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6SHFLDO WRBKID QNVRDETXHS$/I R UHK
VHOIOHVY JXLGDQFH DQGRIWKDW FRIDNW



Résumeé

,O H[LVWH XQH GHPDQGH FURLVVDQWH HQ FDSWHXUV GH JD] SR
O HQYLURQQHPHQW GH OD VDQWp DLQVL TXH GH OfLQGXVWULH
OHV PLFUR UpVRQDWHXUV SODQDLUHV FRPELQHQW IRUWH VHQV
ERQV FDQGLGDWYV SRXU FHVHDGSWHFWWRRQS/H AHS UADEALEN UG/ j F|
HVW EDVp VXU XQH YDULDWLRQ GH OHXU UpSRQVH RSWLTXH OL
SUpVHQFH GHV PROpPFXOHV FLEOHV 6L GH QRPEUHX[ WUDYDX[ P
PLVH H® DXXUGLPHQRLRWDRQVXEHY SDVVH SDU OJHPSORL GH EDQ!
HQFRPEUDQWY HW GLIILFLOHPHQW PLQLDWXULVDEOHV

1RXV SURSRVRQV LFL XQH DSSURFKH JOREDOH EDVpH VXU OfHQ\
GHV FRPSPWHKQEGNVFLS®K@MDY GLRGHV j FDYLWp YHUWLFDOHV pl
9&6(/ HW OD PLVH HQ IRUPH GH OHXU IDLVFHDXPLFUIR OD FRC
UpVRQRBMXIXHYV SRO\PqUHV HW GH UpVHDX[ GH FRXSODJH
IRQWLRQQDOLVDWLRQ GH VXUIDFH /{XWLOLVDWLRQ GTXQ 9&6(/ D
i XQH PLVH HQ IRUPH GX IDLVFHDX HW OfHPSORL GH UpVHDX[ GH
WROpPUDQFH DX GpVDOLJQHPHQW H®W®WG H\O MHWRWKILAFSHO H M. HOU HDQ\Q V|
GH OXPLQUH 8Q FRXSODURVREODWIHKIOHVXV PDFFRRJLVp SRXU IDFL
FRXFKH VHQVLEOH HW LVROHU OHV UpVHDX[ GH FRXSODJH HW Ol
QP QH SHUP KWW DSPW PWLRQ GLUHFWH GH OYDEVRUSWLRQ GHYV
FRXFKH VHQVLEOH GH SRO\DQLOLQH 3%$1, HVW DMRXWpH DILG
OYDPPRQLDBRD+H[SRVLWQRQ@ DXQH XQ GPpGRSDJH UpYHUVLEOH j \
TXL VH WUDGXLW SIBWBAVWLORGEH. RBWLRR®M HW XQH YDULDWLRQ
HQ VRUWLH BWRODRMURXU PHVXUDEOH j OfDLGH GYXQH VLPSOH Sk
@G OD VRXUFH /D FRPSDFLWp HWVEDIQWHXUYDEGOIVWYREHFHRL B’
SKRWRGPWHFWHXUV SHUPHW G THQWIRIDIW H X®&NVIRQMILKE § DEH. \
GpWHFW LIFR@ PE\O W L

/H PDQXVFULW GpPpEXWH SED D IS PLVFHQWDWIGR® HWR VRQ SRVL
UDSSRUW j O pWDW GH O DUW / LQWpUrW GHV PDWpULDX[ HW W
XQ VI\V/ ORMEKLS IDLEOH FREW HQ VH EDVDQW VXU QRV WUDYDX]
WHRIORJLTXHV / LQWpJUDRSRQ TOIHD [SARHOQ VW AIVFWRU 9&6 (/ HVW \
HW H[SPULPHQWDOHPHQW pWXGLpH SRXU REWHQLU XQH FROOLP
GLVWDQFH GH WUDYDLO FRQVLGpUpH/HIDQE B8W ® DRILBXHUI VIDH GAF
'"HX[ PpWKR GHNR GRFNWLRQ VRQW HPSOR\pHV GLVFXWpHV HW FRP:
OD OLWKRJUDSKLH ODVHU HW OH GpS{W SDU MHWSEBRMIQUH HW >
8QH pPWXGH GH GLPBIVPH REQHPHPMOFXO DQDOVWLTXH HW GH OD |
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OHV FRQWUDLQWHY WHFKQRORJLTXHV HVW SUpVHQWpH SRXU F
G RQGHV HW OWRQBWHMXRIYV / LQWpJUDWLRQ G XQ SKRWRGpPWHF
UpDOLVHU XQH LQWpJUDWLRQ FRPSOqWH (QVXLWH SOXVLHXUV
FUpHU OD VWUXFWXUH FRQOXH GDQV OD VHFWL.RRHW BHKQROF
FDUDFWpPULVDWLRQ RSWLTXH SHUPHWWHMQ WK D XQD G XD WLOR® HaY
PLFURV\VWG@PWDLREW HPYVXOWDWY SUPpOLPLQDLUHYV VRQW SUpVHC
SURSRVpPHV (QILQ O LQWpJUDWLRQ G XQ PDWpULDX FKLPLTXHP
G RQGHV HVW ENVWHBIR$IBYHSHWVWHEWLYHY GH UHFKHUFKHV XWX

ORWRAO P DSWHXD] GKWHFWLRQ RSWLTXH SRORRYMBWHXU HQ DQC
LPSUHVVLRQ HQSURBE&BWRQUWD



Abstract

7TKHUH LV D JURZISRUGEPBEDGGIDR'UVHQVRUV ITURP ERWK HQYLURQ
DV ZHOO DV WKH LQGXVWU\ 5HVRQDQW RSWLFDO VHQVRUV LQ
KLIJK VHQVLWLYLW\ DQG VPDOO GLPHQVLRQV ZKLFKQRDNHV WKH
7KH VHQVLQJ SULQFLSOH RI WKHVH HYDQHVFHQW ILHOG VHQVR
UHVSRQVH OLQNHG WR D PRGLILFDWLRQ RI WKH HIIHFWLYH LQG
:KLOH PDQ\ VWXGLHV VKRZ WKH KIIHWW LLYAHSICHHVWAH R IWANRIOR D RRU K
GLPHQVLRQV UHTXLUHV WKH XVH RI FRPSOH[ RSWLFDO EHQFKHYV

‘H SURSRVH KHUH D JOREDO DSSURDFK EDVHG RQ WKH FRPSOH
PXOWLGLVFLSOLQDWDONEDYDIMVR Y XU IYFHW\WPLWWLQJ GLRGHV 9&¢
WKHLU EHDP LL WKH GHVLJQ DQGPRDPQRIDHDREHWRXER OQRH U
QHWZRUNV LLL JDV VHQVRUV DQG VXUIDFH IXQFWLRQDOL]DWL
FXWQW RYHU QP FRPELQHG ZLWK EHDP VKDSLQJ DQG WKH XVH
WROHUDQFH WR PLVDOLJQPHQW EHWZHHQ WKH VRXUFH DQG Wi
LQMHFWLRQ RI OLJKW LQWR PLFURPHW HLF\RW HPX ERHLLFW REOL.G K R
RI WKHWPHL¥R@DWRU LV IDYRUHG WR IDFLOLWDWH WKH GHSRVLWL
FRXSOLQJ QHWZRUNV DQG WKH ZDYHJXLGHV 6LQFH WKH QP
GHWHFWLRQ RI WKH YD P\ROHFXORY RI WEWHUHVW D SRO\DQLOLQ
DGGHG LQ RUGHU WR SURYLGH VHOHFW L WMVH [5Q 8 RDHYW IRWILY L W\
GHGRSLQJ ZKLFK LV UHYHUVLEOH DW URRP WHPSHUD@&WH DQG
YDULDWLRQ LQ WKH UHVRQDQFH VEHFNRQRW PW WKL R XD 9XEH R
XVLQJ D VLPSOH SKRWRGLRGH WKDQNV WR WKH WXQDELOLW\ 7
UHVRQDWRUV 9&6(/V VRXUFHV D Q%R \B\KIRVORIG MARH FI\g R UWL RPQ® NBi
IXQFWLR QD QIH WRQMLF R BAD URIBI W XGCHWMLH FW L R Q

7KH PDQXVFULSW EHJLQV ZLWK DQ RYHUDOO SUHVHQWDWLRQ |
UHODWLRQ WR WKH VWDWH RI WKH D UMWH F7KKMR ORW HHNA ¥ W R L VSRR
DFKLHOREZB\OWMFEFKLS VI\VWHP EDVHG RQ RXU SUHYLRXV ZRUN

FRQVWUDLQWY 7KH LQWH JRSWILLARDPD RHOSFPFME@WWVLR PORBR LV WKHI
H[SHULPHQWDOO\ VWX GLRIG WFGREWSRY M LHROEBLPIDRBULDWH IRU
FRQVLGHUHG LQ RUGHU WR UHGXFH LWV QDWXUDO GLYHUJHQF
SRSWRGXFWLRQ PHWKRGV DUH XVHG GLVFXVVHG DQG FRPSDUH
DQG LYWIMHW.QJ DQG D SRRWRRG/WHUHROLWKRJIUDSK\ $QDO\W
)'7' PRGHOLQJ LQFOXGLQJ WHFKQRORJLFDO FRQVWUDLQWYV LV !
ZDYHJXLGHV DHMR PDRFURUY 7KH LQWHJU D W VRGL RF OVVIHGBL WRQDF KR
FRPSOHWH LQWHJUDWLRQ 1H[W VHYHUDO WHFKQRORJLFDO DS
GHVLJQHG LQ WKH WHFKQRORJ\ DQG PDQXIDFWXULQJ VHFWLRQ
DOORZLQJ WKH SHUIRUPPBR FRl MWKIHOMDWPRQWM RI WKH PLFURV\



SUHOLPLQDU\ UHVXOWY DUH SUHVHQWHG DQG QRYHO LGHDV WR
WKH LQWHJUDWLRQ RI D FKHPLFDOO\ VHQVLWLYH PDWHULDO DW
VHQVLQJ LV GHYHORSHG DQG WHVWHG 7KH SURVSHFWYV IRU IXW

.H\ZR U G WVH Q \RRSW G FIDV(H PWE BRUHMRIQDWRU SR O\ PHWD WE S J
9&6(/ QHDU LQIUDUHG
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|. General introduction/background

*DV GHWHNRWEBDYH ZLGH UDQJH RI DSSOLFDWLRQVW @WKH HQYL
QRRQB@VH® DWPRVSKHULF VFWHKOFPREXWRDDYR RRUWDVRIUTXDOLW\
YHKLPQBWRBEHUHDWK GLRJRRDYWKYDOROLOEVLROFYRUYV DUH
H[SORWWHRRQLWRU WKHKDDEUSBMFLEYARRINVREIR D WEHOULQJ DQ
LQGXVWULDIOHSHRIFAHYY HPHUPLQL BWRBRVEIBRAH | I\ F QW Q W
IRBPDQDSSOLFDWLRQWKH HREBBRGFEWLRQ WDHHOMKR XN O X G H

&+ 12 2« FDUERQ PRQR[LGH 9RODWLOH 2UJDQLF &RPSRXQGYV
WDUJHWV OLNH IXKFRRIRIDWVLRQV DUH PRVWO\ DWWULEXWHG WHF
EUHHGLQJ RU IHUWLOL]JHU SURGXFWLRQ XQLWYV

$PRQJ FXUUH GPW &K RGN WL R Q R{E &R BERQ O\ QD PIIDE 026
VHQWRIHWVWKH PRVW L Q YRHD/IDLCI \DVE/HIKEL\BHRI Y W MR/SIIRR U O REK H L U
FRQWDLQHG PDQXDIRNWKIHQRU PRMWADELOLW\ WR LOW@ JUDWLRQ
(OHFWURBBNPYAQURUV FDQ EH UHODWLYIWQNM S F&HOLFGWR LQGL
YDULRXV WRI[LN NG FDMY ISRV R U S SEE OW XM BBIXONH U G U RIRV
RWRPH PURQAWLUMWYMAZDUG LQWHUIHUHQWY EXWD PELHRWWUR Q.
KXPLGLW\ DQG>W@/RS8HDWRKWHD YIS®WRLZI LFR QFY QWEDNWERQ JWK H
VHQVRUV NRIOWU GHDIDW H U QADVKILYUK W WEUDMKNRASARR W LY LW\ UHVSRQV
GXUDELOLW)\ D/OWERELLGLWA\ WIRQBRUN DW URRPRWHK P SHWDMXURI FRP
VHQVRUV 7KHLU PDLQQG WBSERERIBKN W DIERLVOLIGEHW . DIDRV ISIRQY W D E O H
LQVWURRKHOWRLEBKY HSR2BU FRQVXPEWMERQ DQG

JOWKH VSHFLILF ILHOGVRD \R SAPDLF BB WHQWRD®O\ EH GHSOR\HG LC
VSHFWURNMERSBB5 6XUIDFH 30DVPRQ WHNYRG DRDFYEDIWHEN R U

PLFURUHWHRQDRIBR BRPPRQO\ HQFRXQWHUHG LQ DFDGHPLF UHVHDL
ZRURH PRVWO\ IRFXV RXU DWEDHVPMNEEBRRUR Y RIIMRARY LGSXHH WR WK
LOQWHUHVWLQJ SRWHQWLDO UHJDUGLQJ LQWHJUDWLRQ SDUEL
PDQXIDFWXULQJ EDVHG RQ SODQDU WHFKQRORJLHV ZKLFK LV [
HITHFWLYH VHQVEDVHGD RBWUFRDHD VHQVRUV KDYH H[SHULHQFHG
YDULHW\ Rl GHVLJQV GHYHORSHG IRU U@ WM JLUD W KRIQX \7HK HRU H DX\D Y
ZKLFK DLKYNAOYLW\ LV FUHDWHG ZLWKLQ DQ RIRWPFD @ HIVRHD VER @
> @DYHWKDQFHG WHFKQLTXHV DUH RI SHOLLUQA DRAODH MHDQWHRUWHA WV |
RI UHVRQDQW FDYLWLHV DOORZV RQH WR HQKDQFH WKH OLJKW
FRQVHTXHQWO\ HQKDQFH WKH LQWHUDFWt Y HWKD QFHP HRQW P
IDFWRURWIKLIKHU FDQ EH DFKLHYHG WKLV FDQ EH XVHG WR PD
OHYHOV RU PDNH KLJKO\ LQWHJUDWHG SRUWDEOH VHQVRUV Z
DSSOLFDWPRMREWHEXMLYH LV WR SUZRSRN H RQFIHLWRNG \ZWWR SRUW
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LQ PLQGIRERKU DWRBQWRRFRURVREDWRE VHQVRUV DV WKHVH |
DGYDQWDJHBKPFQFH®\WHFKQLTXHV LQ D VPDOO IRUP IDFWRU

30D®DBURVREDWRG RSWLFDO VHQVRUV VWDQG R®WJKEWMFDXVH
FRQILQHPHQW LQ D VPDO®HFIRIPMH RU KIJQMBGY WR D VLIQLILF
WIGHHYLFH GLWKRQWLBQ®RZV PXO W LISO®XGCLHWBAVAKRIQZRUMNDEJ DV
SQIFLSOH RI WKHVH VHQDRDW\WH EIDQ\MBURG WLREW ZLWK WKH D
SUHVHQFH Rl WDUJHW VSHFLHV LQWR DQ RSWLFRKDQBEAGO WK
WHFKQLTXHV PD[LPL]LQJ WKH LQW HWVIDIDLR Q QG @/ KMKDRHWDX\W H @
LPSURYH WKH SHUIRUPDQFH RI WKH GHYLFED¥%H®R MY FOD VLV
VHSDUDWH VHQVRUV XVLQJ UHIUDFWLYWR\GHFDG, WHRYREXF W
SULQFLSOH DQG VRMHHPKRL X PV QUL RWXUBIDR bl HS/FBIQFFRIQ UHVR QD QF
RU RSWLFDO DEVRHOWRAERQ QRQ

Figure 1. a) Schematic of planar micreresonator implemented in Silicon On Insulator techno[@§yb) Illustration of
high density integration of micro ring resonators on a 1x1 cm chip using the TriPlex techi8plogy

'KLOH WKH SODWLRXYPBEY KGVZIPEQHVVLYH LQ WHUP RI LQWHJUDWL
WKDW LW GRHV QRW UHSUHVHQW WKH ZKROH VHQVRQG V\VWHP
SKRWRGHWHFWRUV WR RSHUDWH )RU WKH OLJKW VRXUFH SDUW
QHDU LQIUDUHG UDQJH 1,5 LV RIWHQ XVHG ZLWK D ORW RI UH:
VRXUFHV 7KHVH ZDYHOHQJWKV DUH LQKHULWHG IURP DOO WKH
RSWLFDO ILEHU DUHD IRU FRPPXQLPADW IPREK GRZH U BVASHEWDW
SDVVLQJ WKURXJK RSWLFDO ILEHUV WKDQ WKH YLVLEOH RQH DQ:
UHOLHV RQ PDWXUH PDVV PDQXIDFWXULQJ GPHYLRYHWKEKQRORJ
UDQJH DYRLGV VRPH VSHFLILF DEVRUSWLRQ EDQGV FDOOHG Z
VFDWWHULQJ UDWH 7KH SKRWRGHWHFWRUV D WWWKKH ® Bl UNCHWH O H (
DQG FDQ SURYLGH D PRUH HFRQRPLFDO DQG ZLGHU UDQJH RI RS
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,Q WKLV ZRUN ZH VHW RXU JRDO WR GHVLJQ DQG IDEULFDWH
WHFKQRORJLHVY WKDW ZH LGHQW LIR Y GDE® M X WHWD BO W HBUVDV MRPPS
WHFKQRO@REIDHIHD QP 9&6(YHUVFDFR®/\ WRUWDWHQIR O DVKIH OLJKW

VRXUFH ZKLFK DUH YHU\ VXLWDEOH IRU D PLQLDWXUL]HG V\VWH|
LL D SFEOWHE PRUFURVRQEWRHGDVHQVRU WKDW FDQ DWWDLQ YH
LQ D VPDOO DUHD LLL D SRO\DQLOLQH 3%$1, VHQVLWLYH OD\HL
VHQVLQJ RIKUGH KBV EBDWELWHDHFWHG DV WKHNWRUPHWWLQ WK
DJULEXVLQHVV D Q\K KHDHIOMKE \Q EBMAG RSIODKLUR BP LV REWDLQHG E
OD\HU KHQFH GLIIHUHQW JDVHV FDQ EH GHWHFWHG ZLWK VXLWI

Figure 2. Schematic diagram of scattering attenuation of light in the air and the absorption attenuation of ligt
glass fiber irthe near infrared range.

7KH ZRUN SUHVHQWHG LQ WKLV WKHVLV ZDV FDUULHG RXW ZL\
SUFKLWHRWX6\¥W3HPV LORXORXYBIUWIKRH JUHQFK 1DWLRQDO &HQ
6FLHQWLILF 5HVEDWEKRBOHLBRV\VRIHPYD WHDWR IWHDP KDV EHHQ
GHYHORSLQJ P L KHDBHIRRURQ FRUIQ MWPOSSOULED® LRQV LQ OLTXLG
GHWHFWLR G HRRIMKGH V HDROW KM QWDWRE®LFDO VHQVRUV ZKLFK D
VXLWDEOH IRU GHWHFWLRQ LQ KDUVK HQYLURQPHQWY DQG WDN
9&6(/V VRXUFHV MWUKPSW BFMEIONLE® Q

7KLV ZRUN ZDV VXSRRBWHBUR\ DR$B QDQRWHFKQRORJLHV SODWIR
SHQDWHFK IUHQFK QWRILRQY ® RAFHHWXRWR LWV HTXLSPHQW ZKLFK
VKDSLQJ DQG SURFHVVLQJ RI PDWHULDOV IRU WKH SURWRW\SLC
YDURHWAHFKQRORBIOGDMWKH ROBWR FRPSRQHQWYV BHESYLR@BEG LQ W
WKH FOHDQURRP RI /$$6 ZKLFK DGKHUHV WWRD,® & D WG DIDIGHD Q& P E
RI PLFUR GXVW ODUJHU WKDQ —P LV SWRAEWEBGFW® DQG HSHUW FF
VHUYLFH JURXS 7($0 ZRUNV LQ WKLV FOHDQ URRRQVBQSURYLGHF
LVVXH UHODWHG WR WKHLU H[SHUWLVH
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7TKIPDQXVEVIRSOWDQLYHIELQ SDUWYV

$ERYH W®&E RYHUDO ® IGFHMRM\Y VRHPVKYW SUHVHQWHG FRQVLGHULG
LQWHUHVW RI SRO\PHU PDWHULDOV DQG WHFKQR@KLHYV DUH G
VIVWWBNLQJ LQWR DFFRXQW D SUHRLRMRW ZRYRWEKRIQHV ISG RXWDOC
ZHOO DV RXU WHFKQ ROARK U ZHDIFRVLNH WHRRISRIEH § WO WHIUDWHG V.
DWHHVHGWMBG FLDQV H U R IR CVELMHKW W RWRFINKHYU ) FR X SOWW LQMHFW
W PH FUR U HVIRUQMAAERIUG V L W ISYDH W D\ H U

,Q FKDSWKIHU LQWHJUDWLRQ RI SROQR®B(PERUR RBGWWR\NGRYGDWR D
D VXIILFLHQW ODVHUWQEHBER DAR ¥ OJIHPHDWASE RAEMV MRKAH LU QXPHURXV DC
WKH QDWXUDO GLYHUJHQFH RIR R WL B S EXE DSV MRRRY B DEUHIFHU H |
IRU D SURSHU FRXSOLQJ RI WKH LQSXW EHDP UDRQ®IOW HPEWURQHVR
VHQVLWLEGLWHRHEERMWRGY KDYH EHHQ H[SORUHG WR LQWHJUDWH D
9&6(/ EIS DW DURRHUWWH@I 7KH UHVXOWYV RI ERWK DSSURDFKHV DU

,Q FKDSWHRIWK DQDO\WLFDO FDOFXODWLRQ DQG PRGHOLQJ VLP}
RSWLPL]H WKH JBREPWWQJI RR K\SADY B QYIKGHRILFQBRY RQDWRU SDUW
EDVHG RQ WKH VHOHFWHG P DWH S DD ®/V FGIQOAKKDIXWWESIHHOYW E ] DG WWH
LQWHJUDWH WKH WHFKQRORJLFDO FRQVWUDLQWVY ERWK LQ W
IDEULFDW LR QKW RMHUHDIQMHAL R QGRIWH F WRIUF RY) G K\RRBRDVE G WR UH |
RFKLS VI\VWHP LQVWBHSORZRH XY H FWRHU Q

&KDSWHU ,9 GHDOV ZLWK WKH IDEULFDWLRQ DQG VXEVHTXHQW |
LQFOXGLQJ WKH JUDWLQJ FRXSOHUV B6HYHUDO PHWKRGV DUH LI
DOO WKH WHFKRUF DB QMHESMIED B & K& W FDVPIGR Q QDOD W.IRU PR IW Z D
DUBX LWWHVW WKH SHUFRUBBQSROQREIB@HKELPUYBU\ UHVXOWY DUH
QHYROXWRRLPSURYH WKH WHVW LI7Q 1D 8 M /& W G5 JDHDVE EEUER KRIWHHG
IDEULFDWLRQ PHWKRGV DUH GHVFULEHG LQ WKLV VHFWLRQ

,Q FKD SMWKHU LIRBH BRODWRLQLOLQH VHQVLWLYH OLRE WIKRH \DPPIRGHD F
RI WIOWHIJM . GHYHORSHGKHQ SHUNSWF\WELYHV Rl WKLV ZRUN DUH D«
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l.1 History and recent achievements

2SWLUPVE QVRUV DW K DGH WMFBHYWDDMW BWLRQ RI RSWLFDO SURSHUW
WDUJHWHG VSHFLHV WR WU KRS \@ WAHDUDS WHL WBTED BYIY H WHHEOLRQ
WUDQVGXFW L7RK® LS RGHIUTOML QJ S U L QFLHSFOLH L FDR)S BYHLGEDDIDHIS G RRSQH U
DEVRUSMKXRUHVFHQFH OLJKW VFDWWHULIQH\ RUHUH I UHDFRAWLLYYHH LL
GHWHFWLQJ WKH SUHVHGRR SR XJIGMYVWR 8 HF R H RELEVB I P\@ MWRDQ HK D V
IREGDQJHURXW@RUBIRQR Y QRX GIGSHBREL Y H R D QUIRKIBR HYW QHHG
IRDGGLQJ UHPDHQWHD@R F H

$PRQJ WKH WLSHW RQ WS W WK RRI\QW RFFIRP PR @QBHE FRXWVMEH BB G
WKH PHDVXUHPHQW Rl RSWLFDO DEVRUSWLRQ DW VSHFLILF ZDY
ORVW RUWWBEBLF DQG LQRUJDQLF PROHFXOHV RI LQWHWHYAGSRV VI
DV VKR@QXUJ#H @KHVH DEVRUSWLRQ OLQHV EHLQJ OLQNHG WR V
HQHUJ\ WU PR RIWGHRRQ W RO RDWHXARBZ QJ RSWLFDOLQWIDXFVWGXUH G

GLIIHUHQW PDWHULDOV FKRLFHV KDYH EHHQ DGR®WHKPLQ WKH
DUVHQLGH W\SLFDOO\ ZLWK SURPLVLQJ UHVXOWV IRU FKDOFR]J
WUDQVSDUHQF\ XS WR —>P @RWWWR ® DK WHG# QWDIVFHNYQFHV KDY
WKH $LHEPGG NH\ FRPSRQHQWYV UHPDLQ KRV @ \§RU\VQIVEHIK [BW M LLRH
WR LVVXHV UHODWHG WR WKHLU FRVW IRUP IDFWRU RU UHOLDE

Figure 3. Absorption spectra of common gas molecul&s]

2Q DQRWKBHRRIQDGEUHFW DEVRUSWLRQ JDV VHRLFRIRW RWR R D Q/IRLP
RSWLFDO JDAKMHEHMRUWXLWDEOH WR FROOHFWLYH PDQXIDFWXU
ZLWK D VLPSOH VWUXFWXUH DQG D ORZ FRVW

'LWK DQ REMHFW L YHFKIL B D MDB B/ FHOQOVR UKD WHHE PGIDMKWR GV DUH WKH

VHQVLWLYH $PRQJ WKH GLIVWHBHRUR RS QR EWNRERUW H Y R'\QKOMW R UYK H V \
TXDOLW\ IDFWRUV ZLWK UWSBUWHGGYBDPHKMG LRI @LFUR
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UHVRQDWMOMRBRW RQO\ STRPODGW \DI'BRE@BKRW DIOVR GUDPDWLFDOO\ LP
VHQVLIKIHYQ MVHG BV @WQYDLBYBVYQJ WKH OLJKW SDWK WR WUDYHO
UHVRQWWRW PD[LPL]LQJ WKH OLJKW LQWHUSGEGW WRKH ¥ HWKU REKHIU W
KDYSKVKPHEURVROBWWRMMMR WKH IRUHIURQW RI SKRWRQEGF VHQVRU
> @V WKH LQWHUDFWRREXPXQDWK VXIXVHGI QW SKERMHVUKIQW WR
OLJKW VRXODAHSOHMNHUDHG PRVW RI WKH WLPH

7KH IPUNWKRYVR YBWRIN GHYHORSHG E\ 9ROOPHU DQG $UQROG LQ
SURWHLQV LQ DTXHRXV HQYLURQPHQW E\ PRQLWRWZID)J WKH ZD"
XVHG LQ WKLY IEXSOWKEHRNPERUBHU HVIRQWRVRUEHJIJDQ WR EH DSSOLHG
VHQVLQJ

7KHUH DUNLQORHBDR UHVRQDWRU VWUXFWXUHV OLNH PLFURVS!
ULQIV@KH KLIKHVWIDAWRWUWWHGH AREWDLQHG ZLWK PLFURVSKHUH
VKDSH OHDGV WR D YHU\ FKDOOHQJLQJ LQWHJUDWLRQ ZKLFK O
ODERUDWRULHV 7KH RSWLFDO PRGHV FRQH FRE SOF WLWKRWY RUF
PLFURVSKHUH IRU DQ HTXDO GLDPHWHU EXW LW LV QRW VXLWD
EDVHG WHFKQRROLFIRWHVRRQEWRHGY/RQVRWINVQDU VWUXFWXUHV OL
PLFURGLVN UHVRQDW R UDFARQYQYRRE WDWE K GV KIHWAR P MBRUHRN S K H U H \
YDOXHV DSSURDFK&Q@& KH\ FRPEH@XBWHEHWWHU VXLWDELOLW\ IF
HYHQ LQ DV DUUD\V IRU PXOWLSOH WDUJHW VHQVLQJ $PRQJ
FRPSDWLEOH ZLWK WKH SKRWROLWKRJUDSK\ SURFHVV DQG FKL
UHWDLQHG LQHVKRV H RU IR YDUE DWW B QIIDYW B Q VR U

7\SLFDOO\ PLFUR ULQJ UHVRQDWRU KDYHIBEKSRGEHGD ROWHWRD
> @ @ YDOXH VRPHKRZ V PDRKQHY MEK D QWK D Q/RIKHD QH 6 P\B MVHHJI DIRC
4 IDFWBUQINAMK W RRXJKQHVYV RI VXUIDYWROENH QURKMBEW KFHD W LR Q
XQGHUO\LQJ VXEVWEBDWSDJIDWEZRQOORVVHV 1Q @WK HWXAIGAHJ PD!
SRO\PHU PDWHULDOV DOVR KDYH RWKHU SRWHQWLDO DGYDQW
WHPSHUDW X UHQBS0 RR HARALSDIWLELOLW\ ZLWK YHUWLFDOO\ FRXSOF
ZKLFK DUH PRUH VXLWHGEIW R D/OIQWRRIGYBIBHKIED WKW L U

$ PLFURUHVRQDWRU VHQVRU LV EDVHG RQ WKH PRGLILFDWLRQ |
DQDO\WHV LQ WKH VXUURXQGLQJ PHGLXP RU DW WKH VHQVRU V>
LQGH[ FKKQYHV5QGURFWLYH ,QGH[UBD EBEMHGISBIQDWHG LQ WZR F
> @ H L KRPRIJHEBRKG ¥HQVRUV ZKHUH WKH VHQVRU UHVS
FKDQJH LQ WKH HIITHFWLYH LQGH[ LQ BADRH & HGNOLVQRIUXL QERID H MK |
UHVSR@VEXIHWQEHG E\ VSHFLILF DEVRUSWLRQ RQ WKH VHQVLQJ L
REWDLQHG E\ WKH DGGLWLRQ RI D VHQVLWLYH OD\HU RQ WKH Vt
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+RPRJHQHRXV GHWHFWLRQ GRHV QRW RZIDHNMHUHQBWW LFFLWHE KK O
DQDO\WH DEVRBRFEMIORQHEOMHFGM. YLW\ LV UHTXLUHG D VHQVLWLYH
JDV LV DGGHG RQ WKH PLFURULQJ VXUIDFH 7KLV LV UHIHUUHG L

Figure 4. Two detectiormodes of microresonator sensqgs]

, WKH VHQVLWLYH OD\HU FDQ EULQJ VLJQLILFDQW UHIUDFWLYH
PRUH RSWLRQV RQ ORZ FRVW PDWDBSOH Q WAKRM WeMUHEKE MPIKEGG H W |
FRYWHFWLYH VRXUFHVY DQG SKRWRGHWHFWRUV KRVRW DW OR

QP EHLQJ WKH PRWVRW MEKH XLMORMARMQV PHOWLRQHELQHWKH LQW
WKH\ FDQ @RRW EGL XMHAW DEVRUSWLRQ PHDVXUHPHQWY GXH WR W
ZDYHOHQJWKYVY RWKHU VHQVLQJ VWUDWHILHY FDQ EH LPSOHPHAQ

|.2 Theoretical fundamentals

,Q UHFHQW \HDUV IROORZLQJ WKH GHYHORSPHQMN RQ MWRBVD E L
JDWKHYPWBUHVW DVUSDHVVHQMRBUBE ROIHU VRPH QXPHURXV YDOXDE
5HIUDFWLYH ,QGH[ 5, VHQVLQJ GHYLFHV EHFDXVH RI WKHLU KL
WLPH DQG FRPSDWLELOLW\ ZLWK FROOHFWLYH PDQXIDFWXULQJ
RWKHBEHMKHVRQDQW SURSHUWLHYVY RI PLFUR UHVRQDWRUV ZLWK ¢
RITHU WKH DELOLW\ WR REWDLQ KLJK VHQVLWLYLW\ LQ D FRPSDF
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HDVLHU WR LQW B JWD\@ BRI QRX IDSJ UZKY B S GRQDHRAMWHFKQRORJLHYV
HQVXUH D JRRG UHSURGXFLELOLW\ DQG FRQWUROODELOLW\ RI V

7KH RSHUDWLQJ SULQFLSOH Rl WKHVH PLFUR URMRQDWRUNY UHOL
FRQILQHG \LKQDB HG. GIVYIINWMRRW QFH FRQGLWLRQ WKH FRQVWUXFW
DW D JURXS RI VSHFLILF IUHAKHQBLLHD EBYH®KID PWKVRQRQW ~ PF
WKH PUHVYRQDWRUFIOURX@DBOAAR :KHQVHG BDEDVHG VHQVRU WKF
SUHVHQFH RI WDUJHW PROHFXOHV DR KW KA U IHDWVRHIQ B IQWYK HR RIGFLL

LQ WKH PLFUR ULQQ L GHEROMDY W R X W $ ] WXWEH F W U X P

D E

— ZLWKRXW WDUJ
...... ZLWK WDUJHW F

Figure 5. a) Specific wavelengths trapped by the micro resonator light path circulation. b) The presarget of

molecules at the surface of the micro resonator will lead to a red shift in the resonance mode.

