
and 3.4 pm

1.8/0.12

2.91GPa

12.05 HV0.0025
130.13 MPa
3.17 GPa

0.24 GPa

0.3

5-8-10°% K5

5-17%

1.170 g/cm? @ 20°C

2420 mPas @ 20°C

Comments

info

fluorescence is observable between
400-700 nm; see alsol™=lr=7]

more data, graph

more data; see alsol™=10=;
refractive indices of 1-photon
polymerized (1PP) resin/="1r=7]

seel™1: 1pP spectrum! =]

graph

infoy see alsol=f]

used recipe: IP-Dip 63x Fused Silica

(2D 5F); more info; see alsolr=fllr=f]
[ref]

[ref]

see shrinkage article
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Refractive Index Liquid Phase

Wavelength [nm]

15 1.551 1.536 1.527 1.523 1.519 1.514 1.509 a2
20 1.54% 1.534 1.525 1.521 1.517 1.512 1.508 a2
25 1.547 1.532 1.523 1.519 1.515 1.510 1.506 32
30 1.545 1.530 1.521 1.517 1.513 1.508 1.504 a2
35 1.543 1.528 1.519 1.515 1.511 1.506 1.502 a2
40 1.541 1.526 1.517 1.513 1.509 1.504 1.500 a2
45 1.53%9 1.524 1.51% 1.511 1.507 1.502 1.4%8 a2
50 1.537 1.522 1.513 1.509 1.505 1.500 1.4%6 a2
55 1.535 1.520 1.511 1.507 1.504 1.498 1.4%94 a2
60 1.532 1.518 1.509 1.505 1.502 1.4%6 1.4%2 32
65 1.530 1.516 1.507 1.503 1.49% 1.454 1.4%0 32
70 1.528 1.514 1.505 1.5 1.498 1.492 1.488 a2
75 1.526 1.512 1.503 1.49% 1.4%96 1.450 1.486 32
80 1.524 1.510 1.5M 1.497 1.494 1.488 1.484 32

Refractive Index 2PP Solid

Wavelength [nm]
--m w2 | 55 m-m-
1.564 1.552 1.53%
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IP-S

General Information
Property

Reactive group

Curing mechanism

Cured Polymer

Polarity

Hazard class

Expiration date/shelf life

and storage

Chemical resistance

Cytotoxity

Description
methacrylate
free radical polymerization (FRP)

thermoset

hydrophobic

refer to the MSDS supplied with the shipment

warranted shelf life of 12 months from production

polyrmerized resin does not melt and cannot be

dissolved

after 72 h incubation, 2.0% inhibition of L929
mouse fibroblast cell growth by a UV-cured IP-5
sample; Uv-cured [P-S is therefore considered to
be non-cytotoxic according to 15010993-5

cured flat resin structures are
slightly hydrophilicl=1"=7; see
printing non-stick surfaces

store at £-8°C
polymerizad resin can be

degraded using harsh conditions,
[ref] see remaval /stripping

see biocompatibility

Process Information

Property

Resin tone

Polymerization

Solution set

Developer/washing
Pre/post bake

Spin coating

Removal/stripping

Description

negative

designed for 2PP; UV flood curing is possible

3D MF

20 min Mr-Dev/30 s Novec
not required

not required

Comments

see UV curing article

further information on the usage of
IP-5 can be found in the application

article

see sample development

see sample preparation

see removal/stripping
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Physical Properties

]

Degradation temperature

Colar

Fluorescence
Refractive index (liquid}

Refractive index [2ZPP
polymerized)

Transmittance (polymerized)

Extinction coefficient
Foung's modulus
vickers Handness
Hardness

Storage modulus

Loss modulus

Young's modulus
Wickers Hardness
Hardness

Storage modulus

Loss modulus
Poisson's ratio (estimated)

Expansion coefficient (ZPP
polymerized)

shrinkage after polymerization

Density (liquid)

Swelling

viscaosity n (liguid)

Recipe

IP-5 IEx ITO Solid
(30 MF)[graph]

IP-5 IEx ITO shell
(30 MF)[graph]

colarless (liquid); greenish (salid printing); yellowish

(shell and scaffold printing)

ez

1.486 @ B89 nm, 20°C

1.516 @ B89 nm, 20°C

2PP Transmittance »95% from 633 nm to 2.4 pm. Two local

transmission minima at 2.9 and 3.4 pm.

