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Abstract
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(1l oofTpuandampyt heqer owlienngand f clra pehdd tsomliwt i on
are f astc o-sctd nepaancdtv,e-mfefrigoli[le3dth ide® mahmadse en a

driving dfewvrede piment of janttegc @an eddoagyth @tislo att hce
i ntegration of opti catlo cfoorrpn ne nft sn soitnmican asti n
el ectronic iMQOegr ant ed o ¢ H[k CNuhiretssei cospt i ¢ al cor
are interconnected by waevleegna rabessc @g@etl ave ng
without t raee xnteeerdn afl carpaocvieirv epacnanta otli ve el e
(components that manipul attdeunrd ddgghadm! lesisn g an
Si nsgubesThasei nitnepgrebakte osnh arbe [liiabyi | 1ty of opt.i
minimizing the need fcecomplbingmMment ebel wees
of hi ghly compact, phdtucsri,cwiadildr cloamgsat uni 2
capafcart yapplications ranging from tedecomm
orechi p sensing and | iLg DIARGsegtheb@tmisig .pdnd 8ran

One of the key advantages of i mstoemper lekodfed p
Il i mitations of elhecttr agneanuedr ,astpBognd u <iuh @ r Il iyg I

1



Ph. D. TPobeyias Tor;abMcAMansatdeiri Edgi weesi hyg Physic

of el ectrical sigraleanabl at d asdteed amldo tnoonrie
proceacffiesgigingi fi cantly i1 ncrceatsadn @Hnmpldinkiedta hi
el ectnrudns ,pl e ospttriiecadnier matieont ransmi tted sim
without i Addrtpdhasbby actaniesuil teweinrer gy

consumpn icoomp &l iexdmonocs systems, maki ng i

eneeffyicienvi rammdmemntealdll wn cBomelestWas &ds t he

exponenti demgndwtpeetdi dat a torpatniscnails sijnotne racno
integrated photonics I s wahmehgbnhngeasthecspe
bandwi dt h of optical commu rif ¢ & tcoif@ meclwyei ctthr otnt
chisdhdkdi t iwndlel ye,l ectronic devices heat up a
| amge@unt s ofwhinlfe rimmaiie eenl § wap eofeeetrthir ans mi t t
enengy.heBhhdast ure i s espeecciiaflilcy aipnpploirctaatnito nisi
centers, where it can signiffa2]lc,ant7Zlly reduce

Among various matphotosi d or nddePy raidsigdpid unng i r c
phosphide (I nP), 3 jthibmconob8&t ¥, (athhleb ©i | i
most widely used platforms, | e&ac¢ h[ard]f,fogF®irng
i nst Anbdlbi0Os an excell ent materi al for nonl i
Supptolrd si nt ehg rpaetrifoonrancetfn cvee ,*l @emeas sampl i fi er
and detectibre® $ peadtimeedllOnl t he ot Rvebra sheadn da,n dp L
Li N9PO Cs are typically restrictedanldvifabric
baswadvegsashdeshi gh peé¢paljglahte oonp tliocssl gmrd pir N
make t heuwm ftiwveerd Ipassi ve fhumncetviean alwhtaite smakes
uni e eciompatwibtih i ¢tgmpl e mxnddeemiyc onredCusidptSo r

manuf a@trwrcidreigg e s [ 61 | ipfhoxt]d reivees age-es tt dalel iwseh e c
infrastructure developed froedudces mamutaaoatu
c oxatnsd e n h an aiklaabhight sc o mmiea ledidanig ayroetdh etro pl at f o
[ T19Th e | spcloant f oarlnm ocawss os eaml ess i ntegration o
components on the dJdaemel odfimphny kerniadnicibe @i d ehse

compl enxu faunndc t i onfarl] circui ts
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Ase x pl an niemdt egr attehde pchhootiocnei cosf pl atform i s

eaolffer ssudi eMgiblos dy bhglhgetoehr ogeneowmpt ind &Ilgr &
components ptamfdrmBehane become an i mport
the perfor mahcel[ 0]f PI Cs

1.2i.licon And Silicon Nitride Photoni

Silicon, t he second Eamotsht, aibsunalaocor eé resntean e
indystamnyd it serves as the primarmnye tipmdser i a
decadel i con photeorirgedhas | ®adienogh n effoag
devel opPmheCstmad fnl y odnpe twibtihlti&MOS f abri cati on
its anspyamrnen wavbeolveemgitahdst i awd amd y1 .8 awhdi clh 5 ¢
al i gnrsegwiitrhed wavwalgaireddeshpsp Ifiofré&{ iijo H.&ij05i c on

PI Cs are typi aallidcyo nfsaudS&)iwoarft &msl.oancirryg t al | i n
silicon | ayer on a silicon oxi.Awi dbefdreray ac
waveguasleed devices, including splitters, fi

resonators, tdham ugdh part a phsyt eeghB ] et chhel hwger vy h
refractivebendiermencboonawav ¢ dgseildiec df@re® and
cl addaklhgswaf®dran i deal platform for hfghrica
i ntegrati @amidrdiemali t c hessaatuaslek of tight [ ight
devi®dds [ 7]

Al t hBObghhas become the mai ns,t rtelag@m @ Wios gae |
interestradddiengrati yestredmadr | afl f & d v asnjt naigleasr
particul arly high refractive i ndelxei ognt r e
transipmrtemeg spectral abaod#&ilwldiléc¢goinksinte e i d
strongeditdat e bienc auhsies orfegiatrsd broad transpar
mi-dnfrared wa8e8bLen pamhd -li(ldw wpttiraal Dodses
dB/)/m Moreover, the | ower refracternvedumnadsXx
optical sensitivity htighf aolprtii catli oboannleirgnaepa sp,
|l ossest waphiathomsa DR LR i of[1137]]As[ & hiiss plltat f o

3
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woul d bfeophdeahi c whpltewaprobeagamred ohl exi bil

across Vvisible and [i7n]f,r a[rle0d] ,ba[nldss] ar e esse

Il n the silicdrhenistiriiitccheenp3c@lir eoywwipdmced wit
| aywehrijttree fabrication and QOCHMOSempladithhb pr oce
all ows SIi N waveguides to be seamlessly int
chip, enabling daesvgnefaglkedctioh| @& k¢élaipdBRi he

summakeyeoptical properties of silicon, si
TablleOpti cal psriolpiecrotni,e ssiolfi con (@itrivdéuasdasil i

banfd53%65, nenyctelpd W amd tgraapn sapnadr)efnhcey] ,r gdng3g , [ 1

Si SidNg Si20
Bandgap (eV) 1.1 5.0 9.3
Refractive in 3.48 ~2.0 1. 44
Transpar encey mM)eSh 1.1 0. 4 0.16
Transpareneeym)elLo ~9 ~8 ~2.5
Ther-onpt i ¢ coé)f fi 1.860 2. 450 0. 860
TPA coefficient 9 162 0 -
Kerr coef/fW)cier 18 108 2. 450° 2. 21G6°
Waveguide | oss 1-1. 5 0. 60.11 <0.1
Despite the many advantages of the silico

| i @gmi s, siwmi ch i s a vital fUBELIE Padidaint mn e g:
indirect bandgapg ed editdaomdudtnorme® od dincuwnetrigy
and moment bobrhcehraanngseishieorw al dmces bamsdil t s in
of eneplyynoaass her t hiam tptheot oesombamdatitadns p
charact ersiisltiicco nmai&reaafgfmt cfite¢nrit F{ g af*hows t he
compar i sboann do fs ttnhuec h Birteheh RSis.ect bBaalde sttmrarct
hol e recombination resul t fienidni rpehcat oboaf nedmissts
silireemmbioocaurenwi th r.#beaddressphbnenbki mi
materials and method havepebbdeor makhipodoend ht
sources on silicon platform, whi ch most [

foll owi nwg tsberfced ¢ wssio,lont i ons for telecommuni ca
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InP Si

Free-carrier
absorption

Electrons

Indirect 5.2y
recombination

Energy

Auger
recombination

~

--}-—..(
RS
.

Wave vector

Fi g@tEnergy band diagrams and major carrier t
(direct bandgap) and si[l2i0Odon (i ndirect

1.8nChip Light Emitters on Silicon an

1. 3l.IM'Based sLaser

As prewotpeid hye § aabuoopatbibceal components from
can enthhaefda cafeh€gol | owi ng t hns e gaopEptifboanc h ,

semi conductor material s, whdmiht tairreg,tkkpoovme rft
become the most wideliyneddpaeigmgpol aseon in
phot dmrRijlcs [ 3]Thidggpr,baclh3glgler f orlmagnhcte sour ces
excell ent emission char a[c2le]r,i s[t22]s on Si a

There are threfedrpregadtymamge hibddllss i nto sil
direct mounting (hybridhetrregratiops)a,ndwafgy
het-epiot axi ] gr.@dg®mi hhy[b8]i dI #Vh tl eagsreat icchn, s or
fabricatedndepbheghetdy and bonded omsongild]
t e c hnsiugculielsa pi p boorn dtirnagn sff & ,.AlrtlmgGu gnhg t hi s me
scal abl-gof pmeliugh e puvierpdgyde ci s e atlhlefvh merster af
ont bcehiwh, ch itmer @eayee al|lnma ncuof napcl besatn thygf abr i cat
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ti m@&] .1 ngpBhpr ogiemteeoqursd&/t il ary,erisl lare transferre
silicon substtroedfeer towtalieeire wathemugh physic
bonding; however, the | aser patterning and
attachanent|[ S8 eerpd 9 hxi fadl lgowswtd simil ar appro
bondi /g ,maltlelri als are directl]l[y8]g,r owh]i,e n[ 2 1h]
integirathioghly susceptible to | attice misn
bet wseielnand-NtElFyst awhsch can | ead tonseygsteall
nomadi ative recombinati on[ 3c]e,nPtrlegsdsil siignn mem &
bet ween-Vthasdr Bah&8iaNbdgui de i s stibbot hvery
het erogeapgpiotuaxiiaht gg,maetciesrss t-partecnigs ihoing hl i t hc
and ef8hijingll]

Whil e - hmatldrli al can providethlkey emnocalbl e
i ntegrated usi-mgmpsatainbdlagr df adMOGScat i on techn
cogeffectivenessef Onginsthige at Mhicisree lr ocesses a
associated cU¥Ustxnntegr amalb@ominéaé!| yspeasabl g
l ow/-vadldume pfi{@&dJuctions

1. 3Mo2n.ol i t hic I ntegration of Group |V Me

Similar to silicon, other group |V el ement
i deallasfeorr appHOwaVv amjvarnedcaretn & Bgygpr mani um ( Ge
and gertmami(uG@e Sn) | asers on siliconthaive at
CMOSompatibTHiigyposgrbulNi tnya tbgisieals sl aser s é
advant ag¥ebaosved[ BDHdef 8], [ 11]

Germanium, with a smhéahkercoangaewalpllay’ e e
(dvwery <close to i alsl owaldigeetcitv ev arl d ceoymb(iln)a,t i
condi[t2ilon dvbén Ge I s grolwe wmnsmadauahitccre Isdy
antdher mal e x p asbseitoneeacnode 5fd i chiea nmtawi tshirmitnhe (

|l attice. The strain reduces the energy gap
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i ncr e alsiekse ldifhheorcadd i at i v p 1.1 eTchoembh anmmd g aom s hr i nk
be achieved through domptiynwme mkamiamg swi ti m G
however, this technique often introduces ¢
absorptfi2Z@motd mesrs approachSh ntvoo | greersmandidu m gt d i
all oys, cwhnivcehretcmat er i al into a dir exnt banc
concent 6 &H[i dIn,s [(S]Tle sheé&tl botildeddd t o remar kabl e
in Gel/ GeSnkBuGethelasannot be efficiently |
to theiirghvdraysi ng tamdie sholcdl|l tuesemmnsadonsi s
room temm@gr,at[wrle [ 8], [ 11]

Il n adpguteosabkleasaed sotni muheat ed Raman scatt
explored to enabl g 5l]asi[RMNh,e ge2 Isjas ecdDndo tra
bandgap emi ssi on oan dS Cl aunw abheg r f$aitbar npdcaaytcde d s e s
without extra,bmdide ifrn ceaft iommi sredpBHA | iors sseisl | ¢
[ 3] Similar to the other group |V | asers, tl

to be useglioateals

1. 3BRa3rEcar-bdhped Lasers

Rawear(RBh el ement s, p&yt i dalvar dlsocerolr thieeenr (o p't
amplifierGi aend 1t laes eenfafeac tfiowe cloisght emi tter s
REdoped | asers have sohmanged dora-dfeivehiossneaq:
in this platform by foll] 3hs inpawoleof pbeus o]
host s ifomhsd R&E | a ssetrrsaiogfhftefroergwaartd on precess
V ogroupgbals\ved. | Bs&y sbe fabricated without th
or additional bonding andat awsacgameenu g s ta pssi,n
step dePlosi gnohi cantdayn dr ecdounzpdétsk #d dgsati n me d i
i nt eg[r2a]t,iFdjm4her«hoped RBsers can provide a
a wide range of Wawel arhget hpso t eannt de artli hsesyd o0 e x |
| i newviditthvw mods @i gh thefMimak esafdki@ BRdidupreedg | aser
as ui tcalmldeadacthei p | i ght sour de3s] ,i M.1s4i]l,i da2M]ph
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| n t hesae glaa meirmseyd iegmaipheodt oni T heay ietayt.er nal

opt poashoumee,r atni nagp parvogoare lagmregteh est r ons from
ground state towiht tghigemn ne merddgnu nHele/ted Is( 22 e r g
struchemesufwicient purgeo ewlea tgiyoinssiamEvhe nesvicas
whiahl ows | ight amplific&iigdRelblyusttrifagtund sat e
exampleeaergly dnhnagewmibdped siliwiat H i deerd-rdgaysretr s
l eséelruaeandmpos8ceilbelcet roni hrthmemgearaéitfi ngr émtl
wavel engBohsi nst arhee el eacdftrrogoufn getrtboinum, char a
bywyartially filled 4f or bi tsailnsi Isahri etlod eodt hbeyr
el emendrsbi um i ons byeu®bdbhgeralduBm@ xuwarnvteelde n gt
anamit phot drasbdri enl axbet iGdrecbmomn & e “meatnadst ab |
13126 sted t h el gartofuthdl]