7KH GHWHFWLRQ LV EDVHG RQ WKH PHDVXUHPHQW RI WKH FKDQ.
FLUFXODWLQJ LQ WKH PLFUR UHVRQDWRU LQGXFHG E\ WKH LQW
DQG WKH WDUJHW SDUWLFOHYV AMKM RSDNXDBPW QWQMG % HW LARWP
WKH RSWLFDO UHVSRQVH RI WKH PLFUR UHVRQDWRU

7KH SUHVWREPIRIBHFXOHY RQ WKH \UHMP G B ERR KW KB & AR/ U D O

VKLIW Rl WKH UHVRQDQFH SHDNV , QT X5 BiQMA 5WHRERIAE SO D W L R G
WZR PDLQ PHWKR G LIH RGRKGIHOK WMMIHR UHVRQDQRH RDYHOHQJW
WKH YDRMDRMRWR® QVLW\ DW D IB[H®ZDYRBHWHFWLRQ RI YHU\ O
FRQFHQWWEMERQXDWLRQV LQ WKH LQWHRXOGW DRV R EHERKWVEBE U

 QWXLWLYHO\ ZKHQ WKH WDUJHW SDUWLFOH ZLWK D UHIUDFWL
UHVRQDWRUIQWKBIGWRVUEGBWRU LW SXOOV D SDUW RIVWKH RSWL
WKH RSWLFWR BQWIOBBRNIWRJERW&H UHVRQBDQ®H PRGH

TKHPLFURVRIDWRBN GWRL GEIBEBHF WL FRIDMBYLURQPHQWDO PRQLWHF
JDV VHOWKHADWLYQOWVYHRNDXQDEOWR/ARDW D VHQVLWLYH OD\H
JDV RI LQWHUHVW RQWR WKH VXUIDFH RI UNVYRQYDWRYH 7TKIMH HUL
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LQGWHRPH PREBWLRQV RI WKH HITHFWL DI G FRKVRITW IR/ WR F U RIULH
GHWHFWLQJ VHQVLWLYLW\ 7KLV DGGHG EHQHILW SURYLGHG E\
WDUJHW JDDGRBWHBHGQLHNNHBIZEE H UD QJH FRDIQD RID OWMXHM W H G

DV DPPRQLD RUJDQLF FRPSRRDRQGV R WHK® KXRXW WKRY DQGHU WKH
ZRXE&8 VHQVLWLYH WROHE R QAR WK BB 1 IHRQRM HBHBPFREPDLFDWHG
JDV VDPSOBWIURHEFIYWHSY OLNH ¥V¥RFUDQWIUROCRREBURUP YR BRI H EOF
PHDVXUH VRPH VSHFLILF RQH

,Q DGGLWLRQ DQ DSSURSULDWH FKRLFH RI ERWK WKH RSWLFDO
VLIQLILFDQWWK H ABHMSYRHON KHRIRWVHORZRQPJ WDHOHOQWH RSMAMHFQW VI L
VHQVRUV XVLQJ GLIIHUMWKWDW DWHOMPESW RRIDWLQGHWLFH $00 WK
ZRUN LQ JDV ZLWK WKH H[FHSWLRQ WKWNWHRSRWN WHW L& ZHOH] H |
VLPLODU PDWHULDOV DQG VWUXFWXUH ZLWK RXU SUHVHQW ZRU

Table 1. Materials involved in variousptical waveguidegas sensors

"HYLFH
6HQVLU VWUXF
OD\H GXEvmmjcgﬁﬁ§§$g%i 6HQVLWLYLW\ W S5HPDUI 5HI
PDWH| DGG LZOX
JXLGHQ
SSP ZLWK
0,
3+0%| 6L&2 a4 | &2 QP | 5 g ssp /2 s >
6L 6L&EG + >
3G 4 i QP 6 SP SSP >
0HW K D QRIE
3URS\O HIBE
02)bQ 6L2§ﬂ 6 928\ QF %HQIHQEBE >
= 7TROXHGISE
6W\UHGISE
68 ] “ QJLQ WDS
EDVH 6;;g%< &G QP “ QUQ GHLE >
OLJD ZDWHU
QP WH
VHQVL
6L 6L&8 IRU SSP| OD\HU
3RO\D 3008 | ., op SRZHU UDWL| ([SRVH >
H 3$1 ZDYHJIX >
OHQJWH
IRU SSP| —P WK
6L oLes DEVRUEDQFH UVHQVLW

$PPRQLD LI RI SDUWLFXODU LQWHUHVW DV KX\P DGO KHDWOHQRV & XOHQ
WR LWV WR[LF DQG FRUURVLYH ROQVEXUBHFLYKHRRQLWRWWU RQ JL @N
DWPRVSKHUH DV ZHO O DD RRMHIMDIRKYL HQ 3/REWDIDMK ELRPDUNHU IF
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UHQDO GLV@ROWW LITBULQHEZVGHOAHBU 1¥HQVKQRQ H[SRVXUHV LW
XQGHUJRHV GHSOCRWIRZBDWKRQRZGHHIYV LWV FRQGXFWLYLW\ ZLWK
UHDFWLRQ WR HH WEHERHLOIL PRGLILFDWLRQ LV DOVR DVVRFLDW
UHIUDFWLYH LQGH[ RI WKHVWY1D EVRR DWLREGP B NRGGRKEH 1

31, VHQVLWLYH OD\HU D VWUWHQ@Y¥YMWJ R O ¥ B UMD ¥ KRS H RMRAVABUCH V W |
IHDWXUHV DV LAKHD § & HBWYN WSER QA HEBWHON K H VRIUL D MV WRWW H S

IRFXVHV RQ WKIUR U /A REYWIL R Q

7KH UHSRUWHG BBOE (ZHRQMRDW LQQP DUH YHU\ QHDU WR RXU VSH
VHQVLWLYH OD\HUDFRIDWHGEHWR 3® GUDPDWLFDOO\ LQFUHDVH WK

RSWLFDO DEVRUSWISRIQ LAPKDION B W KUARNHX B WRZ IFOKID/'W WKH 3$1, 68
RSWLFDO VHQVRU KDV D UDSLG UWKER QGBWRBRQGWADSRUBM LA N WRWR
IRU RXU VA\VWHP GHVLJQ

| .3 Objective of this work

7KH REMHFWLYH RGANWKHOVRBROHY UD/WW B \REQWEEDID P LEWWHFWLRQ

QP9&6(/YHU WDV IBFHWOWMABHRPELQHG ZLWK DCSGRIMPOGIU PLFUF
EH XVHGODYWKRMKUFKHL I KW ZLO O BEWK H ROOCSMAKIULEREHDKV LQJ FRXSOHUYV
7KLY NLQG RI VWUXFWXUH FDQ DFKLHYH EHWWHU WROHUDQFH "
ZDYHJXLGH LQSXW DV ZHOO DV VLPSOLI\ WIKHMQWMHABREEQ RI OL
LV ZHOO VXLWHG WR D SRUWDEOH V\VWHP

7KH PLFHMNRR QUWRWERXSOHG WR WKH QHDU ILHOG RI WKH ZDYHJX
JDIKH YHUWLFDO FRXSOLQJ VFKHPH LV IDYRUHG RYHU WKH ODW
NH\ DGYDQWDJHV IRU WKH IXUWKHU GHSRVLWLRQ RI WKH VHQ
ZDYHJXLGHV E\ DQ XSSHU FODGG L QW KWK Y DAU-PLRHL@Y W KD G QW B
WKH PLFUR ULQJ WR WKH VHQVLWLYH OD\HU

,Q WKH FDWHI@VLIGJ ZLWK D 3$1, ORLIOW BBRGLDG WRKHSWHIRI® FWLYF
WKH XSSHU OD\HU DQG RRQGXWQRREIVIKWHL DXIGRIDLQ WKH VSHFWL
RXWSXW SRUGK BEDWHIZLOIVOLRIY PRQLWRUHG XVLQJ D7OHWRWRGHWHF
DGYDQWDJH RI WKH VPDOO IRUP IDFWRUV DFKLHYDED& ZLWK PL
EH H[SDMQREHGWHDW WIHUHWY RQDWRUV ZLWK YDULRXV VHQVLWLYH
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|.4 Overview of sensor structure and materials

,Q WKLV UHSRUW WKH GLVFXVVLRQ ZLOO IRFXV RQ SRO\PHU P
SURFHVFVRDW®ILQJ ORZ WHPSHUDWXUH SURFHVVHYV ZKLOH RIIHU
SURSHUWLHV IRU VAQM DQUHDSIS®R BOMRNHIRWY D YWR ISDUWLFXODUO\ Z
WKH YHUWLFDO FRXSOLQJ VFKHPH FRPSDUR&DWRGRRE BW KRLSROOM
ZRUR¥ SRO\PHU PDWHULDO ZLOO EH XVHG IRU WKH ZDYHJXLGH I

YRWK LQ WKH @QEHUPWRXUE U@XISH FRPELQDWLRQ RI &8P

DV WKH JXLGLQJ PDWHULDO DQG &<723 Q # QP DV WKH FO
SURPLVLQURUHWKQ@W\J DASDERRDILRORUSKRXV VWUXFWXUH PDN
KLJKO\ WUDQVSDUHDWL\BRPERD WG IDDFWLYH LQGH[ LW LV D PD
RSWLFV SURYLGLQJ JRRG FRQILQHPHQW DV ZHOO DV ORVV UHG
> @XH WR LWV H[FHOOHQW VWDELWLKD VD BIEHRSMWMWHQV 5¥KOR UX
FODGGLQJ PDWHULDO LQ SODVWLF RSWLFDO ILEHUV ZKHUH LW F
IRH[DP SO i@

,Q WKLV ZRUN WKH VWUXFWXUH XQGBV VOG5 Y &6 @ R XW H FEDROW\KRV
D ZRUNLQJ ZDYHOHQJWK RI QP D ZDIHU RI 6L ZLOO EH XVHG D)
WKDQ JODVV ERWK LQ WHUPV RI SKRWROLWKRJUDSK\ DV LQ WH!I

|.4.1 Global presentation of sensor structures

7KH RYHUDGEWRAVWESPA HRIQ YLV L R WG MYGDEOH SRUWDEOH RSW
PLFURV\VWHP LV GHV+ JQ WG RWRF A BBWIOUML RRUL QQWEKUHH B @KL D @ Q © K\
DV ZHOO

$ PLFURUMQB @BWBHVHQWY WKH FRUS$ \RFEWFKILRAQ PILIFSMENMY &/ HH P Q
ZDYHJIXLGMWKFRGGRULQJ ZLWK D VPDOOHU UHIUDFWLYH LQGH[ Ol
ZDYHJXLGH FRXSOLQJ LQWR PLFURDSBG DG VBRHIGVK REUAFX DOERIN E
RI WKH HPHUHMREBWLQJ OLJKW ,QQ¥U B WHWK M RH \BE Q.DWHRQV LWL Y
OD\HU XQGHUJRHV D FKDQJH LQ LWWEHIUBNWR QD \GQ BRGIGN K\OLWR
PLFURULQJ WKHQHWKSHRXWBRIKWYERDVH VLRXIONWD RHFREVY\
ZDYHOHQJWK VKLIW RI WKHOQWHD QU PLNVK/DQ QHSEHIDWXHRQ B/ZR UHV
FKDQJH RI LQWHQVLW\ DMW D/ KIRM B QU BDYK-HRBQUWO O YDULDWLRQ\
UHODWHBWRROYKHQWUDWLRQ D SHRIMGUQEOWAR @FEHNVGKIR G HGR R V
QRW UHO\ RQ VHSDUDWLRQ RU SWHERQHE RQUD W HDG WWLHRRK QUKD
DW URRP WHPSHUDWXUH
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Figure 6. Schematic view of the optical miecsensor for compact gas sensing

$ VLQJOHO9RBREHLV XVHG DV WKH OLJKW VRXUFH LW KDV PDQ\
FRPSDFWQHVV ORZ FRQVXPSWLRQ DQG DGDSWDWLRQ IRU SDUD
WR XVH LQ RXU VI\VWHP RS H UDPWLHX (DHVRIL) RBORAEG QWM K KRJ R O R J\

LV YHU\ PDWXVUNDEIDWRUPDRDQGFHRU ZKLFK CORERVWDRG ZUWK/LOLFRH
SKRWRGLRGHV LV SRVVLEOH

Figure 7. Image of a VCSEL chip mounted on a -B® header.

,Q DGGLWLRQ WKH HPIEWHVRQJIJKDWHOMAQMWE EDWK WKH FXUUHQW
QR PRGH KRYSSL QHQ@ DEHRAN HRRFRUGLQJ WR S U HA\L B KV LH[SIHUIL RHKGIW
PLFUR ULQJ UHVRQDWRU DFFRUG IVERORDO® REZ VX ¥DW R OHQINB WV ® 8
PLQLPD FRUUHVSRQGLQJ WR WZR UHVRQDQFHV LQ WKH RXWSXW

$ SRO\PHRURLOYHQMWHIUDWHG RQ WKH HPLWW\Y QUKMXHUDE HDRPI WK
RQWR D IRONAHUFDAXRAKHU D EHWWHU WROHUDQFH WR PLVDOLJC
WKH ZDYHJXLGH LQSXW DQG VLPSOLI\ WKH LQMHFWLRQ FRXSOLC

&RXSOLQJ EHWZHHQ WKALEDRHIXDEH DERLWEZRGPDQQHUYV ODWI
FRXSOLQJ ZKHUH ERWK DUH LQ WKH VDPH SODQH DQG YHUWLF
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OHUWLFDO FRXSOLQJ KDV EHHQ IDYRUHG KHUH ZLWK WKH JDS E
WKH ZDYHVXUGREYGHKGELRADGKLY FRQILIXUDWLRQ LV SDUWLFXO
VHQVRU DVPRRUOR WMWMKHISRVHG WR WKH WDUJHRWKRRNVVYQIV EHQI
FRQILIXUDWLRQV KRPRJHQHRXV VHQVLQFPDNURHBIBBYHWHHGFLILF
E\ DQWGRQDO VHQVLWLYH PDWHULDO

7TKIVA\PPHWULF FODGGLQJ FRQILIXUDWLRQ IRU WKH ZDYHJXLGH ILC
FDQ OLPLW SURSDJDWLRQ ORVVHV EXW DOVR RIIHUV D EHWWHL
WKH WGEPHM¥LRQV UHTXLUHG IRU WKH JDS WR QP W\SLFDC
WR LPSOHPHQW DV WKH JDS LV FRQWUROOHG E\ WKH WKLFNQHV'
UHVROXWLRQ :KLOH WKHVH GHYERBY DIDASKKRIIVAKHD Q6@ U R/EWDQ QFHRC
VFKHPH FDQ VWLOO EH IDEULFDWHG XVLQJ SKRWROLWKRJUDSK\

$W WKH ODVW REWBKBRBQVRQGHWIWRW\ DQG VIHGREOWLYILOWM\QMRIEH \
VHQVLWLYH OD\HU LV GHSRRMAHMRIRIRRQRWKIDEBY FRXOG EH GHWHTF

XVH Rl GLIIHUHQW VHQVLWLYH OD\HUV PDNLQJ WKH RYHUDOO V
DYDLODELOLW\ RI VXLWDEOH VHQVLWLYH OD\HUYV

|.4.2 Material selection

D&<72DV¥ODGGLQJ

&<723 LV DQ D PRUBKRIROWPIHEZ LMKIK RSWLFDO WUDQVSDUHQF\ L
DQG LQIUNUM® KEDQGHIUDFWIWR WEEHR M ERI@QDU WKLV SURSHI

YHU\ VXLWDEOH IRU PLWIRRI QXLEKF PEBMWLED WXROQORXTXEBG E\
7KLY ORZ UHIUDFWLYH LQGH[ PDNHV LW D PDWHULDO RI FKRL
FRQILQHPHQW DV ZHQ O BN OREWWIUHDGKH WRBEW VY UWHRE GVR D/RIOQBFW L R
SURSHMWHOWOWHQW FKHPLFDO WKHUPDO HOHFWULFDO VWDELOL\
LQWHUHVWYV IO SYILE W IRBQMEFRMAH Q HI[WHQVLYHO\ XVHG DV D FOD
RSWLFDO ILEHWSYHAUKRURVLWLRKFD JODVV IRU PDVWNUABDOOGLV SHU'
LQ WKH GHVLJQ Rl @0@XDUIDIFAVEHKOPNMWLRQDO JURXSV WR PDNH
GHSRWLRQ RQ VLODRRYLWVRONWHIMWMHRIT KLIK ERLOLQJ SRLQW KLJ
YRODWLOL]HG DW URRP WHPSHUDWXUH
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Figure 8. Chemical structure of amorphous CYT®P

ESOXPLOLXP DV JUPWMWHUERXSOHU

At the beginning of the project, both polymer grating coupler and metal grating coupler were
consideredo fit our design.For the polymer grating coupler case majorly considered SB as
grating coupler material in order to match with the waveguide pae fabrication process is
presented in LI X U H

D E

Figure 9. Schematic diagram of manufacturing process of83ygating coupler by using stepper.

In the first step, the CYTOP and SJayers are deposited by sgioating on the Si wafer (a). A
first exposure is applied on S®Jlayer to form thesubstrateof the grating coupler part artde
waveguide structure (b). A second higgsolution photoresist is coated to cover all the structures
below, andthenexposed to form the adapted structure for the grating coupler (c). A plast8gO
etching can be uset partialy etchthe SU8 layer [43]. Another thin layer of photoresist is
deposited on the structured surface of&ldyer (showrin| )L J X EIJd)t the surfacglanarization

of the second coating is not ideal. Besides, the partial engraving-8fsdiucture is not easy to
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implement, if the desired etching depth of grating coupler from calculation is inappropriate to the
etching speed differendmetween the photoresist layer and-8Ulayer, the etching process may
need to be done twice, with each time covering a part of the d&dage quickly abandoned this

idea andturned our attention to melial materials which usually has higher coupleffieiency

compared with polymer grating couplers due to a higher index coftdd$45].

ConsideringCYTOP is a fluoropolymer that can be considered as highly hydrophobic (DI water
contact angle> 103°), and as such does not offer good adhesion properties for additional layer
deposition by spitoatingwhile working as substrat¢hereforesome researcleams have been
using various plasma etching recipe to promote adherence

An oxygen plasma treatment can induce hydrophilic response on silicon surface, because of a
formation of hydroxide grougg6]. Unfortunately this methods not suited foour case as shown
in We did not observe a significant decrease of contact angle for the CYTOP surface
after an oxygen plasm&ther plasmébased approaches haakso been usedbut our previous
experiments havehown that their reproducibility is not satisfactory.

Among themwe testedsuccessfullythe method used by Bjorn Agnarssenal.[47] that consists

in coating CYTOP with a thin layer (30nm typ.) of aluminum, followed byetehing As shown
in, thistreatment significantlglecreases the DI water contact angle of the CYTOP (<
40°) and gives highlyeproducible wetting conditions for further smioating ofSU-8 waveguide
layer.

Figure 10. Contact angle of deionized water on the CYTOP surface. a) Water droplet before Al treatment. b) Water
droplet after Al treatment.

Considering the high reflectance of aluminum, we choose tcathkantage of this step to use this
layer as the material of our grating couplers

This approach also offers advantage: in the case of a vertical coupling scheme where-an upper

cladding covers the waveguides, an additional technological step is requéreaid covering the
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grating area with the uppefadding material This would lead to a drastic reduction in the

refractive index contrast which would be detrimental to the grating coupler efficiency. For a

polymer grating coupler madg the same matelias the waveguidg) L J X Uiid), the grating is

uncovered andhus unprotectedfrom degradations or contaminations during manipulations.
Having a metallic grating located between the bottdeading and the waveguidg L J X UIJB)
solves these issues, as it offers a high refractive index contrast (Al \& &hida protectiorby

both the waveguide and the upjptadding.

Figure 11. a) Polymer grating coupler, needs to etch the upper cladding legrétiggs unprotected. b) Al metalli
grating coupler, where the gragiis protected by both the waveguide and upper cladding.

F68 3RO\PHU DV ZDYHJXLGH WDSHU PLFUR UHVRQDWRU PD

68 LV D FRPPRQO\EXDWHIG HIRIDWLYH SKRWRUHVLVW LW ZDV LQY

> ®V VKRZQ LQ WEHDWUDXBMWE@BGBULYHV LWV QDPH IURP WKH
Rl HSR[\ JWKRXSIMW D VWDWLVWLFDO DYHUDJH SOW @R MHRVIL YW LV
WKH ILQD G \@NWXFSWRISHUWLHV RILYUWDQMSDVERFWUQ @ EDQG OH
RSWLFDO ORVV ,W KDV JUHDW HDVH Rl VWUXFWXULQJ DQG D K
DURXQG > @ KXV LW LV WROHFWEM®KLR OLWKRJUDSK\ DV ZHOO DV
0(06 OLFUR (OHFWUR OHFKDQLFDO FR?PWRIGH @Y BDESWEDBWQRRLF U
:LWK D UHIUDFWLYH LQGH][ RI WKH 5, FRQWDNYWWXDWH D@FGZD
&<723 FODGGLQJ OD\HU LV DURXQG D UHODWLYHO\ KLJK YDO:
D VWURQJ RSWLFDO FRQILQHPHQW
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Figure 12. Chemical structure of S8.

G3%1, OD\HU DV VHOVLWLYH FRDWLQJ RQ WKH VXUIDFH RI 6

3RO\DQBHLQW D JHQHULF QDPH IRU DQ HQWLUH IDPLO\ RI SRO\P
JLYH[QLLRQUH 7KLV IDPLO\ RI SRO\PHUV LV WKH GLUHFW UHVXOW
FRQGLWLRRRE LRIDMR@RPRMY RQH Rl WKH PRVW LQWHUHVWLQJ FF
DQKDY FRQWUROODEOH HQKE WO DPLEH \WR B B & FWPANCRD WOR) D

vi}] Ju%e}pv
Figure 13. General structure of polyaniline. The term y denotes the degree of oxidatiomuditiréal.

VHPLFRQGXFWRU QIE®NL P HVRIBM PXODUF R G& + AW EHQ]RLG
FRPSRXQIGW DQG RQH:IT X IBO R IS >X @ W

,QWHUHVW KDV IRFXVHG RQ SRO\DQLOLQH UQYWRBRUWDQ®VWRI FF
UHDVRWWRQRPHU DQLOLQH LV UHODWLYHO\ LQH[SHQVLYH WKH
SRO\DQLOLQH LV VWUDLJKWIRUZD U GF HDHBEBKAY KKH HSl RIAAIPHHQAE D W L R

,Q DGGLWLRQ LWV FRQGXFWLYH | RUPZKONHHO B DD ® HQ WKIE K K FHLAFHDRC
FRQGXPWIYWW\FKHPLFDO VWUXFWXUH PDGH LW>VX2WDEOH IRU W

ORVW RI DOO WKH DEVRUSWLRQ VSHFWUXP RI 3%$1, VWURQJO\ "
JDVHRXV H:l>D @’KHUHIRUH LW ZLOO EI GIRAMRWEOWLWER RDNI
WKLV JDV XVLQJ D PLFURV\VWKR VYEQVDWLRR LY WKQEM LFX@IHJ O\
ZKLFK VRRBPQSXAODRVBE KLJK VHQVLWLYLW\ RI RXU VHQVRU
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Figure 14. Absorption spectra of the polyaniline with (a) and without (b) gaseous amrf®tiia.

In the experiment shown L J X UHhe polyaniline thin film was coated on quartz substrate by
using electrochemical methgtthe thickness of the sensing films was ovarri0In our work, new

deposition methods should be denmdd to contrahe thickness of film at nanometer level to match
themicroresonatodimensions

|.4.3 Conclusions

7R FRQFOXGH WKH GHVLJQ FKRLFHV LQLWLDOO\ PBGH IRU RXL
EHWZHHQ PDWHULDGOMW PRRMEDW LEILOEMACFQ G7KH\ DUH UHSRUWHG
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Table 2. Initial design conception for microsystem.

veA E-
6HQVRU X High sensitivity/ compacity X  Optical microresonator
X Low cost x Polymer on silicon wafer
x Collective technology x NIR Range
(stepper)
/ILIKW VR x Coherence, compacity X VCSEL on PCB
x Efficiency, low cost X 850nm
X Tuning over few nm X Tuning by current
X Working distance few mm an X Integrated collimation lens
small coupling area
OLFURUH x Transparent in NIR range X SU8 waveguide
X Adaptation with microfluidic x CYTOP cladding
system for further extended x Embedded metallic grating
applications coupler with asurface suited to
X  Suitable for optical injection VCSEL beam size
6HQVLQJ| ~ ve]8]A 8} wuulv] Jv 81 W E/ §Z]v (Jou }A 8z &
'"HWHFWL| >}A }e§ Aol v %Z}S} ]} -
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&KDSWHU |,

'HVLJQ DQG IDEULFDWIL
FROOLPDWHG QP 9&6(
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Il . Design and fabrication of a collimated 850nm
VCSEL chip

,Q WKLV FIKIOSBWMY HDQ W D W HRH)F R/ISIXAPERBIC\ 9 & 6 (/V IRVOVIBS WV G

EULHI LQWURBSARWDRQ R SWIWQFLBQGE P\DW QW HD RS ONIKID VDIURMQV DU T
7KLV NL\OFXBFHKRVHQ L Q BMKIDK ¥ I BRR SLDFF WY RIEER/QYV X P BOLBR Q

SRVVLELWIOWIWMRDE B  ZL W K XUKFK D RMSOLHMIEUDWLRQ RI SRO\PHU PLF
D 9&6(/ FKNEW®&HRULWLFDOO\ DQG H[SHULPHQWDOO\ VWXGLHG W
FROOLPDWLRQ 7ZR FR PEBHIPORWHIU WRHVWOKARGIMW DWH D SRO\PHU P
9&6(/ FKLS DW RFSRAW QR WBYXOWY RI ERWK DSSURDFKHV DUH G

lI.1 Principle of operation

7KH WHUP FFOCHAH UU BFE URIQNP IRU 2OLJKW DPSOLILFDWLRQ E\ VW
UDGLDWL&®H ODVHU HPLVVLRQ DULVHV IURP WKH LQWHUDFYV
HOHFWURPDJQB@WEKHUDRBLWWHRBREHDAQW FRQYHUJHQW DQG PRQ

$ ODVHU LV EDVHG RQ DQ DFWLYH PDWHULDO ZKLFK7RR® JHQHUL
PDWHUSODFHG LG@HURNMEW\UHVRQDQW FDYLW\ ZKLHFKUDPDQ HM GH
PLUURAHNGMD QFH EHWZHHQ WIZR/ RDIDORD N QWK \REKWY WR WKH ODZ
KHUHSIUHVHQWY WKH GLVWDQFH OHQJWK RI WKH FDYLW\ N LV
LQGH[ Rl FDYNWNKBIQZ®YHOHQJWK

7R JHW D VWLPXODWHG HPLVVLRQ D SRSXODWLRQ LQYHUVLRQ
VKRXOG EH EURXJKW WR WKH HOHFWWRQVXE\QRE W H RONI KRHIU HHOHFW
WR EH PRUH 7XPSMODWRGVKH FRQWUHE@MNWLR @ RH IOQFH@HPH RI WK
WKH KLJKHU HQHUJ\ OHYHO REHF RIMEVKBFNHBQW UL QV MK WREHU HC
WKHVH HOHFW U R BPVQR QHKRIKEK QKERFOHO LE)D W & HP@BOMIQFHS KRWR Q\
ZLWKRKHWHDVH DQG WKH NKHP HDEHQHRUM\FDYLW\ WKHQ PDNHV LW
DPSOLI\ WKH HPLVVLAFR®WQGXRKW DAY MKHLRQ Rl SRSXODWLRQ E
PDNH PDQ\ URXQG WULSV LQ WKH FDYLW\ :KHGD VOOH/ KD LI IEHFMR P
RFFXYBY D VXIILFLHQWO\ ORQJ FDYLW\ODN YAKIHUMH DR QJ MWKXHG EQ B [
LV YHU\ZWKRQVJHW PGHLQDOH U HP DR RRE® XKIRBISR QW

$PRQJ ODVHU GHGLRBHBEYVHGORYHPLFRPOXHNRBMXWH SDUWLFXODUL)
Rl KDYLQJ WKH HPLVVLRQ SHUSHQGLFXODU WR WKH VXUIDFH V

D LIXUH
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Figure 15. Schematic view of a typical GaAs vertical cavity surface emitting laser (VCSEL) with a short cavity length
(~1um) and amall, buriedoxide aperture (~4um) respectivégading to longitudinal anttansverse single mode
confinement and single mode operatio

,Q 9&6(/V WKH RSWLFDO FDYLW\ LV FRPSRVHG RI DQPRSWLFDO J
FR QW DLLKIXD@ W X POHDGEQIK WRRQW. WX GLQDO VLQIXHWRGH HP
FHQWUD U XBQREQWHERIK UHIOMHEWLYEMINHG %UDJJS$SHAOHFWRUYV
FRQVLVWV RI D ELOD\HU VWDFN Rl DOWH ¢DPHEIE (RISMMLVFWO QLR GH |
DW QPLW LV FRP$/RI\GHURID'TEGY DOOR\ O MWL DERIVSO
FRPSRVEMMRIHQ DQG (DFK OZD\YE WD N DID WROMPABDT WWK H
EHDPV UHIOHFWHG E\LBDFKDMVIVKH UKDE HI D BBY GV R W5VL V

F H Q WH.WMISHH@WRY® Y H O HRRY JBVYK H FINDUDIOG W K 1D @VG \L RGHKW QD V W

WKH "9%BAD[LPXP UHIDWFWK M LUBHVRABIKAH Q X F/ENHIUS R W ELR)G V

WKH "%%\DQNV W R UWMKG®HRFEKYHWDEOH LQ WKH W%EV SRVVLEOH W
FRPSHQVDWH IRU WKH YHU\ \DRLHDO BVK® PMR) HNAD RK WIKH DIDVMH U F
ZLWBRZ WKUHVKRPGG FXUUHQW

II.2 Brief state of the artand main applications ofNIR

VCSELSs

7KH ILUVW FRQFHSW RI 9&6(/ ZDV SURSRVHG EAH.FHKQHFXR JNIDQDW

DQG WKH ILUVW VWUXFWXUH ZDV @HYLHWORSMIGF B\ ZKDL\W Q\RH/D P I«
*D$V DQG GLG QRW LMIVAO/NGR QYZSD/YY BORRQWK 7KBIVDFWLYH UHJLRC
ZDV IRUPHG E\ *IVRBWZHDXOD/Q $V IRURVIPHQUZW KPH. DBPSOVI\LQJ FDYL
ZHUH VLPSO\ GHILQHG RQ WKHIPRHVDE B UD OSROQL WKR. QWKH DFWLYH
GHPRQVWUDWHG WKH SURRI RI FRQFHSW

7ZRHDUV ODWHU WKH ILUVW Q®6(P EZBb\DHG URRDRREB\S B IKEWX U H

SXOVHG PRGH KDV EHH@ GHZ RHODAWUO W@ W D\OHU VWUXFWXUH HP
FRQWLQXRXVO\ ZLWK D WKUHVKRO G PR LRIWN QWERINWLHPIR/UF\R A SD U H G
WKDQNV WR EHWWHEHWWHOHFQHFWWLADPGF RGE&ROWVYWWR\ VRKHP L
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HYROXWLRQ RI HSVWDKOZWHIAK@QHAXGIMU %HDP (SLWD[\ DQG 02&9'
2UJDQKHPLODIB®RU 'HSRVIGNDEPVHG 9&6(/ GHYLFHVY GHYHORSHG U/
ODVW \HDUV

,Q WKH LQVHUWLRQ RS HUBX®BEARR R [LGH WKH FWKHHRHQ \WHQH V
RI WKH DFWLYH ]RQ HG\DISHR ZARHDIXOS WEBR ¥ FHD GH LW SRVVLEOH WF
K L JKI | L F L HOQW IZHH\OY O DQ/VY BB & BGHH YWHFRLWWLQJ D *D XMWY IRQ EHDP
PRVW LQWHUHVW IRU PRVW DSSOLFDWLRQV DQG LQ SDUWLFXC
DGYDQWDJH LV WKH KLJK PRGXODWLRQ UDWH RI WKHVH GHYLFH
9&6(/V IRU RSWLFDVO LQWHUFRQQHFW

,Q DGGLWLRQ WKH FROOHFWLYH PDQXIDFWXULQJ PRIWKRG RI ¢
SDUDOOHO RSHUDRWVYWRQ DSSOLFDWLRQV RI 9&6(/V WQKHUHIRUH
FRPPXQLFIRWLBRNDO D DHIGMWMDEFRRHDWFK RQ 9&6(/V HPLWWLQJ
VSHFWUDO UDQJHV LV DO VR IEBYWHDPERY INFARYMOFHD@I WIKWHHP LV VL R
,QEDVHG 9&6(/V IRU WHOHFRR MG MWL ZHAQ BN HMBEBHYLFHYV IRU
7'/$6 VHQVLQJ L W®KH 0,5

7KH DSSOLFDWLRQV RI *D$V 9&6(/V KIDAHNIUHEAKMO\ WDRZHUVLILHG
IURP RSWLFDO L QW HQ FREEMFVUDRFNGW R ML REDOMDI\Y \Q 16/

7RGD\ WKH |LHOEE FRQ/OBB/MRMW L &6 (JVRAM QUKH DWPHRQVYIRWXUL]HG
GHWHF@GRQLPBJI@QJ

7KH DSSOLFDWLRQV PEG H VDI$SKOIE SR DEERHRNHVMR SLQJ LQ WKH IL
RI LQVWUXPHQ@PWDRRQ\ WKDQNV WR WKH H[WHQVLRQ RI GHYL]
GHWHFWLRQ VISHWWXZBEWKWXRS@UFDWLRQV DOVR YDULHG DV /L'$5
5DQJLQJ DWRPLF FQRFNRDJIRQBYHOKEY FRQWEDVHW LQ WKLV W
ZRUMR GHY HEIRES. FDWHG V R XLLOPM HY) XOBWEHHG. SRUHR X UQJ VAVWHP

II. 3VCSEL beam shaping

Il .3.1State of the art and nethods

'"HVSLWH QXPHURXY DGYDQWDJHV WKHRIWMMRARUBBUGON RHGIWE®HH |
XVH RI D PLFURRSWILKRDO ©&0 WHRHQDNPERNY WKWMRO Z2XOO ZLGWK DW

KDOI PDI[LBXRHQGLQJ RQ WXHRXHFRYRORIKH GLYHUJHQFH RI W
9&6(/ KDV WRXHHFLEKWMUHDVHG IRKSDISQUURRHUWRKR LQSXW EHDP
PLFURUH\WPRDQDRDROUVL]H RI WKH-FRXOW DQIRMWH DR J OOV DRQFH RI1 F
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LQVXULQJ D JRRG G H:W MFRAHLLRAVRKBHONAHER IOYOLLVIRIR W GR JRIDR Q V
ZRUNLQJ GLVWDQFH RI IHZ PLOOLPHWHUYV

ORVWE6(/EHDP VKDSLQJ WHFKQLDXNYW RREEINPE UM E-DRROBROA

WWKH 9&6(/V YRUOHDWKIH PHWKRGYV BUSHQRODWAHDH) EROWKROM®MHQV
SODQH SRWHWUERRNGRU WKHVHDEHDHRQPLQWHIUDWLRQ@WI SRO\PH
WKH 9&6(/ L XURDWHQ SUHIHUDEOH

6HYHUDO DSSURDFKHV KDYH EHHQ UHSRUWHG LQ@ Q@GMHHBED W XUHYV
OLWKRJUDSKY EQISMRWEBSKXRWRSROWHBWPD WQRIOO FDVHV D WUD
S H G HWWQ Y GIJWHHFEWRHAOM WKH SRV LWLQR @ IRH OLHWQKMSIDMOHHP LV SKHULF
UHIUDFWLYH PLFUR OHQV LV DGGHIQRQ DWR K WR B8 HFGHDWPWBROQ WQR @
DGGHG VHSDUDWR®&W Q@ LIWKHE WRHE HQW KH WDKRHH MEIBWH Q MOL@ J
WHFKQLTXH ZDV ILUVWO\ DSSOLHGOLRGDEED ©EDMWHGC DWW U ARQ | RIK K
IRFXWLQAORUH UHFHQWO\ RXUYREEXBHYHOREB8GEGHEHSRRAWLRQ WHI
GHPRQVWUDWHG SUHFLVHO SRYRMQWORRQ P LFQYR VH®QIV ZLWK D U
FDQWEOKRYHU

JROORZLQJ WKHVH ZRUNV ZH GHYHORSHG WZR GLIIHUHQW IDEU
RQ VLQJD®GFRRSV RQO WRIQRL HIHWDLOLQJ WKHP ZMLBURVHQW W
O HMHX UH

T1iRu

TiiRu

Figure 16. Schematic view of integrated polymer micro lens on VCSEL arrays

[1.3.2 Zemax modeling

7R GHMWHOHRPHWU\ BHREPURAGS; RSWLFDO VLPXGDOSLR@W BRIWZDUH

RSWLFDURGWE¥BBHRQONRXWNHEBWK LRDIOAXRI\Q@WHRY W UHOLHV RC(
WUDPRGHOOLQJ WKH SURSDJDWLRQ RI UD\V WKURXJK DQ RSWLH

RSWLFDO HOHPHQWYV VXFK LBQJG@HRS/AHY OGIQ VHD/FWUDKE IREBQW.FD O F
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RQ DQG SURGXFH VWDQGDUG DQDO\VLYVY GLDJUDPV W DOVR LQF
E\ DXWRPDWLFDOO\ DGMXVWLQJ SDUBPWWHUYV DQG PD[LPL]H SHL

%DVHBHROUWHWYLRXV ZRUN RI D HXWARHG BIK' WWHK &KXCSMUGLYDRQ RI 9
LQ RWHDP DQG -XOLHQ 3HUFRQGN] LWR2HHBENMDFEDVHG PLFURV\VW
XVLQJ D $&@Y/LPL=Q0%; SURJUWDWPMERLQLPL]H WKH EHRIPRXMYSIOIHQF I
OLJKW RI WKH 9&6(/ FKLS EDVHG RQ GLIIHUHQW FRPELQDWLRQ F
FXUYDWXUH RI| &ROVRGEHQYHWEKH XVXDO QXPHULFDO DSHUWX
WHFKQRD® FRQVPLEDROMWBQMEDWKIR \SLFDO SHGHVWDO KHLJKW
KLIKHU WRKDR REWADLQ D VXIILFLH@WOGLYHUJHQFH UHGXFWLRQ

7KH OHQV GLYRHMWBUKHUH WR 3PQHHKD® ONDOXRLWWG E\ WKH SL
DGMDFHQW 9&6(/VQRD IXQ GIEBMH VLB/LPLWHG E\ WKHMLIRFOMSULQW
9&6(/ FKLS

Figure 17. Dimensions involved in microlens design

JRU FKRRVLQJ WRHWKKIHWYIRBHDDBIBIKE WR FRQVXOW WKH &DXFK\ FXI

JUDXQKRIHU OLQHV $PRQJ WKHP ZHRIREXU LR W[BWENBHQ W B & RQ
WR FDOFXODWB@®UYDPHWHUV Q

Table 3. Wavelengths of several major Fraunhofer lines.