E.11 GFa

10.68 HVO.0025
213.33 MFa
E.33 GFa

0.26 GFa

4,55 GFa

20.1% HVD.0025
21911 MPa

E.03 GFa

1-1I%

1.111 gsem: @ z20°c

purified water 15
isopropanol 2
PGMEA 1
acetone 5.5

13600 mPas & 20°C

the structure will develop a maore
distinct color upon UV curing or
exposing the printed structures to
white light for longer time periods

flugrezcence is obzzrvable between
£00-700 nim, s=e alsa"=10=l

more data, graph

more data; see alsol™1*: refractive
indices of 1-photon polymerized [1PP)
res_'in:mr.l.-'en

seel™1: 1pp spectrum(™=1

graph

used recipe: IP-5 252 1TO solid (30
#F); mare info; see alspl™=f=1

used recipe: IP-5 252 ITO shell (30
#F); more info; see alsal™=10r=l

seel™; related to data from 1P
Dip:lzl'_l

see shrinkage
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Refractive Index Liquid Phase

Wavelength [nm]

[ZER:
1.487

1.511 1.498

10 1.492 1.489 1.433 1.480 45
15 1.509 1.496 1.490 1.488 1.483 1.481 1.478 45
20 1.507 1.494 1.488 1.486 1.483 1.479 1.476 45
25 1.505 1.493 1.487 1.484 1.481 1.477 1.474 45
30 1.503 1.491 1.485 1.482 1.480 1.475 1.473 45
35 1.501 1.489 1.483 1.480 1.473 1.474 1.471 45
40 1.499 1.487 1.481 1.479 1.476 1.472 1.469 45
45 1.498 1.483 1.480 1.477 1.474 1.470 1.467 45
50 1.49%6 1.483 1.478 1.475 1.473 1.468 1.466 45
55 1.494 1.482 1.476 1.473 1.471 1.467 1.464 45
60 1.492 1.430 1.474 1.472 1.469 1.465 1.462 45
65 1.4%90 1.478 1.472 1.470 1.467 1.463 1.460 45
70 1.488 1.476 1.471 1.468 1.466 1.461 1.459 45
75 1.486 1.474 1.46% 1.466 1.464 1.460 1.457 45
80 1.484 1.473 1.467 1.464 1.462 1.458 1.455 45

Refractive Index 2PP Solid

T[°C] Wavelength [nm)]

20 1.535 1.522 1.517 1.514 1.511 1.507 1.504 48
(o)
25x Shell
{ITD} 20 1.538 1.522 1.516 1.515 1.512 1.507 1.503 48
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Appendix B: Photos from VHX-7000 Microscope

Print 1

Taken on April 14th, 2022

Tilt angle: 0
Magnification: X400.0

Tilt angle: O]
Magnification: X400.0
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Print 2

Taken on April 14th, 2022

Tilt angle: 0
Magnification: X200.0

Tilt angle: 0!
Magnification: X700.0
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Tilt angle: O
Magnification: X1000.0;

Tilt angle: 0
Magnification: X2500.0
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Tilt angle: O}
Magnification: X100.0
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Print 3

Taken on April 7th, 2022

Magpnification: X400.0}
Tilt angle: -43]

Magnification: X400.0)
Tilt angle: -43]

-
10.0um
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Taken on April 14th, 2022

Tilt angle: 0
Magnification: X400.0)

Tilt angle: -17
Magnification: X100.0

100.0pm
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Tilt angle: -17]
Magnification: X400.0!

Tilt angle: -28

Magnification: X400.0}
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Tilt angle: O}
Magnification: X100.0}

Tilt angle: 0

Magnification: X400.0}




Appendix C: Gallery of 3D Print Photos on Probe Station

Print 2

Taken on March 31%, 2022

99



100



Print 3

Taken on April 05" 2022
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Taken on April 6™ 2022
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Appendix D: Data Graphs from Testing

Data was taken on April 06, 2022
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Air Coupling Sweeps
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S Bend Waveguide

Waveguide Sweeps
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Air Coupling Sweeps
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