FF o
Hy,
‘H R ‘ ‘F 512
*Fan Fsa
A *H,
0.98 pm ) 0.79 um 1
N 1372 .
‘\ 3F 4 A 0.80 um | 0.94 um 1.06 pm 0510 e
148 pm | 1.5-1.6 pm 1.5-1.6 pm| 1.8-2.0 pm 4 Y
I 1172
i Lo e
Er3+ Tme+ Nd3+ Yb*

Figa2Examples of el eélt r@mNtdr®mMt o d e piesdi liinc &r
fiber, Isahstewripsh g al pump (bl ue) and emission

Oneér awbac-k aedtolpreadr d aser s i s pglhmponueect ,f ovihi &
l'i mits their practicalitgduaneastnurigsy aigrftfe @ri
compareddectta i cal I[yY2] dHo[wsgwnerl ,astehes avai-l abil i
cooled | aser diodes and recent advances in

a system | evel compafgtfidAgss for this type o

The i nt egtrdeotpieodn goafo msRHneddoa o wlhps taradhti egsy eid s
throughiatpwo oaches: multil ayermahdi haperdin
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the-dBped | ayer forms its own distsihtcettcomwayv
waveguide. The opti csall waoodae uti rdend dngeod tdhaeiomR
mediamd | alser emupbkesnback intol thhies m@mrpipmaray
| i ght swindtrestmattetr i al s af 2&i flfn¢ hé&btr isdt a gnetse g r
REdoped maeepowalt eidg i dfwatolmeg u iad dt v wei mgpt i cal n
to propagate through bot sigmilnl gmédisnssthamd df
confinpemeptification happens as thé¢2mdde i

[ 2.&F) gu3A@anBshow examples of multilayer and h
/A \fB N

- Active Layer: Al,O;:Er** Passive Layer: Si;N,
LPCVD SiO, ol

Quarter-Wave
Phase Shift

M Si Sio, MSIN W ALOSER

976 nm

1550 nm

- J

Fi guB&xampl e se aadtolpreadr eg aint elgawéi on approaches
photonic.( AMat t ot myer i ntegration: Structure
AbOs B¥SiNsampl i fi er, including a 3D dalemdat i c

multi/demulti-péetxieons amfd thesadi abatic coupl
pr ofaitl edsi f f er[e25 |Bhpybsriitd oinrst egr ati on-watFabricat
phashi fted DFB | aser SiNjatnhdA j@: igat innd aiyrer b usihed
the fundamental TE modes f dr29980 nm pump and

9
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| n bot h ahpeprfolaerhedsmth itsygyiedildct i on and t he &
various fabri catiposofREdoohpreidg ugeasi nfadmeawead htaw
Ssi mptlhheht egprract@eostisi mt hatneed for aaneddi ghomeat

stepfsor exampelfeécencaliivtehi ¢  hybkercihchi igmutee g rsa tcioo
coating, where the gain maitleiwa m#a g uisded,i rwictt
requiring intricate [&fc¢hi[n2g7 Rad i Bi@d ma Ihfliiyl,gn

deposi ti on t ercehansioguaebs iypeoxioce r ol over the
concentration of the active material, enabl
the overall mdénfpormareces.of on

1.40mo0ss Gl ass Host -EMatterr iEd lesnefndrs Ra

Seveirmpordfta@mtor s mus f osbeel eccqtmi snige sat e dnat er i al 1
i onBaser appnlcilchadtininognpst h ictalh e khmals me cshtaanbiiclailt vy,
high RE ion solubility, |l ow phonomrs eard gy,
easenbeg[rzaRdompedt gi aabeel marticularly attra
in this pbhefor cmothp attiebmpleidtay aowsi sttdihahriogquu e s, s
as sput tagroimdepbayeron (Aebhanaed ohamimaal
deposition (PECVD) . These me tchoosdts fparborviicdae
processes for integration of the sguacihn amsed.|
mol ecul ar beam epiotrgxayni cMBB)e marcdl| metagplor de
whi ch ar e cfoarmoorl eywisisgnidicloinduct or s and cryst
as LiaNbdd b0 YAGR.1]

Amorpbeobuseasi(l3ical omt 08d é Alpch olnoowm f |l uori d
tel l-wmasdedk gl asses are among BbBehmess fmpoR
in integrated photonics. Gaf het ageolpd li cmd me
perfor mancef faercd i ¢ g s ttwahbi rcihc ama loes them suit

integrated opR4ts applications

10
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1. 4Sil1ll.i c a

The devel opmématsedof opstiilciacta fi bers i n t he
telecommuni cathioglpeddt reaartasbniiisnsg on st gnautgh
Over ti me, advancedavieedf ithoer e xttecehmed lyogly o
tel ecommuni cat(iloens sivatheddnBn g mh)atwiltoh50sinm c a
However, even at sudéegrl advatliossrs dwerellsgng i d
chall enge, necessitating Brhepeuwsef iodfer o patmp
(EDFAs whiistele Hrft rtar sonfsi'Edsmas been at kkeiys sol |

pr obé¢ manhd fi fnigci ent ampl-li dwocsast iwinn d onw [t @fke] suil Itir

Whil e silica has prbiamerdi |IS)Edbeerd hwasse dadismo f
been explndregd at edowdrvom,jdmans .ti st itohne concent
guenching effect in silica, Whighl dwssal Ui
to cl ust eiranngi natnedr aicotni ons , ' i miting the amc
be incorporated without a Tshiigniifsi mar tnad enar
fidbhased aapdi fawbese | omgdtl n gtehmendobffei luiesre d
HoweY@®r-c oinp amplifiers and | asers, achievi
essential, making concentr atAdodn tq werrad Hiyn g ¢
veltpyw refractive indemodesbovectapcwmphcthe
Thema&ke silica | ess ideal ahbrglappl deatfcess
needeahd ernati ve mat-ear &8 hs samidu b ielf ir guladyri vrea ri
be more[ 34].t apbB8 &]

1. 4Si@loin Ni tri de

Silicon wietrrsimhé ¢eisala i n suktsormrmxpbptoonhnatk
properties. Despi tRE b nsf aihriigghepdghesobB8behity
cm) SiMNasshopmt ent i al as [ 821 gvatr 3tfdduesh RIEcw@adh s a s
react-s wvet tceori ng, h & wdep ibRé ni emp | ioryted 3N t hi
[ 3;%dwe tehcess put REdroepdeidlorhdseurf f esi d miofeim@aalntat i v e
transi whorméddickene hf i ¢ ihédrec ff abeVvip@dP d

11
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Recent advances have focusesdelcercitnovred dymp ¢ a
RE i ons intfc36%i By Bashesgpndadcdh,icated devic
demonshrgkEkyilci gnt amplifi deveohdaleasts] &REi r
i mpl ant ataimatgheec asit r uct ur al integrity of t he
opticaThé¢mneademsiet,i dat ei ndnpd eadhticaigtléi eooné sa-s ir e

i mplantation annealing (3.6DWARKCe apprypid:
ef f elcyteidvbea c k gr ound wavte gawinidseyteld@eds e®, f abr i ceé
Overcomengmphat aseagent i al REdoorp&idé&Naidinzi ng ght

emi titeeirlspbonhoni cs.

1. 4A13u.mi n a

Al umoihfaers sever al advant agesREbwvas BNl iscali
phot AAOsh asi ghédrr reftrlaam Sweliingmh e vwepst itchae mo d
conf i neimehnitn t he gain medium i nmaskielsi choonr ep

compact phot dreisc gway dphpsisf.@he ,ad[d3 8] on t o i
t her mal and mechanomewa laed eb & arbaienl siptédyr @ mc Y 5Wi m anc
t o 550ndnmshows very | ow oppactil ciull g d gs
t el ecommu rbiacnadiOp aminso @Ghiagsh ea s ol webairltiht giaainosr [
Si20 whi chH ogildivpemo ncent 2a&t]i,of Sddhe fS8Btjures e
stronger optical gain over shorter distanc
chip amplifi cReEtbpeadaadthu nohdasidhepesn successful
for introhluxilngs emswiatnida rseghep |i onfcd enrésod g mi u m

( N°g[ 40]ytterPpli3udn) ,( Yibs et biia2d] Er [[1465]]t h[ju4 3 Jum
(T5M[ 46], &add] hodymé.8F(rHoher more, alumina g
energy O-~78nmhiocme-aard ormiddrt araendsiint iRdBnlsiaotnsar e nc
achi eivna bhbaesctissi awsi ¢ eh  ap hhoi ngohng ré&( &6 OYy[c4Dd |

Lowwoss amad@:phbhoube depsotsriatiegdh twiiotrhwar d met hc
magnetron sputtering acamiltargd wafre [d@¥lewhipa
Ho we vheerr,e ktétge cah o h a b li e mg ee gA b@tRiErivgi o h haecrt i v e

12
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photonic component,s aosn hsiglhi ctoenmpseu bast turr aetse sa
depositHoklsf Tchans de gr adtee nopre dsdaaimsangeeti e/rei al s

i n atchtet ve micrsashstasmsnet al | ayers|[ @.d]Tdooped
addr ess ctomiss didsfsabdt,es h a wree diueceen dretpebmsp &0 aotnu r e
whil e maintaining tfhie] aQ]tSu@éi mp z at peencstels e 81 M
fuCMOS compati hihliist wintt heopugatt ii vrel y dafvfieect i n

performance

1. 4F14uo0o0r i de Gl asses

Fl uori degeqleaghsavdesy very | ow i n thrritetn gnyoct al bol ses efso

exceptionally Il,owngihmaegohié@&ed¢mioa&0 hal f th
sihDica@&his | owsphbaoinnmcascenrgydi at af e sdidheec ay
excitedf sREtieosse % pda thhbeer ebayn ge of accessi bl e
arreofteasi bl ei hho pholeineevregy host s. For exampl
suppgdret l uminescence of praseodymium, neody
aroan8 andasl.welCmeansns s 2o 79 Oaht]

Despite these appealing optical propertie
silicon photonics dueA tnaj®evarralwblaichki tiisn gt
fragilityghaThettmatmegi @ants fl uoride gl asses

make them highly suscepteishpleecwHaebn yerxepnd cead
moi s.Themgael mechanically brittle, complicat.i
circuits that require durabiliTtlyetither imadg h
expansion coefimacicértds t @risnichreddaosnes k wdfi cdhr ac |
or del ami nat i onf |duucrtiuldgtt it @enngp.lehe sseane seioefsa v i t

be mittiog sstoandb yextpenmgigitzaes com@mepil iy ageandv e
coatings, t hese extra steps add Moamplvexi,
conventi ofnialm tdheipnosi tsiuochhs paeasst her qugs or chem

deposCV¥YpPonwildely wused for oxides, are not ¢
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result, the fabricatmannsef ambal d eisdge tplmpsad il
t he CMOS processes typically [ux4e]ld in silic

1. 4TeS .l uri te

Simil axD;, toelAlurite glasses offer a unique
properties that make them highly suitable
has ed atively | ow pMHonaomd ean elrrgoya d ~t7r5€0n scpmar e
visible (~350nfhmar e¢e@d2.6 pheigd g advantage of
is their high refractive index (~2.05 at 1
within its walv®]ghhide prtompmerntrtuy,escombined wi't
hi gh concentraatihononef makrees tell urite an e
high optical gain per unit | ength,[ 50Which i
[ 5.3]With a | arge nonl itfesv] 5 4éd&mccsi gei i indan
( 310/ W5)5]and Brillouin gédm/nWeE®ltfaalsno sa
suitable materi al f or[ SiTs®9 Jiam dn dRmlmame aarn da pB
based amplifkdts B8]l asén$, [61]

Telluritandbpesested waicnhgpadgthcroidre | at i vely
t emper[a28ur,eshBlOthwe nignt egepaRfEgannof i Ten® with

siliconfpapbotonat c[e3lWhpreked &g s e gl assevaypr ese
for I nc wrap ofrcvantsc tnigosm anltietgr at ed phoioaci admnagr
ra-e @fbtaltsed | i ght emi s,sitahsedarma ampleigfisiadatdil ¢

relatively umaéeédexpéoredsaadch
1.8y brAib@: REBanTeOH RECoated SMiaagéiSs N

| nt erpersotpiengbOz:@ sTdecd s gai n hfoent RiBavenmadse t he
hi ghly appealing for -cthhe dEdsegresp meRnut miorf a htyd
extensively enopt biyeslen ncompfiibgpwrsd t2i9dns [ 41] ,