. . $VVRF
HVLIQE :DYHOH| ® S0
RU d QP +H
) QP +
& QP T

+HUPBDQV WKH UHIUDFWLYH LQGH[@W RSWEEWG ABWHUG EO \RRQH
IRUPXOD

é]‘ ?5
a. ?4&

8 L

(1)
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+HUHDQ GUGISUHWKIQ WWIUDFWLYH LQOMWR| RIPLERG W\DWIHULDO
FRPSDULQJ WK kDRIIXMDOWVEHRE \QH G O H Q VORI BHLLEIRD WIHAK D O
SDUDPH@MKWH VRIWZDUH KHUH ZH RIRRNPD\V I&HLVID BMOMRA. KD \% D
VLPLODU RSWLFDO SDUDPHWHU DV 68

1RWH WKDW ZH DOVR XVHG G DR W® HAUK A DI\R &0V IRZ (I EMNBABBOMHR Q
RRXU PLFHRWOHRSWLFDO SDUDPHWHUY (B BWHEL 60 QRPWK WKH
WKH VRIWZDUH +RZHYHU WKHVH WZR PDWHULDOVIK@NB YHU\ W
GLPHQRMRKH SHGHVWDLO BRGBOOH@M UHKIUDWWHYRIHR@ERD [ FOK EH

[1.3.3 Collimation r esults

7TKWLPXODWVRQWYV D|{JBEVKISALPDO OHQV JHRPHWU\ FRQILJXUDW]|
[SHGHVWDO KHLJKWV UHWULHRWE H \FR(O ©;L R HWILAR.QDRM LIBKH —P GLDPt
*063' JDXVVLDQ EHDP SDUD[LDO GLFHQUBR®H U PNROAHOH & HWWOUHGV
ZRUNLQJ GLVWDQFH

Table 4. Optimal lens geometry configurations of different pedestal heights retrieved by
ZEMAX optimization[9]

38



7KH UHVXBPMHQ®LFDWHY WKDW XVLQJ D SROMVHY VW DWW HULDOK RO RKY
—P GLDPHWHU SHGHVWDO ZLW KVW K H—®L K HUJK\Q FOH ®RZ @ LQR P LGl
HIXOO DQH®H$MWUD ZRUNLQJ GLVWDQFH RI PP WKH VSRW RI VL
VXUIDFH FDQ EH ORZHU WR —P LQ DQ RSWLPDO ZD\

‘H FDQ FRQFOXGH IURP WKHVH UHVXOWV WKDW ZH FDQ UHGXFH
ZRUNLQJ GLVWDQFH 6 UR¥LIEKMG LW KHNVSBBBIVWIHTXDO WR —P O
KHLIKW YDOXH DERYH —P D VDWLVIDFWRU\ FROOLPDWLRQ FLC
OHQV 52& DOEGEHKBLYKWIHQFH FRXOG EH HYHQ ORZHBXW ZH XVH
FRQUIL®Y WKH PD[UPMNARWRIHFWH SBREHFHBWBHGCHWRIRRGHSLQJ

VWD HBEL@ERQ\V L GMAYVL ORRIR WSV QMR MHQK. 6 (/ D —P WR —P SHGHVW
KHLIKWLWBKRYHQ WR GHYHORS WKH IDEULFDWLRQ SURFHVV 7KL
VLIQLILFDQWO\ LPSURYH LQFLGHQW EHDP FRXSOLQJ HIILFLHQF\
IRU WKH PLFURV\VWHP

7R JHW D PRUHO OQWWUWWYR@ FRILFRODWRPBYLKQFWLRQ QDPHG 3
2SWLFV 3URSDJDWLRQ RIOXWRHSGCWRRWDDJHXDWH WKH ZDYHIURQW
323 WKH EHDP Z2DPDIKIMWEHNYWKH JREPHWWDBXOQMWB |, WKH
GLPHQVLRQVDRHRBMHFUMDWHU WKDQ WKH ZDYHOHQIMAKWWKH LQ
FDQ EH LEXRIMIBEYLRXVO\ GRHAM W R BDMRREOR DWVRI RWKH GLITUDFWL|
EH FRQVLIGRHIMWIGFDO SDWK JRHV WKURXJK D SHGHVWOQOGHYKHQ D P
HDBRLIRKQWHUYV WKH FRPSOH[ DPSOLWXGH LQIRUPDWLRQ

Figure 18. lllustration of ray tracing for VCSEL beam shaping in ZEMAX

%\ FKDQJLQJ WKH WKLFNQHVYNQRI EXUDMD MAGRDRPEGMLED @ O K H

RSWLF BOEHD WK XDWO VKB QX UHKHQ WKH EHDP RQ WKH ULJKW DS
SDUDOOHO LW PHDQV WIKD WRW K HRFERHDIPG Gl RM B BIHRGEHG SRO\PH |
SHBWDO DQG PLFUROHQV
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$VWXGNKH W RORLYDQ@REKHBDPWIMHYQ WKH PLFUR OHQV FHQWHU DQG
ZDV DOVR FDUULHG RXW WR HVWLPDWH WKHR QVRXVHDAER®P RZI XQUC
FRQVLBHPHGHFHQWHU DQG —P VODQW LQ FDVH RI WKH 9&6(/ V.
WLOW RU D PLVDOLJQPHQW GXH WRXW¥H,QLWKUAD WRBQN REF FAQKH
GLYHUJHQFH ZRXOG LQWBERX\W BAEWLOH WKH VSRW VL]H SURMHF
JUDWLQJ FRXSOHU ZRXOG LQFUKDWMHWIDJRROO—PURRLGH-BHIHUHC
VXEVHTXHQW GHVLJQ RI WKH VHQVRU SDUW

I1.4 Lens fabrication on a singleVCSEL chip

$V GLVFXVVKE DBRWHUDW GLYHUJHQFH RI 9&6(/ FDQIEEBOKLJIJKHU \
DQJOZKLFK FDQ OHDG WR GLIILFXOWLHV IRU LQMHFWLQJ OLJKW L
,Q RUGHU WR LPSURYH FRXSOLQJ HIILFLHQF\ D PLFUR OHQV LV D
WR UHGBYPHHUJHQWHRHWGHOR VS RWQWHWHDVHG GUDPDWLFDOO\ DW
GLVWDQFH ROOHFHWBO W

&RPSDUHG ZLWK WKH K\EULG DVVHPEO\ RI FRPPHUFLDO PLFUR O
WKH 9&6(/ WXRJ IDPRF®IOLPDWH MWKRRRIMHNBEWDEMIIPIHR XYV DV WKH GLF
DGDSWHG DV D IXQFWLRQ RI WKH HITHFWLYH VKDSH RI WKH GHYL

,Q RWR MKHH W& 6P JKW MR OWFRRIGBHQHG WRS IGRRWRHIBRP *D $V
7UXPSKRWBBUFRUPLQJ D VLQJOH PREK XU VVRBBORDXWU WKH EHDF
KDV D VWDELOL]HG SRODUL]DWLRQ VWDWWXEHPEBKWHERI D VKDOO
> @

Figure 19. Single 850nm VCSEL chip wi shallow etched grating at its surface (Trumpf).

7KH DQRGH RI 9&6(/ FKLS LV EHFRRQQEXHBWEGZ2ZKHROMH LWAWP FDWKRGH L
PHWDOOL]|DWEHRQK¥RPPHUFLDO QP KRG (D MKHISFNQHMVW RI RQO\
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DQGPRXQWHGREDVF 3ULQWHG &LUFXHLW DKREHGHYKIQHG ZLWK G
SDWWHUQV WR EH HDVLO\ LQ¥XISVWHBG LIQQ WKHKH | DIEQR G D@/MH\R & F\
PLFURIOXLGLF RU JDV VEQNKDV ISSHGEZRD ZLRAVHQWVNLQGV RI
DLIXUHFRUUHMBRRQ @ KH DS $RWUPEW VR HGAD®RLY WKHVLYV ZRUN
D Q G WMKDHD IRQ R WFHRIEEHH X VHG LQ WKLV ZRUN

Figure 20. lllustration of the two kind of PCB used in this studyhe previous version on the top (green PCB) wii
conventional thickness of 1.5@m, and an optimized, thinner version at the bottom (purple PCB) with a lower
thickness of 0.8nm to fit the constraints of the Nanoscribe tray.
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[1.4.1 Characterization of VCSEL chip before lens fabrication

'H P HDVWUMGHMN FKQRHWKH XVHG 9&6(/ FRI\8VPUSDLQIRWE H. Q
DLIXUH K96 (/ VHWZDV DOVR XVHG WR PHDVXUH WKH HYROXWLRQ
D IXQFWLRQ RI WKH DSSOLHG FXUUHQW XVLQU$PR RIMLFDO PLQ
WKURXSKVDRDR ILEHU FRQQHFWHG WR WKH PLFURVFRSH VWDJH

Figure 21. Image of the setip usedor VCSEL characterization ¢(L-V and spectrum)

7KHVH 9&6(/V FKLSV D/AWD E R 8[DEHY RBWRE QMR G L FDDMWHIAQ J O H
PRGH DLRWIQLPDO 6065 VLGH PRGH VXSSUHVVLRQ UDWLR RI G%

ZKLFK FRUUHVSRQGYVY WR D FXUUHQWERDPPI$V GHH L6QIEE& EN WKH HRQ
HTXDWLRQ

5/54L srOH rg%“_"’ @)
bl

ZLWKo®Q&HEHLWKH HPLWWHG SRZHUV IRU WKH IXQGDPHQWDO
UHVSHFWLYH[PRIXQH WHKPLVVLRQ SHDN FDQ EH UHG VKLIWHG RYH
E\ VLPSO\ LQFUHDVLQJ WKH DSSOLHG FXUUHQW DV H[SHFWHG
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Figure 22. Measurement gbolarization selection of the VCSEL emission as a function of the applied current.

, W LV QRW SRVVLEOH WR SUHFLVHO\ EKWEKN W3 WHDEXWRIO R W\M KYD O
OLPLWHG UHVROXWLRQ RI RXU PLQLDWXUL]HIGFD,G ¥BBFWOR W H WX
DSSUR[LPDWLYH IDXDTOOXWHS HGERWVU I KHH REWDLQHG D 6065 KLIJKHU WKI
FXUUHQWY LQ@VRH KUDQBRWUHVSRQGY WR DQ DYDLODEOH WXQLQ
JRRG DIJUHHPHQW ZLWKTRNONDBSOURWKXWDORYY DV WKH SRZHU HPL
LV YDU\LQJ ZLWK WKH FXUUHQW D FDOLEUDWLRQ ZLOO KDYH WF

Figure 23. Measurement of the evolution of the emission spectrum of a typical single mode VCSEL chip

accordina to the applied current.

ORUHRYHU D EHDP VKDSLQJ KDV WR EH GHYHORSHG WR UHGXFF
HIILFLNS@LBR ZOWRJIWIKGHREM\LIEGBWNIRF@ERWMR WL]H Rl 9&6(/ FKLS

43



LV RQOXPi —Pi —PDNLQJ D PLFUR OHQV RRR QOWRQBEWHE XDO F
FKDOOWEWKRGV EDVVREVWRIFRPEEQWLRQDO SKRW R EHRWKRJIUDSK'
DSSOLKPE@®MHIUDWLQJ D PLFUR OHQV RQ D 9&6(/ FKLS ZKLFK LV
W KHUHWMILENY )RU WKHVH UHDVRQV ZH GHYHORSHG WZR GLIIHU

[1.4.2 Micro -lensfabrication by direct laser writing (DLW) and inkjet

printing

,Q D VWDQGDUG ZD\ L H GXULQJ FROOHFWLYH IDEULFDWLRQ DW
D W KSLKFRW RWHPK. WWZ B8 FIGHSRVLWHRREWYQUQ+RZHYHU ZKHQ FRQ\
IDEULFDWLRQ RQ D VLQJOH 9&6(/ FKEBTKDY¥PQEH PDRDPDRONVXWHD F |
VSLQ FRDWLRYEMH XVH RI D GU\ ILQFN VBME®IEH HR/AWKWRFEBRWIQGH D
JRRG WKLFNQHVV XQLIRUPYLWAE&RPWHBRN® HGVK EHRWH WKDQ
GHYLDWLRQ SURGRMH® E\WISHQRUPHG GU\ ILOP KDV VPDOOHU Y
SHUIRUPV EHW WGIUI R PRMWUIRD RILV XVXDOO\ GHSRVLWHG XVLQJ C
ZH WDNMWDGHWIRQ D VRIWHU PHWKRG UHFHQWO\ GHYHORSHG LQ |
QDQRLPSUXGWL@J VHW

$FFRUGLQJ WR SUHYLRXV ZRUNV DQG H[LVWLQJ HTXLSPHQW FF
SURSRWSIGFDILF SH® BHRWREWVILDR® D Q GM M WWAHKHSR MQW URQ RI WKF
OHQWHW 1X00 SKREEXVEV @KISDUW RI WKH ZRUN ZDV GRQH LQ F
ZLWK < >=@KRV PHWEBBLD/QRLPSULQW FHINKM/K PIHVDRN WV & DIWQ W L Q J
SRO\PHU ILOPV RQSIRYVLBBH/DPSOHYV
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Figure 24. Procedure of VCSEL based mieoptical system fabricatiofi82]

. SHGHVWDO IDEULFDWLRQLBWPV: LQ ")

)LUWWOKH 9&6(/ FKLS LV PRXQWHG RQ D 3&% 3ULQWHyGeFLUFXLW E
a).This adhesive is insoluble in organic solutions as acetoispropanglin order to avoid
falling off the VCSEL from PCB in the subsequent developing proddssbonding layer needs
to be thin and uniformto ensure that the emission angle of the VCSEL beam is perpendicular to
the PCB plane.

$1WWKD WV IOREVRIW SCDMRFHYV LV FDUULHG RXW WR UHPRYH LPS)»
9&6(/ FKLS ZKLFK LV DOW KRR &\ FLRIFQWW ERRUG $IWHUZDUGV D VV
GU\ HSR[\ QHIJDWLYH SKRWRBKHYHWYW. VLGRSRIVIWHG XVLQJ VRIW V
7THWRIW WKHUPDO LPSULQW VWHS LV UBR® SJHEXBILGYW BNW QR QH
PDFKLQH GHGLFDWHG WR QDQRLPSULQW ZKLFK DOORZV D VXIIL
VXEVWUDWH LQ RUGHU WR DYRLG EXEROHAWXDEG IDROH WR DS
36, EDWKWDQNV WR IOH[LEMXR ZQLRBUM @HWHFKQLTXH LV HVSHFLDOU
VXLWHG WR LPSOD@W®DE@e RUMEMOGH V

7KH QRPLQDO WKLFNQHVGEWRIIWMKXKHFNRHLGH' KDYH WR SULQW  ILOPV
D SHGHVWDO KHLJKW KM DK HUWH G/ KD Q —P
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d u% E §
. VQ}CEO

Figure 25. View of the VCSEL chip assembled on a PCB is sandwiched by two elasticAilsosficient vacuum is
used to imprint dry film on theon-planar sample. A temperature detector is used to control the temperature in the

pressure chamber.

$1WHVYNWEHF HS VL QWA IDEKH WKLFNQ B VIWVUR )WRHIOIKKNMOD QR BWW K H
ILQDO KHLJKW WKHOWDMIMXDSO\LQJ DQ HTXLYDOHQW SUHVVXUH
DUHD OQI®MRGD VWURQJHU ILOP GHIRUPDWLRQ 'XULQJ WKLV SUL
GHIRUPV WKH ILOP DERYH LW DQG FRPSUHVVHG WKH ILQDO WKL
FDQ KHOS WR LQFUHDVH WKH ILQDO WKHNNQBVAK LEXWL ¥ HS R OMR L
UHODWHG WR WK\ USIUGHXV X D €@ Bl SRROBIMAKIAV X UH ZKLFK LV VHW WR ¢
WKH SULQWLQJ

,Q WKH FDYB\RU DV WIDRMNMR VF K HHPLQVWHDG RI WKH —P H[SHFW!I
‘H VWXGLHBFWKRI UUIHOD[DWLRQ WLPH HODSVHG EHWZHHQ WKH

ZULWLVQUPI LQWHUYDO JUHDWHU WKDQ KRXUV DW URRP WHPSH
SRO\PHUV WR UHVWRUH WKH PRVWIQDEDNULIRU BPMMYWBDRQ KRXOWDYDYV
DOMRFHOHWNR A XWWIRRXW WKLV VWHSH G\HWVHIVIDIDL B DYQER / KRUWHU
UHSURGXFLEOH

$ VWDEN RI VHY HVUIOLF )®H VMLOPYV LV SUHIHUUHG RYRH W KMLKEH ')
DV LW LV PRVMBERWLWY WKH FRQVWUDLQWY LQ WEHWDWHULD
RITHUV EHW VRIQUWXGK 91&/6 (W@ GUUBISKH RGXFLELOL W\

7KH SHGHVWD ® HAWKIH KK FUIRDHQV IRFXV SODQH KRLUWWRRDV 7R L
VLPXODWHGDEHHUR URHl ')DWJH LPSULQWHG RQWR WKH VXUIDFH RI 94
SULQWLQJ

$V VWDQGDUG OLWKRJUDSK\ FDQQRW. BHFMS SIDVHIG :RKDWIXF K V/P D C
WKW EHWR/SGWWBORIQHGHBGMWLQRQLFRD BHEHD\FWDHIOKKLR G
DOORZRRGLIQPHQW IRU LQGLYLGKDO 9&6(/ GLHV

7TKLDVHU ZULWLQJ SURFHVYV LV LPSOHPHQWBHGREAL GBYWHRUWU 'LOD\
LUUDGLDWLRQ DW DQG QP DQG D VHW RI RSWLFDO V
FDSDELOLWLHYV —P —P DQG —P 7KH HTXGEBEPHQWLRQDOZUL
VDPSOHV ZLWK WKLFNQHVVHV XS WRILRBG7TBEQGQG NV RARR W UWRILOKRBH
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RI WKH ODVHU EHDP LW LV DGDSWHG W PR GUWXQ AR B RAMVRHUWHML V W \
D¥YHOO DV " SDWWHUQV

7KH —P GLDPHW KD \& MARHEMKWVIDHD) RQ-PVXUIDFH $0OLJQPHQWDRI WKH
ZLWK WKH HPLVVLRQ DUHD LV FURMADOQVI RW KW KHPHOS B Q PRAWPND @ B

QP DFKLHWHIGHZHWKLSPHQW HQVXUHV WKDW SRO\PHU F\OLQ
SKRSJRWWHUQHG DW WKH WRS RFBRWQUI$ IKHS VWAKIHNK: D/ WRIBG D S|
H[SRVXUH EDNH DW « FXULQJ IRU PLQV LV XVHG WR VWDELQO
RSWLPXP SHUIRUPDQFH $IWHU GHYHORSPHQW LQ &\FORKH[DQR(
IRU SRO\PINMUROBHOV B/EMWERMR QI D FH

'LWK WKLVRRHWKRIDWMH VKDSHV RI SHGHVWDOV DUH QRW SHUIH
GLDP HWHWMENGJEIMEANKD Q WKH ORRREQSDUUM QDIDUWLFXODU WKH ¢
ILOP VWDFN KDV D PRGHUDWH WDSHUHG VKDSH ZKLFK FDQ EH DV
VRPH H[WHQRBWIRPD ®QRBUWLFDO SR VLWILRY KRIDHEFIDH GI\DHIH IR F D C
WRIEHEG IRUH ODVHU ZULWLQJ DQG LW LV GLUHFWO\ GHSHQGHG
QRW NQRZQ DG HVWIR/ WKW DHRUH PHQWLRQHG XQFHUWDLQW\ RQ
LPSULQW V\MHSKLAVRZIBY JKWO'GRIQBWUWIG) YKIREBQWO\ LPSDFW WK
SURSDIDWWRE EHDP H[WHQW ED GREKH VR BERGHN/KIS BWE 6 O
GHOLPLWDW LR Q/\& B WUHEDPQHED PIO VR EBW OD\HU KDV D WKLQQH
EHF D XV H R KSMKHVD XS0 L HEX B QQUWW K H W\R B YLPBWK B@H VY WKH SU|
FRQGLWLRQV ZHUH RSWLPL]HG WR OHDG RRR \[L GRHIS &G XGHEWH V
VWHS

Figure 26. Polymer pedestals formed on mounted VCSEL chips on PCB by soft imprint of several DF films at

laser writing.
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. /IHQV GHSRVLWLRQ

$IWHU '/: VOLHSLG GDRBOGEWMARIVNHYHG RQWR WKH WRBLRUWKH SR
DQ MGIW SVHQWBEBQSRWGBURIGHR FRQWURO 7KH LEMD® HMHFW L
BURGXFHG GOGRSEGNIMNWHEBUMHKH PRYLQJ VXE VGLUIDNGH 8 RAKIDMDINRQ W R
KHDGAMDW DUH DYDLODEOH WR DGMXVW WKH GURSOHW GLDPHW
VWDWH RI WKH WRS VXUIDFH 'HSRVLWHG PDWHULDO LV WKHQ F
FKRLFH RI WKH PHWKRG EHLQJ GH3KI) &HKQMWPRWWRK H LRQNUBDRPRSIRW!
SULQWLQJ VHW [XSIXVHG @V VKRZQ

Figure 27. Schematic diagram of the inkjet printing sef@g]

%DVHG RQ JUDYLW\ DQG OLTXLG VXUIDFH WHQVRRHEN IRUFHV
KHPLVSKHULRMMXD WXKGDEROH R 7X P LGKMR DK\ VD REQ5E& HDVLO\
PRGLILHG E\ LQFUHDVWHIMHEWRISBAHWY¥HU RI

D7KHUPR FXOUHIB/HH/

7KH KRPPKH LQN ZH ILUVW WULHG LV FDOOHG &LSRO 7 EDVHG RQ
,W ZDV GHYHORSHG E\ -HDQ %DSWLVWH VREFHRZ I'YIRAE B Y0V V HULHY
EHFRPHKDUG SRO\HVWHXKUDRDNH E \WHKMDUFROUD WE @D GILEHDW IVARM YN
WKHUHIRUH QHFHVVDU\ WR SUHFLVHO\ FRQWURO WKH ILQDO OHC

7TRSUHFLVHOWKR BWSHFOWVWHG VKDSH IRU WKH PLFUR RV D FDOL

SHGHVWDO ZDUWVIXQHD WIEQG WKH UHODWLRQ EHWZHHQ GURSOHW
WKLFNQHVV RI WKH OHQV DXPH RIGI GWKHW Y B BHUW WRHHDW KIH IXREG W L R
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7KH SHGHVRIDWHBQUUEMD WIKPRUPHG E\ SKRWROLWKRJUDSK\ ZKL
FKHDSHODWKDQJUUWWQJ D XKMHBWDWWIIRQ LV DSSOLHG RQ 6L ZDIHU
PDFKIMMOR DGG OD\HUVLEBRY) LWV VXIWRFB SUHEYDXIVRGRWKH
WHPSHUDWXHBKHW®S®URFHVY FDQ ERGPRQH[HG \GR\BRE@®E\WW UFRIO EDVH
WKH KRILBKHNVEHMWD QRW LQIOXHQFH WKH UHODWLRQ EHWZHHQ O
WKLFNQHVYV RI OHQV VRDWHKIL W KX BEMMBRGDOMH/RXIFWM BRE® XTO DUUD\
IRU WKSsHVG HVW DOV

Figure 28. Pedestals array for calibration of lens thickness.

7KHQ WKH LQN MHWD G X [DCSG\OLGIBUED VL QMW & HH Q KR EFHRD RP G URS Z
FDQHRL IX UH WKLJKWPRVW FROXPQ LV NH BMW RV UBIQN GHIRHD BIWR/X
DQG WKH OHIW FROXPQV DUH DGGHG VHSDUDWHO\ E\ «
FKDQJIMHRNLUKWR@HKPUG EDNLQUVDWKH QZDWX@DH GNDIHQV
VKDRSIHXVHG E\ WKH VR ONHDQWKBNWDW R UEHE LGXQ L Q F RIEVUWR O WHB Q D

7R SURWHMAWLWKLYG \BHUXKEMW X2 PRI QXU HDVOKW LKPHHL. J KW V

2/6 FRQIRFDO \PEZKUREHARSIQHG IRU QDQRPHWHU OHYHO LPDJLQJ
URXJKQHVYV PHRP\VVXVHRHQWKH PXOWLOD\HU PRGH LW FDQ FDSW
VSHFIFRHQVLVWLQJ RI PDRHOU LYWL AGWKHHOQWBWLYLW\ OHYHOV D'
LQ RXU FDVH

7KH FRQIRFDO PLFURVFRSH XVHV IOXRUHVFHQFH RSWLFV LQVWH
WKH ODVHU OLJKW LV IRFXVHG RQWR D GHILQHG VSRW DW D V¢
SLQKROH ILOWHU RQO\ WKH VLJG@NO RUWR FID ¥ SSRALQ MF FDHXS \E K
LQIRUPDWHRQQ D 6 RMILAW WEKRWNMR UPD@E RKHQ FDQ IRUP D ' SD!
RI LWV UHDO VWUXFWXUH 7KLV RSWLBKOVGHIWH FW QW DU\ R D VDA
GHWHFWLRQ
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)LIXUWKRWWXH PHDVXUHPHQW UHVXOWKHKHRINRFG O IMHUHERMF RB |
GLUHFRWION VRVWHADWHYJ SDWWHUQV RQ WKH WRS RIXRUBDBR OHQV

PRUSKRWIRH\ DUH F DWMHSG C80QUBHD VX UHPHQW

Figure 29. Measurement of senrfiquid dimension of micro lens by confocal microscope.

JRU HDFK GURSOHW LQX WEKHHUV D B FFSRBEOA/XUHG WR YHULI\ WKH UH

WKH RSHHY B VDLYRIQ D JHHF¥ B d BH &EMHDG D W D DHIRKRMER KREMR R G
VLIH XQLIRUPLW\ RI GURSGJHKWYVBW QOIQERFHWRGT RMAIDHH WH W HX
DLPHG PLFUROHQV GLPHQVLRQV

80%

0% O e e

60% | X 18 droplets

50% Qo PUTTRAE s x 16 droplets

400 | i

0 :

30% @ x 10 droplets
20% ¢

Reduction rate

10% |

0% @
0 50 100 150 200 250

Baking time (h)

Figure 30. Measurement by confocal microscopy of thduction rate of heights of micro leas functionof the
baking timeand number of jetted droplets.
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ESB89FXUDEOH OHQVHYV

‘H QRWLFHG WKDW D PLQLPDO SHULRG RI PRUH WKDQ ZHHN LV
&LSRWKHUPRFXUDEOH SR@VRHD PRORPHLLML O BEG QR DDWHFRQG V'
7KH FRPPHUFLDO LQRDWHUKOB[IBRP OLFURFKHP FDQ EH SRO\P}
XQGHU 89 H[SRVLWLRQ 7KDQNV WR WKH LQWHJUDWHG FDPHUD P
IRUPDWLRQ FDQ EH REVH KWHEH BXK WHRD QHMIGP HRD QAR QG MDOLEUDYV
7KHHVDMKR Z[QLIRUH KRSWLFDO TXDOLW\ DQG VRRRWKQRING RI OH

'XH WR WKH IRUPDWLRQ PHFKDIQIFYAWVE \PY KB R HQWHEVNRRYWLQJ PHW
KDYH LQ GHHHG VPRRW K@UV X LAIP@H - UPHG E\ 6(0 6FDQQLQJ (OHFWURQ O

$W WKH HQG Rl WKH SURFHVV WKH ERQGLQJ RI WKH 9&6(/V FDQ
%HIRUH SUHVKRWLRWHMKMOMNRQZH GLVFXVV LQWKEREBH[W VHFW
HQFR X QXW @ BRBVW K R G

Figure 31. Micro lens fabricated by ink jetting on VCSEL chips and general view after wire bonding
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Figure 32 Micro lens fabricated by inkjet of commercial material Prielex&U

.,  3UREOMPYHGHVWFR®QWM\RQHVV

6LQWHH 9&6(/ FKLSV PDGIXBRBCGWHK H X QL | R X VB BNMWUK\H

LP SR WBDDEWHW H U RWRK R G SNIHRVEHIGHHFEN Q\ERA H WIL B BIBWK R Z
{ELIXUHDORUHRIYWKH S W& BN EIBOK AL QFRYGHDRS OHW GHSRVLWHG E\ J
GRARW WRKIP G KM PUWSHKHDISHR P HW L P MW R W WERZWLGHE D QGR H V

QRW UHDFK RXU GHVLJQHG JRDO

Figure 33. Inclined pedestal surfa@ausedy the surface flatness defects under VCSEL chip during assembly.

7R DYR LLG/ VBN-RD XWKUJRABVWHG E\ 3BV H[ADPES®/IWRQLQWDLQ
W RYHH U W IRA DVBHHMS HRA Y D@ @WENMRR OAVHHIH TODW QHVYV SUREOHP

1RUPDOO\ WR HQVXUH D VWURQJ ERQG W KWHRY ERRNOGHVW RR| JO X
EXLOSURWHFWLRRXDBODWS GXWR WKH FRQYH[LW\ RI LW DQG WKH
ERDDG/SHPASLF GU\ IDOPRQW —P ZDV FKNRVUNWAXQGLQJ SODQH G
LWV KLJK \LHOG DQG TXDOLW\ WKURXJK XQLIRUPWIHOMRW WKLF
HQYLURQPHHEBEYVYROYHQW IUHH SURFHVV
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7KH WKLFNQWMBNBIBUV RI :%B58PDQ UHDFK  —WOLZKKL\WR\LKLIKHU
WKW@H WKLFNQHVV-RR 9RBKN RQHOAHVEB\HU —P VR WKLV SC
VKDUHJWKWXSH GXULQJ VRIW SULQW RS$SHIL @K WDIQ 6 HS B R B/HIE MV IH
|ODOWH SKRWROLWKRUHBRKH V% 5 3 LDLIFO DQDMRISR/Z[RQBRUH
$IWBWWDQEDWU®BP GHSRVLWLRQ SWREHMYLEHNVBYR BWGRIOR U H
SURFBIQ8 D KDUG EDNUQBLEMWHDUH DSSOLHG RQ ') SHGHVWDO Wi
ERQGLQJ EHWZHHQ S HMEHV:\W%E 0O b QHQUERIG Q\OVGE \ D F H WIRHWH

VW D SRS WLAR @ KRS FRIP RW H - WX i UNB BBIEORWHDIEDL WM L D O FFRRGUMLLARIQ

LV WRR EDG

Figure 34. WBR film forming a «protection walb> to ensure the verticality of DF pedestal.

. &KDUDFWHUL]DWIKRQ/\RI OHQVHG
D/, EXUYH

$IWHU DOO WKHWH RI$&L@PV |PRAILSRKAEHVWDOV DQGHQUMWMM HHPLFUR
FKDUDFWRILWUM® LI\ WKH WUDQVSDUHQF\ RI WKLV IDEULFDWHG S

FXUYWHWRE6(/ ZLWK D Q G HZWWHKIR K M ¥ JOUHHG
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Figure 35. L(I) curve of VCSEL with and without collimation micro lens.

$FFRUGMKHWR® DV H/SHRBEWIDEBN®D XVHG E\ WKH SHGHVWDO DQG
SRO\PHU VWVUPHNOX UKE/QN H B W/LKRIQF U R ROQHIGDL JWKWAWKERK U U H Q W
WKUHVWR@GE (PIV WKH WRS UHIOHFW LI QMAIFW MOREBW S OW PSRZIHUH G
DW KIFDKHWHQWY FDQ EH H[SODLQHG E\ WKH IDFW WKH HPLWWH
GLYHUJHQW ZLWK WKH FXUUHQW DQG L VP LRUR®WAIHYG BERW R HFEW H
LV QRW XVHIXO IRU RXU DSSOLFDWLRQ DV WKLV FRUUHVSRQGYV \
ZLWK RXU KLJK 1$ PLFURVNVFCSRHREJRWRRRIGU H[SHULPHQWDO FRC
QR DGGLWLRQDO RS\®DPWH QIMQDE RAR®EHWAHOMRO§ R FRK®EH G
SRODUL]DWLRQ VHOHFWL RS VSLMHS W K. BKHHY MK RI D SRO\PH L
RI DLU DW WKH VXUIDFH RI WKH SRODUL]DWLRQ JUDWLQJ

EWHDBLYHUJHQFH

‘H EXEDWK WKH KHOS RI -XOLH®QQSREX D UIDRW H,U& |\BNELORKES HEQID F K
EHDP SURILOHU %HDPDJHG MWRIPHIQAH D QUIOMHY RI EDUH 9&6(/V

9&6(/VWHEH VFKHPDWLF GLDQUD® MV NKKRZEPIBI SURILOHU VRIWZDUFH
DFTXLUH WKH ' VHFRWIFRIRNY JUDSKY DORQJ WKH FURVVKDLUV E
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Figure 36. Measurement setp of the beam divergence of single mode VCSELs

7ZR LPDJHV' FODWEKIMDPU R I[) O3XW}D DUH VED PHRQYLQJ WKH GHWHFWRU
JLY B QVWEXYH AN UD Q WO\CDM HRVHKH LQWHQVLW\ SURIQOWWRR) D *DXV
UHFRYHU WKH EHDP DW& B@SGIKYHH GLN @ BHHQFIOR|I EHDP LV WKHQ
IROORZLQJ HTXDWLRQ

=

al—— @

7KLV ERBKUHELY YHU\ VLPSOH WR XVH ZLW&KVBBIXFHEHHIBYHKLSV
O L W U H QA HIDMXYUINRRIH@W H UVIRQFEILWHYWQW DSSOLHG FXUUHQW)
DQ\ FDOLEUDWLRQ

7KH PHDVXUH GVRSIL Y& W EFHRUH DQG D IW MK FORgR YXURBV HIUD W L R €
7KH DSSOLHG FXU U HG@WPHR CH IRBOWAENOH PHDVXUHG RXWSXW OLJKW
KDV EHHQ VLJQLILFDQWO\ UHGXFHG | WRIPHD® RIXRH-/BRWY FIWCH H W W
PP GLVWDERHVLV WRHYGXHV YHU\ ZRDD PZLODKV L R/Q NLHMWX DQWR
DFFRXQW WKH OHQV DQG SHGHVWDO GLPHQVLRQV
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JLIXUHD ,QWHQVLW\ SURILOHVY PHDVXUHG ZLWK WKH EHDP SURIL
PLFURIDHQWFDWHG E\ LOQNMHW ZULWLQJ

. &RQFOXVLRQV RQ WKH ILUVW PHWKRG

7R FRQFOXGWRIW XVHGWLQJ/RISD\EWBR@EMIN MHW SULQWLQJ R
FXUDEOMHJLEMWIR[VXFFHVVIXOO\ UHGXFH WKH EHDP QBE&HSVIHQFH F
DOUHDG\ PRXQWFIGHR 8 ZBKX®B%M G L P D[IMHOPLFURIOXL@®0QKE VHQVRU
FD QDEH R IRVUHEXV VHDGEROUFDWLRQ

+RHYBY DEPRYHWLWRHGRQWURO RI SHGHVWDOV VKDSH DQG IODW
PHWKRIGN $W QR WSSIR\F\ENEOHWUW R WSHGKNMWEW RXULQJ WKH VRIW L
ZKHQ IDEULFDWHG RQ D VLQJOH FKLS DQ DGM®Y¥®WWRWHQWGRI WKH
7R HQVXUH UHSHDWDELOLW\ LQ WKH PLFUR OHQV SDUDPHWHUYV
KHLIKW DHMAUDAWRHY) IRU WKH GURSOHW QXPEHUV WR XVH DUH C
&RQVLGHULQJ WKHVH FRPSOH[ RSHUDWLRQ YYHWWHNBNXLPWEBSORQJ ILC
DQG IPHWHKBG

[1.4.3 Micro -lensfabrication by 3D laser printing

' $GYDQWDJHV RI ' SULQWLQJ WHFKQRORJ\ DQG ZRUNLQ

,Q UHFHQW \HDUV DGGLWLYH PDQXIDFWXULQJ ' SULQWLQJ K
FRQYHQWLRQDO SODQDU WHFKQRORELRORDL@BEFHOLSRQBFDWLRQV
RWKHUV &RPSDUHG ZLWK SKRWROLWKRJUDSK\ ' SULQWLQJ RII

WKDW FDQ EH DFKLHYHG HQDEOLQJ FRHZOMEWIL¥BD VP HRVWK R 6K H'P S
LV ZHOO VXLWHG WR VWUXFW XUHVKHQB DWHRIRMH PWZDAZK® B KP L K UV
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VLQJOH GLHV 9&6(/V ,Q FXUUHQW RDLWNKGRN UWVKHKA FRBPHUSURQW
SURYLGH D FRQYHOQLHQRW WSQIRMVRW PS LU BRZ2& B VWHPV

$GGLWLYH PDQXIDFWXULQJ FDQ EH SHUKRBRHG EAH WIO DADUWLL RXE
DFFRUGLQJ WR WKHLU ZRUNLQJ SULQFLSOH WHFKQRORJ\ UHVE
ODLQ SDUDPHWHUV FMDE@ EHWRRBRROBCEHMHPSKDVL]HG WKDW GXH
QDWXUH RI WKH PDUNHMTXDRSEPHGWIVVXWGECOQBDFK \HDU ZLWK L
HQKDQFHPHQW RI WKHLU IHDWXUHV )RU H[DPISGHSBR®WLGHULQ
WKH .ORH 'LODVH +5 FDQ UWDW¥KJQLRPLE B QRO XR\ELLRRFHPSPHWQY WRY HU
> @7KLV LQFUHDVIHRIOZ D\WWVIRGERWEBRPLVH ZLWK WKH WRWDO EXLC
WKH ZULWLQJ VSHHG VR FXUUHQWO\ QR WHFKQRORJ\ FDQ FRYHL
EXLOG YROXPH QHHGHG &RQVHGHBUQW KK H DIIXH BHESWHRUB V@ H RX LRJ
RQO\ WEKRWHRQ SRO\PHUL]DWLRQ 33 FXUUHQWO\ RIITHUV DSSUI
GHPRQVWUDWHG>L@WKH OLWHUDWXUH

Table 5. Comparison between main additive manufacturing technologies for polymeric materials (adapted from
I1DQRVFULEH :KLWHSDSHU 3$GGLW LphétofP DROAPHW I DWQ R @G 1

7KH 33 ZzW®PEHWDIQYI WKDW WKH SKRWRVHQVLWLYH PDWHULDO LV ¢

SKRWRQV VLPWEWDQHRRVYOWLRQ RQE0RFFXWKHLIRRDEP B O D QYR
ZKLFK OHDGV WR D KLJKHUWRROXMK R @ RS ZWWWQQRW\ Rl WKH SUHV

*7 HTXLSPYIQMWODEOH WKURXJK WKW RXONWDIO) %X 2 WSHD /W LR/UWHFK QR O
"SULQWLQJ RRORKRBU/R OHQYV

Figure 38. Comparison of ong@hoton polymerization and twhoton polymerization.
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7KH 33 WHFKQRORJ\ ZRUNLQ 1|8U K QALKSHD I$ L /W FOV\OHOML WDR.WH G D W
SRO\PHUL]HG E\ DEVRUSWLRQ RI WZR CGKRMWRDYRSWERKDW BSQRRNXVI

ZKHQ DQ XOWUDVKRUW SXOVH ODWHWHKN YR FEXWH GVWILV KBAUGHA\DL QVD
WKH ODVHU VSRW WKH ODVHU SRZHU DQG WKH SURSHUWLHV RI
WKURXJKRXW WKH PDWHULDO RU E\ PRYLQJ WKH VDPSOH ZLWK D

Figure 39. Working diagram of the-photon polymerization Nanoscribe 3D printing machine. The subg¢hatea
VCSEL mounted onto a PCB) is dipped into the photoresist which is in direct contact with the objective lens.

$FFRUGLQJ WR D FRPSDURNM®@RI DVRVR WKL WIBRKWRYRILHY IRU SR
WKLV 33 DGGLWLYH WHFKRROREWKDRM KGYHKDGWOIBEWHRQ DQG
ZKLPRVWUDFWV P RAULHF BRWWILBFDWIFDQVLRQ GRPDLQ

7KLY QHZ WHFKQLTXH SUHVHQWY WKH DGYDQWDJH RI EHLQJ DS
GLUHFWO\PRWQIWBERYWVVHPEO\ VWDJH ZLWK WKH DGGLWLRQDO
DUELWUDULO\ DQ\ GLPHQVLRQV RI WKH SHGHVWDO DQG PLFUR O

. SURFBEMYHOR®HGHQV IDEULFDWLRQ

$V LOO XN WDUHHBK H VXEVWUDWH LV LP P HIUS/ DG TXGLLE SHG/ L ¥ QWIRW
EHJLQQLQJ ,Q RXU FDVH WKH VXEVW WHBNH B D7 R KQWR PV ORE QL
SXO@®MKH VXEVWUDWH XS WKH SRO\PHUL]DWLRQ RFFXUV OD\HU E
WKH H[SRVXUH LVGHQHOREBU BBROXWLRQ LV XVHG WR UHPRYH HJ
RQO\ WKH SHGHVWRO W®E PRPWR HQMVRQ RI VRXUFH OLJKW

7KH PDFKLQH PRGH B 227 XV,&G3 KH) Y66 1M $/ ADQRVFLEGP

IHPWRVIBKRYEEODVHU VRXUFH LV XVHG ZPLWAK D BREZEHU VURPRI
QP LQ ; < GLUHFWLRQ HQV XAKHY PLRANH KH QRV UWHNRIHX RAL FBBQJ R X Q G
i FP 6IPSOH KROGHUV L@ GH | BHURYQ W BIQ XEFDMKIUHHZ H

FKRRVH WR XVH WKH DIW/W V DGMRIS-HIRRIQBHELY W U W H GVRKLHF & Q\HR/ W

QRUMXQRFNQHV$ RI BR®&% LV FRPPEHQGBSW WRLV VI\VWHP
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N Uu% o0 Z}o E Ju ve]lveWw

171 ZDI
Aep @Y TA?TA?TXOUU
Z S vPRwiTo?60%iuu
Z}uv o Z\V¥o
] us idiuu TAXdu
11 PD\ %SZ 1Xio6u iXiuu

Figure 40. Different sample holders provided bianoscribe

,Q VRPH FRYWVGH UL QVDPERXWSRKIHWLR QB G QWINUVEDIS - RV LWL
ORQJHU LQ WKH GHIDXOW UDQJH VHW WIRHIL QW HAUK B FEH JILQ®H Q J X
FDQ EH XVHG WR GULYH WKH REMHFWLYH GLS LQWR UHVLVW

7KH PRYHPHQWLIRH AFRQWURBIRRG HE"RO YR P RGHDOYR PRGH WKH
PRYHPHQW SDUW LV ZULWLQJ ODVHU VR WKHKAUPHRKYGPHGEGWHG L
SDUW LV WKH VDPSOH KRO GHW I R WBH@WHWKHV KCH B RIUHV R Y O\ ORIQ

'LITHUHQW R E MWH @GIR HVD BIRE\ F WY WH R(Q \S U RFSRHRUSADLFHIGE ThugH
7KH [ FDQ ZULWH IDVWHU EXW GIHO\GH VKR D HO[RZHRUEHLB-FRRODEW. QR Q
W R VWXKEH W U D VD) @ DVKHHU B D 8 B B IWHRARHPRUMBHGRIV W U X FW LR QV IRU XV H

7KH SKRWRUHVLVW 'R3 BHRLRHIURPNWKH3HTXLSPHQW PDQXIDFW XL
VXLWHG WR IDEULFDWLRQ RI RSWLFDO HOHPHEWOOHIG'K/NLLJK DV
ZKLFK VWDQIGY IRWHRUDYDWK\ ZKHUH WKH REMHFWLYH OHQV RI W
LOWR WKH OLTXLG UHVLQ ZKLFK DFWV VLPXOWDQHRXVO\ DV DC
PDWHULDO D WHFKQLTXHUAMABEXMWLRROLDWED HUNR KL FKQ RSDTXH
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Table 6. Comparisorof different objects oNanoscribe.

2EMHFWV 1 i
IXPHULFDO
"RUNLQJ GL Y —

OLQLRDO
SHVROXWLR —F QF
6WDQGDUG F| ,36 |,3'LS

D/HOQWWGLJIQ

'XH WR WKH QDWXUH RI WKH 33 WHFKQRORJ\ WKH SHGHVWDO D
XQLW 7KLV GHVLJQ FDQ EH GRQH ZLGGKEY BRI HEBW L\RR)IDMZ D'URR P, © X
FDVH ZH XVHG )UHHR$UFBIQSREPOHWWAFUH &S RVEHVLIQ WKH SHG
PLFUR OHQV 7KH REWDLQHG GHVLJQ LV WKHQ H[SRUWHG DV D

XVHG IRU ' SULQWLQJ :KLOH WKH QDWLYH SDUDPHWULF ' &$' G
D FRPELQDWLR @ REHNAROL\GY @EAMBY VSKHUHV« WKH 67/ ILOH LV
RI WKH SDUDPHWULF GHVLJQ ZKLFK XVHV WULDQJXODU SODQHYV
PRGHO 7KH 1DQRVFULEH XVHV 67/ ILOH IRUPDW @N WKHLQSXW D
SDUDPHWULF GHVLJQ WR DQ 67/ ILOH DUH FULWLFDO FRDUVH V
EH GHWULPHQWDO WR WKH RYHUDOO SULQW TXDOLW\ ZKLOH KL.
DQG PXFK ORQJHU SURFIVVRLGG LAKLRGD@REHBDULQWY WR WKH SUL

DUH D FRPSURPLVH EHWZHHQ ILOH VL]H 0OE DQG SULQW TXDC
IDEHV DQG YHUWLFHV 7KH GLPHQVLRQV DQG 67/ ILOHV RI WK
oL Jx ulD
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Figure 41. a). 3D CAD representation of the pedestal and micro lens over a dummy VCSEHigHiighting the
dimensions of the micro optical components compared to the VCSEL. b). lllustration of the STL file mesh to
for the Nanoscribe 2PP equipment, comprising 22284 faces and 11414 vertices

E/HQOV ZUERQGUWLRQV

2QFH WKH 67/ ILOH LV JHQHUDWHG WKH ILOH LV LPSRUWHG LQ
7KLV VRIWZDUH ZLOO LQWHUSUHW WKH 67/ ILOH LQ RUGHU WR SL
UHFLSHV LQFOXGLQJ SDWWP Q WHH UK/RO L NRHQWDLG- LODN\ KUY WKLFNQH
OLQHVY GLVWDOQFH VFDQ VSHHG RU SULQWLQJ VWHIDWHBILHYV U
DGGLWLYH PDQXIDFWXULQJ WHFKQRORJLHV LV DOZD\V D FRPSU
LOOMWKUDWLRQ SULQWLQJ WLPH IRUDQ —P GLDPHWHU —P KL
WR VHYHUDO PLOQXWHV WR VHYHUDO KRXUV GHSHQGLQJ RQ WKH

$V IRU DOO SKRWROLWKRJUDSK\ SURFHVVHM A¥HHEBIM@ELEUDWLRC
GRVH RI H[SRVLWLROKEM WRQWEBRDIOH ® GG WIKH A U LAWLQIL QS R
OHDGV WR D ORZHRWHKBRBY XWH WPLLPGBQOVBREROHGEG BDRSAWUZKLOH ZU|
7KH VHWWLQJLRI HOSRVXHEBDWHG WR WKH PDJQLILFDWLRQ RI RE
PDJQLILFDWLRQ REMHFWLYH WKH H[SRVXUH$SRZIMU RVEKRXOG WH
RSWLPDO Y DO MWH/EKDUIDDWEWHXNVEKN WUDWH )RU H[DBSRO® DWHKHNDROZ H U
VXUIDFH VKRXOG EH PXFK ORZHWU MX®HR YHSRDNFPRIWXNVYNKUISDRH OH
GHIRUPHU WKH ' SULQWLQJ VWUXFWXUH

$ WHVW DUUD\ RI PLFUR SHBGWMWHORSBQGGRRLEURHBHRGWUUHHVR O X
SRZHUV DQG SHHG DAUJYKIKDG WR ILQG WKH RSWLPDO FRQILIXUD
SDUDP HWHU YYD —P VSDFH EHW2MKIK REANRHEWEGMMWDOQVZRUN IUH
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GHVWUR\LQJ WKH SUHYLRXV NFRQUXIFWLRIH | RAK MWK HVS DRID Y RHIDEGH
D UHDO 3&%

7TKIBRVW WWHWWE HIJWRRFR WULRIQQUVWKH 8/ DRI OHUIRGWME/ LRQ IRU

PLOQXWHV XQGHU URRP WHEQHIRSG X REFDERIMIKB QP LV ROQVW U X FW X L
SDWWHRHEWDLQHG

60LFH UHVROXWLRQ

60LFH UHVROXWLRQ

60LFH UHVROXWLRQ

Figure 42. Calibration of exposure parameters anoscribewriting.

‘H WULH®REL®QDWLRQV RI H[S R VXPHVBRZ@ BAHGN KD Q G
H[SRKUH SRZHU -ZPWKDQ@S@MG ILQ@®URBWLPDO SDUDPHWHUV Wi
VWUXFWXUHV ZLWK GLIIHUHQ[@LYOWRH UHVROXWLRQV DUH VKRZG

Figure 43. Micro pedestal and micro lens fabricated by 3D printing in three differentrebotutions.
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$FFRUGLQJ WIRP VKHA/IGKO VRKIUPRFWR OHQV PDIGWBIVEM[S KBRM B &/

VPRRW K WWKRIQ NWHHMKRG ZH FDQ VHH OD\HUHG SDWWHUQV WKDW
FKDQJLQJ ZLWK WKH \) RWMQ VROS\W HPDIDVRW X WETDEDW B M KHR X OW W H G
RI SHGHVWDO LV —P DQG WKH D UFKHKEU I WWQRK \BL P HRHYVRO@WX WV R
LRQO\ VRYAXNIFEXW ZLWK D UHVROXWLRQ WKH SURFHVV VXVWD

7TKHVHVWRSOHY FXUUHQWO\ XRGBWBRH¥FXOCOL{HRS D@ BEFPDLG HROHPHQ W
FKDUDFWHUL]D&& REQU XAVMI$O V

7R VDYH VDLSPHWEME  UHVRO@XMWLIRRQYV WR 9&6 (/3RKASI|PRXQWHG
[] .1 WKH VXUIDFH URXJKQHVV GRHV QRW DIIHFW WKH VXEVHTXH
EH PDGHKGHUBSSOLHG WR WKH 9&6(/ VXUIDFH WKHGHHIGIFWLYL
WR DGMXVW WKH ZULWRQH SFORFDSRCHW B W\WH GDIRG X/ LQJ SURFHVYV |
VWDQGDUG WKLFNQHVV VXEVWUDWH

D E

Figure 44. View of a VCSEL chip with a 3D printed lens in single step beforartd)after (b) wire bonding.

$VWHKUNMFKQDBSKWLFDEOH RQ WKH VXUIDFH RI 9&6(/ FKLSV GLUHFW
VWDIGRWKHU SDVWH P HW KX &I0VUDRR\S RWKRHE TEEAH FKLS FDQ
EH SDVWHG E\ VLGH DQG WKLV EX WIWIBEMD/KMNF WXWIH B ER WK R Y L

PDQLSXODWLRQV ZH WKR XD WMDMNHHOENYPHRR @/ KH&IR ¥ N WMBPBH FH Z
WR DY RWGODQ\
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Figure 45. VCSEL with a 3D printed lens and buried on a PCB with a wiring done before lens fabrication.

&KDUDFWHUL]DVGIHRYQ RHVOHQVHG

D/, EXUYH

7TKH ,FXURH 9&6(/ ZLWK DQG U MEBRKWR DAMHQR/Z[QL J X UJHD 7 K H
SRODU V]I OH RIPL. FORKHE NRHG O/MBIY&6Z/DQG IRXQG KLJIKHWBUNKDQ

WKH ILUVW PHWKRG

Figure 46. a) L(I) curve of VCSEL with and without 3D printed micro lens. b) Polarizatisolved L(l) curve of
VCSEL with 2PP 3D printed micro lens.

DLIXUKOOXVWHDMWE WWRSIK RKID FH LV QRZWWKRR VRRROKWLRQ R
WKRIXWSRWHU ZLMMKR LOBRWLIQLILEQ@XBQFHG E\QHADWKWHUWE H
SR O D U EJ®RDLR@ U
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E %HDP GLYHUJHQFH

%\ XVLQJ WKH RSWLFDOLITKCDXJ\dEWWlH]&DNN@.RSQYEWHIQFH RI 9&6(/ -
RU ZLWKRXW PLFUR OHQV IDEULFDWH|QELEXU,—$37KI—|SIRIXQW$IXQ\/J @ DMN

GLYHUJHQFH KDV EHHQ VLIJQLILFDQWO\ UHGXF®&G WKIRFGDDRXWB L
RI OLJKW VSRW DW PP GLKRAWBIIHO MRVD ERQ(VXZ MAXPWKWH VLPXODW
UHVXOWYV

D reference with microlens E

JLIXUHD %HDP SURILOHV ZLWKRXW DQG ZLWKIRYHW PHE®BR GRH Q% AHBVWHHRGUD V
ZLWKRXW PLFUR OHQV IDEULFDWHG E\ 33 ' SULQWLQJ

&RQFHWXHIPSDFW RI WKH VKV HE XG XD HWR/ WHKHDWFDQQLQJ
33 WHFK@RO®D VHH WKDW HYHQ WKRXJK WKH VXUIDFH RI WKH

WR EH OHVV VPRRWK WKDQ WKH RQH IDE ULLRMW H¥ KB \BR@MWSNW ZU
SRZHU DQG WKH FROOLPDWHG GLYHUJJHQHH H R KMK H 8 H LLOQMQ B HQY/H
,Q WKLV FDVH WKH ZULWLQJ SURFHVV FDQ EH ILQLVKHG LQ VHY

F 7XQLOJ UDQJSUDIQWHHIG 'OHQV IDEULFDWLRQ

7KH HYROXWLRQ Rl WKH HPLVVLRQ VSHFWUXP DV D IXQFWLRQ RI
LQWHJUDWLR @ LWL \RBIX UH7TKDQNYV WR WKH FROOLPDWLRQ HII
FROOHFWHG E\ WKH ILEHU LV PXFK KLJKHU WKDQ IRU WKH FDVH F
PRGH EHKDYLRU LV VOLJKWO\ GHJUDGHG 7KH UHODWLYH LQWHQ
WR EHULURU FXUUHQWY DERYH P$ 7KLV FDQ EH DFFRXQWHG I
GLPHQVLRQV ZHUH RSWLPL]JHG IRU DFKLHYLQJ D VLQJOH PRGH F
PHGLXP@KLV LVVXHVROXYMG EN XVLQJ GHGLFDWHG 9&6(/ FKLSV |
JUDWLQJ IRU DQ RXWSXW HPLVVLRQ LQ WKH SRO\PHU 1HYHUWK]
IRU DSSOLHG FXUUHQWV XS WR P$ 7KLV FRUUHVSRQGV WR I
VXIILFRHQRXU DSSOLFDWLRQ
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Figure 48. Evolution of the emission spectrum of VCSEL with 3D printing micro lens according to the applied

[1.5 Conclusions on lensed VCSEL sourcé&brication

7R FRQPMKGHSHULPHQWDO UHVXOWYV RI LQNMHW ZWKREZQJ PHWKI
W K DOVDEBN®WLRQHG SR OEPH Q JFIRWHHW UD@W SDUHQW LQ WKH QHD
HVSHFLDOO\ QHDU QP DQG DUH VXLWDEOH DQG VWDEOH IRU V

%W XVLQJ WZR GLIIHUHQW PHWKRGPLFQG CHRQYIQW Z@ JVW R FHY WY HYQ
PDQDJHG WR UHGXFH WKH 9&6(/ GLY HD YHHFH GMEL BRER X WQ VARHIJ U H |
7KLV FRPSDFW ODVHU VR XDKN \HPOLQV ¥ PR B WMLKEHD ¥ RIGIHDW PP

GLVWDQFH DQG FDQ EH VSHFWUDOO\ WXQHG RYHU QP XQGHU FX

[7DEdELVWYV WKH FRPSIRWETRYFZHA-BKWKRBQVLGHULQJ DOO WKH |
DERYH DV WKH ' SULQWLQJ PHWKRG WKDW ZDV GHYHORSHG IR
WKEBVIBUHVHQWY WKH DGYDQWDJH ¥ ERIRIDVWD WBHGXDOVF WRR R QUHA E |
ZLUWRXW KHDQWLRQ D VLQJOH VWHS ZH VHOHFWHG LW DV D SUHIHU
$ FRDUVH UHVROPADIRQQBIHHG WRWDOO\ VDWLVI\ RXU UHTXLU
PLFURVWUXFWXUH IRU FROOLPDWLRR @ D B M VERUERCPHORVGH G FIKQ S/ H )
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Table 7. Comparisorof performances betwediothmethod.

7. ONMHW S " SULQWI
3URFHVVLO YHZG D\V PLOXW
THDWLOQJ
AR URRPHPSHU
6X U | WRKJKC
MRS YHU\ ORZ PLGGOH
3HGHVWDO QRW SHUIHF DEEXUDW
SHSHWLW PLGGOH YHU\ KLJ
2SHUDWLRF
CRPSOMIL PLGGOH ORZ
SFFHSWDEL
SUWROGHU IR <HV
$SOLJQPHQ oP —p
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&KDSWHU |,

$QDO\WREBH®DY DQG VLPX
RI RSWLFDO JDV VHOQ
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[l . Analytical models and simulations of optical gas

sensor

As illustratedin| ) L J X U Hour microresonatois composed o& tapered S8 waveguide two

aluminum grating couplers for light injection and signal extraction, and a vertically coupt8d SU
microring that will be furtered functionalized for gas sensihgthis chapter, the size of each part

will be calculated in detail by analytical models and software simulation.

Figure 49. Schematic of the microresonator, including tapevesgleguides, grating couplers and a vertically coug

microring.

[l .1 Waveguide dimension calculations for singlenode

transmission

$ VLQPIRGIH ZDYHJXLGH LV UHTXLUH®G RGR DYRVLKUG AW UR B HHJ WHIFOV LL
VSHFEFVRORLGHULQJ WKH UHIUDFWLYH LQGH[ RI VHOHFWHG PDWH
UDQJH RI GLPHQVLRQ FDQ EH FDOFXODWHG ZLWK WKH PHWKRG E

7R REWDLE®GHLQUBBDJDWLRQ LW LV QHFHVVDU\ WR HVWDEOLV!
XQGHU IL[HEHRBMM.BDP FRQGLWLRQV 7KH WKHRDUHWLFODQDBW XG
VWUXFWXUH ' LQ RUGHU WR G HWGEBUFRQ\H MK AHRUWGHDQ WKKLICANXJH

7KH G LD MKRZ[QM RQUH
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Figure 50. The 3layer planar waveguide and @ssociated relative wave vectors

The Helmholtz equation solution in different regions allows us to determine the expression of
optical modes and the distribution of energy. To simplify the problem, the waveguide is supposed
to be perfecthhomogeneous in the {xs) plane. The waveguide is considered as infinite alang x

so the contribution of typgav— and% will be zero. The light propagates along Xhe discussion

starts with the TE modéhe electric fieldbeingoriented along thg; axis.

For a TE polarized optical wave, the components of electric field vector and magnetic field vector
are &ra, :%;1"°"7"V-'a; and & &9 V-Tqa %197 0 ZLWK & WKH

pulsation of wavand = koher the projection of propagation alottte % axis. Then the Helmholtz
propagation equation in the three different layers,2) can be simplified as

— s T EKGPIPFPo s Lt (4)

le -

The continuity of the field TE at the interfa@YTOP/SUS8 (at x = 0 and x = -h) gives the
solutions of , as
YN e 4 LERrQLLAN=@®EJC

's T L P% ? KMI5; E-OEN:; 4 rRTs RFD:S=RACQE @(®8)
% ?KIM F-OEDM?IA4>Ya T, QFD:HKSAN=@ @EJC
With q =¥:GJs:6 F Pand r=¥P F : G Jg;%the wave vectors, C and K being integration

constants. The field has an oscillating shape in the waveguide (field confinement) and decreases

exponentially (evanescent field) in the cladding.

$FFRUGLQJ WR OD[ZHOO(fV HTXD \hé¢ RE) vModeNalohh sRBsI@r L F ILHOG
expressed as:
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*o i Tor L % OB F -2 KOMs; % rRTsRFD (6)
&F—= %% 2 KOM F -OEDM?I A¢>0i 4 Ts QFD

Then these expressions can be usee@tivelthe eigenvalue equatioof propagation modeJsing
the condition of continuity for the magnetic field tangent@hponent at the interfaces &0 and
x1=-h), the constants C and K are eliminated, the equation being simplified as:

hq—2arctg® =ne (7)
with n an integer and a quantization number that represents theonaeade
With the same method, theomponents of electric and magnetic fields for the TM mode (the
magnetic field being oriented along the; >axis) are &ra v & 197" V-0 & and

& | 5110 V-Tq 4, %197 V-1 g so the final equation related to ttiéckness of the
waveguide layer will be:
D\/IthN?@fviAL Je (8
In this equation, n presents the mode order. Therefore, thafdahickness, that is the minimum

thickness of the guiding layeecessary for the propagation of wave of the diftl TM, modes,
are:

(%4, 5 : N
D LéxN?@@EJe’? 9)

{Ea) 5y - d N
] Léﬁ—N?@%AEJe? (10)

Based on these equationdjatlab progranhas been written to plot the dispersion curves of eigen

modes versus the guiding layer thickness, illustfated X UH

,Q WKLYOMWKUHWWUXFWXUH WKH HIITHFWLYH LQGLFHV JURZ ZLWI
LQGLFHYVY DUH DOZD\V DSSUHFLDWHG IRU D EHWWWUVWDQVQWLYL'
LQ VIRROGHW FRQILIXUDWLRQ DWZWXHIXDB8H WKBRHNQHOBY OHVV WKI
EH IDYRUHG
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JLIXUHLVSHUVLRQ FXUY HD#H GC gRPRBIHY( L QO WMKUWHWMU XFW X &K 7&23872E
WKH JXLGLQJ OD\HU WKLFNQHVYV

LWK WKH VDPH PHWKRG ZH FDQ XVH D ' PRGHO WR ILQG RXW W
VLQJOH PRGH IS thiR &Be] iDis\hedesary to transform tBenTfode and the TM mode

of the previous case, as shown in the top view of the gujuleme) L J X UH

Figure 52. Top view of the guiding plane

The width ofthe SU8 waveguide notedw, works as the thickness h in the previous situation

SMFt=N?BSAL | & (11)

with - L sfor TM mode, - L *. 4 *5® for TE mode. “TL ¥:e 0y F:ogocqy® &ML

¥ie 0458 F:eg05:8, m being the wave mode order angh WKH HIIHFWLYH LQGH[ LQ
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waveguide. Wethen calculatethe dispersion curves ofes | Z ZLWKusihD W& D E
aforementined methogdand obtained the resuiiown ) L J X U[H

Figure 53. Dispersion curves at 850nm of sEand TMn modes in a threayer structure CYTOP/SB/CYTOP. The
thickness of layer S48 is less than 800nm.

Based on previous experience on the Canon FPA 3000i4, the UV (38ibm@)ngrojection stepper
available in the LAASCNRS cleanroonma minimal waveguide witi of 1um has been defined in
order to obtain waveguides edges and esestions of good quality with layer thicknesses below
800nm.

By consideringthe dispersion curveaboveand our technological constraints, we can select a

suitable range for the waveguide width to guarantee simglge operation with the aforementioned

materialsBased on these calculated ranges of width and thickdd$d/ KHQ SURFHHG WR D SDUL

DQDO\VLDMFRFPEIPR®HOLQJ VLPXODWLRQ VRIWZDARORWRRQV XPH

PRGXOH WR ILQG WKH KEIHW S/DRDPFHWRPLN D QDD \VQYKKDK ILQDOO\
—PLGH ZDYHJXLGH

In the next paragraphs, we will determitneough the use of lmerical FDTD simulationshe
optimum dimensions for the grating coupleiise tapers, the microring (radius, gap) and the
CYTOP lower cladding thickness, that will all have an influence of the final performance of the
sensor. The range of waveguide dimensithat we determined in thégctionwill be used as a
working basis.

[l .2 Design of grating coupler

With the idea of a portabléntegrated micresystem, we decide to use a VCSEL as the optical
sourcefor our optical sensokVhile recent developments 3D printed structuref88] shows some
promising results for light coupling, these strategies arethmaughputcompared to wafescale,
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collective manufacturing techniques. While the VCSEL source, or the photodetector in our system
can be considered as reliable parts with lofegifhe, we furthermore considered that the microring
resonator should be replaceable, for example in the case of a degradation of the sensitive layer or a
pollution of the sensor. We therefore choose tornsee conventionarating couples, to obtain

beter tolerance to misalignment between the source and the waveguide input as well as simplify
the usually complex apparatus required for injecting light into micronic emsctmnic structures.

For agrating couplerillustratedin|)LJXUH6FKHPBWIDH:UDP Rl D VLPXO[:|WHG RXWS

Y-
F R X $ @éidan use the formulac £ L 2288 Y6

= .10 obtain a rough estimates of its geometrical
IxITTOUO

SDUDPHWHUV ZKHUH LV WKH L Q F LiGH® @ffeCligeirdlék, RlisW&K H 9&6(/ E
RUGHU RI GLIIUDFWLRQ VHULHYV LV WK HZdRi¥tHO¢recdWw K D LV Wi
index of cladding. We take m=sb that only lorder is supported-or a given wavelength of the

excitation source ahmaterials, e design parameters of a grating couplers include period, duty

cycle, etch depth and thickness of th@veguiddayer, which will influence the effective index.

According to the formulathe optimal incident angle of the excitation sourcewgs with the

decrease of the grating period. On one hand, we wardke the incident angle as small as possible

to simplify the injection setup; on the other hand, we are limited by the stepper lithography
equipment that does not offer sufficiently higdsolution to obtain grating periods of 700 nm or
less.Considered both practical and technological constraires;amsidered that0nm period

FRPELQHG ZLWK D RI OHVV WKDQ f UHSUHVHQW DSSURSULDW

Figure 54. Schematidiagram of a simulated output grating coupler.

We modelled the structurgith two source-detector setups. In the first setup, the light enters the

waveguide from the left (#plane butt coupling) and then is diffracted by the grating in a specific

DQJOH 7KLV ILUVW VHWXS KHOSV XV WR ILQG WkKEH RSWLPDC
grating period, duty cycle, etch depth and so on. Then in the second setup, the light enters from the

top of the grating coupler (vertical coupling) and is then diffracted and guided into the waveguide

core (SU8). This model is used to simulate thgimal position and incident angle of the VCSEL

source beam. The collection of the coupled signal in the waveguide layer along the direction of
propagation (the direction of propagation of light in the waveguide plane is the same as the
component of sourde the same plane) requires a longer grating period, which is favorable for the
fabrication, so we focused on this case.
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JROORZLQJ WKH FRQVLGHUDWLRQV DERYH WKH VFKHPDWLF YLHZ
)'7" LV JLYHQXWMH KM I&<723 68&<723 VWUXFWXURHQVLERQWZR R VDYH V
WLPH RI FDOFXODWLRQ DQG WR HDVH WKH FRPSXWHU PHPRU\ SUHV

Figure 55. Schematic of the model simulated with Lumerical, showing the two input sources, gusitien of the
two detectors used in the simulation to optimize both output (Source 1 + Detector 1) and input (Source 2 + D
grating couplers.

Since the VCSEL surface includes a surface grating, the patian of the source is stabilized, and

this maximizes the light entering the grating coupler. The preferred output pattern for the VCSEL
to maximize the coupled power will be quast mode. This is also beneficial for the micro ring

as TE modes always eifs a bettequality factor, and by extension better sensitivity (although
those two are not always directly correlated) according to the simulation results.

In the first configuratiomepresenting the output grating coupler, whbesSourcel and Retectorl

are active wetried a nested loop structure simulation including the following parameters of the
grating coupler: period, duty cycle, grating depth and the waveguide thickness. That means each
parameter will be scanned in a reasonable sfralexamplethe duty cycle wilktake values of 0.2

to 0.8with a 0.1 stepwhile the waveguide thickness varies from 4@®to 800nm with a step of

50nm, and the grating depth varies from O to the thickness of waveguide, with a stepnef 50

The software will try every combination attten gives the optimal match.