[ 47], Hé6®&éver, as nbaneddegdaiympeidcayalys i rha g

temper at urcer demprpealtiewso ecsh, maikretse g rheetiiron i nt

14
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mi crosget ees chal |imwdhcgkeinnge. sTagevercome this
devel optienngp elroamt ur e f abr H coastsi cal unme twheovdest ofa ri t
AbOs REcoat ed ntircatolarserfsul |y compati bl e with
way for broader adoption in silicon photon

On the ot Fe®shamdrged as a promising alte
of temperature deposition methods tThhaet ar e
depositiomssdTel@Evhin films on silicon plat:
(<10 usingstaepsirmglieRFf ri(ecpouye heyi fg process
demonstrated i N6idseW]eTrmils sdepd seist i on met ho
compatible with standard CMOS foundr-y proc
effective | nAdtoepgerdatg ainn ome dREa cionntfoocr®@datCisn g Us
approach for hyhbdoipde di ntteelglruartiitoen oonf sRH i c on
group has devel opedispe M arsalr sE2a7njadn dof h3poi] ] of ni[ e6ré

Il ntroduci ng -efeflii @aibd ret alnasclhstaabdeampmuhi et
band i(55630hram) been of g weeastp onldp cimiveemecas i n g
demand for optical souirrc etshiasn dwayelid Bg telr sr
achieving netBfgoaaitnedi nsi Te@on [191] wieder ewaw ¢ (
demonstratedodpelkbetdebt st bEreed(DBRa @ ea f wafcd ro |
scal e ngitlriidep 30 Jalthfessrem | aser s show a mini mu
mW and a maxi mOm3éRPO-secenonabdfs cilehemi®xt i c
coat #gdwaSiie gaun dd eDB Rs tcrausg, tt yarleo n gr ews pt ehcatitihveea n d

|l aser efficienclkhi gesainBls, are shown in
The | arge structure of DBR | asers makes
uni formity: BffagjdrevdrOsl|light variations in

reflected wavelength withihre thnkeeedDBRTr c anoirte!
caviotni eadhi s[ pMadrforemsbhat oaspract acaagnhonsgo! ut |
the sympl en®os tdeefi fcierse dctmimmpga-c hi paA atsigghl i ty

facQbag{aomesonavbty can confine the pump p
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upopticaheedwdar | ahsyibnrgi-ddo pleE s[e2]s By opti mi zi n
mi croraesaovdatyo g ulco ssgean h a moidreg ¢ o nWii tnke mte m e
gain medsumosstble to achieve compa.ct | as
Addi tionally, mi croresonator | dasmprosftomavte |
devel opi-enfgf iemiegmty] | aser s

|l ntroducing Er | asers directly on silicor
towar daian cadn sol e i g h choavMeivieeame ntsianidc olno s
waveguidempar ed t ma kaeclhiimgent no pttiincdael h egsaei nhy b
pl atfoemtlrashealdl & edpJj njg5] , A 1l ahleredltiBAa triba re
eardtolped | asemwsmveguisdds castitgagi n hmrealieadmn s
di fficuletquiard ifturther respadfh and devel o

._,:,:.—I-:::l:;.':l':::.-"!l

5
0 '?1"—::

-5 2.2 cm waveguide 1533 nm signal |
0

Net gain (dB)

—~=&- 970 nm pump

-@— 1470 nm pump
0 20 40 60 80 100
Launched pump power (mW)

0.4 T )

® Forward emission, forward pump

¢ Forward emission, double-sided pump
— Fit, = 0.26%, P'¢=13mW
03 H ©  Backward cm?ss?on, forward pump

¢ Backward emission, double-sided pump|
sassFity,  =0.01%, Ph 11 mw

On-chip laser power (mW)
o
N

Cytop
TeO,:Er**
Si,N, 0

kS 0 20 40 60 80 100 120
L o SIO: Launched pump power (mW)

Fi gu4.€ ADi agr & hfeeegXE¥SiNswavegui de structaufre for
|l i ghtbainml @&i th the gain measur emenfte.qABesul t s i
Di agram and the | taleO EéFiN,DBReNa3y0elcur ve of
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The 2 Om wavehemdtdun tragt md i nterest fo
communi,mafi nboygs baedcvaaunscee noefn-t er enphot boiwc band
which offer rreadmnulciende alpasbsy n@wnwd wi th the ava
i ntegratedmpboeoddmmuni catj 8h, Wjud djmenn g
raearth el emenpost,ehibdgmd adhmwmavmd opti ceaahi sampl
wavel eagg§ianide onearv e ghimdeoewi nt ri nsircedlulcRAl and
aro@né@mvel,engathh silicon andyvsdieleinc ars emi ti mi
previous studies f»d7hgchi[Tehiefe,rtefswd jtsm olf a &4 dhress
showasamagund olh ®t hOnmp Ibautsfionrgnsmi ¢ (Foirgedssdgn at or s
and [FBRAUBpcavities cogditedl mthheded@ti on of
i ntloeecti ve sil i coenbgmddDbeghyhptadmernsa)i ns an ar e
further texpdédmalalte omor e a dEwegn caelde mfgunanic t moodchuwall a
or dewned npaaviel-dngt i ore WhMWkt i ghe xaoperesp
newossi Hiolri ttieess es ulcahs-eeass emelingit h transmitt e

communication or sgeéedtr,bogdRgi ¢c application

\fB )

w

i A Launched pump power 0

; ~ S 7 [@ Forward cmission

oy A Absorbed pump power % 'é _r,::,as 4%, l”;;-—- 20 mW

% g T 40 Bockward emission

<os g-1op g e Fibn=03% By 21 mW

§ g 23

g 04 & =

5 - 2

E 03 E 20 i 2

lg 02 g =1

& £ =30 e

O 01 Z o D P T e e i NP

0 >

i % 1700 1800 1900 2000 0 20 40 60 80 100 120
1000 moflvavelgrsagh (nm;915 100 ‘ wPumP Pgower (mW)m “© / \ Wavelength (nm) Launched pump power (mW)

Fi g5 ®chema amecdadrionalefh Mmécfoialt edsdolf i con mi crodi
andBsgi |l i cobBRiaswirdhei r emi ssions spectra and
[27]. [72]
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Hy br i ¢ RiEeotn toedh ilds €rasi provi de an ienftfeigcriaetnitn
| i ght isnowridesc on ainndt esgirlaitceodn pnlaottdoi aiced r gls @t ft

i nherent l i me miad.9 icdkdsy ainkebi gmt mi €eaot &vigtay n
materi al deposition, hy mlarnidd tceog it @tgir @an i avn t |
functi emal iftaiceiplriotgatees st it wasadlilgplevr f or manc e
| asiemr ssi | i coTha kp ot osntiecpss t oward these obj e
studies presented in this thesis.

1. Bhesi s Objectives

Three objectives are purisnuterdo diunc et hai sn etwh etsel
deposition of high optical qual i tAY) awiutnti n a
hi gh depofsart iboant crieitazemet ¢argadean pmaddsesdctri ah
Thidepositiompteomhziedueomp atCiMDISe i ntegratio
| owers the processing temperature compared
t he ver s@®iiinltietgy adfl bAal sec®h&€sobjeompaetiand
cosetfeenbhidemed tlhaoambnohit hi o TietBdl gar yaet ri so n
on silicon and sil i cTomi snigoaitlddee smpvhgh yoensi acb rpil
and chat aonamiTewWsficoated microresonattamrs o]
realkiumthéy bmi dracsfears oper atbhiaonidhenft hal Cobj ect
demonstrate theREttoadgoaoi loa hertsacwiitvhei nsi | i ¢
photomi cr gsyxtpdms i ng t heir pectheinpt iaapl.p|fiocratr
This work investigates tthheeomalr omoduvkeati ase
specttrl@leeayred opment of WDM | ight sour.ces thr

1.Statement of Thesis Wor k

This thesis consists of Ssi X chapters and
advancdewygelt @ndwots sofoxi de thin films at | ow
photonic aphPhBdiopt&ll bosi amidiogs eles ommin si |l i con

nitride photonic platfor ms.
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Chapter 2 pruebd @ rsthse @ namameistcetnoppetr at ALY e (<1
deposition ItewhnsgsOgwdkei nf offi | ms -agssisged| agma
PaRMB8thersi wprk addresses the- | imit
temperature deposition -dcempatiiquleess AbGst eegnr aakt |
films with hidheopbhapaker gbabi hg. with a br
alumina fabri.tatitehent padlewitdiealseacr i pti on ol

magnetro

=]

deposition process, foll owed by a compreh
structur al propertAesi oghi ftihea mte poesn ttreidb utiil
scal abiliayhwafyf & egnaglna ugrtadudt i on of amorp

for integrated photppicsaandneptical coati

Chapfecu3es on the demonstratioffefEff* compa
mi croringlO@Gsembecboni deBepyand ofranser <charact

chapti scubeedeamfdabniocfathiyobnr i d mi d rmoreisst d glaa e r

coupling parametersdo effectseeamitphd laestefrisc i
work provides valwuabl e i, nsriegghutds eightewiqo raogt i r
efficcanp oOongAt mamwscrispt detailing the r¢

preparation for submission.

Chapter 4 presents a manustchrdémo nesst rparte p a
monolithic intTegFrAicioan edf shybcibd microdi sk
mi crosystemexphoseshaptemakemmedubnant sognal
| asers usi ng ari)Nmitcarno,huend preit torwiedle by det ai |
modul ati on through heat di stribution si mul
study is further extended by cascawiitnlg ani c

demonsttaermal omodul ati on across multiple

Chapter 5 tdleemodhesdirqan esonsi deraticthhm eama gc k.
on the siltihooanhgthl rayxbroirdn | nTleigs aelvaptudne eb o d
' i mitations and deuelnsycan gdgaosl euwisaivomasru if doe's .
comprehensive studyoacnmicesingm hped rl agnaeetne rcsa v
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presented, detailing the mode o weor |aanpalaynzde

howpt i ntilzeosaaeg a noedimmrpgtolmeet . gai n

Finally, chapteary 6o0fpr bhiashe stolvees ive mavn df t h
conducted, highlighting ohet Rkest of etsheea nfgi ke | &

i ntegrat eldt pahlosondrcesv.i des a few suggesti ons
1.8ummary of Publications and Contril

The following |ist i ncl uda @ rpeusbel nirt @aat t il odnmss g
fraomtimesis

P. Tor ab, AbhhneasdaWaj c i JRel iDgi.MasichP.BPBrJdadl| ey
iLoWwoss atnedmpleavaQztthen Alf il ms for i ntegrated
coatoiJrogug nal of Vacuum ;Scd4dZ2n(cEx) 280 D@)THh0hd| ogy

P. Tor ab, ABh.maKr amnki sSegBAt M.Fr Bib e ndas h eBmi , N
Maj i di an TaSled gvlrnagmainMaBa HRy.r, , BRJ , Erfisbd luemy mi cr or
| asers in +fcelaltwrdi usm | d>xiode ni, tdrni dper epphaortaotniioc

submi ssi on.

P. Torab AMAhmavBRadeal.€Es, FHabki Se g 8tHakFsrhaerne,, B
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Br adlITdiyer mal adjust ment of | aser signal e m
TeOTcoated silicannmipecrepdirsak inoams drog s ubmi
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Chapter 2

Lowoss adidmpewa©Oithe nAlFi | ms
| nt egrated Photonics and ¢

Pref ace

This chapter begersepivepégthi eghofi ngl tmiena
PI' Cs and optical coatings, providing a con
chemical and physical deposThdé mint atedt cdiosd s f
deposition met hgdialmntgclal e@wmi mg Ritgh ow t e mj
angl aa®mai sted reacti vies margtarsd dawaperdo pnil st ergi
for-tleoower ature depositiosesenphativeumablyr an

t hose useldhei rixXPELs al section outlines the
detail ed descripti ohes roekcerFtpheel oswisntge ni hsiest,u ps t.
optical analysis technigues used in the st
crystallinity, sur face rTo eghanreascst, e edmd t Po 0
demonsthpat enf i dlhi s depotsotachi éeeehougseéan:
propamidnesoduceeahnegquabdlee prodgecti on of a
caa ngdsdi tionall vy, the successfuwufli lanpsp | fiwratth

il lTustrates its-sceal eatfialbirt yatooni mailaeti migall
amor phbumfiinlams at | ow t e mpiempaoctriitpaenstebracs k e s p
i nt egirmtgiolni cplna tpflivortmoout ri ske mge datmarge < e@r
compoilenntss t echni que ¢ ans pouet tad rsi®ragu tpdyfr iaraaersle f
it is anticipatedwihbhatusbdaPBBNEabebhfabhgder
doped | aser $s namadt amel iwdirwesrst h mentioning tF

—+

he ttlhddias,jstetel ws a Hheoasrttolii@revehepr age miscr ol

(¢

xpl ained in the introduction.
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The content rodprtihntsed hwipttrerpersmii s ®idomasf f oml
The only modification to 2h4 Sde@iogiindlonwon Kk
PARM§$st em.