I ZH XVH IRXU YDULDEOHYV ZH WEKDHWIRRQIOHVMHIONLRIQQH\OWLY DN
GR WKH V IOesihipiiywthe Ralzulation, wehoose teset the thickness of the CYTO&wver
cladding layer, which lies between the Si wafer and th& Stdveguide layegt a thicknesseveral
timeshigher tharthe 850 nm emission wavelength so it does not influence the coupling efficiency
of light into the waeguide layer caused by constructive interferences. As the duty cycle of grating
coupler havea moderateffectonthe coupling efficiency compared to the other parameters, while
also being tricky taontrolaccuratelyin the manufacturing process whiclvitves in a chemical
etching processes, its initial value is arbitrarily set as 0.5, while the grating period is fixed at 800
nm as discussed in the paragraph before due to manufacturing condtraliratsconfiguratiorthe
simulation is reduced two levels of nesting, which reduce a lot the pressure on computer memory
and lead to more practical simulation times
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According to theparameter swege with a duty cycle of 0.5 and a grating period of &9 an

optimal waveguide layer thickness around 4@®gives the best coupling efficiency over the
VCSEL operating wavelength rangﬂaowConsidering a farication tolerance of
(x50nm) still guarantee coupling efficiencies above 12%. Besides, the heigi efluminum

grating coupler from 46m to 60nm does not have too i effect orthe coupling efficiency and

should be relatively easy to guarantee during the fabrication process as it translates to a tolerance
of roughly 20% on the aluminum layer thicknedsch is obtained by PVD.

Figure 56. Coupling efficiency of the grating coupler versus waveguide thickness.

This estimationof coupling efficiency provideasthe freedomfor choosingthe photodetector to

be usedThe emission power for a topical VCSEL can reachid@Ceven after passing two grating
couplers as incident port and exit port with a coupling efficiency at 10%afcii, the emergent
powershouldbe about5 pw. Considering that atandard Sphotodiode has a typical responsivity
above0.5 to 0.65A/W @ 850nm, the power obtained at the output grating coupler will translate
to a current in the range of a few pA whiwill be easily converted to an usable voltage using a
transimpedance amplifier with a 1 M gafmother advantage of using a 8% VCSEL source is
that Si photodiodes have aptimal responsivity around these wavelesgis Si photodiodes or
Si-based potodetectors are ubiquitous, this gives us plenty of options feeffestive integration

of the detector in the microsystem.

On the following step, we study how tkpot sizeof the VCSEL excitationlight source affect
coupling efficiency, based orSource 2 and Detector described iith an incident
anglevalue of 19°. The influence on coupling efficiency caused by the dimematio between
the VCSEL collimated beam siaedthegrating couplesizeis computed il-a maximal

coupling efficiency is obtained for a dimension ratio betwberbeanspot andhegratingcoupler

in the range of 0.6 to 0.8. Considering the propagation of the VCSEL sourceodliteation, the

optimal diameter of light spot will bender60 um at aworking distance of 2nm, so the initial
size of grating coupler will be 12000 pum.
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Figure 57. The influence of the dimension ratio betwdight spot and grating coupler on coupling efficiency.

111.3 Taper waveguide dimensiomg

Based on previous experiments and additional calculations with Zemax, the VCSEL will form a
light spot on the surface of the grating coupler in a shape ofum&flameter circlaat a working
distance of 2Znm. The previous coupling efficiency study shows that a grating coupler area of
100x100um would give a good compromise: thigans the width of the grating coupler should

be much wider thathe width of the waeguidewhich has been fixed dtum. Therefore, a taper
waveyuide is required between the grating coupler andsiingle modewaveguide tcensurea
smoothmode transition.

The tapetransmission efficiency depends on its lengtwidth ratio: fromour simulationshown
e canseethat for ratios above 8, transmission efficiency is maximied reach a
plateau Consideringthe 100 um widthof our grating coupler and tHeum width of our single
mode waveguidea transition lengtrof 1 mm is chosen, giving a ratio @D:1, thus gueanteeing
no additional efficiency losses from the taper waveguide.
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Figure 58. Taper guidgransmission efficiency as a function of the length to width ratio.

[11.4 Calculation of micro -ring radius

7KH UHVRQDWQWD 8RIGEE VE\ UMKIR PLWWBR FLUFXODWH DFFRUGLQJ W
FRQGLWLRQ ZBWK 3 WKH JHRPHWUIFRWBG U LP HD\DH UQRVWEHH B QG
HIITHFWLYH ZDYHOHQJWK RI, W K CGLHHK Y HXE @NEHH\Q B RIG DAY R K
LQGH[ GHILQHG DV WKH VROXWLRQ DVVRFLDWHG WR WKH TXDQW

)RU WZR DGMDFHQW UHVRQDQW HLIJH@RRGHWV:*+ \WKH\EIROORZ D |
'EZLWK )65 WKH IUHH VSHFWUDO WRIBQULHF B® 12 DHEOBIND WAKK VESHDW

VXFFHVVLYH UHVRQDQFH sHDZMNu_rstl&imHRMWWHVEDQDmW

ﬁ DV DQ DSSUR[LPDWH UHVXOW 7KLV IRUPXOD LOOXVWUDW!
m

PDLQO\ UHODWPARBWWR W KBLISH WZILMKR D UHODWWKE@ ELJILIHWH W\KHH U
SHULPHWHU WKH VPDOOHU WKH )65

7KH QP 9&6(/ VRXUFH W\ SRFDEOIHFAWHILD/O DWE P KEHL @ PWY \RIR Q
ZDYHORDQQWEHM X VW H & PR S/HKU W YIbPEE8D F F R WER. KD W D D IKQREE @Y

DOVR EH WXQHG E\ DGMXVWLQJ WXR FFX U@HQ RUW R UD WORH ¥ WHIE D[}
PRQLWRU WKH UHVRQDQFH SHD)¥% WK® GPEIEWR GHR/@ @D MORAF 1B R MH
SHULPHWHU 3 LV FDOFXODWHG VR WKDW WZR SHDNV FDQ EH FR

)65 QP &RQVLGWBQRJ)EW KLV OHDGV WR DQ HVEYLROAWHG UDGLX\
D ZKLFK VKRXOG EH DGDSWHG WR WKH ZKROH VHQVLQJ V\VWHP
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PLFUR ULQJ UHVRQDWRU EHLQJ ODUJH HQRXJK WR OLPLW SURS
VWLOO RIIHULQJ D FRPSDFW VL]H IRU EHWWHU LQWHJUDWLRQ

$OWKRXJIK LW ZzDV ODWHU SURYHG WKDW WKH XHXRDRQ JDGNMXIVWR I
WKH UDGHXWR/ BGDSW RIWKIEY FKDQJH
D E

E A il RUY EOA Ru
&NZ 1 XWwu &"Z i Xvu

FSR

Figure 59. Quantized resonance modes of a conventional micro resonator besides-maotenwaveguide

‘XH WR WKH YHUWLFDO FRXBQGQW KW KNPHREF KRWHHESSS KHUSKRWROL\
ULQJ GLDPHWHUV FDQNVEH BEREWRGFROVRENW HXKDLQJLQJ WKHUGHVLJIQ
PLFURVRQDWRU HOHPHQWYV 7KH )65 FDQ DOVR EH DGMXVWHG L
HIFLWDWLRQ VRXUFH ZLWK V RKXODOQH UQN XQKHE PEHEDR HHWHR[ZR 8 OHD
WKH YHUWLFDO FRXSOLQJ ZLWKR WWKH 20HMHN XEGE FERXE O KD QNAK
REWDLQHG E\ HWFKLQJ WKH &<723 XSSHU FODGGLQJ VR LW F
SKRWRPDVN WBHIKERKEBRQGLWLRQV

[11.5 Calculation of the vertical gap betweernthe waveguide and

the micro-ring resonator

The gap between the singleode waveguide and theicro-ring resonator is an important factor to
consider as it defines the coupling regimes: wudepling, critical coupling, and oweoupling.

In a vertical coupling scheme, the gap distance is stidaypper cladding thickness (CYTOP in

our case). The 2@nalysis or the 2.5D analysis mode of Lumerical are not appropriate for the
vertical coupling configuration; however, due to the heterogeneous dimensions between the
waveguide length (mm range), the ring diameter (tens of um) and the gap (nm rangejirgmula
the whole device in 3D analysis is not feasible using standard computing power due to the required
meshing. To overcome this practical limitation, we simulate only the coupling region in 3D. This
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allows us to estimate the coupling conditions and geaari appropriate gap dimensions between
the singlemode waveguide and the ring resonator.

7KH UDGLXWRQPLNVNUR[HG DW —P LQ WKH VLPXODWLRQ DV LW S
WR WKH 9&6(/ VRXDV¥H MX® DBRLY KW\ SRIFAMLIFPOO OHFVIOMPQJIJHU UDG
JLYH D KLIJIKHU FROQWUDVW LQ WKH RXMMHKIN BML JQKOHD RBKH. B D & DIW |
FULWLFDO FRXSOLQJ ZLOO EH DV LW ZLOO JHQHUDWH PRUH RYH!
I[URP WKH ZDYBIJWKGHULQJ

"KHQ OLJKW SWW® WHKIXRGH WKH PLFURULQJ FORVH WR LW ZLOO |
WKURXJK WKH HYDQHVFHQW ZDYH7KMKE R XIS\O LU HU ULHFG HOIQWF \F B M
ZDYHJXLGH DQG PLFURULQY VBKIS HUGIGWDR®/ LR ¥ UL QDEAW.RRL @B W H U L D
GLPHQVLRQ WKH JDS GLVWDQFH EHWZHHQ ZDYHJXLGH DQG PLFU
UHVROBWRW W DV WKH FRXSOALIQUIQOMWPRONMMRPGH N LV WKH FRHII
DPSOLIKAGK ZLOO GHWHUPLQMHWHION F\W X § QUE WERUWEBNVYISHU UR X

WULS GXULQJ WKH EEURX\DQ¥RRQUHQ WKH

Figure 60. Energy coupling schematic between a waveguide and a lateral micro resonator

7R NHHS DQ RSWLPDO FRXSOLQJ ZKLFK PHDQV WKH FRQWUDVW
D FULWLFDO FRXSOLQJ FRQGLWLRQ &KDQJLQJ WKRPLBDR LQIOX
UHVRQDWRU FULWLFDO FRXSOLQJ LV REWDLQHG ZKHQ WKH FRX
SHU URXQG W K HSU¥E\CAR®Ia&dEshectively the coupled energy intendiankl the

bend loss per lap in the resonatersus th@ap dimensionwith the simulation software, and then

draw the diagram with the calculated data to find the point of interseshah is represented

D LIXUMH

In our situation, the CYTOP/SB/CYTOP structure with the radius of miaing equals to 3@m

needs an optimal gap of about ¥80. Howeverthe total loss inside the micring is not only

affected by the bend loss, but also the surface roughness, the manufacturing defects, losses caused
by the interface and the material, which cannot be estimated precisely without experimental
characterizations. Since thgractical propagain losses are always greater than theoretical
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calculationdue to fabrication imperfectionse will try several gap values and miaiag radius
around these calculated values: whiiemicro-ring radiugshave to be fixed by the photomasks
For the radis of 60um, a bigger gap will be requirgthis requirement can be easily fulfilled as
different gaps can be obtained by adjusting the etching depth GMR®P uppercladding layer
with the same photomasks thanks to the vertical coupling configuration.

ORVV RI FLUFXO

Figure 61. Energy coupling curve of a micro resonator system for different gaps

111.6 CYTOP lower cladding thickness dimensioning

Another important parameter to be calculated is the CYTOP lower cladding thicknesterlto
evaluate the contribution diie reflections at the Si/fCYTOP interface that can translates either to
constructive or destructive interference studied the coupling efficiency dependence on the
CYTOP bottom claddingThis usually translates into a periodic relation between bottom cladding
thickness and coupling efficienag seen 1@ LIXUH

Figure 62. The variation otoupling efficiency versus CYTOP bottom cladding thickness

The light source position is not optimized in this simulation to reduce nested loops and pressure on
computer memoryso the y axis label in this resulisi shows a trend of changmstead of exact
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values. From the simulatiomesultl—Wecan clearlyobservethat the coupling efficiency

can be enhanced for specific thicknesses. Based on a compromise between better optical
confinement in the waveguide and manufacturing mecapabilities, the optimal bottom cladding
thickness is chosen as 8. From our previous experiments in CYTOP deposition and curing
conditions, e tolerance of fabrication error range is under sfdwhich translates to less than

10% variation of te overall coupling efficiency.

$IWHU DOO WKH WKHRE WMWY B/QXF\DRE WIRD MDSUHY ARENG HL Q

[ ] ZzZLWwkQ RYHUYLHZ RI WKH VHOHFWHG PDWHULDOV WKHLU GLPF
FRQVLGHULQJ WKH L QW H QTG RIX0\BSW RDIE RXQS S IR FBIQ 8 H\W V DV VF
ZDYHJIXLGH LV QRW UHSUHVHQWHG K$RRIQ ELXV WDRAHS B @/QZH AWK XLUGH
RXWSXW ZLWKRXW WKH JUDWLQJ FRXSOHU DQG WKH WDSHU ZDY
DQG ZLOO EH GHVFULEHG ODWHU LQ WKH PDQXVFULSW

Figure 63. Top view and side view of the detectiarea of the microsystem.

lll. 7 Designof the photamasks

For the waveguide output, we will test two configurations to reach the photodetector: out of plane
output withan outpuigrating coupler, and in plane output by beatipling This choice has been
made tocompare thefficiency of these two methods, and in the case of a much lower coupling
efficiency of the gratings than expected, could allow us to collect more output. power

Basedon the simulatiomesultsobtained in the previous sectiome proceed to the desighthe

reticles to be used for the Canon FPA 3000i4 projection stepper. The term reticle is more suited
over the term photomask due to the nature of the stepper system, as due to therprajgtio

small portion of the wafer is exposed at each expos@rece for clarity in the following sections

the term photomask will be replaced by reticle.
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JRU D SKRWRPBRN YHQYBEBIRQPOL VKR XU D SKDVNVBWDIJGBDMUG VL]H
XVXDOO\ YDULHXSUR®R VTXDUH *HRHKHWULFIVMQHEMOWRURP H
GHILQBLWKBVLRQV RI WKH GHXYWFHAM D RWHESISHRE GXIHHKGUY IURP D
DOLJQHU LQ WKDW LW XVHV D SURMHFWRU WKDW VKULQN WKH I
RQ WKH HT7KIKSBHRWHFWLRQ LV DORHKOWW KHRPE\WUHGXFRVORHV LQ FKI
GHILQBLWKBVLRQV RI WKH GHYLFHV7WR EHPHOR/HRRDBREIDWKKNFDO I
FRPPRQO\ FREMSAHNOMR VTXDUH LQFKHV +HUH EHHKWWLIFOH VTXD
WRH DORWRU; EHRWIHD QRQ )3$ VWHSIHS UHYHY WG @K H
UHWLFOH FRQWDLQV VHYHUDO SDW#®WHURPI HDRE® WIKAKZIBKHBRYH
For a standard hchesSi wafer it translates td 14individual areas that can be exposedbatches

with different settinggnd acombination of patternsn our case, a complete microresonator will

require three levels of photolithography, one for the grating couplers, one for thguidas and

one for the micraings.

Figure 64. lllustration of the size reduction from the reticle to the exposed wafer. Here the reticle features are

at scale 5, and the reticle contains 9 pattd&r33.

Basedbon the dimensiomsummarizegd) L J X U|t representation of the different areas of the reticle
isgiven ) L J X U|tbeven waveguides can be integrated within one area of the reticle, so we defined

several micreringsradius(from 30um to 90um visibleo(—:B)) for the finalexperimental
validation to release the complexity of adjusting the thickness of CY{@Rdefines the coupling
gapin the later etching part.€herally a larger diametaneeds a larger gap distant®reach the
critical coupling condition. Some waveguides with an increased widthuai Rave also been
included as well as an alternative option. As the difi0targeted waveguide thickness is
sufficiently small, this increasewidth should not induce a multimode propagation.

A total of five areas on the reticle (out of the nine available) are usedifdesignincluding the
two types ofnput/output configurations: a configuration with aftplane light input anéh-plane

(butt-coupling) output(combination 02) and (5)) and a configuration with outf-
plane coupling for both inputs and outputs usantical metallic grating couple(sombination

off ) LI X UH1) and (4)) ) L J X U[¢B) contains the micrangs with various radiuses and can be

used for both coupling schemes
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Figure 65. Schematic representation of the five over nine amgagable on the reticle. Each pattern will cover a
6.2x7.2mm2 on the wafer. A complete micesonator will be a combination of three areas of the reticle. Note

polarity is not respected for better graphic rendering of the schematic.

For the butt-coupling {n-plang output configuration as the light outputs by the end of the
waveguide a good quality facet is needed to endurgher light collection While for inorganic
materials this can be achieved by precautious cleaving of the wafeinitost impossible to obtain
optically correct facets by cleaving polymeric waveguides with polymer cladding. The other option
is to define the output facet by photolithography. Howevee, td the waveguide cross section of
about 1umx400 nm, problems i@ expected usingline UV exposuredue to optical effects the
desired orthogonal shape of the waveguidewitidikely turn into a rounded shap€o improve

this problem, & use the software GenlSyS Lithography Simulation software to optimize the end
shape on theeticle and geta betterdefinedwaveguide endAs this kind of simulations is highly
demanding in terms of computing poweie simplifiedthe problemby drawing two rectangles

with awidth of 2um and 1um respectively, to simulate Weveguides extremitieSmall squares

on the corners likallustrated iwhich is a classical correction method to obtain
orthogonal shapes Buch configurations.

The parameters of the waveguide materials, lkee3U8 photoresistefractive indexas wellas
the Canon FPA 3000i4/iStepper specifications were then configured in GenISyes.ugé two
embedded loops wranthesquaresize from 0.1um to 0.5um, and the overlap from Oum &ut
YLJIXUH
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Figure 66. The small squares added on the corner in the simulation

Figure 67. Simulation results obtained with GenlSys for different additional square size and avi¢hlipe
waveguide extremity. The best configuration obtained at O um overlap and 0.2 pm square size is highlighted
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By analyzing the results provided by the simulatioishowr} ) L J X U|Hwve foundthat the best
FRQILJXUDWLRQ WR JHW D UHJXODU HQG LV ZKHQ WKH VTXDUHTY)
to Oum so these correcting patterns were addeddavaveguide ersdwhenever it was required.
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|V Fabrication of the microresonators

, Q WAKLD/SWHKIHU GLITHUHQW IDEULFDWLRQ WAWKQHDCLHVWK RMW KW Y K
GHVLIHK® SVWHWH SUHYHN FWRBLGHULQJ DOO H[LVWLQJ PDWHULDC(
ODERUDWRPHWKRGYHKPWH EHHQ HYRO X\DKWHHIBU OL\WQ L YD URVRIXFOOHDWI S
UHTXLUHV WKH KDIXEHWLW WHWRPRKWA RFE D O O H GIELYDIQSVDUIW VR D QUK +
GLVDGYDQWDJHY DPRQJ DOO PHWKRGYV DUH FRPSDUHG DW WKH I

I\VV.1 Fabrication of the reticlesfor stepper lithography

7KHHWLF OHV U D QV S$\D B HRDAD 6 D DOMR/WHRIY G XD LDAY] R &/DS XFHDDXOU | D F H
FKURBKLFK FDQ EH HQJUDYHG ZLWRKKLSRO®\DGHWD RO KX 6 I5\DIW @ ¥
DFFRUGLQJ WR WKH SKRWRUHVLVWYV WKDW ZLOQ KHi XNW LEOWL Q J
FDQ FRQWDLQ VHYHUDO SDWWHUQV WKDW FDQ EH VHOHFWHG Il
VIXDUH LQFKHV UHWLFOH GLYLGHG IMFK DRRVDMALY XVHG DV GHV

5HVRO X /W RYRIXQIHD UH DBBVE MK H HG JH RIKW K HEENKOBIDLDL F D O
OLQHV DQG VTXDUHVQRI SROBIUHQMWHVLWRVFRYHU PRVW FRPPRQ U

PRVW FKDOWHQIL QY S$VIKWM JWEKW VR IUHRMERSOHWNWLRQ SDWWHUQV DUH
DQG NHSWHWWHLSDWWHUQW P D& MXWW XSVLHI RO HW KRVUIBE MMMKWH SKRW
VXFK DMSRKEBRMRFEWSWK DQG GHYHORSPHQW WLPH

Figure 68. Resolution patterns

7KH SDWWHUQ ZONZERQ WZDQEY WKHQ JHQHUDWHG LQ &,) IRUPDW
GHSHQGYV RQ WKH UHWLFOH PDQXIDFWXUHU DQG KDYH WR EH DG
LV HTXLSSHG ZLWK D +HWIGHW EHUW HQYDWHKIEEND WV O/ N WRIPH
WKDW DOORZV LQ KRXVH PDQXIDFWXULQJ RI SKRWRPDVNV DQG |
RXU ZRUN WKLV HTXLSPHQW VXIIHUHG VHYHUDO LVVXHV WKDW L
PDGH EVRSSDQ SKRRPEMIMNORRBRRWHEVB®RDHVQFH 7KH\ XVH DQ
$PHULFDQ ODVHU ZULWLQJ PDFKLQH QDPHG (7(& $OWD W
SKRWR PI\GNVHMILFOWVSH Rl PDFKLQH HQVXUHV D KLJK UHVROXYV
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):+0 IXOO0 ZL®WK MDNLERRAXPVYSRW VL]IH FDQ EH WXHORBLEFW RI-WKH
SKRWRPDVN EHLQJ GHSHQGHQW RQ WKH UHVREXAKIBRMUHKRVHQ D
DPLEXPIHDWXUH VL]H —P ZLWK D FULWLFBOG7&HPHQ@WVIORQ WHFK
SDWWHUQ UHVROXWLRQ RQ WKH ZDWKHZU W IKHDH S SRH UWXK\HH MH D W
IRFXVHG SURMHFWLRQ GXULQJ WHHDSWRIWHRDILWKRIJBRBW\R VIRV F
WLQLHVW SDWWHUQ R@WKIKFIED I GHNUBEQ WHDRKR X VHP DM\CKOHHV W | F
/1$$6 ':/ VIVWHP ZDV UHSDLUHG DQG UHFRYHUHG LWV IDFWRU\ SU
KRXVH

V.2 Fabrication process ofdesigned system

Based on previousorks in our research groum thefabrication processes of comparable micro

ring resonators, we anticipated that fabricating these devices is challenging. We started by
analyzing available Hnouse manufacturing processes that have been used in these previous
studies: the first option isased on nanomprint tecnology, a technique that has been adopted
during the PhD of Miguel Diegarcia[94], for the manufacturing of S8 microring resonators

and grating couplersAlthough challenging, this technique was adapted in tase asthe
evanescent coupling between waveguides and rings was achieved in a lateral coupling scheme,
where both elements are in the same plane. In a vertical coupling scheme, where the waveguides
and the rings are on different planes, it would involve adtep process that would require sub
micron precision in alignment, something that is not practically feasible with our Nanonex NX
2500 nanamprint equipmentNancimprint also suffered for odr drawbacks like residual layers,

and a high cost for the master mold manufacturing that was made-bétimelithography.

Based on previous results during the PhD of Farida Mefdieising the Canon FPA 3000ie
concluded thastepper projection lithography theoretically offers sufficiently high resolution for
our structuresand more suited to our vertical coupling schehaag nanemprint, and as such will

be preferred to the first option.

IV.2.1 Preparation of substrate coated by CYTOP

7TKHDEULFDWLRQ SURREKBEK Y DI ZILOWK DPSWRUMNDE <723 OD\HU
WKDW ZwWotov WKH ORZHU FODGKCH @X RA3WKKWHH G DLYHWRIHGSHURFHVYV L
0 ZKLFK LWVHGXBSWKH $*& FRP3RR\&/QO-BBOEADL+6125q
WHUPLQDO IXQFWLRQDO JURXSY WKDW DOORZV JRRG DGKHVLRQ
VXUIDFH WUHDWPHQWYV W PRQYWIIEMMAIYHORNVRRWRBHBRWMWKLFNQFE
UDQJH RIT —P RU ORZHU )RU WKL QQGRIOOD2INU WIWUBR® EE GLVVR
WKLFN ORZHY BPFEGBYRHEOH ZLWKRXWEG DG XNXVRQ R DWACIKD ) S D3
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SDUDPHWHUV DV ZHOO DV WKH FXULQJ FRQGLWLRQV ZKLFK SOD!
7KH FRXSOLQRIHWKFALHOQFWLQJ FRXSOHU FDQ EH DIIHFWHG E\ WK
LOOXYWIMUHHBLWK D GHSHQGHQF\ VKRZLQJ DQ PDOMPHKWPQDQFH R
DFFRUGLQJ WR WKH VWDWLR QB U \LDMHHU IRFE IVHRE VGG B & <7 2 3

OD\HU WERLBRQYBUWRVLWLYH LQIOXHQFH RQ WKH FRXSOLQJ HIILFL

%HIRUH WKH GHSRVLWLRQ RS LMD EDY %W OD\PIUQ\R[WWMDRQGDUG
SODVPD IRUPLQW L QI3D$ VIDPAWR LV DSSOLHG WR UHPRYH RUJD
FRQWDPLQDQWY SUHVHQW R @6 WIRH NORBMEE @ JR IEVINGL FRRWY PD AW L V
DSSOLHG WRWEHKY®UBW 7KLV VWHS ZLOO LQFUHDVH WKH DGKHUH
6L VXUIDFH

TKNSERDVEIHSRVLWLRAERIWKHQ FDIUWK HIG 6RX/W DOH.G~3JLRON H % 0
VSERDWKHB URWDWLRQ VSHHG USP DQBHDKEFIBDYHVEUWIDREQ) 5 MH G
DOO SOD\V D UROH RQ WKH FRDWKRY HWVE&D®@®RERWEHRDW) G MXQ/LWRIGF
DFFRWER QMKH YLVFRVLWR ARIEWKBH QHIKX BNHE@IQV V

$IWHU D FRXSOH RI H[SHULBHQWO/W ¥ H RE W DL QRYSHBW RBQ WSHHG F
&RPSDUHG WR RWKHU SRO\PHU FRPPRQO\ XVHG LQ RXU FOHDQUR
GHSHQGHQW RQ WKH FXULQJ FRIQHGRWE R QRS W KLV H GF PG ERWGR Q
WKLFNQHVVVRREBWRBIXGHSWKH VROYHQW LV FRPSOHWHO\ YRODWL!
WKH VXEVWUDWH LW LV UHFRPPHQGHG WR SHUIRUPKIL\QDO EDNL
DOVR HQVXUH D JRRG VWDELOLW\ RI WKH & +H7RIGQIRROZHIL FFIDD 8 & HS
+RZHYHKLWHPSHUDWXUH EDNLQJ LV SHUIRUPHG ZLWK VROYHQW
EH URXJK RUMDWQXKQIBHHQ ILOP WKLFNQHVYV PD\ RFFXU 7R DYRLG \
VKRZIQLURUH V DSSOLHG WR HQVXUH WKH VROYHQW GULHV VORZ
%LQGHU 2YHQ WR SURH WHQWDWHHDQIOREQSY WKH FXULQJ SURJL
DERXW XWRXQUWD SURJUDPPDEOH RYHQ RYHU D KRWSODWH DOO
VLPXOWDQHRXVO\
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Figure 69. Gradually baking process of CYTOP polymer

$IWHU GU\LQJ DW URRP WHPSHVD\E UGS LIJRIUW KR GYVWWHBX W L\RR |
EDNLQJ SURFHMWHBW LV WDNHQ SODFH WR UHPRYH JDV LQ WKF
VROYHQW EXEEOHV QHHG DQ H[WHQGHG WLPH WR EH WRWDOO\
DERYA ,Q ROMHFDV RXU WKLFRQBVYHUVREGI®RZ PLQV LV VXIILFL
DQRWKHU SUHEDNLIQJ BYIRFHVY IRW  PLQV VWHS WR UHPRYH L
GU\LQJ RFFXUV IURP WKH UHVLQ VXUIDFH VRRLIVRRNYWQW S QW
UHPDLQ LQ WKH UHXIQQIRHPGWQ R WWRKGRQXUIDFH (KRQ D ILQDO

PLQYWHSV ODXQFKHG 7KLV VWHS LV QHFHVVDU\ WR LPSURYH
PDWHULDO $IWHU WKLV |LRRROON® HBR Z\QKED¥NPWA&HYRBRBHWHP SH
SURJUHVVLYH UDPS &<723 VXUIDFH XQLIRUPLW\ LV KLJKO\ GHSH
LW VKRXOG EH HPSKDVL]HG WKDW WKH GXUDWLRQ RI HDFK FXUL
WKH WDUJHWMHG WKLFNQ

$IWHU WKH GHSRVLW Rl &<723 FODGGLQJ OD\KXVL®QWKH WKLFNQH
7THQFRU PHFKDQLFW® DS RUHB/ERVCHROARIRY @/ E\ DSSO\LQJ D VW\O.:
SUHVVXUH IURPKHWRUL @BLBKWHVRUMWKHQW LV WHODWEBEOM VLPSO
VFUDWNKW&E&HHYRUWKDW WKH SRO\PHU OD\HU ZLOO EH SHHOHG E
ZLWKRXW KXUWLQJ WKH 6L VXEVWUDWH ZKLOH WKH ZLGWK RI V
VW\OXVORPRIW HQP EEXLIQQVZR GHJUHHVRRI WKHH@RBIDFH RI VDPSO
JHRPHWULF VWUXFOXHU R HRA RWGH G FEIR W KD FSU B S BVW WKUHH
PHDVXUHPHQWY DUH WDNHQ WR YHULI\ WKHKEKWQWIWRRODMHW\ RI WKH

8VLQJ WEHUVAHEWHRAYDLQDO @H8TRAY WRILFNQFNVZKLFK PDWFKHV
SHUIHFWO\ ZLWK WKH GHVLJQ
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IV.2.2 Fabrication of Aluminum grating coupler RQ &<723 ORZHU

FODGGLQJ

8QGHU QRUPDO FLUFXPVWDQFHVY WKH &<723 VXUIDFH DW URRP
FRQWDFW DQJOH RI GHLRQL]J]HG ZDWHU RI DERXW f 7TKHUHIRU]I
GXULQJ WKH VXERMHWKEGQOS8 UWNFHHYV YV 7RLDODVRWOWP\SBEHWRWHIH
ZKLFK FROYDSW RINKBIXPLQXP OD\HU RQWR IRRBO RAHG3EY XZUHW F H
HWFKLQJ WWR \G BPWHRXWH WKH FRQWMPRYRDQOEBHMVRI &<723

7R WDNH DG Y DRNWDD & CRWMS LW RH ILUVW IDEULFDWLRQ SURFHVV
DOXPLQLXP JUDWLQJ FRXSOHU GLUHFWO\ E\ XVLQJ WKLV OD!
PDQXIDFWXULQJ SURFHVVHV KDYH EHH® SSUR SRMHIG [DAERIE0 L\PHS RK
DGYDQWDJHVY DQG LQFRQYHQLHQFHV VHSMLB@DY\ DFFR U GQMNUIRG
SUDFWLFDO H[SHULHQFH

7KLV ILUVW DISHVR@KKEKHO PHWDOOL]DWLRQ BL/RK BD\QVS$DIFD WHDC
(93 H DSRUPTWIE®MOWULHV RXW YDFXXP HYDSRUDWLRQ GHSRV
PDWHULDO WR EH GHSRVLWHG LV YDSRUL]JHG E\ WKH HOHFWURG
7KH VXEVWUDWH KROGHU URNBPWM\R H @ VDX\W HD X\QBLH R GRRGH SRV LW
WKLFNQHVV PHDVX4XPHW WEEDVW 6 03 @ DEDUREDODWRHSUHFLVHO\ PF
WKH GHSRVLW WKLFNQHVV 7KLV VWHS ZLOO IRUP D GLUHFWLRQ

Figure 70. First approach adopted for manufacturing the aluminum gratinglers.

WR LQFUHDVH WKHLRMXWKH W/ KRSOR SKV OSWBWWHGBEVW K EHIRUI
SURFHHGLQJ WR WKH QH[W VO/B\HRILQR M G H UD WKR) VIR D E LIDYLDIS RAUKDL
OD\HU ZH NHHS WKH WKLFNQHWQW RIRW KD \P DNHHY W@ E R YDIEFDY H

$FFRUGLQJ WR RXU BPSHIU WRKHHQW/LVP WEHWYRIHQ HYDSRUDWLRQ DQ
OD\HU WKH ORQJHU WKH SHUVLVWHQFH RI &<723 VXUIDFH K\GU
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WKLY PHWDOOL]DWLRQ OD\HU DV ORQJ DV SRVVLEOHVXQWLO WK
PXFK DV SRVVLEOH

$PJ= (&, SKRWRUHVLVW LV XVHG DMRGIBD W WHBIQSWR W H R\ WR @ .
7KLV SURGXFW LV RWRROMHMWBRVYWDWHUHVLVW VHULHV ZLWK KL.
SURFHVYV ZIKQARWVRWXWLRQ DV ZHOO DV WKH SURFHVYV VWDELOL
WKHRUHWLFDO PLQLPXP DGAWR LWQOHE GR\OUWILWOWKRWRUHVLVW D
ZLOO EH UHPRYHG DIWHU SKRWROLWKRLQHEKK ¥ KHZEIDOWS LRLUY WEW
IROORZLQJI WHWIBXKL@QLIXR\HBR DIWHU HWFKLQJ FRXGRREEBIGSO JUDW|
OHIW RQ WKH &<723 VXUIDFH

7R UHDOLVH D VWDQGD BRDMWIGQS URFG \G\H YW OIR YBWQWIVWHSV DUH

DQ DXWRPDWHG UHYVL¥KR )W R F B W\EBQY\VSHWRBA ) QD @ G N
GHYHORSPHQW RI SKRWRUHYVLY@QGRIQQ VERI\EE@®OESLIMMK RQ D | H U V
VI\VWHM Q HQVXUH D KLJK UHSHDWDELOLW\

7KH SDUDPHIGHUY RXUNHKRIZHLE) LW K V@ RIHOE W\ H [ RWXH H
SDUDPHWH U\D Q¥R DBED $OX WK X D W LRIQVF R Q WKW &<723

Table 8. Fabrication process of ECI protection pattern

6SLKRDWLQJ (9*
6RIW EDNH .V
3KRWROLWKRJU 'RVH
6BWHSSHU YREXV

3(%SRMWSRVXUH =+« VvV
'"HYHORSPHQW | (9*
5LQVH (9*

7KHQ D FKHPLFDO HW FPKU®X®EHREGIGY EVO +12 PO LV XVHG WR
HWWKH XQSURWH$WKIE $S9DFDRQHUEHWZHHQ HDFK JUDWLQJ FRXSOH
D SHULRG QP WKH VROXWLRQ HQFRXQWHUV UHVLVWDQFH WR HQ\
QHFHVVDUHWRVUEMMUIDFH ZLWK GHSRQPRVWFBDWIHWY SORHWFKLQJ
WKH (&, L®HPRYEHBKHWRQH

'XULQJ WKLV SURFHWSHG/HY AR Q 9©HQQ FHEBFNF UGG ¥RIWKIG | L QD O
JUDWLQJ PRYSOH WK H J OD VDHEED FRXEBHUVKH SKRWROLWKRJUDSH|

L@L I X ujD
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Figure 71. a) Wave shaped ECI stripes after photolithographyJigven pattern of grating coupler after
photolithography.