iLoww oss atnedmpleavaQztthenAf il ms for I ntegrated
coatoiJrogug nal of Vacuum ;Scd4dZ2n(cEx) 280 D@)THh0hd| ogy

https://doi.org/10.1116/6.0003976

Abstract

Amor phous al AP nuns oax ikdkeey (mat er i al i n optic
properties, i ncluding a broad -itnrfanasrpeadr)e na
excellent durability. Moreover, its higher
| ayers saondibhileeglhyt bf i oasemake it well suite
the devel opment of various functionalities

integrated photonics apgplaitawatei amams, stthree ssu s
relatively thick (~1 Om) alumina | ayers ar
optical |l oss alumina thin films at l ow de
deposition ratesassstiedt heactt uwdy nogpehr eatt neadn i sr
an alternating current mode, i's ingealtegat

compati bl e techniqgue for the degetshitn ofni lonis

at | ow temmecdtharc&k. a@mOgplhaoruasr AWavegui des,
150AC and a rate of 23.3 nm/min, exhibit o
l ow as 0.1 dB/cm in the conventional optic

2. 1lhroducti on

Optical thin film coatings play a pivot al
applications. Such coatings are composed o
optical properties, of fering preci se cont
wavelength range. Recent advancements in t

25


https://doi.org/10.1116/6.0003976

Ph. D. TPobeyias Tor;abMcAMansatdeiri Edgi weesi hyg Physic

of sophisticated coating designs with cons
t he optical |l ayer s, facilitating applicat
photovoltaics to sen[s73]s, alndglbaoee dphkbat odi
the technologies that benefit from advance
|l ntegrated photonics aims to create reliab
of el ectronic integmonated ¢indausitry. oAc hihev
necessitates the precise fabrication of [
properties, typically requiring the use ¢
proces7sbglsi ng existing ecooxmpdlee me @ niac¢ @ n dnuectt aol r
fabrication facilities has been an effecti
of fabricating?7i Fé&devecveemporferbtrs cati on met h
in this category are subject to particul a
materi al compatibility, cost factogsagl eand
production -gealua rfeasb wiadetri on with high rep
aut omaz4l]o,n [ 79]

Among the multitude of materials wused f ot
amor phous al umatntuma cotxeidd es ihgansi f i c ax¢haast t ent
excellent thermal, chemical, and mechanica
(~1.65 at 633 nm) with a contrast of appro
raea@arth ion solubility, and aowedebhbr ansgda
make it an ideal platform for the devel opm
integrated photoni ¢ S8i0Bj50tH B8di8s8g awav eagnpil d € S
[ 43]., [ 89]

Various chemical and physical deposition
amor ph@wptAlc al thin filuogetoattihegms calnelapadi
pul sed | askRkpD,deptoemite olnayer deposition and
fabricatedgetlthraonughC\Wh!| processes often exhi

propagation |l osses and luminescénocerqgdeoaed
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ring the f abdr3ijc,at[i XA |ptro8&éegshs [ OQUi d r emo

nsification can be achieved through subs

ing high temperatures, which mayemoitt ibee ¢
bs{r7&8]es[84] , ThB9)] ,t h®1f]li,| MmO 2flabricated
ually suitable for use in many passive a

- Cc »0w cCc o o
nw < un oo <

I m deposition process occurs through seo

gaseous paebumpsercsrsé&r react sl ivmitthi ntgh emasiwn
enabling deposition of a single atomic | ay
in ALD fil ms, the superior film uniformity
resul th iompthicagl guality films with | ow pr
deposition rate, costly process, asrdalhe gh
producti on, part{ @81 &r8[6¥@ 41 dr8 9, ien¢ukd Bl] at yyel rosh |
films with controlled stoichiometry can al ¢
pul ses to ablate a target materi al within

| aboersactadrey technique. A smbabl eceoani hgr mirteya

deposition rates are the most 1 nip4o3r]t,an[t7 4c]h
[ 9.0]

Reactive sputtering has been established
AbOsf i | ms. I n reaci vanspluumenumg met aAl targ
higemhergy i ons, Dbaentdweteme tdcelslei siioooms and t he
materi al ejection. Subsequently, a chemica
and the gaacitnyvied® the chamber | ea@®bsi tm the
on the [suD]s,At[a&Blugh reactive sputtering al
contr ol over the film properties, it 1 s of
techniques. Reactive sputtering also typic

to PLDDandtALrelative simplicity aligns wel
and all ows for appropcrcabhetefabtepa@moagpwbt
various reactive REmpadgnetrri mng ¢ Eewthtne rqiuregs, has
prominent met hodOsftdrn nf dbrdimsatwiidrh dfowAlopti c
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integrated photonics. l'ts ability to susta
buil dup, helps i n aahileviyngpunicfadr mha md fhil
studies on RF sputtering depositthieonnececfd dlo
deposition temperatdepesidbowne ahh@AC i nrg phedt
to minimize the prgpad8dagti[B]Il, odsB1d][f,9.8 8] f i
This requirement can increase the compl exi
particularly when seeki mgencsampatei siulbistty awie
to fabri-campatCidhd nAlf i | ens ,deMaogqdsdanm at ed a s |
bi-assi sted sputtemissmg amaemh od fdempolsowi on at
250AC Dby applying a hli2g®¥owa\ert,r attlei i mest toc
chall enges, as even small temperature <cha
propagation | o« ddwemdt maobuosyet al format.i
deposition temperatureg, troegsmeédtaibveéliy,y p ctst
it should be noted that thel disghealsimidregp ode f|
in previous studies is below 6 nm/ min, whi
| arsgeal e pra@ductfidd], [81], [90], [ 96]

Recently, plasmassisted reactive magnetron sputtering has emerged as a promising
deposition technique for opticathin film fabrication [99]i[102]. Unlike conventional
magnetronsputtering, which primarily relies on the Ar plasmeund the magnetron
sputtering guror ion formation PARMS uses an additional plasma souocactivateboth
t he react i v andpartofthe sngashntroaiseced to theposition chamber
This supplementary plasma source enhances the reactivity and energy iohghe
promoting more efficient film formatiorkurthermore,ntroducinga significant current of
low-energy iong< 100 eV)via this plasmasource imo the deposition procesalong with
maintaining a low process pressuedfectively counteracts the formation of voids and
removeshe adsdsedwatermoleculeson the substratg’4]. This results in théabrication
of dense microstructuremdsmooth layers with minimabughnesdeading tdow optical
losses Consequently PARMS can achieve higher film quality at lower deposition

temperatures compared to traditional reactive magnetron sputtering méttddienally,
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the ion sourcecan also be used as a simple and -effsctive method for substrate
precleaning, which is often one of the important requirements for advanced optical thin
film coatings. This process enhances the film adhesion to the substrate and minimizes
defects in the deposited filnig4], [100], [102], [103] Despite the proven capabilities of
PARMS for depositing low loss planar waveguif&3], there are few studies exploring its

use for alumina deposition in waveguide applications. These studies report relatively high
propagation losses, above 25 dB/cm at 633 nm and 4 to 10 dB/cm at 1550 nm, making them
unsuitable for statef-the-art waveguidepplicationd101].

In this work, an alternating currem’AC) PARMS system is employed as an advanced
fabrication technique for depositing ldass AbOs thin films at low temperatures.
Structural and morphological analyses were conducted to assess the crystallinity,
stoichiometry, and surface roughness of the depoégite@s thin films. Additionally,
various @tical measurements were performed to determine the refractive index and
propagation loss of the filsnacross various wavelengths within the visible and -near
infrared regionsThe results demonstrate the feasibility of fabricating-losg amorphous
alumina thin films with stoichiometric compositiowery low surface roughneskigh
thickness uniformity, and high deposition raa450°C using this deposition method. This
is promising for the fabrication of higbptical quality thin film coatingson large
temperaturesensitive substrates and the development of advanced ogécales in
integrated photonics.

2. Bxperi ment

2. 2AbD:Depositi on w$tsh ean PARMS

An I ntlvac Nanochrome |1V PARMS system was
deposition chamber with IiFtisg@kAey Icto ncpoomper nitsse
i on sour ciencahn dd itawmoe téer al umi num met al sputt
The system uses a cryogenic pump for chamb
pressur-g¢ Tormnn. 2&puttering Imadr peurndopyyadr us
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supply set at a power of 1300 W The depo
pressudeTofr 8mwmutiht Wighgon at a flow rate of
A reactive environmenQztfHiiom ftihlemsf oemat hen s
established usichgow. 9PN 90B&epul e -fdled ve r rma tnee
for stoicocli oimmsyichaltar geifdsow iraast er ewsapso nmsoe
The substrate temperature durangd tbposubsb

rotatiwasspetedat 30 rpm to promote uniform

Pieces of a silicon wafer and a thermally
were used as substrates. The substrates wer
subsequent rinsing with isopropamal ,t oandad
them into the system. Before starting the
steps were carried out to reduce contamina
particularly water mol ecul elbBe dap ogidtead tfoi
chamber was heated for 14 -chowm scyad!l el 5t00ACr e
base pressure at reogomotremp@dodt 2ikg *f omi hab
gaskisgd@iBeg. This extended heating step i s uUs
foll owing any chamber exposure to atmosphe
changes or cleaning, and is not required
operatiwmere the chamber remains sealed an
| ock, the chamber was heated for Wwnthduras

pressuredEHowerr rt mdan 15PA¢AIRrs Teashedr éf ul
procedure creates an optimal-gqealvii tryl nomsesth t | @
coatings by removing moisture ahdckont ams h
This step is particulmmdrnt si, mpaonrd aint ¢ an hlue
shortened in cleanrooms with humi-«hi hutand
substrate precleaning step was perfor med

precleaning step i s ropmn itcreald egmd icamnmnbe roone

with sensitive substrates.
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150AC before each deposition run to achieve o

To determi nn@daepousiittawmine rklci pe with the PA

to understand the fundamentals of dual AC
sputtering, a plasma is generated over the
target. e hef paemagreti c field confines the

enhancing the sputtering efficiency and th
charged ions of an inert glasmb atrydp i tchad | Iy e (pe
bi ased target surface and cause the ejecti
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subsequently condense on the substDGte an

sputtering, applying continuous DC power t
buil dup, which increases the | ikelihood of
magnetron sputtering, where a continuous
Ssputtering involves alternating current. I

targets are connected to an AC poweeesuppl
the two targets every half <cycl e. This al't
the targets during the sputtering process,
free frjom3layrclih@4], [ 105]

Reactivesputtering of AdOs thin films requiresmaintaining an appropriate flow of
oxygen gas into the chamber, aside from the presence of the inéarg@s) to creae a
proper condition for thél>Oz reaction[86]. The reactive gaoxygen in this casés not
only consumed by the pump but also reacts tighgrowing filmon the substrate and the
newly exposed material on the chamber shields taedsputtering targst where the
material was deposited or etch€xh the target, there is a competition between the rate of
an oxygen reaction with the surface and the rate at which oxygen is sputtered off from the
surface by argon ion@ncetheoxygenpressurexceeds critical pointinside the chamber
the getteringcapacityin the reaction chamber becomes saturaa@d most ofthe target
surfaceswill be covered with an insulating oxide layer, known as target poisoiiing
presence ahis oxide layer othe target surface typically reduces the sputteraraddimits
the exposure of fresh surfades a further reaction with oxygefhis creates a reinforcing
feedbacKoop, causingthe processo transition from a metallic mode topmisoned mode.
The tipping point between thessd modes can vary depending on whether the process
begins in the poisoned mode, where oxidation dominates the reaction, or in the metallic
mode, where the speed of fresh material exposure prevails. This phenomenon is referred to
as hysteresis, charactezby the dependency of the system's state on its history. The
change in the sputter target surface condition can impact certain operational parameters by
affecting the plasmads el ectri c aélivedbypert i

the paver supply at a fixed sputtering powé&rhe width of this hysteresis region is
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associated with the competition between the oxygen consumed by the pump or reacted with
freshly exposed surfaces. Understanding and controlling this phenomenon are crucial for
ensuring the desired optical layer properties. Accordingly, thélaWy rate and other

process parameters were adjusted and monitored during deposition to prevent a reduction

in thedeposition rate and maintain overall film qual®g], [104], [106]

2. 2T.h2i.n Fi Il m Characteri zati on

2.2.S2ru.ct Lo mp as dAniad nyasle s

To examine the composition of the deposited films Rutherford backscattering
spectrometryRBS) with a 2.0 MeV*He" ion beamin aCornell geometry and a dose of 2

¢ Gwvas employedTheRBS data weranodelledusing the SIMNRA software package

determine the composition ratio of the alumina thin filmga¥}X diffraction XRD) data of

the AbOsz thin films were collected using a Bruker D8 Discover XRD system with a
DAVI NCI design diffractomet £71.7%26W) ancane d wi t
Eiger2 R 500K area detector. A coupled 2D continuous scan, with 0.08°astdgscan

speed of 0.3 seconds per step, was used toc

collected data were analyzed using Diffrac.EVA software.
2. 2.00t2.cal Characterizati on

For the determination d&l20z3 film thickness and refractive indices, a J. A. Woollam M
2000 variable angle spectroscopic ellipsomeéi&SE) wasused Spectra were collected
at angles of 55°, 60°, 65° 70° and 75° from the surface normal and analingd
CompleteEASE softwareThe obtaineddata were modelednd fit to extract optical
constantsn the range of 400680 nm The optical propagatiorossesof the deposited
amorphous alumina thin films on thermal oxide silicon wafeese measured using a
Metricon 2010/M prism coupleat wavelengthef 638, 847, 1310, 1450550, and 1650
nm. Multiple lossmeasurements weperformedon different regions of the wafemd the

average value was taken.
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2. 2.SAur3.ace TopoganapThhyi cAknmd syssini f ormi ty Me:

The surface roughness of an®4 thin film deposited on a thermally oxidized silicon wafer

was evaluated using Bruker Dimension Icon atomic force microsédpy) in atapping

mode in air. The measurements were conducted by using an FES#Awith anominal

frequency of 75 kHz andstiffness of 2.8 N/m. Roanheansquaredoughness (Rq) values

were determined by sampling three random 2.
using Bruker Nanoscope software. To investigate the deposition unifpthaynessand

refractive index mappings were performed on a 3" silicon wafer using a Philips PZ2000

ellipsometer equipped with633 nm laser.
2. 2 Mech.afestailng

To evaluatethe adhesion andbrasion resistancaf the deposited alumina coatings, the
films were tested according $pecific industrial coatingtandards. In the adhesive test, a

50 mm strip of a standard pressure sensitive adhesive tape was firmly applied across the
surface of the test area. Théme tape waswiftly removed with a rapid upward pull force,
oriented approximately perpendicular to the test area. The coating passes the test
successfully if no evidence of coating removal is observed tiftetape removal. For

severe abrasion resistance assessment, a designed pen shape brass tool equipped with a
2P C Ib spring was used. A specific eraser attached to the top of the tester was used to

repeatedly rub the coated surface wiimdh strokes for a total of 20 complete strokes, all
confined to a single path. Following the abrasion test, the suf#oe coating was cleaned

with acetone andarefullyinspected for any signs of material removal or scratches, which
would indicate test failureAs a final step, &LA Tencor R16" stylus profiler was used

for thin film stress measurementseféleposition and posteposition scaswerecollected

along a ecm length of the 3nch silicon wafer, with a scan rate of 400 um/s, a sampling

rate of 15 Hz, and an applied force of 20 mg. & change in the subs
curvatureresultingfrom thefilm depositionwas calculatedvith a fifth order polynomial

fit.
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2. 2. A2an®e.adtiungy

To investigatethe impactof annealingon the optical propagation loss of the amorphous
alumina thin films a samplewas annealed at 400°C and 600°C for 4 hours under a
continuousN> gas flow consistent witlihe reported crystallization temperature of alumina
films, which is above 80 [85], [103]. Optical propagation loss measurements, structural
analysis, and surface roughness imagivege conductedon the annealed samplés

examine potential effects of annealingtba Al.Os film properties.
2. Besults and Discussion

As an initial step in optimizing the deposition procebe targetbiasvoltagehysteresis
curve was investigatedto explorethe dynamic interactiorbetween the voltagef the
aluminumtarges and the Qflow rate providing insights into plasma behavior throughout
the deposition proces®recisely selecing the Q flow rate enable the control of
stoichiometry deposition rateandthe opticalproperties of the ADs thin film, including
therefractive index, optical transmission/reflection charactesiséindopticalpropagation
losswithin the film. The meticulousadjustment of the £flow is crucialfor tailoring the
film propertiesto meetspecific requirements different optical applicationg90], [97],
[107].

Figure 2.2A illustrates the hysteresis behavior of the aluminum target voltage observed
across varying oxygen flow rates in the reactive sputtggiogess The deposition rate
calculationin the inset of this figure deonstrates significantchange within the hysteresis
area, intransition from the metal sideith a higher bias voltag® the oxide regiowith a
lower bias voltage. drget surface oxidation at high oxygen pressigads todifferent
deposition rates at the same f@w rate within the hysteresis regipmlepending on the
previous condition of the targetFor instance at an oxygen flow rate of 14 sccm, two
different deposition ratesf 23.3 nm/min and 1.75 nm/miare observedrhus,the target

voltage serves as an indicator of the extent of oxidation on the targets
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Given the importance of achieving a high deposition mtefocus was odirecting the
film depositionprocess towarthe metal side of the hysteresisrve,characterized bya
higher target voltageHowever,a minimumoxygen pressure is essential for achieving a
stoichiometric reactive environmentherefore, de to thelower oxygen pressuria this
particular regionthe deposition process must be performaedy closeto the transition
point, often referred to as tlsputteringknee poin{86]. This approacls essentiahot only
to achieve a high deposition rate but alsattaina stoichiometricAl O3 thin film [90]. In
this region, the target surface maingits metallic nature, whilghere isa sufficient
oxygen content to facilitate oxidic depositidhis worth noting that depositionear the
kneepoint canbe challengng, as the deposition procesandrift during the depositian
Nevertheless, ithis study,relatively stable voltage behaviovas observedt the oxygen
flow rate of 14 sccmTherefore,an automated rpportionatintegratderivative (PID)
control mechanism as noemployedor adjusing the voltage by varying the oxygen flow.

It is important to emphasize that for extended deposfironesses, the implementation of
PID control can enhandhe stability of the deposition parametdtgoughout the process.
This stability is crucial for achieving reproducible sputtered layers throughout the lifetime

of the sputtering target, particularly in largeale fabrication.

RBS characterization of an Az thin film deposited at an oxygen flow rate of 14 sccm
revealed that the deposited film has a clmsstoichiometric composition, as depicted in
Figure 2.2B. The analysis of the RBS spectra demonstrates a strong agreement between
the experimental data and the simulated stoichiometric alumina composition, indicating a
nearly ideal ratio of aluminum and oxygen atoms in the deposited linthe RBS
spectrum, the stoichiometry is determined by analyzing the peak intensities and their
relative positions, which correspond to the scattering of ions from aluminum and oxygen
atoms.Furthermore, XRD measurement, shown in the ins&igire 2.2B, verified the
amorphous nature of the deposited films. According to the XRD results,Bethin film

retains its norcrystalline state throughout the deposition process at 150°C
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To evaluatethe optical properties of the depositatimina films, spectroscopic
ellipsometryandprism couplingestswereconducted to determine their refractive indices
and propagation losses over the visible and-mdeared wavelengthszigure 2.3A shows

the refractive index anthe extinction coefficient of an ADs film as a function of
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wavelength in the range of 40680 nm. The Sellmeier and the General Oscillator models
were applied to the data obtained from VASE to analyze the optical constants of the
alumina thin film. Comparing the dispersion curves generated by Sellmeier mdd#ievit
refractive indices directly measured via prism coupling shavl@seagreement between

themeasuredndicesand themodel outputs
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38



Ph. D. TPobeyias Tor;abMcAMansatdeiri Edgi weesi hyg Physic

As shown inFigure 2.3B, we obtain lowloss alumina thin films using the PARMS
technique at a low temperature. These losses are comparable to those reported for alumina
thin films deposited using other methdds], [81], [83], [84], [86], [89], [96] The film
exhibits optical losses of approximately 0.67 dB/cm at 638 nm and as low as 0.1 dB/cm at
1550 nm, which makes it a promising candidate for applications in the communication C
band wavelength region. Importantly, these low propagation losse®htaieed without
any subsequent heat treatment, highlighting the practicality and efficiency of the PARMS
approach in fabrication of highuality optical coatings for temperattgensitive
substrates. However, for nd@mperaturesensitive substrates, gragation losses can be
further reduced through pedeposition annealing at elevated temperatures below the
crystallization poin{81], [86], [103] Figure 2.3C illustrates that annealing at 400°C and
600°C for 4 hours reduces the propagation loss at 638 nm to less than 0.2 dB/cm. XRD
analysis Figure 2.3D) confirmed that the films remain amorphous after annealing, with no

discernible crystalline peaks.

FiglA4deepi cts the surfemtbicapauaphg o0hinhe

after annealing. The AFM i mages and the hei
surface, with an aver age rdoeupgohsnietsesdi @sBagnep | oef
24A) . Il n our [pY®eey i ohserstadlyt hat annealing cc
the surface roughness of the deposited fil
surface roughness and the propagation | oss
reduces poopadpsgt idemsi fying the fil m, i ndu
relieving residual fi[&lstrep92kppwpapredfh!
trends were not evident in the current stuc

no significant roughness-delparsgdd ®idg @.4Be¢ oanmp  r
anki g a4cCeg . I n addition, our observations di ¢
film thickness or stoichiometry after anne:
on t-Hepasited thin films ridafgdMPaf(emmpr MNP s
ichi cating very |l ow stress |l evels wephtihn t h
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2.9io0epositaRARMSGIYytsht e m

Silicon dioxide is among the key materials
i ndu[sltlrOy] ,I n[ IIInlt]legr at edspwodehycssefi @s a ¢
for silicon and silicon nitrideiowaleqgui ded
excell ent transparenayranef he®ly,iMojr&loxvjeand
t her mal , mechanical , zanal @wrme mvictalh isttsaabalhiilti
and dferfeeectf i | ms, make it a fundament al ma |

fabri catriefnl eocft iaonnt icoati ndsl1®dher efnoree f eaeii

higlhal it hwi &i ©i |l ms i s essential for various
To verify the capability dfostsitiBs @& &dHmsqgu
similar PARMS system was wused, this time

i nstead of36a@adGycoompygen and wawreggadee sised t o c
a proper reaction environme2@ACduByngpphegi o
2000 W power to the sil i2c2onnf/trmairng ewass, atchhei edv

Due to the |l ow nefrhetpvepagatixomfl|l &3O of

could not be measured using the prism coupl

of a dempiocst b dkflidin@d serdcoatednrSodd us si |l i
nitride microringthieclogmwdobdBEBhOwa\he OI0Od emsn we
extract the optical | oss from the quality f

|l o¥dwa@s calculatedresiangonkséifpol | owi ng

| = “X/_0 (2.1)
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i s t he internal gual ity factor off a ctthoer mi
measur ementisinthiel 8i ©howed negligible exce:
wavelength, confirming the suit-la®ws .i $iyOof
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A serious chdaelploesnigtei oinn, Seispfercairaeld ya pfpolri cnaet

presence of OH bonds, which can introduce
around the 13§Q1flhi svaaesengtihon i s caused
trapped in the film during the de@WYBition

processes, such impuriti esnarad nadfntgaeimp hiemtsirr cs

silanmnp ¢8Si HEQHE)) REimo@®C ng these i mpuri-ties

temperature annealing, which can be i mpracH
due to material | imitafltldins comtatasar ttoh eCrvrbe

of fers a significant advant aegoeaslkeac auseec uir ts
thereby using it reduces the risk of OH i
promising techni ¢guessiffobri @psr owdiutchi nrge glleiwgi bl e

bonds. However, a detailed analysis would
i n the spfuitltnesr eadn dSii s | mpact o#nf otrh ed iofvfeerrael
applications acress relevant wavelength

2.6o0ncl usi on

Amorphous stoichiometric ADz thin films with high optical quality have been fabricated

by dual AC plasmassisted magnetron sputtering at 150°C and a deposition rate of 23.3
nm/min. The planar waveguide of thedeposited film exhibits propagation losses of 0.67
dB/cm at 638 nm ands low as 0.1 dB/cm across the conventional optical communication
band, making it highly suitable for nemfrared applications, particularly in integrated
photonics. Moreover, annealing of the deposited films demonstrates the potential for a
further redation in propagation losses. The deposited thin films exhibit acceptable
adhesion and abrasion resistance, with minimal surface roughness (Rq~0.24 nm) and less
than 1% thickness variation over a 3" wafer. This reliable and highly stable deposition
techniqe shows great potential for largeale production of advanced optical coatings,

making it suitable for a wide range of applications.
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Chapler

Erbi um Mi cr oaTenlgl uraist#em a® xichd e
Silicon Nitride Photoni c

Pref ace

Thickhapter begins with an overview of moti
eafdtolped | asefhasiendt phoitloincaencircuits, foll
advantages of silicon nitr-cdepplhaséeacdetfa
the design, fabricati onTefaF¥do athi@dracrtiemrg zlaa s
integrated onto a silicon nitridesopfl attHer m
mi crol asers are descri begt acdodngorr ;echadmisri eael y ,
foll owddpttandFrom a desi gn perfsopceucsteilveean t |
optimization of coupling par amef fmeEsotuipn emi cr
l engahti ¢codahilgvitmg etamdli &g f i ci enciysh | vasr kng
demonstthreatselsccessful -dopedr@ael lomr iotf e elm Yyl uime
on sil i owanv emgimihdiecdre | si hmpewvedoipameyn eerognyp a c t
efficientf or gfRArC saopupriciecsat i ons -ba nCdohnep asrteadn d a
to previ obuBsR yl assheormsn i n t he saméebgbliaadsecen
sensitivaegrdiclpecbh@é@® t Bficarkk nmerse robuBhi § ab
chapter is a manuscript curwienhéysamdeti pk
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Abstract