7KDW SKHQRPMQRQIWBRWMHEO HF W (R HDWMDWKIQWHUIDFH 6HFRQGO)
VDPHSRVSOUHDPHWHUV GRVH DQG | RAXDHNHWERIWI XDW LRIIP FIR KIS Q H.
VDPHSRVHGDVUWBBEZX UE % RWKWKHVH GHIHFWV KDYH QHJDWLYF
FULWLFDO $O0 HWFKLQJ VWHS

,Q DGGIMWLRRQG DGGLWLRQDO LVWXHVEINNEWE IR VIWEM[SREXWHG
VWHEMV S HEMWIRUHO D Q G [[SIRWEKHIHMBKID W DUH SHUIRUPH®VDW f& D
&<723 DB@GDYH GLIIHUHQW H[SDQVLRQ D QGVARQIWY KFHBMWA® WEHRF
WHQGV WR FUHEWHEWRIP FKDREW UR/ DWK W KO X UJH? @ VBH B EDFFHHP
FRXOEH) RWO Y 8 65UB\ K@ MQPH DIWHU &<ZR B RHRRHDRUAQEER F D W H
WKDWLYV QRW FDXVHG E\ W KR B BRISRUHDME RIF R KW 18K IHRRP® Q R Q
ZDV QRW REVHUYHG LQ RXU SUHYLRXV ZRUNV DV WKH $O OD\HL
ZLWKRXW DQ\ WKHUPDO SURFHVV LQYROYHG

Figure 72. Bubbles that appear at the-BYTOP interface due to heating
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$IWHU LPPHUVLQJ WHKRHH HADLIFHDJO LOWWWR HWFKLQJ VROXWLRQ IRU D
XQSURWHFWHG IS@QVDWRIEEH UHPRYHG 7KH HWFKLQJ WLPH LV QRW
WKXWHFRPPHQGXIBX OVIRAWH U DN/ LARR ORZHG E\LQPVBXIFWLRQ XQGHU
PLFURMWERSHNDQYWHH S HMWEF RIUGEIF B RMRRIWVKH LOQIOXHQFH RI HQYLURC
IDFWRUV VXFK DV RSHUDWLRQ WHPSHUDWXUH

$IWHU LPRMHKHYIHWI LQ W KHDERGMMQALRWY MR WKW HDFEOWHWGRDID
UHPRYHG ZRHQUWIKQGHUJRHY D ULQVLQJ VWHS IRGBUIFH® XWHV LQ
FHQWULIXJDWLRQ 7KLV GU\LQJ WHFKQLTXH LV SUHIHUUHG RYHU
LV PRUH UHSURGXFLEOH DG WKHILNY RBWA RHVYHEHRQH WR GDPDJ
IHDWXUHYV OLNH WKH JUDWLQJ FRXSOHUYV

'XUL@QBW HWFKLQJ ODWHUDO HWFWKH YRFFW U WDV DQHR XV
UHGXFH WKH ILQDO ZLGWK RI $0 @QRW HWV MWAR IBA& H VIRDMINB BMEDSBIR F |
DOzZzD\V KDUG WR NHHS VWUDLJKOW N®RAWUIRU WKH JUDWLQJ FRXS

Figure 73. Irregularaluminumgrating coupler lines after wet etching.

%DVHG RQ WKHVH GIFEHDYWOIU WHWEXWVLRQ ZLWK WHH 7($0 FOF
SODVPD HW FKADQW KSHLR ANBD® XIHBIO® FH WK H  ZIHW R W R K IUGF W WHKSH
LUUHJXODU VKDSHV RI DOXPLQXP VWULSHV %XW DV ZH QHHG WF
PLQLP LIGHNWRUH DW LSDRH7 2 2 QW HDQER 8 VLG HWIKGIUMKDY GRHV QRW
DGKEHO®WKH $0 LYW ADAH FK VGROMIDH BQWWHY J FRXSOHU SDWWHUQ\
G X U B QD HR\DF KZIK@UIH \{ XIGW WD W W H WWKY. WWRBWKR & ORIWH R HVLUHG
DIWHU X B YUDUMMIPOOR | YPWWRRGY ZH FRQVLGHUHGGURWFKDQJIH Wk
WR EUHDN WK UR X JK MK Bl SESRVRW RRIH@HIED:

,Q WKLV PHWRR& 7%WX B DGHSE ROWMWWHKEAHID G QQGIWEMO OD\HU

DW OHDVMYDQRWWR/HBSURYH WKH K\GVREKDR@E FAWHDRN & $W/KRKB JU D \
FRXSO¥HWVYH VDLG BRIUHIDWMWHORH EHWZHHQ HYDSRUDWLRQ DQ
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DOXPLQLXP OD\HU WKH ORQJHU WKH SHIZVIBMDMWMIW¥FH7RH&KDOR S VKX
LV VXSSRVHG WR EHI@H HWWQIHWWOWWD U WKREVWDELOL]H WKLV SDW\

Figure 74. Aluminum grating coupler aftdPlasma etching.

Figure 75. The manufacturing process flow of ifff method.

1RUPDOO\ WKWKHOP OFED B 0O\ VHR\H- & B GHE\F KPQ \3/2 PO +12

PO MXVW EHIRUH WKH VSLQ FRDWLQJ LQ WKH QH[W VWHS 8VXEL
IRU PLOQXWHYV DIWWS SOHW CHWH KRRQHD WKRIWRR DWY DVMWRIWR LPSUF
DGKHVLRQ EHWZHHQ WKH SKRXWR DUHNAL WW LIVEFED W K VWKHESML B QW H
VKRXOG HIEBHRLGVYH DFFRIJUSH QUMPHYWSSHUDW XUH KLIJIKHU WKDQ
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UHWXUQ WKH &<723 VXUIDFHKBRIFANH VKHQBBRQRREEBY GHVFULE
$IQDUVLVRQWKH KHDWLQJ Rl WKH &<723 OD\HU DIWHU DOXPLQLXI
WKH HITHFW RI1 UHVW RKIDQD WK H LK Rd WRISH RERQIRA/SBMKEIL Q FHU\LQJ

LV XVHG KQVRURW RDQ VXUIDFH ZLWK KLJK ZHWWDEAIRR WAWXKLFK
E\VSEEF® D WIKHIQGH G L F\W WHHGP D O O \RWBOREW RILVH \DISSMO LHG WR IRUP V
GHVLUHG VWUXFWXUH

7KLV W LFWKH-R WR WESHK R W RSRHVD. VMWW \ WIRB S BB VBB HY LRWMR O\ XVHG
REWWERP SO HPSRWWWHRSD\ SXWR | WK O MHVH WSKIDAM SRX WG\ SD U W
QHHGV WR EH FRYHUHG DQG WKH SUHYLRXVO\ FRYHUHG SDU\
SKRWROLWKRJUDSK\ DQZL QWK HE H FR2BHWXGI CER HAWK IMKDRAVILOYW  H[F
FRXSOIHIZKWY QPS@D\HU HW DVSRIUDGHM®& H GHSRVLWLRQ VKRXOG EH
GLUHFRH\RR®® GXH WR WKH XQ GRIU MW LSRR SMKMW PRWOIOVELOO IR
VHSDUDWHO\ LQ DUHDV ZLWK DQG ZLWKRXW UHVLVW 6R ZKHQ W
GHSRWRIQWHRGWKH H[SRVHG SDUWYVHXLLIN® @& HQIHFRX S\ORH URUP WK H

)LUVWO\ ZH FKRVH WHKH/GH JQ/MBKRMARSL V@8R DFFRPSOLVK WKLV SU
7KLV LV D YHUR IR DG\HGLH DO & LYK WIRUDGWM XYWV DEOH XQGHUF XW
GHYHORSPHQW DRENKPLKBORBPBREBEGQQW\WR RIILFLDQIKHFKQLFDO
[]> @WKH WKLQ@H\KWHFREW QWD QGDUGLW /DERMNL\DQG WKH

UHFRPPHQGHG UHVROXWLRQ Rl SDWWHUQ LV LQ WKH UDQJH RI P

Figure 76. Coating thickness of nLOF 2000 series photoresists versus spin [g¥ed.

$V RAWLWLFDDUMBRWRGAZH FRQFOXGHG DI WHKHDQI/RIF XY@ V WKDV
QRW UHDFK 7RXUP &/ DRM HWR OXWW R @ QAIP). WEKHDX & HIG UMAE YA H

FRDWLQJ WKLFNQHVV %\ GLOXWLQJ WKH Q/2) DQG $= (%5 VI
WKLFF@MW®DM; GHF UHPR HGAMP Q@RZHYHU ZKLOH WKH UHVROXWLR
LPSURMHKHBUD WKH X QERMNIFXWQ RW HDNKBG E$V WKH WKLFNQHVV R
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QP LWYV UHODWLYQP\KHLR¥MHRR DYBEMEKH HYDSRUDWLRQ RI $C
RQO\ IRUP D VOLFH RI ILOP ZLWK SURWWIXUEQY LQVWHDG RI VH

Figure 77. @) nLOF grating couplers after photolithography, without formed unddszthe evaporated Al forms .
slice of film rather than separated stripes after etching.

: H WU DHGGWWKRW VRIW EDNH DQG SRVW H[SRVH EDNH WHPSHUDW X
DV VKRZQ LQ RIILFLDO WHFKQLFDO GDWDVKHHW EXW ZH QHYHL
Q/2) WR LQFUHDVH D OLWWOH WKH OD\HU WKLFNQHVYV

7KH Q/2) GLOXWHG E\ $= (%5 VROYHQW DW UDWLR IZLOO IRUP
VLIQLILFDQWO\ KLIJKHU WKLFNQHVYV WKDQ LQ WKH SWKH LRXV H]J

XQGHUFXW :LWHZ WEKIH UHFRBRSOHUV ZLWK VM YREWDBDL GGV \E F\F O
DGMXVWLQJ WKHHUBEWYXBBWHG/ H

Table 9. Fabrication process of Al grating couplers with nL@ktion solution by liftoff method.

3UBUHSDU 6L ZDIHU QP &<723 FO
DIWHU DOXPLQL]LQJ DQG DH
6SLERDW 7 V 09 UPS $FF UPS
6RIW ED . v
3KRWROLW "RVH
\ E\ BWHS YRFXV
3(% Y
"HYHORSF 0) &' v
5LQVH " ZDWHU
OHWDOL]I (YDSRUDWLRQ QP $d
JLIWII 062 ° . K

7KH FOHDQ DQG WLGYG XD RQUH U QSH B B RBMIAMDNMGE W K H B DANHWR |

F\FOERYHDV FOHDUO\ 6Kk RZPQ QKWK H
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Figure 78. Aluminium grating couplers fabricated bt -off process.

)RU WKH JUDWLQJ SDWWHUQV ZLWK VPDOOHU GXW\ F\FOH WKF
DLIXUH KHHVLEBOCORL QXP ZLUHV W K DAY RWK-RGX (ZGH U B YGH. ESIHIQVB G D UF
JUDWLQJ FRXSOHU 6RPH RI W KMPL Q UBMPHHIDWL DR FRXF\DHE VDR &
LPSREQOH WRHWERH@AUHDVLQJ WKH LPPHUHWR @ F\OHDYDLVQURQ VPW |
L Q G L F DBUIR S\HLD WQHEHHRU RORWE/R OR X QG H K [ BIKVMERQHHILVE RRIG\L W L R Q V

IRU ZKLFK WKH GXW\ F\FOH LV RXWVLGH RXU WDUJHWHG YDOXHV

Figure 79. Aluminium grating couplers with residuals of aluminium lines.

$IWHU D GLVFXVVLRQURXSEK TWPEHP HQUVQHHODERUDWRU\ RXU HQJ
ODJHQT SGRORNEBWHUQDWRY H VVARIIBDON. IVRIGWWKHE MAKEHD UWXXW O D\H U
S K RVMARN.WW X FVOX WHID G LW LR QRD IO GHON KR @/ H G L SUGR WIRIFRMMBY L VW  Z L C
XQGHUF X W HOWSIRHGWR OCRR ILIKQH HYDSRUDWHGERNWWRGQOWEKIHOO EH
SKRWROLVSIORMWEBR KHQ WKH XQGHUFXW LV QRW HVWDEOLVKH(
HVSHFLDOO\ DW W K®D HEH HWF R H ROBWUSII®/ WHBHG\ WKLY D GRXEOH
VWUXFWXUH ZLWK D ZLGH WRS DQG D QDUHREVERMONRIPXIQGEH F N

+HUH ZH FRPELQHG /25 SKRWR UHVLVW DQG (&,/2%RORKWOG GHVLL
UHVLVWY DUH EDVHG RQ WKH 3®ROSRIQEG D P HWK\O® OLNAHMAHLGP IL IS W
RFULWLFDOGULQA KERRIO BYIRGBWINMBAM. Q FRPELQDWLRQ ZLWK FRQYH
UHVLVWYV /25V DUH DYDRODEOM W& DINEQBHBHBDIEG BV UIBW HV

UHVLVW G\WWYWRDRBWY FRDWLQJ WKLFNQHVYVY VKRXOG EH WKLQ HQR
HITHFW IRQ RAIKBBHDWWHUQ )RUPHU (&, SRVWMARWW XIS SGHABNW LV FKR\
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LRMIIHUV KLJK OHYHO UHVROXWLRQ PDWXUHO\ $V ZHHWHLYHHOUHV H W K
SDWWHUQ SRODULWARKD & D/6RV BHKU M YAHKUIDVQHI G

Figure 80. Normal undercut form anfiinctionalinterchangeablevo-layerform for lift-off process.

%\ XVLQUHWIKGBEOJHGRXEMHU FRPELQDWLRQ ZDV IRUPHG DV H[SHI

Table 10. Fabrication process of grating coupler by double layeofffinethod.

3UBUHSDU 6L ZDIHU QP &<723 FO
DIVKMGURSKLOLF WUHD
6SLERDWL| /25 $ 7 V 9 P §BF PUS
6RIW EDI . Vv
6 SLERDWL (& 7 V 9 P 8BF PUW
6RIW ED) .V
3KRWROLW "RVH - P
E\ 6WHSS YRFEXV
3 (% <V
"HYHORSP 0) &' Vv
5LQVH ", ZDWHU
OHWDOOL (YDSRUDWLRQ QP $¢
JLIRII 3* UHPRYHU . K

,Q WKLV SURFHVV ZH $RH PMHW L KL WK @ DRYUR WERRUZH U
WKH ILQDO DIV NQ DWWV U HGXW H WD KOH HEALF KOLR)ZIH R GXIVK @ J W IQN
GHYHORSPHQW VWHS 7KHQ D VRIW EDNH WHPSHUDWXUH RI
VWUHQJIJWKHQ WKH DGKHVLRQ RI /25 RQ WKH ZDIHU VXUIDFH

7TKH GRVRWAUWHSYV YDULHG IURIPFFRWERLQJ WR WKH H[SRVXUH SDW

(J)LIXUHWKLV UDQJH FRYHUV WKH H[SRVXUH FRQGLWLRQV IURP )
VKRZ@/KB 6(0 LRDOIKVIRI
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Figure 81. Distribution of different doses of exposure on the wafer during photolithography for the LOR+E(Ef

process optimization.

,Q XQGHURRSRVHEBLRQHD WHKESRVXUHV@EWHVWURQJ HQRXJK WR
WKUDXMEKH SKRWRUSNUNQN H[SRVWKH FHRIQWVRHGE WH®G F ERMWMWWR R DR

WKH SDW WHRI@Q HE QMNGIHO OUDWLQJ VKDSH LV R®®Y BDH ISR/ U
FRQGOWILRGE WREWDERWG F\FRFKEHWO WEE WLQ\ FRQQHFWLRQ |

ERWWRP FD QW RM/SWXSS W W WIF K RBURD IS ¥ R OVCKIHS Y WIDRV LOQJRFR' X S O H U
WKH VXEVWUDWH DIWHU GHYHORSPHQW

Figure 82. Underexposed (a) and overexposed (b) patterns of giainger after development.

,Q WKDWHFOWMHWRSPHQW VWHS VKRXO GS BH APSBHPEMIE@MH G P D Q X
/25 ERWOMRPBKLFK LV VPDOXFHDIW KD QG HIYW @& R SIRMDR WOH/ WDLQ WKH
Y LJIR GRX\H O RAPW RKMY DXW R P D)W HGJ|OK RER¥ RPH OLQHV RI WKH JUD
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FRXSOHUDSBIWIEHKDAQ QJ WKH GHGKORERHOWSRBMBISEGLHG E\
WKH HTXLSPHQW

Figure 83. Damage to the pattern of grating coupler caused by the flushing pressure from the machine of

development

SWWHYPKMRRQG DOVR EISWUBIWR DORRA GRU BU\DYRLMEKB SBOMIHIQJ |
GLUHFWO\ R@WKHVWZXIUODFHOV B JEI6 B WHWRY WEKXFWXUH 7KH GU\LQJ
EH IXOILOOHG E\ VSLQ GU\HWP XLWK D VSHHG XQGHU Uus

:H IRXQG WKH EHVW H{B BEMDWZAHSQU D P MWWRHREWWERE DSSURSULDWH

DOWHUQDWLYH XQGHUFXW $M VXKRZEP DQ DKIG 6/ R-ERERWDRMGVOK H
DOXPLQLXP JUDWLQJ FRXSOHUYV

Figure 84. a) Grating coupler patterns in LOR+ECI obtained after photolithography with @gdsses between 1(

to 1100 J/My b) Aluminium grating coupler obtained after completion of thedift process.

&RQVLGWHHQPDQXDO FRQWURO IRU WHU\ &R D00 RESEEH@WR\RGNE D Q
RI WKH VWRIGHHWHGRIS H \ L HZQ &/ K DWKH L. D RWR BEXKH WRXWKH QXPEHU
RI PLFURUHVRQDWKRUWLFR DHOLHQFH LV WROHUDEOH

105



IV.2.3 Fabrication of SU-8 waveguide and taper

7R UHDOL]H WKH ZDYHJXLGSKRWRRKRRWHNW WBRHUGEFDWHG E\ OLFUI
9DULHWLHV RI PRGHOV DUH SURYLGHG E\ WKLY FR@MBYH WR IXOI
D SUHFLVH FRQWURO RYHU WKH ZDYHBRD®H QUKEPB N QAN W HV \D GUWR
6L VXEVWUDWH UHFLSH ZLWK PLQRU DGDSWDWLRQV GXH WR WK

$IWHU WKH REWHQWLRQ RI WD RBRDLIDWNIDS EQ XWBIOHH SV RWHKWV LV
WKH 68BDYHJXLGHYV ZKLFK FRPSULVHV RQH RU WZR WDSHUV GHS
LE@ODQH EXWW FRISOOL@H GRD FRXAQWOMHUHD ZAARVK—-HP FURVYV

V H F W IKRIQI MBALLFQ SURFHAMEDM JLYHQ LQ

Table 11. Fabrication process of S8 waveguide and taper

USP DFF
6SLKRDWLQJ Usp  DEF
6RIW EDNH - PLQ

| "RVH - P
3KRWROLWKRJIUDS \ & byy,
3(%SRMWSRVXUH E| + PLOQ
"HYHORSPHQW '"HYHORSHUP L
5LQVH . VRSURSDQR(

$V 68LV D QHIDWNKH HFRMRWHREYHQVLWLYH HOHPHQWY ZLOO FKDQ.
ERQGY ZLWK WKH VXEVWUDWH EHORZ LQ RXU FDVH &<723 &
GHYHORSLQJ VROYHQW 7KLV LQVROXELOLW\ LV GXH WR DQ LQF
SRODUWWNMRIFWKRQDO JURXSV RI WKH UHVLQ

$FFRUGLQJ WR WKH SURFHVVLQJ JXLGHOLRHWRFRPPHRBKIP HRR
HQHUJ\ IRU D WR GPRHWKLVENRBBSULVHG EHWZHHIGIG ZLRVK - F
UHFRPPHQGHG WHPSHUDWXUH RI 7& IRUH[BRWYXWKHEDRHV EON H

7KH VWHSSHU IRFXV VHWWLQJ ZBP | \WR/®HVEIFROW PIBWEONX H R

PLGGOH RI @IXWHHB87KH |ILWKWWIHSDVUMD BHWKI UV OHG WR D ORW RI
VXEVHTXHQW ORFDOL]HBDSHH®L®HVRD WKH) 6BHYHORSPHQW DQG
ZHUH HVSHFLDOO\ YLVLEOHF WQ RVKXHRIPWIOW EDWHRXREWY ZLGWK

DLoxuH
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Figure 85. Distortions and misalignments of S8Jwaveguides on CYTOP lower cladding

$IWHU D VHULHV RI WHVWYV ZH FRQVLZBV KW WERVB GKKHWLBRQRUF
RWKH UHVLQ FRDWHG RQWR WKH &<723 VXQLDRUP IDVLEAMOL DA
&<723 VXUIDFH WKDW OHDGV WR ORHDWKGHVIVHDBBW UL Q7RVIKIHHMR D
SUREOHP ZH VUDQWHGEBDIQWDO® GRVH H[SRVXERIPEBEQWR ZLRVKFBQ
LQFUHDVHG 3(% WHPSHUDWXUH DW * WR VWDELOL]JH WKH UHYV
DOAXRGXFHG E\ WKH WWSGGHEGIN RZIBBMWIRGSHHUW HG D QG VHRPDWMKH

UHIHUHQFH SONQMID¥FKIH &KLFK LV QR ORQJHU ORFDWHG WR WK
EXW DW WKH LOWHUIDFH EHWZHHQ &&DY¥ 8 DXRGHU WERDIK G MWXKH D QUGN
WKH DGKHVLRQ WIWWKHNBVWZRHRH SDUDPHWHUV ZHUH REWDL(
HISHULPHQWY FRQGXFWHG ZLWK YDU\LQJ FRQGLWLRQV LQ WHUP

$Q LVRSURSDQRO ULIGMHJ LWHYHBO REPHGW WR UHPRYH UHPDLQLQJ
DOVR WR HQVXUH WKDW WKH GHYHORSPHQW LV FRPSOHWH LQ \
ZKLWLVK WUDFHVY DUH OLNHO\ WR DSSHDU LQ WKH SUHVHQFH RI

$IWHU HDFK IDEULFDWLRQ SURFHVV W KZH FlYBUIRH\G HX WIKQLF NDQ H \
PHFKDQLFDO SR FLRO®IPHRZHIKHIKE GH GLPHQVLRQ LV LQ WKH WDU
QP WR HQVRRBB W IFRIOH WLRQV

7KB(0 SLFWXUHV RI DFFRPSIDINVKGHE 5GG WD D@ W KRRRR® WDSHU
[] W FDQ EHVRKBWH WKHIGW D SHUH GDMFMWLRB® RRWHKBVEW KH $O JUDV
XQLIRUPO\ &RPSDUHG WR WKH QP $0O GVMIXIHAN QW VD/O PURK/AV WKHE@ F
WRMHU ZKLFK DFFRXQWYV IRU WKH REVHUYHG SCSDW DOQOW]HDG&V YRBZH |
ZKHUH WKH HGJH Rl WKH WDSHU VHFWLRQ DQG WKH JUDWLQJ FR
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Figure 86. Upper left: SEM wide view ofhte tapered waveguide and the grating coupler realized over a CYTOP
cladding. Upper right: Closep view of the waveguide at its thinnest section (1um width). Bottom: Tilted SEM i
at the edge of the taper, highlighting the smoothness of the surfaée despresence of the Al grating coupler.

7KLV LPDJH DOVR LOOXVWUDWHY WKH WH[WXUHG VXUIDFH RI W|
DIRUHPHQWLRQHGVR % WIL® LEBERWLRIWWIORQYLVLEOH DW WKH QDQRVF
RI WKH ZDYHJXLGH DW LWV VPDOOHVW ZLGWK VKRZV WKDW WKH
QR YLVLEOH GHIHFWV RU SHHOLQJ Rl WKH ZDYHJXLGH

JRU W@EB D QHF XMW QJ RXWSXDW ZRIQXQRIKE DWLRRVXUH FRQGLWLR
LPSURY HP MBOW RJ ¥IQEHV KIKREQ X UHLY QRW DV IRE WIKRX V LIPK O DW L R
REWDE\QH®X,V\V :H ZLOG FIREIS RXW S X W IFRK ILUR WD WL RERXSOHU F
FRQILJXUDWLRQ LQ WKH IROORZLQJ FKDUDFWHUL]DWLRQ VHFWL!
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Figure 87. a) Waveguide exit port by regular photolithography. b) Waveguide exit port improved by G
design.

$IWHU WKLV VWHS WKH VDPSOH LV UHDG\ IRU WKRKT2RB[W IDEULF
FODGGLQJ CGR&SRVX AHRTPXN.RVWIE HILQHRWIOR WS E\ WKH IDEULFDWL
PLFURQJ UHVRQDWRU

IV.2.4 Fabrication of CYTOP gap between waveguide layer and the

micro-ring layer

%HIRUH WKH FRQVWUWXPWLRHY ROPMRWP LIFWKLQ OD\HU RI &<723 Q
UROH RI WKLV &<723 OD\HU LV PXOWLSOH L LWHGHI@GI WPKHIH YV
PLFURQJ KHQFH GLUHFWO\ LQIOXHQFH WKH FRXSOLQJ FRQGLWLI
ZDYHJXLGH DQG RIIHUV D V\PIPFFHEWKLFRILYHEWDFWILFID Q@ QRU WK
FRQILQHPHQW LLL ,W FRYGHUR QWK HW EBPBLWRREH HSFRDMG WR W
DQG DW WKH VDPH WLPH DJRW G®H/UDWSRU RVDH EQV MYKH RS WU P XP FR X
WKH WDUJHWHG WKLPN@KQGPRU WRDMEOBHHUXIPAK D WKLFNQHVV F
GLUHEWOL®HG-EDWSDQ ZLWK DSSURSULDWHQGWRKWAHR®LRD WKE &
62/9 VRO®HQWR WKH WRSRORJ\ LQGHEFH® YENINKEHV QW KLK LERX
UHVXOW LQ SODQDULW\ GHIHFWV LQ WKH FERUSEH Q WERURBWDLVOK
SODQDUL]DW LERHWRM HHUF WW LFIRVD MJ \D LW KWL RNWHSL @ D\HU RI &<723 DQG
HWFKLQJ RI WKLV OD\HU XQWLO WY H> W\DBUJBEWHGE F\M K I FXIQ®\ B SLSA
LQ WKH WKHVLV>RI@ 'HOH]RLGH

7KH VDPH UHFLSH DV IRU WKH ERWWRP FODXPGWELRZWD\DXVHG $\Q
&<723 FDQ EH HWFKHG ZLWK DQ R[\JHQ SODVPD ZH SHUIRUPHG |
' (1(5 30ODVMOT RXLSFKEBWH DUH WZR R[\JHQ JHQHUDWRRDH WR FRQW
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WR FRQWURO WKH LRQL]DWLRQ YROWDJH WR LQIOXHQFH WKH EF
LRQ FRQFHQWUDWLRQ

%\ DSSO\LQJ SRZHU VHWWLQJVPEDUG P HQVR QIHM KRBT RQIHQ
IORZ RI VFFP DQG WKH SSURMPWDHWRIP\ RFT WKH &<723 WKLFNQHVV
HWFKO ®QH P®HQXWIHQJ WKLV DYHUDJEPHRMRX ZQW K SMKIKE RIRUHP H Q'
SRZHU VHWWL @JYD WEHWRXISQ@ ZQYHIXLGH DQG UHVRQDWRU FDQ
WKH RSWLPDO FRXSOLQJ IDFWRU

$Q REVHUYDWLRQ RI WKH &<723 VXU|ZDR EWDRQH G GG 9O DW B W R RIF
JRUFH OLFURVFRS\ $)0 LV SUREEBHPRFUFDRRBLQZLWK D KLIK UHV
RUGHU RI IUDFWLRQV RI D QDQRPHWHU ,W FDQ JDWKHU WKH LQI
IUHTXHQF\ PHDVXUH P HQWL 3LMRQ Q HPFH¥ K § QUR D FBSEWV/RIEGH Y H U
YHU\ FORVHG WR WKH VD PGOGVKN U FOUFFHH VERH W K B WQL IWRERY W K H
SUREH WREMK@HIRRIFGIHG WR IRUP DQ LPDJH Rl WKH WRSRJUDSK\

Figure 88. Typical configuration of an AFM.

,Q WDSSLQJ PRGH WKH FDQWLOHYHUVRRALIOE BWE RRNRXD W LIRWV U

VDPSOH ZLOO LQIOXHQFH W®GVI IRYIFE D WAIRIH GRUIHPHFIQHNQURIQUDHCH
VKDSH 7KLV PRGH LW IDNR® VRIGS HBOWRFW WKH VDPSOH VXUIDFH |
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%\XVLQJ WDSSLQJ PRGH WKH URXJKQHVYV DDXGCDW WH IDVHRS DIU®D S K\
SUHVI—LH TKSODWHRDFKLQJ KDV WWOHGKWIKON VIBWHFH URXJKQHV
VXUIDFH OHY HO X RUGDIDRALRR) WRP:H VHH WKDW WKH LOQWULQVLF
&<723 FRDWLQJ KDV VPDOO IROGV ZKLFK PDNHHWXHPHORRDN RXI
HITRUWYVY WR RSWLPL]H WKH FXULQJ FRQGLWLRQV

Figure 89. CYTOP surface before/after plasma oxygen etching

IV.2.5 Optical characterization for preliminary achievement

'H QRZ KIS3DHOML DF R F/SMOUHAIMRW XRIXU V\V W HP G & ERVR/ B FALKRQ J

ZH FDQUHD G\ VOQWIKWHWF RX IS OE IQHRQUFW KH J U DV$IDQ 1 FEaWWS30 H U
ZDYHIXWRHHQVXUH WKDW HQRXJK OLJKW FDQ EH FRXSOHG LQ WK
ZRUN DV H[SHFWHG

‘HGHVLIJQHG WZR NLQGOMRIIZOWWJIJWLSHH\R] ZDYHJIJXLGH KDV JUDW
HQGV WKH OLJKW RI VRXUF H RXBW H WHLGY BARWZKOHY HLIXK\L WS HI UMD WWHLQ H [
JUDWLQJ FRXSOHU W KWYRRRESIDD B G FOHRW W/ KIBRIXER WH WFR VWD UW |
PRUH UHOD[HG FRQGLWWK®VVEFRIQIZU DY RRESMNOMH J DIDSW D J

FRXSDEGFODYWDIYHJIXIXEIHD QH RXW SKRWX SIO HQ BWKNEW FDVH WKH GH)\
VKRXOG EH YHU\ FORVH WW KWK DL BN RSIRW WGWR FRRUIDIDHFEW W K D W
ZDIFOHDWYKRY¥OG EH GRQH DV FORVH DV SRVVLEOH WR WKH H[LW

,Q RUGHU RAUR FIRONOKNRWY R X JK WKH IDFHWYV RI D ZDYHJXLGH LQ VD!
FULWLFDO WR REWDLQ JRRG RSWLFDO TXDOLW\ VXUIDFHV :KLOI
E\ FDUHIXO ZDIHU FOHDYLQJ WKLV LV PXFK KDUGCHDFRRREWDLQ
FXWWLQJ ZLOO SURGXFH D ORW RI GURSOHWY ZKLFK ZLOO SRO
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FXWWLQJ WULFRL G /O OSHEH WVMRUH WDNHV OORAW RIH K BB, WL RN QWK |
FRQGLWLRQV RQ VLOLFRQ ZDIHUYV

7KH 6L ZD3HQ X¥KH ODERUDWRU\ KDWIXH FDQODWAWLK HVVIW D XWHW X
LW EUHDN QS UHKAL/BGI®KMISXE&D IHU RQ D SDSHU ZKLFK KDV YHUWLF!
JULGV :H DOLJQ WKH HGJH RI ZDIHH ZHWAD R HWIRJ EG B @G WO DR
7KHQ ZH SUHVV ZLWK WZHH]JHUV RQ RQH SRIKMN HRJ WERWEH ¥ M RW |
FURVVHV WKH JUIDELDORB S AXWWHMKRQ WKH RWKHU SRLQW RI L
RWKBDIHU WRRAHWHAXWRH JULG $FFRPSDQLHG B WVFDUWSQHDIFE L
VHSDDDWKHMB: KLOH UHTXLULQJ K LB WHBWKSRI® G\MLIE HEHW. FLHQW DQG
VLPSOH GDWREX@WSDWWHUQV RAWKHIVXUIDFH RI

Figure 90. Two-point pressing method for wafer cutting without damaging the patterns.

$IWHU {8 H U DPH MO/ W KLRXA B QWHK B DR XIS\ GHI\F KARXR OHS \DHHQY W
HQHUJFRRYD UWNKBHWRI DWL QR KRBXIKW GNKH DIGIE MVYR R M DG/AWI XV H C
SRO\ GLUHFWLRQDOO\ E\ 1UDJPH QRDMIAD WX W R ¥R PW HFEQ MERIN
VLIQDO DWRAWK 8 HHFRBB®RSWRIUDWLQJ FRXSOHUV RQ ERWK HQGV |

ILUVW LWHBBWLRRORE MXHK) LYXUBOXVWUDWHG LQ
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Figure 91. Optical bench for the characterization of the grating couplers.

7KH ODVHU VRXUFH HQWHUV SHUSHQGLFXODUO\ IURP DERYH WK
SRZWXQDEOEXDEHMHEBDGVZHHS Y SHUWREOVEUWH IJQLILFDQW RXWS
VLI@D®VLQJ D SURJUDP LQ WRIQ WRROXWK KN FARUGCHB\QHN \SFS § DHIG R
LWV RXWSXW SRZHU DQG VFIP WEHZDYRXQGIWKHZ LWKPDFHQW H U
7KH VDPSOH LV IL[H®\RBKD OH PR WXEOH Q ¥ WK BHS R OMR LERRW BWK H
IHZ WH®VHRIQ ;< SODQH WR DGMXVW WKH LQFLGHQW DQJOH RI O

$ GHWHBWRBRRAGWKH RWKHU VLGH WR FROGHBWUWKHFRRWIS X VEE W\LL
WKH GHWHFWR U HW 6XXaHHF MRGHRK X UH WKH RXWSXRXOLIXW FRPH
JUDWLQJ FRXSOHU UDWKHU WKDQ RWKHU UHIOHFWLRQ VLIJQDOV

2XU ILUVW WHVW PHILQD ZWWEHIE WHPLSOH ZKLFK FRQVLVWV RI &
$0 JUDWLQJ FRUCSBHED BHEIXDGB W K X2BSHOUDSGWEH ZDIHU KDG

WR EH FXW LQWR VRIRKG RISHFIHRD @ BBBERMIHDVHY WKKM ORVV RI V
7KH LQFLGHQW OLJKW DQG RXWSXWDO HIX \WDWPHRUE Hjé EK RZIQH L@
$FFRUWIRQWKH FDOFXODWLRQ RJ,V MK R'WWR © DLA) FROVEIOHUPISK || L F
SRO\PHU V\VWHP ZLW KRIDH U D WLIY L FROFHDIDPY RQ O\ RI LQLWL
SRZHU ZLOO EH WUDQV BR QWG WLRD W KHK Hi [ILDVE BIRRDW LR Q HUURU\
RWKHU LU U MKRCNDUNNGLIGIWHDO VLWXDWLRQ WKH ILQDO RXWSXW

113



WKH LQSXW YILBRQ O/ H¥ XWWKD W FARKXLEXD Y MM OKERVWRBIIP BE WKHQ HPL)\
DV GHVLJQHG

Figure 92. Incidentlight on the input grating (left) and output light obtained on the output grating (right) with &

waveguide covered on CYTOP lower cladding.