Il n this work,-chwe pdembdbnautnmr ant €er omii mige hpastee ¢
coati ngt HiOOk ndgntlwiaadcerg wi théms e rdoiperd t-eXil dig i um
(Te@JFthin Lfaislem. emi ssion at approxi mately
resonantl y pumpaduwnmgl etdh emiec rpourlilnegys wiTthhe a s
lasing thresholds were fooahidptpuimeg pewémowarn
sided slope efficiencies of up to 0.45% we
pat hway towar ds -dfhfee ctoimpea cmormamldi tclodsats ffadm i c

the telecommunicatni donialreing bpplt aotnf osri rhd .c o n
3.1lnroducti on

Si | inictorhiatke ceooome of the dominant -pbadumer ms do
| oowvost PI C desi[gih3]a,nd[ Tlatbtiralmsé o toiomi $is i s pr
driven by owt svawe g uiade [[o1s3s]e, s [(1<71],, d\Hi/ 1oh®)] ,
transparency r anmnigref fadehd vi §idddb¢ompami bi | it
scale manufacturing procesfé8]useaghas§ilBic
amedi-huinph refract+v2 andeé%50 nm), which ena
of compact devices that are not significan
rougHneégs THiI2$ i s in contrvaegty rted gdaicltiioven i |
(s~ 3.4 at 155O0s3Nndme)v,i caensd | neaskse ss eSis i t[ilv3gd t o f
These propeMsuesambhé&ef &1 various applicati
[ 116711 8pbi of 9 P pecfilddrppyi@5quantum com
[ 126]., MdrRr&§dversNshalst abogh 30 -bDrhes weakeéenet
(2. 4*%°Wt0128kcompared t o*%PWI[ilcdOn i(td4s. 4l ar gled b
(~ 5 eV) resul tphoitmnalahesotr p2erom towel2]Ja, wid
[ 1.9]This characteristic, combined wNi h ver
wavegui desNsa mpked cSandi date for applicati o
supercontinasmwg@8mdr, atf ildmd ]
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An ongoing chalnldersg e ipchoontsanrdiiita oadiasc rtohsey st eeem

forchminp | aser sources, which are difficult
systfems [ 3The[Ad]lmary reason behind it 1is
r esterfifdeécmiesnstaiolnrbasad|[ RAB8§sC@ursrentl y, 111/ V ma

is one of t he most wi dely usedhimet pbdsoni
mi crosystems due [tlo5]t,he[i22]d,i HeWwé& 2 ban[digh®d] f ¢

met hods t o-quradducge shigghal l asers in this me
integration onto photonic microsystem pl at
compaltd]b, e[ 1L158A]l,t h[olu3gdh] ot her met hods | i ke u:
or using other group |V materials have sh:
compatible integration of | asers[ ®dnRaméamnc o
|l asers in silicon require high pump power,

affects the[] 2]aSiemi e&dfittoesniclyicon, other grc
germanium, suffer from inherent indirect b
currents, precise operation temmeratver € heao
perforfMmdgncdg 3Ano{héet alternative method to
CMOSompat-cbhl p basi ngaidoptea wWee ircerse whi ch
pumped beyhiapn loif¢gfRf] , s ¢.81] Rea[rdiddibdd | aser s can

reliable optical sources with benefits sucl
diode | aserbBade neduerdsnpaerorfoow mainnceewi dt h | a
and more thermally steaadritelpedef abeonlladslemi 1 ¢
[ 135]JFurther mor e, recent st-edidmipedn ambeph o
alumina on sil i cons tweapf-eebra@st ktnher opurgohc eas ss i dnegm oer

scal abl-eoandf bBbwi cat[ilddn ,o f[ 4t4els3d9 169 s e r[ sl 3 6 ]

Among various mat efeiaadtadp eodf liansteerrse,sta nioorrp hr
oxide stands out as a promising camdidat e
~2.085%0 [MMO] high transpareinegfyr d&mredn wad\wsad lbe
[ 141pnd kiaaghhr aofe5 3]Jo,lMgbsit4d 2ijtnypoe ¥ iaoiteady Stop d
showed the possi Biolsist ya noofr, @aehcohliseewTien@yspleoga t u r
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RFsputtering without -tbepeeatuf er[a6added7]t | o g a
This |l ow deposition RiEempseratluase makaisn Teed

suitable for PkEsswiikhetemmepoatntse such as

Il n our previous wor k,[ 1Wah|d ednostsrtirlau teedd aBp:
| aslet 44l the conventionablantde Ibeyc odnimued tc a die g
TeOEBH ayer fNswanv ejiui des. This hybr isct ad es iagwd
| oovost fabricati-bosblea&Crsal aagnyd dfhel wainn med
a s isnglee oswittihoonut requiring etching steps.
of -eardwlped material s, where the gain l ay
waveguide by [alnd] g x i[d4ed]3,9ay[klr3s7]desi gsNa ex pos
wavegui des di reeacrdtdhye dt pllapyhed SiTahreer ef or e, t h

integration not only eliminates the need f
process, but al so reduces | osses dsl0dci at
Additi oharwd fyr,adthieve i ndex EaomdkNMBisyebsteaesnr
a |l arge mode overlap with the gainoamedi umn

insul ator platform due to[hd8Gher AhAdhtderc o
magnitude fopweércal heromd(®@&8 cieht=in2.S45 N 0. C
(RIUpAZPlcompared to silicon al so eearatnlces
doped deviced li2zn this platform

| n t hisuiwdrink,g mbn our knowlQdgiel iicnonf anbirt
mi croresonators i[nl47hiwe ttegbel adped amdmowoImi t F
TeOEBicoat ed-t hiBBNami cr ori Aghi egieng.uniform fi
over |l arge areas vita tapdabthpmiccrgo ries orfadtenr i
a kcehyal | enge -scefnstihii vwlenecsasvi t i ewsh,i cshu cahr ea shi [
sensitivevaroi dthieckometskBei r r[els4p8]htse rdegpeintdse
study can open new avenues f oef ftehcet idveev ed rolp
doped gl aPsIsCsl aser s in
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3.ResjFprbri caandnMaterialofCd@Béadcteri z
Coat eNdMiSar osr i ng

The fabrSigawavequiodteO&icdattheng foll owed pr oc
to those descfilBabnfd6iSHiAreéterencmbscrorings w
the LiowmirXj maltMPiWaferroc(ess, blacedls TN Pt B X |
wavegui de [tled9HTnhoel ongiycr or esonat orlsm we rdee phautst
wavegui dedno ntpoave Ds ulr e chemi c &PCVY B#Solra ydeerp.o s i

After the patterning process, the wafer wa
dicing method. The wspwadelmoirdaed 5vda8s rpiunlgl, e
nomi nal gap of 0.7 Om bedNnbeuesn atnhde riinntge rw aovr

designed to -achplkee @andindieon .atCotuhpd etra rl geent
ranging from 92 to 138 Om, estimated to h.

achieve | asing based on[ 68 ]wielraer usierdult at ichma:
effect of cLodupdn nlga d eern gitidy @@tdea miel n cteh.e s c h e ma
desi gn o fcotuhpd emlulsiteyuct ure and optical mi ¢
devices are shown, respectively.

Foll owing fabrication at the f-@owmndrhyi,ckth
TeOBithin film using a radio frequency reac

Pro 200 deposition system,|[ 6.56]Thoewichegp a shiet ia
carried out at 150AC and a process pressul
nm/ min. Argon and oxygen flow rates were
with sputtering powers oft M fWrf odhet e bti elml
film characedmni®Zaotnicoenntstaaw’oonofcmj. 7add r e
indices of 2.076 at 638 nm and 2.015 at 15
absorption spectroscopyl ¢éehgohhghwhewavelgei O
to their corresposeadijhenserscrerpf Adpheadmes hpd
Fi gB8iCesshows -sectriosmsal sThlbi@biat edf mt heor i nc
coupling regi on, al ong WiitghBri2 ot  esstphoea t e n g
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fundamental tT8&nsnoers ga-enffveiddeasi warMegui de, co
al55 offneOEH ayer, at approxi mate mpuUusmpps and e
1470 nami amed 550 rnens pecstiimudlayt ed using a fin
mo d e sRoslovfetr HemAt &Mor ding to thieg@ike¢ cabadwti or
3mwof the I|light for both pumpTaf®&igaminssiagmr

A B

100 pm

Radius= 500 pm
Gap =0.7 pm
Waveguide width = 2 pm
Coupling length = 92 - 138 pm

Emission

Wavelength (hnm)  Si;N, overlap (%) TeO,:Er** overlap (%) Effective index
1470 19.59 31.42 1.60
Waveguide
1550 18.53 29.49 1.58

FigBtLé@A)Schematic desi-ges ofhatroowawledgduegBegr uct ur e
Optical mi croscope i-Omagrea doifu st hnei cfiobrriénegs treeds o5n
sectional s c hematlicco av sedwi Surf o rtihreg TierD t he coup!
along with relDRSiamul atiene nfsimaament alkOMTE mode
wi de-n#0Wi ck Si N wav e gnm dEeRd caayteerd, waitt ha pap r o5
pump (1470 nm) and emis¢E)Bmnadtlisdroaln m) p twacvael |l ¢
overlaps of the TE mode and efsN\umctioeri ngdanae s
TeOHDEgain | ayer.
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3. BasaMiwa ore€banbtotreri zati o

Each ri nghavaacpfagsrsiszveedl y usiilng 4d tnund@alserl $%
a f-chiep transmi ssPanticoubapglindmesde saurivas ar ou
1470, 158PQ rmamdwavel engths in or defrf ot iimdge
the | aser performance, including pump powe
and background waveguirdees plEtts iemmgtalseir eene on
performed wusing very | ow transmsbenomsppotv
remai ned fumardhfeecdaxai t at i onl Epoofl aen ZiewWdm tirams
measurements were used to characterize the
for a devi-Om owigt hc oau pl Beirg BsPheo RBS O mant modes
device found in the sweep were then fit wi
internal and externéli g@2@. acTthheasse o@ ftacet on
subsequenadtye rumsiende ttohe waveguide | oss and r

di f freeg awtaeamnd |l se ngt h

A B

0 0
o l THTHTTE o
) “"'wulwl’l “WH' ’!‘H‘U\WM‘ w\'ﬂ\\'f‘u"h"”\‘ % ,Mﬂ,"u“lr‘““"\’\”]"‘ﬂﬂ W i i \\‘I‘J‘\’HJM JMVM'“JV |“r'l
c 2 i f Il
& - J‘HIJ Ju A M\‘.mynu.l ;’,4 g - WWHM 1 W A
E E
] ‘ o
‘q>-,; -3 ‘ ‘ ‘ | g -3

4 T T T T T A T T T T T

1470 1471 1472 1473 1474 1475 1476 1530 1531 1532 1533 1534 1535 1536

Wavelength (nm) Wavelength (nm)
@ D

@ ¢ n\..r'd,'u’m‘v\"v’ MTNl‘(wW T wvv‘rw‘v“ww'w-/‘v]u"« @ 0.0 -pes
=z 5 ‘ T 25+
e} 2
g -10-] ‘ é 5.0
§ 15 ¢ E 7.5
g 2 A= 1625.35 nm
F 20 ©-10.0 Q=94 x 10°
& & L;=0.3 dB/cm

-25 -125 T T T

1620 1621 1522 1623 1624 1625 1626 -10 -5 0 5 10

Wavelength (nm) Detuned wavelength (pm)

Fi gB2EEpol ari zed passiaoceh t50mihaniird gigondink e gt r
coupl i nsgh ol wern Aft4¥104 7 6 ( Blrb, B105 36 n(MC)6RMWEB26 nm range
D)Lorentafi aamm Mfedosaadal co d entt e rftretecdt 0Q .
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Above 1620 nm wavelengt h, t he wavegui de
related absorption | oss, making it an eff e
optical propagatli4o3nAtl otshsi so fwatvheel ernigntgh al | f
have i1internal Q fSacwhi $h ot ormamremslmiadnmsiridloa t
waveguide | osses of 0.3 dB/cm for the dev
waveguide | oss remains approxi mately const:
increased | oss meaqtshug eat tarti bowtheed e tdwoa aders ®iny m
instance, at a wavelength of 1535 nm, whe

measured toSbeaespamd2.n®yl t® 1.3 dB/cm of pr

of |l oss was assumed t o Hoevewletr , f moamtdérn lsi wm"
maj or property of interest relevant to | asi
|l oss, which can be calcul ated based on rin
facualraesund ,1580i ilm var i ed ob e f d2e pledn dli. 5d 1O
pull ey coupler |l ength, were then Jwsnivregt ed
the following equation

s p Agpl?l (3.1)

wheries nt he group i-tndiep ,aidsn gtthhet twe v igido se midyht eh ,

external 1QThieacctoaurpl i ng rati o presents the f
from the bus waveguide into the ring reson
determining the efficiency of ' i ght trans

nfl udmc ipreg for mance of the device Thet er me
calcul ated coupling ratio was subsequently
of the rings. For exampl e, at a pulley <col
1. 61°®s used to estimate a 0. ®Bb@BBcofiptoungdt
signal |l oss from the coupler. dwfrf illaswewnt Icy
signal coupling strengt h, ot her wi se, the r
necessary to overcome Itrheotlhesrbewodradasd,t aohi e
c

oupled out of the ring must not be so hig
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intensity .MThei de enldse 1 nngneasured coupling
pull ey coupl er Fliegm@gAdhwiatrle tpHe td aetda ifni tt ed
not based on ac¢t wsdlowsinmultdataiton hfei tco)Jupl i ng
pulley lengths of 98 Om and 138 Om and inc