%\ VFDQQLQJ WKH LQFLGHYR @P DIQGHODWK QURWPKH LQFLGHQW DG
W 7 ERQIHG®WPKDW WKH LQSXW VLIJQDO DW QP ZLWK LQFLGHQV
SHUIRUPDQFHRUKHEHFERQGLQJ WR WKH VLPXODWLRQ

'LWK WKLV UHVXOW ZH ZHANKH VIOEREHDEOS DOQVRIEK-BEN BMRKH- H G
ODERWDRVRIRRWHUHYHUDO PRQWKYV 6XEVHTXHQ@WOI OVKZHQXWEHU
HQWHU LQ WEKHB VODERFWOON QUIBMAH WIHSE R Q W. QK H 2HABHYY R U\
UHVWHULIFWE QRW FRPSDWLEOH ZLWK WKH ORVMDEULFDWLRQ DQ

$FFRUGLQJ WR SWKHYLBEVLERWNRQWSURFHVYV Rl JUDWLQJ FRXSO
&<723 ORZHU FODGGLQJ KDY H WPHREHBO@HYHUD OV LN XA RQ V XPLQ
RITHULQU HSRRRIG X\FR HLPR @Y L GRHQW GOQWR WKH UHPDLQLQJ SDUW RI
ZLWQHDVLHU WR SURFHVY FODGGLQJ WR VSHHG XS WKH GHYHOR

$IWHU DQDO\]LQJ WKH SUREOHPV RI &<723 VXUIDFH WKH 6L2 O
VXEVWQIL WXWHIHPDWKRGQJ WLPH DV LW KDV XQLIRUP WKLFNQHVV L
EDNLQJ SURBIBGLW IFRRPEQQ WKHRRLWRIK 68,2 KDVVXEVRVEHXQO\
GHPRQVMWWBPMVBGWWHUDWXUH

R LQ RUGHU W RZ R/ SHUHRGIILREYWBKRIG DVS B KIHH G XWHBH |IXUWKHU
PDQXIDFWDXVQOQWLDWHZD ZLWREZHU FODGGLQJ ZKLFK KDV D VKRI
FRQYHQLHQW PD®XIDFWXULQJ F\FO

IV.2.6 Grating coupler on SiO lower cladding

$WKH &290DUJHO\WKNEGERHHRBULIJLQDOO\ SODQQHA! VRIFAFGRRUH H|
WR XVH VDPSOHDY WXDWYBNHIHBUWUHURU WKH QH[®W RWGEKBURWR/ KH
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DFFHOHUDWH WKH UHVHDUFK RI VXEVHTXHQW PDQXIQFWXULQJ S
RI' JUDWLQWRRXKKEOARO TW Q H HIR) MAH VDIHOOMHBWROREZ HU2FODGGLQJ
DWKLV FODGGLQJ LV HIDVALHZ IWKRDNHBUDRBWAHDED WK GXFH WKH PDC
Rl HDFK ZDIHU

$ UDSLG VLPXODWLRQ 'Z ZWHH/XFRAYRFENDUBH WRRG FRXSOLQJ HIILFLH
FRXOG EH PDLVQRRDUD  GLHWVL@®G HUKKHV L QJ FR XS GHKELGRERHQVLRQV
FODGIGQ BODFH RI WKUF @R BXEL Q R BH H, XL RKLE\ \KOWPHE BWHR Q  ZH
VDPH Y DO XH FIIRGH QWDHDXEIDRIG WO LQJ FRXSOQIR SHVKHRG
YDULHG WKH YDOXHV R$OGIXWDWLRDOH RXSOHQPVIDIFAN QBYVYGHQW
SRVLWLRQ WR | RPE VOO R B Q¥ [RAKOEDKEHDP @ MIHAHQW SRVLWLRQ LV QF
KHDN LW POQHE&RMWKRESWLFDO EHQFK LWRW WRM LHESKBRIHV KKV W
KLIJKHVW FRXSOLQJ HIILFLHQF\

$6L2%0 68 UDWLQIV WRXFOWKK MLPLODU GLPHQVLRWKHREHWIURD G-D
FRXSOLQJ HIILFLHQR\QDW KRLWKFDWH ZLWK D GXW\ F\FOH HTXDOV
WKLFNQHQY RAIKH REWDLQHG FRWS/NOAR) IJWH PIHFRIPESREA MK HV R
&<723 BB VWUXBOYXHE RQ WKW RLH\KBHWYRK DR AHHYZ FAMIRGGLQJ
SXUVXH WKHSIDERHVG\E DG RH BKRIFRRYNUQO WLPH

7KH WKLFENQBABRYHRIJ BDDGGLQJ LV VHW-WR WIR VKRE RBQMRMRIXIJIKUR D W
VWDQGLQJ ZDYHWVY2EQWAMHIF DD EBWRHUIDFH WR UHPRYH LWV L
FRXSOLQJ HIILFLHQF\ RI JUDWLQJ FRXSOHU DERYH

,Q DGGDWUKRH) ORZHU FODGGLQJ PDWHULQO L¥ FEB/®RIBG2IURP &<
Q # QPWKH GHMKHD Y H LEDIGAHY PR W UDRINR ZEHHMWRZODVRIGH Q J DQ G
68 Q # QRDYHJXUHOHK @QVDWWHQXDWLRQ RISWE@HKQVPLVVLRQ
DWWHQXDWLRQ FDQ EH ® RXQFHIDEDDRHYMHIGRAAAWL FDQ DV WKH
ZDYHJXLGH ZLGWK LV IL[HG E\ WKH UHWLFOH SDWWHUQV WKLV I
LI WKH ZDYHJXLGH WKLFNQHVV WKDW FRDVWELHD GWXQ® HEFHVY \PR G |
WKH VDPH ODWODE SURJUDP DV LQ RXU SUHO LFPPW®& Bl UJ HONHXY®\QINQ C
SDUDPB®BUWLEXPNVKLFRQHQY ZDV GHWHUPLQHG NHHSLQJ D ZDYF
WR—P7KLV WKLFNQHVV LQFUHDVH F6@ EH RESKRVQRIGHYLWW WK I
GHFUHDVH RRBDMWHQUSYLRHHG

7KH IDEULFDWLRQ SURFHVV ZDV WKHQ 9XUMXBIGG BUW K S IMKMHQ H
+2 +62 PLQV RU 30DVIRL 2PLQV E\ 7(3/$DXWWRHMBWRFHVV LV

DSSOLHGYWRRUBP@LF DQG PHWDOOLF FRQWDPLQDQWY SUHVHQ\

$IWHUZDUGYV 3D BYPMW D Q8KH® LITSRYMSRVLWURBHVV REWNHE WR
—P WEULPM\HU RQ WK ® E R/ XVEHVWHENWAHW. Q O NI BIEARHHD E W R/ R

DQ 5) HOHFWULF YROWDJH LV DSSOLHG EHWZHH® KDZROSODQDU
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JHQHUDWH FKHPLF DGO WAHDIFRVQYVRAG AERWIKWH WKLQ ILOPV IURP JDV
D VROLG WRVMKHEHNVWER +HUBDZRXOWHSSE &9’ HTXLSPHKQN
URXJKQWKM RDWHRQPARU RXU WDUJHWHG WKLFNQHWRV @RWK D WKLI
RQ RDQFK ZDOMWULUHWIODIMWY EHWWHU WKDQ ZKDW ZDV REVHUYHG
VRXOG SURYLGH EHWWHU FRQVLVWHQF\ RI WKH VWHSSHU H[SRV)
WKH ZKRGH RPIBOXPLQXP OD\HU LV VXEVHTXHQWO\ DGGHG E\ (9%
XVLQJ WKH VDPH UHFLSH DV EHIRUH

&RPSDUHG WR WRH HRYMOWHR @ MFR\DLVWRIQPIH G %BRWWRP OD\HU $QWL
5HIOHFWLYH IBIRREKGHPLFDOV RHPEG WMR WKH SURFHVWVWH RUH WK}
KLIJKHVROXWIKRWRUHVLVW %$5& FRDWLQJ LV WA\SLFDOO\ XVHG
SDWWHUQV HVSHFLDOO\ ZKHQ WKH FULWLFDO GLPHQVLRQV I
SKRWROLWKRJUDSK\ HTXLSEPRQWGHYORLQUH ¥ DWVKIDW KRPISIRVHG WKF
DUH DSSURDFRPQUHVNRID XW LR @ L@aHRH MPARDOVAV/HileLthis BARC

layer was envisaged the first process with the CYTOP lower cladding, the high curing conditions

required (200°Cwere not compatible with the CYTOP+AI stack this would result in the
IRUPDWLRQ RIREXBERHXDN KLY SKHQRPHQRQ ZD¥LQ¥ROW REVHUY
LOQWHUIDPAHK B XWERY FXRIEMBMMYLQJ WKDW WKLV VWDFN ZDV PRUI
WRZDUG WKHUPDO WUHDWPHQWYV

%$5& SUKQEQWW HG IOBWLNRRXUIDFH WKDW WUDYHOV EDFN LQW
GXULQJ HDYRVXOQXVIWUPWHKE UH | OXEXHBOWHBBWHYH IRUPDWLRQ R
KLJXUHFLVLR QZ K DRHMHIID@WS B WIWRHEWDEZ QMG WKH DVVLVWDQFH RI
H[K L BLABIKH J U HHGRID@ W\ K LIK \DRO® UDWHIQ VHW RI H[SRVXUH GR\
WHKRWROLWKRJUDSK\ ZDV IRXQG WR EH P KWIS HFRRIHD &S HDWDE
PXOOMLHU VWHXFWKUFNQHVV RI WKH %$5& OD\HU VKRXOG EH C
ZDYHOHQJWK RI LQFLGHQW OLJKW DQ6 WGK® RX¥UUDRE@/G YW LIRWG HY:
OLQHQP H[SRVXUH LV XVHG RQQ &V ISHK R\WMREERN K DBNHEER X © G

EH QP

D E

Figure 93. The incident light reflected on the substrate has nearly the same interisfpms it will interfere the fine
resolution of the photoresist pattes), (while using an antieflective coating (BARC) on the substrate will marke:

minimised this effect, to keep the final pattern as nepbssible.
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$IWHU H[SRVXUPHIWG RAHWKI®R&, WR IRUP WKH JHDMAIQUHF FRGS O H
(WFKLQJLE XVHEPRRKH XQSHBWMHBRASDUHG ZLWK FKHPLFDO ZHYV
WKLV PHWKRG LV LQGHSHQGHQW RI FU\VWD OO L QWK H DFQG V@ HDEV
GLPHQVLRQV DUH HDVLHU WR JHW ZAR\PER M \XF G DUDIQVE FKKIQR L 7L
HWFKLQJ DW QKB WDPHXW QKRB ERQWD KLIKO\ S@DFWDR Y H

FRPSRVHG RI SDUWLFOHYV DV HOHEWWHRIDW H GRE)VL QDKW E BW VR Q KR
IORZ DQG HOHFWULFDO ILHOG 2Q RQH RFOOHF XWHKM ER G\D WHED R
DFFHOHUDWHG WRZDUGV WKH PDWHULDO DQG ERPE RQ WKH VXE
WKH UDGLFDOV FKHPLFDOO\ UHDFW ZLWK WKH VXEVWUDWH FKH

Figure 94. Schema oplasma etching.

'XULQJ WKLV UHDFWLYH LRQ HWFKLQJ 5,( WKH SK\VLFDO HWFK
WKH FKHPLFDO HWFKLQJ LV LVRWURSLF VHOHFWLYH DQG VRPH
RI VDPSOH 7KLV SURFHAPHILY FDHUXKHSPRRW EURP BULNRQ ,W L
,QGXPBWIRMSOHG 30DVPD W\SH SIDQ@W RN FRWEWHEI ZDHDEW P G
VPDOMHUV HTXLSSHG ZLWK DQ HQGDBRILQYD G\HENM F WIHRIGR FRH VWHI F
# QPZLWKHDPEVSRW V&]PM \RKDW JLYHV D IHHGEDFN RI WKH UHIL
OD\HBUW VXEVWUDWH KROGHU BRQWHE MDMHEIDWMNGF R § NMAROIG HHUG RQ W
EWKHUPDO FRQ GRMDHFVD @ K MADIM HX VAMBOPBR MO FRQGXFWLYH DG
WKH WHPSHUDWXUH RI 6L V)GENDW UWRFNANOBDW HG GWRIR D FDQ EH

D FRQILIJXUDMW LIRHF RRBIFIR) ®WR®LG DQ\ XQZDQWHG HIMIRDW GXH W
EHHQ REWHMWDYPSQAHHAKWKHUPDO FRQGXFRXOG HIHBEK B EE®WHK H U
VXUIDFH DIVBN UL @O RAYWNQP WKHME S LFD@IH RI HWFKLQJ GHSWK LV IU]
—P ZKLFK LV FRPSDWLEOH ZLWK RXU SURFHVYV
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Figure 95. ECI patterns after plasneching, a) with electrostatic clamping to the substrate holder, a
with thermal conductive adhesive on the substrate holder. The roughness after etching is much loy

7ZR SRZHPDWQ @SHDUH XVHG WR FRQWURO WKM DS BH RVER@HQRRI
WKH FRP E LDOWFIKRZD BN\ R F HH W F K IDQE WKHLHOG S SIRWABHIUZH H Q
WKHP-KDV D VLIJQLILFDQW HIIHFW RQ HWFK UDWH DQG VHOHFWI
UHDFWLYH VSHFLHV LQ WKH SODMBWDYRKMPILRQOE RIWEXWGBH Q@ WL
VHOHFWLYH SK\WLFDO HWFKLQJ

7KH IDEUSBRWRIRRID JUDW DGIYHRRKIS OIRRZZHU FOV GEHYHQWHG LQ W

[DLIXUHZ K L O HJ fMOKHHY D QW S D U D P H WUHHUAK I RINEE i [ir{avE/olHs D U H

Figure 96. Process workflow for the fabrication of Al grating couplers over the Bi@er cladding.

$IWHUPRIDWIQBI FRMH WKH %$5& DQGU(HO DWLNHWWY\ E[LSRVNDBJIH RI
SDUDPEI/MVUNG WR ILQG RXW WKHK HERW VF RGN XX WIHWFIRROR P

- PWREWG®LIQHUHQW VG ®/G RWRDERLOK PMDYHDGDSWHG WR UHDFK
W D U BHOWIHI®D W L QGIXFMR XB\BABHU S O D V, WD ZHDW FIRIXQ@NG WKDW LQ RUGHU |

118



WKH VXFFHVV Rl WKH V XIER/SRUUWER B\NWMIUMSHSR W R W L XIDKRE] WDKSK \
HWFRELYKXRXW DQ\ GHOD\V

)RU D VXUIDFH VRPDO@KY WWE® UDWH VWDUWYV WR VKRZ D GHSHQ
SDWWHUQ WR EB\HWGE&REWIIEHVGRXQY SDWWHUQ SUHVHQW VPDC
FRQVLGHULQJ WKH UHODWLYHO\ WK HRNF ODQH IRRRJ KD,F KZ W WDIS S O W
HQVXUH D FOHDQ LQWHUIDFH LQ WKEVVRROGSURBEM VI WHIHK WDV
SKRWROLWKRJUDSK\ OHYHOV LW LV YHU\ LPSRUWDQW WR NHHS
GHIHFWV FDQ LPSDFW WKH DELOLW\ WR DFFRPSOLVK WKH DXWR

SRLQW GU\ HWHHKL QURKDN VWXRH UFIDROL BAURD W HRIQ  B/EKMAWY MUK 6 MD
HWFKLQJ PHWKRG

Figure 97. For the same material, the etette is lower on a smaller pattern during the plasma etching.

Table 12. Fabrication process of grating coupler with relevant parameters.

7 @DIHU P6L2FODGGLQJ
/RZHU FOD GHSRVLWHG E\ 3(&9
%$5& QP
6SLRRDWL 7 V 9 UB $FF PU®
6RIW EDJ Y
(&, —p
6SLRRDWL 7 V. 9 RSFF  PUS
6RIW EDN Y
3KRWROLW RVH  « P
E\ 6WHSS JRFE XV
3(% Y
"HYHORSP 0) & Y
5LQVH " ZDWHU
30DVPD HV %$5& BHPDLOLQJ (&,

Table 13. Etching parameters durid@P-RIE.

(WFKLQJ
*

5HFEL DV VEFFP | 3UHVY 3RZH OP PL
%$5& 2 &) &+) $U P7

$0 &0 P7
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$V ZH ZHUHVKOWKWHID K HOHW FKLOQW RX®E RH HQRXJ®& DMRH LXOGDBD\ H W |
WKH SURKKHWIQJ FR X BOGINMRYHUWBWRKLYIWRFPIDEH WKH UHVXOV
RZV W KIDWHMKBHOLQJ UDWH RI SWUKILSR Q BAHUIMRWWY KR (&,

W K L F NADI$IEY \O B Q MW H UJH E BIBEBE RW HFW H G

Figure 98. A 30s over etching time does not affect too much on the profile and duty cycle of pattern. a) Over
time is 30s. b) Over etching tine90s.

$V WKHUH ZDV RQO\ VFDUFH H[SHULHQFH %, CLODWW®& HW/R $BO X P L
FOHDQURRHPVVNMQWRY O WARK A K\DDUFDSFMHRKHD MIGIRIORWEF DU VH VYV WK H
HITHFW R1 HDFK \8RH SMHWHULRR Q B GHIOREWIHRQREWDLQHG GXULQ.
FKDUDF W HWLH DBUIHVENG 0@ HQSHEW H®Q EH FOHDUCH BEWHUYHG
F\FOH GH FWH B VHH\SABWYHU HQ FLUMID WHAH KHOS RI WKH %$5& OD\HU W
ZHOO UHVROYHG HYHQKEEW K &V KD LHHD VLG MK\IG KRR VR WP OWE R |
WR D PXFK KLJKHU UHSURGXFLELOLW\ Rl WKH SDWWHUQ RYHU W/
D &<723 ORZHU FODGGLQJ
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Table 14. Selection of SEMharacterization images after the stepper exposure and tHeIEC&chingeach step

during the fabrication process. The duty cycle of grating coupler decreases as dose of stepper increases.

)DEULFI

VWHS RVH - P RVH - P RVH - P

6WHSS

30DVP
HWFKLU

$V ZH ILUVW HQYLVLRQHG WKDW WKH $0 HWFKLQJ VWHS ZRXOG E
RSWLPLILQJ W KHW HEBAJXFPWRPQD WR/FESSLQJ EHIRUH WKH UHPR'
UHPDLQLQJ (&, SKRWRUHVEW®RYQ & RZKHN HEE RAVELIVHAIUQDMD UHP R Y D C
ZDV DQWLFLSDWHG WR EH VWUDLJKWIRUZDUG)LSMBNHG WR EH
8QH[SHRVRMG SVLRQV WKHHDNL Q HIFRWEBHY IV IGLV WR UWLRQ RI W
OLQHV

$ VXEVHTXHQ WL BMXHDVPGLY IXRPWNPRYKKVHHFEFWY ZLWK WKH DGGL
GUDZEDIRORIXWLQJ WKH VDWISDWYAZHBIR GJ BYIRGOQHGY WKMHK AVYDWLQJ |
FRQWDRWXBNWP SOH VXUIDFH

Figure 99. a) Protrusions appear next to grating coufiters andpull the patterns to be distorted. b) Aaeded

plasma Qdisperse the residues and contaminatesuhface of sample.
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%\ FRQVXOWLQJ WKH S VAW FARIDOP HPEHWIMO@BR®EG DQ H[SOLFDWLF
> @ | WHKH HRVOF KLW K HR X Q S § G0N FRIRIPG RIXQ GVKH IRUPIVURI $0&0
SURGXFHG ZQEHRWEKHAWWDHFXXAE HQYLURQPHQW SODVPD FKDPE!
ZLWKWISREWDOHVLGXH ZLOO FRQWLQXH WRURY MO WMFK L\G KW K\HX B UBIFE
D PRARPSEBYURGXFW QQKROWEH HOLPLQDWHG E\ D PHMWR@HP NQ@D X W |
LQ WKH IROORZLQJ VWULSSLQJ VWHSHWIX MW 8/OKH IWEKYW RWZHR R
ZDIHV GLUHFW OG HILRYIHGE @ L2ZBHWFUIODRW D W BV HIRHEEWWIG WR
DZD\ WWSWRGRBDWNVNKH $0 VXUIDFH DQG SUHYHQW WKH GHHSHU F
PHWRKRGVLVR\UB@BOGDUHFWO\ HW FHKL Y KEMMKR XWHL QW HU U X SW L (
YDFXXP HQYLURQPHQW LQ WKH FKDPBMWKH WRESIBEWVIEGW MKH |F
FRPSDULQJ WEW IHOMKENEMVZ R IHGLWXRIG WKH VHEZRABY RRHHG

DV WKH ', ZDWHU |10R% K QGDHi\G LYRBR BROHR ABWUHH Q

Figure 100. Grating coupler before stripping. a) A deionized water flow is used to avoid residue bumg
chaining oxygen plasma without interruption of vacuum is usedad the formation of residue.

: HLQLWI.DD@AAHG WZR VWDQGDUG P HWKRIGADRVHR SS0RD WKB W W UFLCSHBE
WKEBIHU VXU KHDWHG 3*LIQHP @ XHOW WIRI RE L A HESWDWYOHY H GAKKOHD U
RUJDQLF WRWWHBWHFWLRQ ODRWKHRVSKIRDWRKHW X RCGWRSMIKRYHG WF

EH XQVDWLVIDFWRU\ BXUNGBQBRFEVRNR G B R 0k H G
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Figure 101 lllustration of the damages caused by (a) an ultrasonic bath with PG remover and (b) oxygen pl:
the nanometric features of the grating couplers.

,Q WKH PHDQRWXLFHBV FK% PLFDIQU RP J SRS R VEH G WHARPDM EBHQ J
PHWKRGV ,Q WKH ILUMWNHAB\REBGRER QK HR DR RK H KALK/DHQT XLSPHQW
SURGXFHV R]JRQH E\ LUUDGLDWLR@RI \IWIPR Z§ R I9R)G FDRE X WD W
FRQWDPLQDWLR@ ERDGNDINQGJR& KHU DFWLYDWHG IRUPV RI R[\Jt
WKH ZIDMHIWP P HWWRG FHQWUDWHG QLRWUPLE\D FLRE W B DS QUL RH
SKRWRUHMHQYWWKRXJIJK WKH VHARYQERPHWWIGRIE® LLYJPLYFKX 8 DIQR H U R X V
WKH DFLG F RIRFG QVKWD & IRFAEYF X DOV \IFASQ\W B RVOIDRW KHL BPHWULF DFLG
FRQWLQXH HWFKLQJ WKH $ 0L QDO VWOR\RKR/WHRWNRIGHS B DORRIH DRV

W KLVDWWWRBBWIHREWDLQHG ZHUH WK HVPRINWKRGBWLW NDREMWVRIUW W K L
SODVPD WR HSKRPW QUGS U R Y WGP W W [DQ. FSLHDW B BRI RQ WK H

FORMBI(O LPPIHEXUH

Figure 102 Al grating coupler fabricated kglasma etching and then stripped by-@%one.

$IWHU PDQ\ HIIRUWY DQG WKH HYDOXPRAR®RQ® RH \UEKHOGHIGHDIHQ KU
OLPLWHG UHPDLQLQJ WLPH ZH ILQDOO\ PDQDJH WR IDEULFDWH
ORZHU FODGGHQUDBMLIQEMWM . FDWLRQ SURFHV.XIGCWKEYV LEWHRF HY W H |
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WDNHV D YSHUW\LRE BD\NVRYHG WR EH PRWIRWKSBERBX¥HEOMHSSOLHG
&<723 ORZHU FEHDWEIHQIDGG2AMWKHIBEBLGHYV DQGIWDW HQ ¥ RROHIJOW K H

IV.2.7 Optical test setup evolution

'XHWR WKH GXUDWLRQ RI FHIW@WHWR@WH
WRRN WKH UHPDLQLRHB WE&WH FIDR LEB-

Figure 103 Improved optical bench for characterization of components

QWKLV FRQIZBXXWDAVRB@LFDO ILEHUV IRU OLJKMWMKHQDMBBEWLRQ D Q
RXWSXW ILEHUV D USIRNWWEDRF® K &VRWRD BLR UR BBWYBWWG BVLWLRQHC
WKH ILEHUV DW WKH76HYMLRRNH DFUBIQRIDGH XVLQJ D )RUPODEV )R
DIIRUGDEOH GHVNWRS VWHU®@R 6 LMKRQ UDHEIKR VBUBH W WH DHVRO X
SULQWHU LV Q\RVH R/XHNREFE BUDEH WRIDR® YH GLPHQVLRQV UHTXLUH

—P GHSWK KRZHYHU E\ FDUHIXO GHVLJQ DQG SOD\LQJ ZL
RYHUH[ZRIVRDQDJHG PR HORERA VAISBR DWVIWRRWOBIOORZHG XV V
XVPLFUR S R VW WD R QMW X\DXBOBFWVYHED G KIWREGJOWWEBVEH FKDQ
EWRGLI\LQJOM/HIQ DRGLDOWIMIKH.Y UHODWLYHO\ VKRUW DSSUR]
WZRJBRRYH KROGHUV PRGLILFDWLRQ FDQ EHFHRSRVH®WRQ @B G
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FRXSOHG ZLWK WKMRRYSHJDQWRBVIDGMXVWPHQW\DOQJGERHIWY WR
RI WKH RSWLFDO ILEHUV ZLSRZ WK H B WHW LIQJ FRRXSBHWMG WR Wi
KHOS DGMXVW WKH DO LHXIPHSHE ZLUWRW $OADLAHLW ORQJ UDQJH R
WLPH REVHWKBWSRQMRAD M) RKH VDPH SURJUDP PHQWLRQHG LG
XVHG WR FRQWURO WKH SRZHU DQG ZDYHOHQJWK RI OLJKW VRX!

&RPSDUHG ZLWK WKH LQLWLDQJIRBWWKMHOVEHQPK &IBWFBHESD EQ G
LQ D ODUJHU PVFRDHOAHH\WRQ @& DW Q JEA UWEKIHP NV WRISH RV K&KR\HL WD RHQUH U
GLFLQJ VWHS UNGXFRLSBRMPHRVLQJ

7R JHW D PRUH |10 HPLE 8 ARRGEGMXY WDHEEM R WOMDIIDEEGHEL Q J
W& 6 (/ WENQFK VK RZQ X

Figure 104 Upgraded optical bench for characterization of components

QWKLV FRQIWKXEMN WL RIPO PRR IHMIKOHIH 7R PDNH WKAKN NRWOMWMS XVI
DGMXVWHUV ZHUH DGGHW®W KLY WRA I LJISRDMBHRRQDHEHRM) RWIHM BGRP R
WKH LQSXW RAWIOGMULWIRUREVHUYH WKH LQIOXHQFH RI LQMHFW
FRXSOILRFLHQF\ FRQVLGHULQJ WKH JUDWLQJ FRXSDODKHYV KDYH
VDPFOKWIEMHGYBFXXBRWWRPSURYLGH D EHWWHU XWDWLRQW\ GXUL
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$ VHPDQXIDFW X ZH @&/ K IRFEBOBAWIHFWL Q J FIRX IS GBYWH IR QG 2
VXEVVWUWWRXG QXISWHH &KODHBEDPIXVHG IRU SHURUWPBRIKDRHXIVHV W |
RSWLFDOWBRXQFBELQJI FXUYPHYIBUH VKRZQ LQ

Figure 105 Normalized coupling rate of semianufactured wafer for the performance testing of upgraded opi
bench.

$ FRXSOLQJ SHDN DS SHDQW KHURKREO L Q@ FULDWKH DL & E UKD H\Q M H F V
GHJUHH $V WKH VDPSOH XVHG LQ WKLV WHYWRRBRXQ&NUDVYRXJ
VKREQLIXUH ZLWK D QHDUO\ GXW\ F\FOMHODMALIKHBDXKBG GHVL
WKH VWHSSHMUJOHDFWRRI RREHU &<723 FODGGLQJ OD\HU WKH PHD\
RI HDFK JUDOMLR 1 \F XS W KEDHOQHRIRX ODMLARY HYHQ XQGHU WKH
XQIDYRUDEOH FRQGLWERQVVWUOHD FEH YRE & DAMIHOW WD UO\  ZKL
DSSOLFDWKQVDRLHD® EHQFK

$IWHU WKHVHL QW6 SBLEOWRMD BHJ FO®HG E\ XVLQJ WKH VDPH PDC
SDUDPHWHUV H[SOLFDWHG+RZHYSHW D GXBPISKVRIWKH XQH[SHFWHG
GLIILFXOWLHV LQ REWDLQLQZ I B G\QTWQ K I VD HRRGOFRWBWRHYU W F
VXEVHTXHQW |DEKHFBWUYRQEVIRI®FSSEHW FODGGLAWEKIS®RY MWRLR Q
REWDLQ WKH D S$HWESWUEBW H Q DSSDPG WIXERSHIKBVYMQ J DQG VWHSS!
OLWKRJUDSK\CRO\PQ BEHU WKH &<7ERWESRIEKFODB GLRMW IRUHVHH
ULVN\ WHFKQRORJLFDOYWMXG\BR3HL SVHQVPWQYH\ OD\HU IRU VSHFL
1+ LV SUHVARDEGHIUQ
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&KDSWHU

(RZDUGV D 1+ JDV VHQV
3%1, VHQVLWLYH OD\
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V. Towardsa NHs gassensorwith a PANI sensitive

layer

$V GHVFULEHG LQ WKH LQWURGHFQLIDR QL ¥R IRW & DV W DRXXO/IFW LLSQW H
UHSUHVHRSRWWRQW KD]DUG WR KXPDQ KHDOWK3BEHD /IROLWM WR
3$1,LV ZHOO NQRZQ IRU LWV JRRG DIILQLW\ ZLWK RAPHRUM.D WKDC
LQWHUHVWLQJ SURSHHUQWMLHI UK BREHQQIEHIYIRHY D GHSURWRQI
ZKLFK UDWHV LV UHODWHG WR @KH VY BRKRIQIRP AR Q BHWQ WID\
LQWR PRGLILFDWLRQV RI WKH 3%$1, UHIUBF@KYRKLRIGH) DQOXHEQR
WKH PLFURULQJ UHVRQDWRU RSWLFDO UHVSRQVH 7KLV VHQVL
GHRR/WUDWHG@DRHIEDBHG \WH@@ERWWY VXFK UHSUHVHQWY D JRR(
RUGHU WR YDOLGDWH RXU JHQHULF JDV VHQVLQJ SODWIRUP

Figure 106. PANI undergoes a deprotonation process upon éiposurg103].

7KBRO\DQ3¥IL GHKRMVW® VHQVLWLYHFWSRWU W H G RLF WRKWHHER QDWR U
V X U I\J R HU R\CKOHL ] HQ D ORLSQWA IF DD IAMPIER WL U V WHYHHISRW. WLRQ RI WKH
SRO\DQLOLQH VHQVLWLYH ODW UXEN WDWHI\G RXGY FER WHOR 6 RI® D
GHSRVLWLRIMW&EY WDPMAMH LW SRVVLEOH WR GHWHUPI$SQH WKH RSW
OD\KWLQJI8® VSHFWURVFRS\ ZKLOH GHSRYVLWR FE® RLD PWEHU Y KHE W
VHQVLWIWHH UDIAWLYH LQGHDP PR QIVIVQR (H QVGREZEVUKE A WOV D UH

DOVR XVHG WR VWXG\ WKH GHSRVLWLRQ RQWR WKH ILQDO PDWH

V.1 Method of deposition of the PANI

7KH GHSRVLWLRQ RI 3%$1, LV SODRSDWRBOEH G- EN PLEZD REHENMK RGV DV

DQG VSLQ7KROMWIDQUWW RI WKH ZRUN ZDV O HED 8§ Y LIRRNDHD DREXRAUHDAW DR,
%HQMDPLQ 5HLJ IURP 7($0 VHUYLFH
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V.1.1 Deposition of PANI insitu

3ULRU 38 ROMISHR V WWKLHR § R®XMEDREHREUWGER. @BKHQ R2Q R FH GAXKIHH L Q
OLWHY DWXUBZLWK WKH DEREPRQRDODWILRY AVLRLIJWWILR UHU 7KLV
SURFHGBEXNHY SODFH LQ VHYHUDO VWHSYV
J)LUVWO\ WKH IROORZLQJ VROXWLRQV DUH SUHSDUHG
- Solution 1: 1ml of aniline (AniSigmaAldrich, 99.5%) is mixed with an aqueous
solution (100ml) of hydrochloric acid 1M (HCISigmaAldrich, 37%)
- Solution 2: 0.56g of ammonium persulfate (3.0, Aldrich, 98%) is dissolved in
5ml of HCI (1mol/L).
- Solution 3: 100ml of HCI (0.1 mol/L)
- Solution 4: solution 1 is prepared again

2QFH WKH VROXWLRQV D VXEYWHEDW HILSY RABKFHH FERIV® LEBIGY RO X WL R Q
VRO XWHSWLKRPRIJHQHRXV ZLWK WKH KWO S FZIK VROX YNRQF VWLU
TXLFD®GHGD GEHWLRQ 2 ZLOO LQGGSRA\RWHKUL]DW WK RIRDMALRIH W K H
EHFRPHV YLVFRXV DQG WXUQ WR JUHHQ LQ WKH PHDQWLPH D 3%$1,
7KH WKLFNQHVV RI WKH ILOP GHSHQGVY RQ WKH LPPHUVLRQ WLPH L«

$IWHU WKDW WKH WKXPEREXWLRQQVHE RQH PLQXWH WKHQ LPPHU
PLOXWHKVW@WHEW.V QHFHVVDU\ LQ RUGHU WR WUDQNPRIUD OGOQWKH ||
VDOW FRQGXFWLYH IRUP )LQDOO\ WKH GHIRML.WRPBUH WK DG
URRP WHPSHUDWXUH

V.1.2 Deposition of PANI by spincoating

$ VHFRQG PHWKR G EDWHGJRLQ/ WBLIQO XDWHG EDVHGSRQ@VKH VWHS
JLUVW GIP HUBBBO®HP XVW EH VIQWKHVL]HG DFVFRW®ELQ®HSWRLWKR Q
SUHYLRXVO\ GHVFULEHG ZLWK WKH PDLQ GLIIHUHQFH EHLQJ WK
IRUP $V WARDWSRQ P HW KIRKEO D MTDXIHEH B PIR XOQN (RUIQSHR @\ PL[W X UH

VROXWLRQ DQG VROXWLRQ ILL\OWMUKHEGHIGQ! RU ®HUKWR X UF RIDIGH FVK
IURP WKH SRO\P H KiL REWIIR.@ M & MECRA@HHG E\ VRQG WIRRDO G \

ZLWK VROXWLRQ IRU RQH KRXU $W WKH HQG RI WKLV VWHS W
IRUP IXWGO&KR GULHG XQGHU YDFXXP IRU K 6LQFH WKH GRSHG |
VROYHQW LW QHHGV WR EH WUHDWH® Z L SKGIDR F R Q LIUKWZRRKIRX
WKHQ ILOWHUHG DQG GULHG XQGHU YDFXXPKIR G U LKH GV 8 RZHGW WX ¢
VKRXOG EH FROOHFWHG DQG VWRUHG IRU WKH VSLQ FRDWLQJ G
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,Q RUGHU WR GHSRVLW FROMWERL, QDAHY BH¥SNVEDU\ WR GLVVRO)Y
GMMRSHG SRZBHWKSQUUROLGRQH 103 $O0GUHRK WKH VRO X WG RZQ O
VSUHDG RYHU WKH VX BASWMUBIRSWY EB\GENRNR R I KWK KIHKY SKHDGLQJ SKDVH
LQ D IHZ VHFRQGYV WKH URWDWLR QXL.Q/L PROLR) & DV.NYWM K BLXAREORYGHHDWV W
DQG WKXV DFKLH YLHF DQHKVAQILIQ B DQUVK WRNQMANWH G E\ WKRPELQDW
URWMWHW@&H DFFHOHUDWLRQ D QN RWKBIWLSRUMH D SH®G WLWHKH)RU
ILQDO GHSRVLWLRQ WRAUGDAGE V VZ RDOBEHEDES

$IWHU WKH GHSRVLWLRQ WKH VDWS&HGH RRW\X MK EGXLIENDMQ DQQHD
KHDW WUHDWPH@MWULWUEHBHVYOXYDWRROYHQW IURP WKH 3%$1, DG
DGKHVLRQ RI WKH 3%$1, ILOP RQ WKH VXEVWUDWH

V.2 Characterization of the PANI sensitive layer

V.2.1 Thickness and morphology

J)LUVW DQG IRUHPRVWVKEAX IOHD WKIVF R B W YD V. QRH /BN RMKGRVHKOH X U H G
E\ 7THOQARBUR | L O[RPIHKWHVYKRWHKH ROX®LMMRIQH WKLENQHVYV RI WKH 39
GHSRVLWHG RQGC IOBEMWWUDWHY RYHU GHSRVLWLRQ WLPH :H FD(
WKH 3%$1, ILOP FKDQJHV LQ WKH VDWXE ¥ DAOR @ KKK H. WWMW H/H RANE H\
PLQV IRU WKIDWHPLOBNVNVWRU WXXEWGE8/UDWHLQVQERU WKH JODVYV
VXEVWUDWH WKH WKLFNQHVV RI WKH 3%$1, LQFUHDVHVY UDSLGO\
WR GHFUHDVH 7KH PD[LPXP WKLFENQHVV RI 3$1, XFER/DWHIDQVHLV RE)
DOVR QRWH WKDW WKLV GHFUHDVH LV PRUH UHPDUNDEOH IRU W

Figure 107. The evolution in the thickness of the PANI layer, deposited on SB 8kl glass substrates over

deposition time.
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7KLV GLIRFRXO@GFEH DWWILLBEXWHQG- W ROQWW KRH G X UBBRIE TRDONVW\
VXEVWUDWGHDREME O\ GXH SWRROQNOMB\POCWVRQLE® G LQ

7TKDQNV WR WKLV ILUVW VWXG\ ZH FDQ FRQFOXGH WKDW LW LV |
D JRRG UHSURBG EBEEGOEBNQIJ WKH VXEVWUDWIRLQWFRHWKH VROXYV

8VL@FDQQDRIFWURORYVBRG\ LWRVVLEOH WR YLVXDOL]H WKH PRU
GHSRVLWHG) WKIUG ®IDHNH QWY WKH 6(0 SKRWRJUDSKV RI 3%1, O
VXEVWUDWH %)\ DSSORLGHERKWULWLRHYWHPVGYKBDHIUV Rl 3$1, SU
L@ULWX ZLWK DQ DJLWD&H@QHRI DQGSPRUH KRPRIJHQHRXV WKDQ W
7KH VPDOO SDUWLFOHV RI 331, DUH GHSRVLWHG LQ WKH IRUP RI
RI WKH GHSRVLWLRQ WLPH YDULHV EHWZHHQ QP DQG QP

Figure 108 PANI coating produced in situ without (a,b) /with (c,d) an agitation of 80rpm.

$ GHSRVLWLRQ WHVW ZDV DXOWIR FFHD UV HRX IR RMQWR Q$aR VA QVLWR Y T
OD\HU RQWRFBRUHNVRIXDWRKNR D 6(0 FRPSDULVRQ EHWZHHQ WKH
VXUIDFH GKHEKHLWKRPRJIHQHRXVZROD@BKHHIP 1Y ODDRMWWK GHSRVLWHG F
HKLEY BRYVRM\WW\B URUIDA Q VLIH DURXNIKSUR YMP XFWXUH RI 3%1, ILO
FRXOGUHEHD ®Y D QWD HHQ WIKAIFEHRIBEFWRROD\VIDW RIIHUV D KLJK VSH
VXUIDFEHKRXOG EH QRWHGUWRBWLR\QDW MPXHW WELIOH WXWIDFH PRUSK
OD\HUV FDQ EH DGMXVWHG DV WKH URXJKQHVV LQFUHDVHV ZLW
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Figure 109 SU-8 surface without (a) / with (b) PANI coating

,Q RUGYHID WRD WHWAKKBISISU RDFK IRU RXU PLFWBRUEZQY HIHMRSGDW R U
R@&<723 ORZHU ZFDWDW BBHGID QG H[S RGP WWRIKRIGH J\KI /D
VKRWKWMH 3$1, ILOP FRDWHG KHIDEG—RQEWK H D/MWIBFH ZKLFK LV
YHU\ EHQHILPILBV\RMRHR X U

Figure 110 PANI coating on SkB waveguide which is deposited on the CYTOP lower cladding. a) PA
coated by method isitu. b) PANI is coated by method spin coating.

‘H WKHQ SURFHHG WR WKH;AERYDWWRIQ LR D @4 1R GERH/ W KRB W L Q
SURYHG WR EH VRPHKRZ OH W\ V¥R @HIRI® WF RIKMOE M/URBQHLON @ D W
SURFHVVLQJ WLPH LV PXPKLO/RQRHW KRIGD @ YRUMAKLHGRRQN @Y W Z R
RI KHDFRQGWKH DPR%QARRWE GVKHXEBIDFH E\ WKVVWPBWRR G
VKRZPLUQUHE :KLOH DGMXVWARDWWRH ¥BUQPHWHUV WKH GU\LQ
GLOXWLRQ UDWLR Rl WKH SRZGHU FRXOG WHBALWR GH S8R VIHQWR Q
PHWERE PRYHWR®RSWLPL]H RXQ PLRURV\RWEHRWHFWLRQ SRWHQW
GXH WR WKH UHODWLYH FRQYHQLHQFH RI DGMXVWLQJ WKH VSH
DGYDQWDJH LV WKDW WKH VDPSOHV FDQ EIHF LXQQ F & LW & D/OK HHIGHIO
RI VKDRIRZNLQJ IRU H[DPSOH ZKLOH WKLV FRPOOGE EHDKWD UG WR @
VXLWHG WR WKIDS® GWHKBMMWUDW H V
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V.2.2 PANI optical parameters upon NH exposure

JRWKH JDV VHQVRUV XVLQJ D VHQVLWLYH FRDWLQJ WKH FRDWL
WKHQ FKDQJH LWV RSWLFDO SDUDPHWHUV DV {KHIQBBWLYH LQG!
FRDWLQJ LV H[SRYBSRWRMWGSH QL+ LQ 3$UD PMRWHAXUV ZKLFK DIIHF
FRPSOH[ SKDVH YHORFLW\ RI JXD&HGX EGITREMQREIKMI6SFDQ EH
TXDQWLWDWLYHO\ H[SUHVVHG DV WKH FKDQZHK LFIKWIQHF GRE S D HY
SXUH LQGH[ FKDQJH LQ EMHFOUBSWDRRE QY F® D Q QK. LDEXLERCHIRQIMU \WSKDHU W
FKDQJHV RI RSWLFDO LQGH[ DQG DE ¥R Q SEAHWRIEQF R B Ul LFFDL\HHQ WWR D :
ZRUNLQJ ZDYBHORXQ®K RJP

‘H SUHSDUHG VRPH JODVV VXEVWUDWHY ZLWRWDHPRRQWLRDRG 3$1
VLWX PHWKRG DQG H[BRYRIGVWRHPGWIRHIHH QWPWOQPWR UDRXIW®YJ I
DQG WKHQ SURFHBGEVWRETQFH PHDVXUHPMHRHWYV /X000 FI D 3HUNL
VSHFWURSKRWRPHWHU W VKRXOG EH QRWHG WKY¥DISRKIINMOH WKH
ZDV FRQWUROOHG WKH DEVRUEDQFH PHDVXUHPHQWY FRXOG QR
WLPH WR ORDG WKH VDPSGRHVDIQIE WKK WEKIH\WH R 8 K B WHRHPRIWY G XL
FRXOG YLVXDOO\ VHH D FKDQJH LQ WKH VXEVMUIFWHAKE®® RW G
FRQILUPVY WKH EHQHILW WKDW WKH UHDFWLRQ LV IXOO\ UHY
XQGHUHVWWKBWLROXBRIO DEVRUSWLRQ GLUHFWOW IDA W HEB W ZSIRINQX U

H[SRVXUH DQG DQDO\VLV FRRAGDQUM IRU DOO WKH GDWD

Figure 111 UV-VIS absorption spectra of PANI coated glass substrates upon different exposure timesuta NH

NH4OH. Inset focuses on the absorbance variation aroundr@50

7TKBEVRUEZBSQOFWUX® JRRG DIJUHHPHQW ZLWK WKRKRZWVHWRDWHG L
WKH DEVRUEDQFH RI 3KRPHPWK HV K3$ 1\W KIRAONVRINERIVF WRDV\WVHWHPG | R |
YDULHV DFFRXGDWLWR® RIKH[ SR WXOUSR WHRQ DIRRRIR @¥ K VVKRHUWHV W H
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WLPH  PWGEXWHD OM\E \DAKD QIDHVH D URXJ@¥F®H DEVRUEDQFH YDOXH F
IURP $ WRBIWHU DQ H[SRVXUH RI PLQXWHV WKLV YDOXH FK
WR DW RXU WDQRZHRWMNERYHO HEMHW®EO DEVRUEDQFH VSHFWUXP FR
ZLWK RSHUDWLQJ ZDYHOHQVYWRVIL\Q ZHDWY WXHWHRGES OURVX6H RI YL
ZDYHOHQJWK LV UHODWLYHO\ ODUJH FRPGIBNHGRWR R W KWRU GSHDYLHA
RSWLBWHQ \LRUW,EHUD BIBIQJHYV LQ RWKHWBEDQRFXVUH QRW

'KLOH ZH DOVR SODQQHG WR PHDVXUH WKH HYROGIXSRWQQRI WKH
XVLQJ HOOLSVRPHWU\ GXH WR WKH FRQVWUDLQWVPHRDQYE&H WHF]
H[SRVHG DUHD WKLV UHTXLUHV D VSHFLILF PHDVXUHPHQW FHOO
GXULQJ WKH P:HDARUNPG @WLIWHG WHVW FIREOWKR HEHUQRWP WK F
WKLV ZRUWIS URIMMYYOD QG ZDW QIR FARIPPS-D R WHEL W R H WKWV P D Q X
LW VKRXOG EH HWISXBVYDH ® HVEKDM Q VEFDUAH & DR'G! 5V, RBXQHW KDW 1 -
VLIQLILFDQW FKDQJHV LQ WKH @9 DISFOAWHREQ QBIHD LRV\3$Y,RQH R
DGYDQWBY$HVRBID VHQVRU DSSOLFDWLRQ DVVRFLDWHG ZLWK \
WHPSHUDW XMRPFEKMURMDKHVHQVRUV ZRUN ZHOO R/RONDIYW UL BIK Wk
DGVRUSWLRQ DQG GHVRUSWLRQ

V.2.3 Towards an integrated optical NHs gas sensor

2XULQDO JRDO GXULQJ WKLV ZRUN ZDV WR SURSRVH D FRPSO
WUDQVGXFHU D PLFURULQJ UHVRQDWRU ZLWK D 3%1, VHQVLWLY|
9&6(/ ZLWK LQWHDYVDWKIHC HHEWWBWLRQ VRXUFH DQG D SKRWRGLF
NH\ FKDOOHQJHV GXULQJ WKLV ZRUN ZDV WR SURSRVH DQ DUFKL
H[SHQVLYH DQG EXON\ RSWRPHFKDQLFDO FRPS8RRURSWYRPRIODW DL
ZDYHJXLGHYVY DQG IHDWXUHV WKLV ZDV DFKLHYHG E\ WKH GHVL.
WKDW FDQ RITHU LQWHUHVWLQJ SHUIRUPDQFH LQ WHUPV RI FRXS
FRQWUDVW FRPSDUHG WR SRO\PHU JUDWLQJV

(YLIXUHVKRE® RYHUDOO YLHZ RI WKH IXOO\ LQWHJUDWHG V\VWHP
KRXVLQJ 7KH RSWLFDO PLFURULQJ UHVRQDWRUV DUH YLVLEO
VXUURXQGLQJ JDVHV WKURXJK7RQVRSSHQIQYJ LR)S @ BEERHHIGRDRMIDR J U H
PLFURFKDQQHO IRU DQ LQWHJUDIWHR®HVQ Jm MKRDQ KHURULN[ERS
DFWXDO PLFURULQJ UHVRQDWRUV SKRWMRRRVKW \WQER RS UG VHVQW!
GLVWLQFW ZDYHJXLGHV DQ®H VHVR®IDWR UY S XMN R XW KM JFIFDUNIL G
9&6(/V 3&% LQW HJIUIB/MISWRIRBNGIPVO W HG 9 & 6 /F K ROGIFNHADW

WKDW DUH XVHG IRU REWDLQLQJ D SUHFLVH DOLJQPHQW WKDQN\
LQ WKH ' SXVIQQHG KR
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Figure 112 a) CAD rendering of the fully integrated optical gas sensor. b) Exploded view showing the alignm
the microring resonators chip, and the VCSEL optical window.

&RPPRQ BROPXIDFWXUHUYLIXBBURWLRQPQORBIUHFLYRPRELWK
KLIXUHFLVLRQ 3&%V WKOW-RASHWHVFLMHRQ SULQWHG KRXVLQJ KD\
GHVLIQHG WR EH |DRULADODMWVGE Z'LWWHUHRO DWKRJIUBDBKO XWKIDRWQ R
> @&RQVLGHKHQZLDWKDWLWLQJ VDZ DYDLODEOH DWRI$& & 156 D '
SRVLWLRQLQJ SPHAM.VHIR@ BRH UHDVRQDIBMK AR Y HYDQ H& %/ KHW L J Q
9&6(/ DVVHPE®SRVVWHROREQW DIOQ JRP MXW 9&6(/ FRO MLP® WHKGE EHDP
JUDWLQJ FRXSORWDODRIPXP ZLWKRXW DQ\ RSWRPHFKDQLFDO FRP
SRVLWWRLHDW O\ UHT XL UREEGV LRD O/ ¥ MKUXIFV&XO H V

YLIXUHJLYWRPH LQVLIJKW RQ WKH ' SULQWHG KRXVLQJ ZLWK DQ
DUH DOLJQHG DFFRUGLQJ WR WKH JUDWLQJ FRXSOHUV ERWK LQ
WRQHAHD DQG DOLJQPHQW SLQV DQG LQ WKH = D[LV DV WKH G
GLVWDQFH EHWZHHQ WKH 9&6(/ RSWLFV DQG WKH JUDWLQJ DV Z}

Figure 113 a) Detailed view of the collimated VCSEL matrix and the grating couplers observed from the bottom
(through the Si substrate). b) Clage view of the optical port showing tigut grating couplers area, and the exp:

sensing area with the microring resonators. A bniklope of 19° ensures the injection angle is guaranteed.
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Conclusion and perspectives

,Q WKLV ZRRISNDXIMWG H GRASDWIH-D O JO5WH VHIMHRAW ENVVLQJ RRVWKH XVH |
SRO\PHU PDWROICHFWLYH OLWRRGUWBIK\GWHEBKEL BXRWRGHWHFW I

$ FROOLPDWHG 9&6(/ VRXUFH WKDW FDQ EH HDVLO\ LQWHJUDWH
XVLQJ WZR GLIIHWKD@W VP MREORLEMN /G SRO\RBBUREPWRRIPQFHW KR
GHYHORSHG IRU WKH | \WKMY/ V8 URHF H \D\DAFRODM EHRIGNSEIH) GZ LW K R X W
DQ\ WKHUFRB NWH®LIJKW LV WKH PLFUR OHQV IRURRRO®OLPDWLR

—Pi —P FKLS DOUHDG\ DVVHPEDI®G DVXE W RE G BYHEBRRD 38 BW
WKQ —P RQ WKH FRXSOLQJ DUHD DV DLPHG

7KH IDEULFDWLRQ SUBHUMR®RI$OKMHLQX@PJUDWLQJ FRXSOHUV R
FODGGLQJ KDXVOPNHHRGWDRIHHG ZLWRIN SBIBSSHWY D QBUDI IOLNVW W H VYV
WKDW WKLV SURFHVV FDQ DFKLHYH JRRG UHVXOWV7KQWHUPV RI
&<723 68%0 &<723 VWUXFWXUH FDQ DFFRPSOLVK RO \SLWRFHFRXSC
RI  Q¥HULRG $OXPLQXP JUDWRQYWRPXSOMEGRQ FLY DOVR DFFRPS
SODVPD HWFKLQJ ,W KDV D KLJKHU \LHO QG LARAS PHIDG XU MAKH § WH/
WKH WUDQVPLWWHG VSHFWUR® DD YIH OHIFWLHRQDQRI WBEHAIRKSOLQ.
DOQWGWLOO XQGHU VWXG\

$ KLJKO\ DGDSWDEOH RSWLFDO WHVW EHQFKFRYWPIDBMNEOLVKHG
FRPSRQHQWYV IDEULFDWHG7 IEL V' | SROMADRY/NYL MF K Q RCRRU RVS RY IDREIMOX V W
OLJKW HJEWGBQ®GHFDQ EH H[WHQGHG WRQRMWE B WU QG HMRXBVD HRIQ
GLPHQRDRGIULDO ZRUN L QURZ DO RDR FR-KVAEIMAU H KK M BIIGI R U H
WKLV FDQ SUHYHQW YLE W WIRPQGDP® B DRIFGI® WDL\CI BSOH GHWHFW
EHIRUH WKH GHSRVEWRBBVRIQEBNVRU LV IHDVLEOH ZLWKRXW DIIH
DOLJQPHQW SURFHVV

7KIPHWKRGV RI IXQFWLRQDOL]DWLRQ DQG GHSR3SUWLRK) RI FKHF
GHYHORREH& Q RUBEWWKR VHQVLWLYLW\ RH \LROQ\DHN R D W HREUPR § WR F
VHQVRU DSSOLWDWLRKQNIRUZDUG PHWKRG IRU 3%$1, GHSRVLWLR(
VXFFHVVIXOO\ SURSRVHG

,Q WKHDBI@®RE¥HUDOO YLHZ RI WK H DX OG®H VLLQ\GHMHER BRELE V/'\\SW HEW H G

KRXVLROH OLJKW VRXUFH SDUW RULDWRQW FRXQSBH WHB5DUG GHBOIDF
WR WHVWLQJ QRDHG E H HDOGREXY BMHIE DVRUHFLVH DOLJQPHQW SWKDQ N
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,Q WKH PHWZAWHO IXUWRKMKOLEBEWLPRXUFH SDUW E\ H[SORLWLQJ V
FKDUDFWHUL]DWLRQ DQG E\ SURSRVLQJ DQ RSWLPL]JHG GHVLJQ |
‘H ZLOO DOVR RSWLPL]H WKH IDEULFDWGRQWLURQKW R/ WEWL BBLLY H/
ODWH D PRKIDWIQHO GHWHFWRU FROMDZRXW GHYHDRBSK ®E\D ZLGH U
PDWHULDOV ZKLFK DUH FKHBYRDKI \EDN QN LPDMYHHYRMM TR WKH PLF
DV &2+ 92& DMRGRQ

‘'HZLOO WKHQ PDLQO\RRRARMQRQVWKH IJIWMBVWLQJ FRXSOHU ZKLFK
HQHUJ\ HIILFLHQF\ RI WKH HQWLUH V\VWHP DQG EULQJV XV WKH
JRU WKH &<723 VXUIDFH DGGLWLRQDO VXUIDFH WBHDWMPRHQW SL
VXUIB@HIRUPRW\WKWXOLBEABDWLQJ WUHDWPHQW XQGHU LQHUW JD
WULHG DIWHU SODVPD HWFKLQJ WR REVHUYH WKH VXUIDFH LPS
PDWHULDOV DUH DOVR FRQMRLGIFHHEGZ WROHRVW WM PIZDWQ (BJH WK
LOFOXGLQJWRH POQOBURKH LQWHIJUDWHG GHWHFWRU

JRU WKH HQWLUH V\VWHP D ' SULQWHG KRXVLQOHQBPBEBGBG\ GH
DGMXVWPHQW SLQV D PXOWLFKDQQHO VHQVRU ZLOO EH H[SORL
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%HFKRX , 2ELHWD DQG & 'HMRXV (QDEOLQJ SDW\
YLVLEOH ZDYHOHQJWKLREUQQ W IOH WBTEBRISG®P RQ '
,QWHJUDWLRQ DQG 3DFNDJLQJ RRU@WDI[(0H((7,3

() OH]LDQH 9 5DLPEDXOW + +DOOLO 6 -RO\ 9 &RQ
& 'HMRXV 6WXG\ RI D SRO\PHWD\WEBWLURNOKF[BYROHC
6HQVRUV DQG $FWXDWRUV % S&KHPLFDO

(. 5DVPXVVHQ 6 .HOOHU ) -HQVHO PKIL®$ LR UQIBAFM
SODVPDFURHOHFWURQYRQQIL®HHULQJ

(& %DUULRYV DQGHM DR D GMDYD O\ \DIRU RD &/ KR X/XQL G
PHWDO JUDWLQJ FRXSOHU HPEHGGHG L2 \DLENREFKP
YRO SS

(6 BFKHHUOLQFN -7BIEXODMEWQ ''9 7KRXUKRXW DQG
DQG FRPSDFW PHWDO JUDWRQJY ¥®X®® H UXZSWHIFGIL @S
Ss

(7 6XQL . +HQWWLQHQ , 6XQL DQG - LMBWQRQ RQ
%RQGLQJ RI 6L-PQAUNEOIR2RI 7KH (OHFWWRRFKHPIQFDO 6R
(% $JQDUVVRQ - +DOOGRUVVRQ 1 $UQILQQVGRWWL
J)DEULFDWLRQ RI SODQDU ISR OMYHZ BATFHIROKQ & HY J
HQYLURQAHQWMOHFWURQYROQQJIJLGISHULQJ

(0 5 ¢(BIZHO\ %LRWHFKQROROVHWRHRWDO UHYLHZ
(>2Q0LQH@ $YDLODEOH KWWSKSKARRUBVNYSHGLD RUJ

(5 )HQJ DQG 5 )DUULV ,QIOXHQFH Rl SURFHVVLQJ
SURSHUWLHV RI VX QHJIJDWLY HRXSKFROOR URHV LOM\W U FE
OLFURHQJLYORMULQQR SsS

(; :DQJ - 6XQ & &KHQ ; 6XQ ) :DQJDQG ' =KDORO
IRU LQWHJUDRWWGFROWILFWHYRDOV @K8UHVYS
(< 6KDQJ 4 1L ' 'LQJ 1 &KHQ DQG 7 :DIQIHU)DMEQWM

GRXPOMHUGLODSKUDJIP DQG WKH SDURNIWRH®HFAKDRRE
SS

(0 ODJQXVRQ - *XR 6 %XWRULQ DQG $ $JXL 7KH H
SKDVHW&\EXG®BDW DEVRUSWLRQ DQG HPLRH L R ® WEHF
3K\V LYFR/O QR

(- (OL]JDOGH + +X DQG - 6DQLJHU &RPSDULVRQ RI 1
SRO\DQLOLQH NMWKIMWIRO@AGLF PYRDFD QR SS

(" $VSQHV 2SWLFDO SURGHLIHQIFHHW ROMFKL QR L O PS/S

($ $LURXGM (WXGH GH JXLGHV G RQGH SRO\PgqUHV
QRXXHBDSWHXUV SKRWRQLTXHYVY j EDVH GH SRO\DQLC

(6 &KULVWLH ( 6FRUVRQH . 3HUVDXG DQG ) .YDVOQL
WKH QHDU LQIUDUHG WUDQVPLEMDR® BW B REUMW WD
Ss

(5 * *RXOG 7KH /$6(5 /LIJKW $PSOLILFDWLRQ E\ 6%
$QQ $UERU &RQIHUHQFH RQ 2SWLFDO 3XPSLQJ WKH
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(+ 6RGD . ,JD DQG & .LWDKDUD *D,Q$V3-DEDOXVIDI
$SSOLHG BRO/LFVQR SS

(. ,JD 6 ,VKLNDZD 6 2KNRXFKL DQG 7 1LVKLPXUD
$SSOIKNELFV /HRMOVHUW R SS

(0 2JXUD : +¥LOX 06 :DQJ DQG - 5 :KLH®DRWWLQSXD
YHUWLFDO *D$V *ZH-BNORRQDUWHBXOWLOD\HUV DQG
$SSOLHG/ IKWYWRLYV QR

() .R\DPD 6 .LQRVKLWD DQG . ,JD 5RRP(WHPSHUDYV
RI' D *D$V YHUWLFDO FDYLW\S®XUWHG B H P RV LHWN QBRDY

(6 ) <X $QDO\WLV DQG 'HVLJQ RI 9HUWLFDO &DYLW\
,QF

(' / +XIIDNHU ' * 'HSSH . .XPDU DQG 7 - 5RJHUV
$SSOLHG 3K\VYLR® /HW@QRIUV SS

(0 2UWVLHIHU & 1HXPH\U - 5RVVNRSI 6 $UDILQ *
0 & $PDQQ *D6EDWVHG, Q86(/WWHPLVVLRQ ZDYHOHQJ
ODVHU VSHEWURVFRS\ RIRFD BBRQ PR QKD GWIQRG 6HIQF
'"HYLFHVSO,,,

($ /DUVVRQ $GYDQFHV LQ 9&6(/V IRU &§RPRRRUPDWLI
7RSLFV LQ 4XDQWXRQOHF®RR QLFS/

(" .DQJ 06 /HH = /L $L 6H\H®ULHQ - ;LDR DQG
+HWHURJHQHRXVO\ ,QWHJUDWHG *D$V OLFUR(9&6(/V
2SWRHOHFWUR GIGFWD ®E B | R 8 WWHRDD PDYRHULBSV

(. (EHOLQJ 5LNLFEOGOY ORHQFHOYLIOMUWMPEDMNHQJ OD
DSSOLFDWLRQV ZLWK IREAWVY RQVVRQYDRVE/D I GIGHN-KRUKHU
3K\V LYR/O QR

(: <X 'HYHORSPHQW3H LR B UFPOUERFR&D SH. W I6pRPUMDWHQ J /D
5R\DO ,QVWLWXWH RI THFKQRORJ\ 6WRFNKROP 6ZHC

(9 -D\DUDPDQ - -LDQJ + /L 3 - 6 +HLP * ' &ROH
2&7 ,PDJLQJ XS WR N+] $[LDO BER®HS5 D WGP 8 VIOEIL
9&6(/V ZLWK ! QP 7XQL&Q¢2 5DQIJMDVHU $SSOLFDWL
$SSOLFDWLRQV 26$ 7THFKQLFDO 'LJHVWS &SD SASW B F34

(9 %DUGLQDO 7 &DPSV % 5HLE -' 'BORHDW &R'OOBI
WHFKQRORJLHV IRU 9&6(/ SARRWRIQEGF5 HY WHHD BDWILR Q
THFKQRORILHYV QR $UWLFOH '

(= ' 3RSRYLF 5 $ 6SUDJXH DQG * $ 1 &RQQHOO
PLFUROHQYSHBOUBGYFAVLFVQR SS

(+ 2WWHYDHUH % 9ROFNDHUWV - /DPSUHFKW DQ&
7KLHQSRQWLPHR@RRLRQDO SODVWLF PLFUROHQV DUU
IDEULFDWLRQ DQG -RKDQDPOWRIUZFMWLERQS 3XUHRDQG §

(: & &KHQ X = :X DQG * % )DEULFDW ISRIQ QRW H RHEEM
PLFUROHQVHV XVLQJ K\GRSKQLDQ FRF R QFIURHPMHFR QL F
YRO QR s

(& &URWUDKRUQ 2 BRSSHUD DQG ' - /RXHQRMVN BDE
LQGXFHG FURVVOLQNSRIOIRIG BN U LDES L6AEQ HIEH

(* *LXOLDQL3BHWBDIDQG 6 PRQQWIODWBHOIG L RGIH WX 8
6FLHQFH DQG YREKQRQRJ\ SS
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vV Vv

(0 1LNROLG < [/ /LP . %HUWOLQJ 7 7DLPUH DQG $
VHPL[LQJ IORBBISOWUNGYRMWLFVQR SS

@>2Q0LQH@ $YDLODEOH KWWSV HQ ZLNLSHGLD RUJ

(5 OLFKDO]JLN 9FVHOV )XQGDPHQWDOV 7HFKIDWRIONRJ!
HPLWWLQJ /DVHUV 6SULQJHU

(6 $EDGD &RQFHSWLRQ HW UpDOLVDWLRQ GH PLFU
O RSWLTXH DGDSWBWHYHODYWPRIJVYHHWIXRDGHYV 9&6(/\
3DXO 6DEDWLHU 7RXORXVH

(6 $EDGD / 6DOYL 5 &RXUVRQ ( 'DUDQ % 5HLJ
&RPSDUDWLYH VWXG\ Rl VRIW WKHURKQFNUSRRW R U H
XQLIRUP IDEULFDWLRQ RI SRAQ\MHEU VIRROEUHRD O/ RRD AOQ |
DQG OLFURHQRQHHULQGBSULO

(< =KDR 4 %/L'RXFHW&BOPRQ ) OHVQLOJUHQWH &b P53
3HUFKRX[ DQG 9 %DUGLQDO ,PSOHP#%QWBGE/ L2RQV IRA
,QWHUIHURPHWU\ OLFURIOXLGLF 6HQVRBSEBYIWHE AW
QR S

(>2Q0LQH@ $YDLOMIEFWR IBRWSP ZZZ

(9 %DUGLQDO ( 'DUDQ 7 /HLFKOH & 9HUJQHQHJIU%
'RXFHW ) &DUFHQDF + 2WWHYDHUH DQG + 7KLH
PLFUROHQV DUUD\V EDALIDG D SERMMQNRN M MSREBHWV YV QR

(* &RPLQD $ 6XVND DQG ' )IRIDSISLYLUDEIDEDOOLRQ
W H P S O/D\E HAKYLRSO SsS

(* &RPLQD $ 6XVND DQG ' )LR@SEKLAQ LS URWVRMRNSW QU DZE

" SUL QM E L& KLRSO SS
($ $FFDUGR 5 &RXUVRQ 5 S5LHVFR 9 5DLPEDXOW [
PHWRBOH ' DQG ' DUFKLWHFWXUHV ZLWK PISBER
ODQXIDFWROLQJ SS
(3 'LHWULFK 0 %ODLFKHU , 5HXWHU 0 %LOODK 7

21 TUHLQ 8 7URSSHQ] BXGRHKQ@OGHK @ RRV ,Q VLWXIRI
FRXSOLQJ HOHPHQWYV IRU K\EDWX S BWR®RK) LY H J U

(>2QO0LQH@ $YDLODEOH KWWSV ZzZZ ODDV IU SURME

(3 'HEHUQDUGL - 0 2VWHUPDQQ DQG 5 OLFKDO]LN
VXUIDFH JUDWLQJV D VXUYH\ RI PRGHIURRJIEDYG H
,QWHUQDWLRQDO &RQIHUHQFH RQ $GQYRQFHG DHWRK

(4 /L 9 5DLPEDXOW 3 OHQLQL 7 &DPSV DQG 9 %DU
JDV VHQVRU LQWHJUDWLQJ D SRO\PHU PLFUR WV RBRRQR
1RUWK &RQIBQFAREKMHU &DQDGD

(% %RLVQDUG &RQFHSWLRQ HW UpDOLVDWLRQ G XC
G DQDO\WH GH OD SHDX SDU 7RPRJUDSKLH SDU &F
8QLYHUVLW\ 7RXORXVH

(>2QO0LQH@ KWWISODEAYHDGWHNSKRWRPDVN FRP

(0 'LH] 33DWWHUQLQJ DQG FKDUDFWHUL]DWLRQ RI
7TKHVLY %RUGHDX[ 8QLYHUVLW\ %RUGHDX]

(>2QOLQH@ $YDLODEOH KWWSV ZZZ PLPURFKHFPLB D

(OLFURFKHPLFDOV >2Q0LQH@
KWWSV Z7Z7ZZ PLFURFKHPLFDOV FRP SURGXFWYV SKRW

(>2QO0LQH@ $YDLODEOH KWWSV ZZZ PLFURFKHPLFD
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(>2Q0LQH@ $YDLODEOH KWWSV DI
FRQWHQW XSORDGV GDWDVKHHWVB/25BGDWDVk
(5 +HLGHPDQ 0 +RHNPDQ DQG % D&FHGU HXBH.LU D WHG QI
IRU /P®&KLS DQG (QYLUR QP HQW-IRX U\l B FRM L RHQO4DEDNG
(OHFWUR®LFV QR SS

$QWHIOHFWLYH FRDWLQJV OLFUR&KHPLFD
KWWSV Z72ZZ PLFURFKHPLFDOV FRP WHFKQLFDOBLQIF
$ /HFHVWUH 3 'XEUHXLO 6 1REOHFRXUW - 7DVVFE

(WFKLQJ ZLWKRXW $VSHFW 5D W LRQ' FRHZ @I G HEHF 8- \MIWK
(WFK DQG 6WULS LQ OURQRWAEARAK QRIO®BM

3 'XEUHXLO DQG ' 4XLULRQ OLVH DX SRLQW GTXQ
VLOLFLXP GDQV OD SODWHIRUPH G$$®&FIR H W & DR
JUDQFH

6 OLNKD\ORY 1 $ 2JXUWVRY 1 /5HORLHZLER BRKBYY
3$1,%6% FRQWHQW DQG GLVSHUVLQJ VROYHQW DV L(

RI 7L2 3946%$ K\GUQDQRFRPSRVLW H5\6 SWRG ¥ PRE@ VD QI
+

- 6WHMVNDO DQG , 6DSXULQD 3RO\DQLOLQH 7KLQ
UHSRIMWH DQG $SSOLYHRO&KHBISVWU\

$ 5LHGH - 6WHMVNDO MQWX SUHCGPVYWB WP SR\GLOWM
OHWD®RWD SS

$ $,528'- eWXGH GH JXLGHV GTRQGH SRO\PqURIYSIHF

QRXYHDX[ FDSWHXUV SKRWRQLTXHV j EDVH GH SRO\I
'pFHPEUH

, 6DSXULQD $ 5LHGH \DLQ\GX-S R O\HPMVN PG S RQ TR LU

6\Q WK HW LYFR®@H W D O¥/S

1 OHQHJID]]JR % +HUEHUW 6 %DQHUML DQG . %RRN

FRQW\WL IRU VXUIDFH SODVPRQ UHVRQIQPHWM®MVLQS F

' :LOOLDPV &RQGXFWLRQ DQG JDV UHVSRGROIKH ¥
6HQVRUV S FKDSWHU

0 6LQJK - T7UXHRH)MHV DQG - +DKP (PHUJLQJ &\WR
'"HWHFWLRQ ORGDOLW (9D PQHG 1 ®LQIRMIDVGHIKIEDRE & P H Q

6 .D\D 3 5DMDQ + 'DVDUL ' & ,QJUDP : -DWHIP\D\M
RI SODVPD DFWLYDWLRQ RDWMIOREHBQSBSODIDHGE VD RU N
YRO QR SS

- 3RRQ / =KX * 'H5RVH DQG $ <DULY UHR®R@DHW
ZDYHIXL:BXWYQDO RI /LIKWZDRE 7THFRRRORIJ\

7 7R\RVDNL >2Q0LQH@
KWWSV HQ ZLNLSHGLD RUJ ZLNL $WRPLFBIRUFHBPLI
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