At the pump wayv ¢ lhientgdrhn olfa sQeHd&0crtread, o be 4
corresponding to a wavelength | oss of 0.9 .
from earediaumed absorption. However, when | ar
the ring cavi tbe, egrcliewd iingn s owial lchange i n
wavel dahgetrlefmetet, ert oesti mat gU a h bW ad weslse hcgotehf f i

foll owing formula can be wused

U=tg (Bigakh) -[el (3.2)

whelhg s the wavegui Beginbsa d Kager dtubreds sliogsnsad n dva v e
lor epr esembbisuimmmieenatBmssed on the absor-ption
secti omsBiaf ThROs wavel engt bpod®ti nwas sé¢ alnc ula
is expected for | arge pump power s. Devices
of approAdBatml whén subjected to pump pow
|l asi ng. For different pulley coupler I engt
converted to ring/bus power coupl-umgf acttadro:
6 for the ring using the , 94 cmé[dltstmt: arfal 5id]

~

Q ( 3).
FEER

wherés the attenW@ad itome cfoiedlfd cé¢ @awrpphiing coef
is the field trphesasiessi dnFloprp eefxbainpileéhm wi t h
l ong couplewp dagotmp lbdi ad most 32 was esti
power <circulating around the rtimeg iinsp uetx ppeccy
frame bus wavegui drei.ngT hciasviatbyi liist yano fi ntphoer t
| aser devices with llTowspems pudpwdratctt l@rrd nhedald

52



Ph. D. TPobeyias Tor;abMcAMansatdeiri Edgi weesi hyg Physic
maxi mum when the <ceupmlpitingnatbgf fbiadiaenrcted wi
coef fi citehnet ,c omhpelrieng ef fi ciency is neither
coupling, nor too strong,sAwhisdFrngo@iBBed | e ad
(with the fitting, uskbd p8empup afwaedcet adire iutl ddse e al
for all five rings, withup hfreet @fs tdhfe 24 ntgis
However, for -Gheng§2canpl €r3s8, the near zer
reduced t he -ugx pfeacctteodrb btuad t @ mle g |, whi ch was
significantly r eduecsee vshteheee frf eeacstla owe fnaeosusp lHoiifrs:
ratios observe®dmrfonmgtheu@Pl2erasidr d@8i n uncl e;
expect a gradual , monotonic increase in t
|l ength, but the behavior obsferomdutiwmahdhes
This unusuwmaly behaweilated to fabrication i ss
the coupler rebeon|l awhfobdhebhdsdsnygkersti gati o
underlying cause.

A B

0.020 0.00 0.012 —© 32
o] . 5
o —_ - o —> | ©
g 0.015-] ; //’""'*\\. % ;%, oooe]| /!’/ \\\o\ 24 E
gmos_ ,,/ ® \\ 3 50.004-  '// ‘\\‘ R g
‘,/ \\ dl ‘\O §

0.000  JIP 0.000 18 LI

T T
110 120
Coupler length (um)

r
90 100

Fi g83@&)The

T
130

140

90

1
100

coupdndgsiragrialo

11|0 12‘0 13;0
Coupler length (um)

140

out coapl angu

pull ey

at 1449

c o.(Bprlheer

amfuncti on

of

buitulpd f a Qthorr sgroefat er
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3.Mi.croring Lasen Characterizatio

3. 4Melasur ement Setup

Mi croring | aser characteusizatgi bhemepsucaime
i i gB4de A tunable | ight source, operating
through two stages of aSOAmMmIi abheudtoorboomtti
pump power up to 65 mW. The amplified |ight
paddl es to convpeorltartihzee dl isgthatt et.o TaheT B ol ar i z
onto the chip by allieqrsienilg fab2r5t0Omtseotedgi
mi crriong | asers bus waveguides. A similar f
waveguide to capture trarmdmi tltassd nmuremilsisg It
received by therocuatedtt hiindbeghwasl1470/ 1550

separate the pump |ight and the | aser emi s:
on a photodetector. The signal arm of the
edgepass filtedruatlo pruenmpo vsei gannayl .r eTshie f i |l t er e

using a 50/50 (3dB) splitter, with one arm
power of | aser emission, while the other v

(OSA to dledxeertdds hwavel ength spectrum.

Il nitially, the SOAs were set to deliver a
the chip. The wavelength of the tunabl e | as

of the ring by monitoring transmittedapump

resonant mode, the pump power | aunched ont
increasing the power through the SOAs, w h
monitored to detect any sign of | aginde |If
detector was recorded, and the pump -power
chip coupling |l oss was found to be approxi
interest, the | aunched pump powerp waoswecrons
t hat was incident upon the chip from the e
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for the different amplification settings

directly into a photodetector.

e )
OSA : - Photodetector
SOA stage 1 ( 50/50
+~ 40 O [T Splitter
SOA stage 2 N
/ |® ® 1O 1500 nm
‘/ edge pass filter
Tunable laser /‘ [y "'., R
/ \ i Pump @ N Photodetector
L] e i § = =3 _
H Microlaser ) > Pump
Fiber polarization W chip m o - s
Pump 1470/1550
controller
XYZ stage XYZ stage

WDM

Fi gB4®he active setup usebdcdatddnbXinotengzkasah

To calculcahtiep tlhaesi oy power, the |l osses ir
photodetector were estimated. Assuming neg
bus waveguide after the | ashbhr p t bsatpilnbaatgeeds e
at 3 dB) and transmission | osses through ¢t}
to be 7.5 dB in thitpalllasdhepever ewas hes toinma
than the power measured atnyhemphofoddtephbd
emi s6ABgenerated along the bus wavegui de |
photodetector, an ASE power measurement wa
was tunedomdrce, so as not to introduce
i ncremental lhy annyc rpecavseerd, mewmastur ed at the ph
values were then subtracted from the power

pump power during | aser characterization t

3. 4L a2s.er Characterizati on

Each of the five microring devices were ¢ch
met hod detslte i pedvi muvAsmosgc ttiheen fi ve ring ceé
demonstrated | asing p@rfomrgmamoe.l eTThed evd cars

expected tadohtaivree sonpluymp power buididdlhgnwitn t
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l asing. A sampl-ehiop taeemepesweeredspactrum f c
s hownrFi ignBble where multiple emission modes
wavelength range(mbsttbgO0atorilbBtbecimt.o | ong
Preferences in emission wavelength are |1k
optimization of the various coupler | ength
A B
1.00 oﬁTo 0.15
—~ @ 104 um Efficiency = 0.43%
2 B 116 um | 1 I s Threshold = 2.99 mW .
= o75] A 1264m £ Lo
o b n b
g §0.10 .,,
§ os0 o ’
0 4 5
@ ‘2 0.05 K
025 S ’
: L Sl e
2 ~¥WW¥M,~ LT LHWrW 4
15275 15300 15325 15350 15375 0_0_ é 1'0 1'5 2'0 2'5 3'0 3'5 40
Wavelength (nm) Launched pump power (mW)
C D
0.15 0.15
Efficiency = 0.45% Efficiency = 0.35%
E Threshold = 2.57 mW P E Threshold = 1.52 mW
E l" £
g 0.10- w’ g 0.10- A
8. i’ 8. I,
o " o P
8 A 3 e
2 0.057 ,‘ e 2 0.057 2
OJ. T T T T T T 0+ “| T T T T T T
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Launched pump power (mW) Launched pump power (mW)
Fi gB85@AQnchip | aser power spectrum for the th
116, and 126 Om coupling lengths, showing mu
range of 1530 to 1538 edmopmMeaser efecs®mgineresu
pump power | aunched down the bus waveguide, w
slope efficiency, f o(B)Ir0i4n @simine tCrDcloaudpd Cent. | e n g
I n addition to t-bhbi patkbegrspetpub, ppwer onm
power was measured. The resultsFigB35Behe thr
C, ®dmMaodr the rings with coupling |l ength of 1
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of data waa frietl awwiitohn sahilp nteo c al csuildetde g lacsp €

efficiencies. The result indicate that al/l
mW of pump power | aunched into the bus wayv
mW f ot he 104;0M b,y pwmdpEkedé devices, respect
achieve these | ow | asing thresholds is pr ¢

enhancement factors:s|Fyret edrfmar e,ncdfemglre asc

the-OML6Nng pulley coupled ring, wsithhedthleop a

efficiencies of at | east 0. 35%.s iTdheed doeuvtipcue
poweravb o2, 132, and 106 OW at pud2é@yOmoup
respectively, for a maximum | aunched pump

Given the symmetric amgureabénthkewvehgofest
i's expected to be enfirtotme dvhteacoypa rwhss tl hmeu necchgeal
was confirmed by running a similar experi
i mpl emented on the same si d®i chesd tsleo pas mpf f i

and total output power s sarngilebegpevihédetso | et

A B

05 4.0
2 o _‘O' 3.0 Q@
5 ° ‘
T 04 5 @
= o
° S

) 2.0

© g = >
- . - ,,‘O

0.3 - T T 1.0 T T

0.005 0.010 0.015 0.020 0.005 0.010 0.015 0.020
Signal coupling ratio (k) Signal coupling ratio (k)

Fi gB868.eA)aser ef f(iBbheashohddas a funciaton of s
1535fomeOExoab @@ adSiusi cr or imigt H als®e4,s 116, an
Omcoupling Tlhhengitalshed |l ines represent polynom

highlighting the trends in threshold and effi

Using the cavity coupling information det

the characteri zemdpbasaipmhp égm fzart maomc eo,f coupl
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c amena dbeusi ngr ¢ heés Fihg@BHneas hng i s expected to
r outnrdi pi gplae ncavity exrciegpdldohseh d arseundceffici e
mow effectivelgotuplkeed abacksi gnrailgt@Bee bus v
hotwbampr otvheemgn al extraction effn&edndye, \
ouplicg eabhaxlcepde hefld wev €eeycisd dhrmticr easi ng t
oupl ialgs @pdtgiovechte pump Jpewé.achhoerrledf or e, be

o o o0 u o

ertain point, stle«plexcderd dfof ideicdnmye as exc

—+

he pump power enhRincG8Beingo i hemdhrstcnat ¢y t |
| oweorup!| i mdpdwanteare 6§ N g ,twhi earh ob & sir @ Weotued i tha

oesss i n theélseecanwvebsesgati ons wil |l hel p to
he rcdsuwulntdsgr scopertfaecar ef ulofoptthuemi zagi olat
oarc hiinegi f i cisdnptallaanscern-gf t hbet wadep maxi mi zi n

utulpd and ensuring sufAfdidéitemmmas] gnal asgtr &

- o =~ ~+

uréehkbandceng rlosvairngus cavit ypprionphzeitnegeb | umut

(@]

oncent nat emwmualien pwietri atphe ,gaamd neidnium zi ng b

osBepl darhiesg opwilnméizmd h ioenw iredf of 1 ncii cernatl aser s

3.6oncl usi on

This study demonstrateschihpe: Hee® a1 @ meaner off

|l asers on a silicon pariamibsdiporgpda@abh f 6om, t heo
integration of | ight sources froirt rtied ee cphmamuc
circuits. The -pasfeosmaexhei be¢tharhicgheri sti cs

thresholds betsweexildeldpé oeBf ImM encies rang
0.45%, and eimbsdi 646580 tbel6&35 nm). These
by the | ow background optical wavegui de | 0¢
gai n, hi ghl i gthhe n@uwlulpbdaecehfiieevcitn gowdamps whipti d bdl e
and signal outcouplingndEhescfoirrdit hg¢gampoh etnh i
doped | aser scosnt ,creefaftiicnige nitoowcdhompddtghtamsduyg

integrated photonics applications.
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Chap4 er

Ther mal Adj ubSisgemal Emi ssi on
and Cascaded TR bat e dTSO! i cc
Mi cr e¢di sk

Pref ace

This chapter presents the first-ededidmed r at
tellurite microdisk | asernsi cwiotshyidity esaonu sasci tnigv
both advantages and challenges of integrat
active emission geoistiogagll ef am da gmlsicaalteidon as e
experiment al section details the design al
equi pped wi tuhn deioN addmavi enrdo w, | vahyieah enabl e

resonance tuning and st r ai Thgtafionr waatde riinatle g
active silicomhephoéosunl tscangwididdoanps £ihem s9 e/
study of tiher mabr it,amtveedhelasagedrisst ri buti on s
eri ment al validation of mdhekesuhodobubeha

er al exfaime ¢ teis a sopflsiimguddudl ,amhii adre monsthat e

u

exnp

sev

capahbifl itthyitsa cstetviepd y| aaslge ms @amit dsopga rocoofn CTenpet
modul ati onst £ o htohng tdeotuebsltee dand tan pd es hcaarsecda d
waveghidblighting polWwenrgp omwelinttiimlle floaser s us
sourcdymami cally alterindhéeastecanegy sse oin ¢
significant step f ofawlg rudl tiiagod terhcemecst € iviel o @ me n
photminegrcosyrsgaevnes t he wayehor at hepplications
operatiamg mewatv edsdangit 8i on snadntdé¢ed efxomgec ommu
and s.enAimgnuscript based on these findir

submi ssion.
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Abstract

Hybri@&ardwlpeed microcavities have recently
l asers in siligoofpleoiogi compati bdi mbryawit
gain bandwidth, ewadrbw a@amdsbhi.ghOHihmpraoamaht rsd
over resonant pumping and the | aser emissi
these | asers I n compl exl ni ntthe gsr aweerdk ,p hwe o d
monolithianidnt @agrefail-@eanmdoiped mi criondiasnk alca s ev
silicon phofTomiscstpldgt fiomrvrest i gat exssTMihe ef f
coated silicon microdisk | aser emission an
adj ust the amplitude andappecachmwas$ ¢ehee
cascamdedodi sk | asers to show its potenti al
|l ight sources. I ncorporating microheaters

ont o the same pump waev enleeendg tfho ra nadd deiltiinoinnaalt

WDM | asi ngr escoiusrecleys.ad?’j usting the | asing am
enhances the functionality and efficiency
meet specific atpplimaitntoegnr atgeid repmethoni ¢ ci

4 . 1lnroducti on

Silicon Sihphhoanss csmegrged as aehfigbliiyvefpl ai
photonic integrated circuits, of fering con
and compati b-staaMOIwaibtrhi clagarn pB] prpeeésses 152
Whil e various passive and active function
platform, the indirect band gap of silicon
of efficienit3]l Tghovemawuomest his chall enge,

mul ti ple approaches khasedntomdua e induog hShaPthe
mi crosystems. As the successful operation
seamless interaction between various optic
sources into active $¥3$tem0is ¢fi54ieat i m
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Among different approachesswhilcibmibsaantei dore e
|l ight genearwtoiped, | aaees on silicon-chape sh
i ght sources due to their wide gain banc
emi ssion | inewidths, | ow[ :1ij]ol sepuan@gr bBvgbus
demonstrat eédatdiopefdi 1 atserasr d abri cated direc
step sputter deposition process at emoom t e
[27]., TW®&S8]microdisk cavities offmi ¢the® @t ¢raser
wafer using standaedpfl cu geroynegrroyc e cvaenp.act

t hreshBalmh cofodi sk | asers makechtitperh ihihgh sy us
i ntegrated pho[t2o7n]i,c s[Fla5pSplhecmoaeast akbsiec ats

operate at room temperature, ensuring full
contacts from3ihe[ NMDS I ine

The ability to tofoec htihpesiecamsr emit onssiagnalmp
advancement , and it has become anr 2il mpdr2t0dn
[ 154]Furt her mor e, one of the characteristic
mul ti mode | aser emission due to the broad ¢

guality facoappormabd ey cr odfilskb]|]Dapendiersg on

application requirements, mul ti mode emi ssi
power and wavelength versatility, or pose
competition. Therefore, gaimtieargi satcitd sv eo fc otnt
i s essenti al to tailor the¢ilb5sperthoouogw ease |
pump engineering, also known as selective |
met hod to control the | asing frequuamey and

haaccess to a tunabl e | gslér5]Bys cahna nogpi tnige atlh

frequency and power of a tunabl e optical [
selected. However, the effectiveness of tr
mode profiles within the dawitlyi mandcdt tapa

adjusting th[lelb5aBleer mani stsu minn g, as another

fl exi bl e approach. It has been extensively
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the phase and i[nl5bBlsei gtiyh eaofmaoti hce cloiegrhfti ci ent
dpid= 1. 8Ktatt 0300 Katmd&S0Or eam) makes it pa
for thermally altering twedepygdcah pdeuopeesi
t heoomodi c modul ators [dF]oP]Vvacabuswiypbdes o

structures, including | nbhaegedtmidc meheadtl a@rcs,
commonly wused for active ther mal tuning ar
devices through dalJcecwl &nlhevat iasg Op molc6ms r e
Thheat i achieved by passing an electrical c

precise control [db8lAlthe@eugempematr ate ng Oh
silicon waveguide iIis also possible by thic
empl oying external heaters offer greater f
the heating vedwenrpenit&8k nd t he

Il n this work, we present the first demons
cascaded -bdyttoipddr Ecoomithéed r odi sk | asers with
control on a Si Phoxp-bdpetvi mrdrow By yesi roqn drhe |
positioning a metallic microheater adj acerl
advant agescoofp a@ddMw&ei nthegr ati on on the sil

t her mal adjustment capability was octulteessf
emi ssion pr op-eratdtodpse dofmitcheodri ake | aser s, re
condi tisomptEhive integration significantly
pumped | asers for a variety of application

optical l-ghipp mpa oearqauiwhei alddi ti onal [dAdé6®pl e x

[ 162For instance, the ability shown here i
signal amplitude in cascmarefdorlnmaasnecres ccoantmmuly
systemsWDMvhghéeé sources are crucial[68},1inc
[ 163]The icommdbrmocaobheaters could also el i mi
filtering system in WDM sources. Mor eove
characteristics open new possibilities for
contr ol oves | sgtSsentiTehlé4] demonstrated t
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capabilities may also be applied in optic
usually needed for detecting5$ped¢il®b¢ sclwem
paves thhepway tfcdhrab o6nghhi ghhtyegsataead Si Ph
for a wide range of technol ogi cal applicat

4. Resign and oFialbrMiccartosshana®i N mi cr ohea

Fi gdtAsshows the designed silicon @&m carnoddias k
silicon ddevighda lody er2 0i tnam,i ufme antiutrriindge amitcr o
surrounding it. The silicon chi pMsSMhiweusi fq@abr

its commerci alspaloeeSOl om|l at warf mr Deep ul tr
was used to pattern the siltlemtbnchki srbdcsehks
Tburi edBOX il dgef. Subsequently, -emhkeickilpawal
of »Si ®erving as a top cladding for the sil
embeddedetwopg hae Ihad/dirn g pars iatbioovree d hZzFisgurn &€ on
41B) . eThO@m hi ck heater covers 120A aothehe m
avail abl e Isyeatei reg fii cpiaesndtii ey ean bgl ectri c ct

top metal <cont acvi a aedlse cttor itchael Td oNn msecatiipons

To enadd po gileeiho m dtflgeseirn orfoeridisei m mconocavity

it is essential 4fPpoozleisgmnighestrepcse wsdmhy spg @ant
procedur es. Creating a | ocalized oxide win
for seamlessly integratikogl Itohweisneg |tahsee rfso ui nnc

ruliec | mdinmgheerat ure si zes and necessary gap
oxi de opening allows the i B0oohparsatmionr odfe
adjacent to the igitleirdemrhergyg anti gt ,hmevdt abmutdepo
of the cavity. Therefore, to -deopedmoedt ar i
di oxTied®T’h on the microdi sknamxiptkde we ovdp wi me
i ncorporated2dlnadadditnhge, teoxpposiitdhg only the n
device underneath of oM ayheer .deposition of Te:
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After receiving the fabricatedofceh®@pPE, t he
througbftaponlein film depositionRfreacetdiuy &
magnetron sputtering.caTheuvestieqpgudia tll @k ogmr oR I
system under a reactive atmospher=egacscenmt,ai n
with a process pressure of 2.9 mTorirnchRF p«
met atlellilcuri um (Te) tBadgethuAi s gdnt veel nde x

ana@moptical propagation l00seasmofvefDe5 mélaurec
deposis @dt Wie® film usingoa@ao0JvaAi awWbel bag!| ®
el l i psometer and a MeAthaobnhnu&OLO6hMcpntcemtc

10% onY¥wams calcul ated for the dd ebpaocskistceadt t feir
spectrPimpwiCad.i spl ays t he t hTeedD Bwf idrme ai nvsii tdhe

oxiodpeen window andeptovndésvaewwr o$sthe coup
mi crodi sk and the bus wavegui de, along wit
t he bus wiatwigdutildeand a c400WOpdm#ah@ym, | eegpbcof ve
i's padumlyed t o t hae cnoucprloi@iOgd k goam.it ché | mi cr os
i magesf abr itdhat,ed ndkcdsuidaignsge di sk and cascade
shared bus wavegukidgegulibDealrhee pdrienseennstieodn-si no f t
cascaded amiicgmdwiskl tRiogédiBamEsgeudlCedekaaept

fdrhe secowthiadhsak 2 @adgdIiismiolfar |l-gaschdedr mpkeod
havadi.i of 20egm.20. 2, and 20. 4
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Probe tips B

3 um

2pm

C
D 1]

) E

@ 5

%
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Fi gule ATop wireawoihng a -cpoudpdleeyd silicon microdi
microle88§t mpl i f-sedticomals schematic showing the
Ti N heater and sil i €@6Topl avyi eerw-soanc dt rhcemmBxX | ay er
TeOTmcoated silicon microdisk laser, illustra
(DQptical microscope images of fabricated mic
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4 . Bxperimental Setup

To characterize the passive and active pr
t her mal tuning efficiency of the ®miguobbheat
42was used. Optical transmission measur emen

tunable | aser withinittéh4e0 wam.el @omgtt rho Irlainmge
of the |light via fiber polarizatioar @ dal s
optical feamhlera meitter XZ.po»t size. Then, the ou
chip using the same fiber and directed to
the Ti N microheater was al sostmetaisaumr.e dF ars i tn
characterization measurements, -ptolwebaddabl e
er biytmeswxkmioupned fi ber &EnDFIABYLgr t O@mtmipll alf y t |
l ight. The pump signal was then coupled in
mi crodisk | asers were <collected wusing the
separated from the resi dum|IWDpVu mpT hei gneasli duy
signal was guided to a powewhmkeéethh®podmcrir
emi ssion signal was sent to a free space 2
500) to remove any remaining residual pump
optical s pecQSAI mT haonral laybzse r OSA205C) to reco
spectrum TEired egfdveert. of heat on the | aser e
applying heéati pt ifri Nugmh caomheateesr s through th

Power supply

Optical spectrum
2000200 nm analyzer

Tunable laser L-band EYDFA bandpass filter
1510-1640nm m

¢ X ——t— -
w W Fiber polarization | Chip | 1600-1900

DC probes

controller \ / WDM

XYZ stages

w/ tapered fibers @ fin
[ T

Optical power meter

Fi guR2eExperi menusaddrsemapsuring passive optic:
charactehiipi mgcomdi,egui ppRP@ rivabeelrurtéhseer mal t un
and | aser emi ss.i o@Go mpadrud rattsi b ecisftidca,rtact ehe z
i ncl udli-omgnd heYDFA ampl i fier, t he OB@&ma espace

encl ogredleansihed boxes.
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4.94i. mul ated Optical and Ther mal Prop:«

Fi g#Bfecompares the f uil@maakent @il ofpiolbeaFri afedt h
coat ed silicon mi crodi sk and waemigssiden a
wavel espuhib h56 @O aengmn @B mMm) , simul ated by the f
mode sRdofetr HKemB8bMshown, the modEM awerrl ap
i ncreases at ki gdg8Bprwswaltesn dtintes ¢ alndadneene d |
overlaps in the TSilayeors amnd 1610 &\t hendhan ¢ u NP (
wavelength of 1600 nm, 75% of the optical
resonat abou%hilibavel s Tl ayher . TePor the | as
wavelength of 1800 nm, uthétl mgde owmethap mv
i ncreappsox i8at el y

As shéewmgditAg a pull ey structure was used t
bet ween the bus wavegui [de38JThod gtahien ndiecerpoedri si
the i mpact of the coupling |l ength on powe!
mi crodisk cavity aodpltbndi hdngthle, otphe mAh s
variati-onfht ef admomeant RPTHol ver model twaes use
TE field propagation inFilged3Couphi ndimsegi o
the area on the far side of the microdisk
designated as a perfect absorptionouplgioag.
strength from the bus waveguide into the m

routnrdi p i nterference conditi onkRML Alddu ntd arniad

were empl oyed, i ndicating that the simul at
resonator. |l nstead, the simulation aims to
coupler I engths.

To calcul ate theoyp®eweratcoaplthg coonbtsned
wavegui de before and after coupling region,
monitored for variousentoaupllierO [Renmga&I80 Of rnan

shows t hadvetrher actrioos so f the emission signal
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upl i ng dmendgthleo wwdrrodsr®at i o of the emission s
coupling |l ength as | ight within the mic
vegui de, deowneasirmmdg i-ton e rTdhrea tisnop sfswarv et | heen gpt
ows a small peak nem,r lautcoawdr anlgl | exhgit i
end. These pulley structures resemble di

t he mi cr ozdersok ccuarvviatyur en,ogratnido muwit i miom et I

e curvature of a waveguide modifies the
de, e faf letcetrinvaegcyoupl i ng bet ween the mi cr
vegui de, and hence the power t rrmondcgd er b
veguide, the microdisk cavity caactsiushal r
dt h, whi dhhe ipgtirciad utpeoswetr acr oss sever al
creabsa@frfdort h power transfer ef fbectomeaki n
t i cHoavelveer , over tthipeosviemult ataedfrang®, t he
cr ehlsiingoccutrlse bmwlatuisreode nature of t he
veguide curvature influentesthg, di hecteno
re efficient coupling for | arger wavel enq

eosvseer ratio for the emission wa@GievVtemegt h ¢

irly monotonic increase of the pump powe
e Iimportance of collecting maxtdhmea mdé faisg m
nstraints, particularly the preseente of

upling | ength wasFisgedBeept edehfbs mMmbi e desct:i
eosvse r ratio bet ween t he bus wavegui de

vel engt hs, ranging from 1550 to 1950 nm,

i Ri g43Fe an opposite trend i s observed for 1
the.di sk
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Wavelength Si overlap TeO,: Tm3* Effective
(nm) (%) overlap (%) index
- 1600 75.0 14.9 3.1
8
= 1800 70.3 17.9 29
@
.'g 1600 61.3 17.9 24
o
S
g 1800 50.5 211 2.2
j
I +)\pump =1600 nm
Monitors <— —8— o = 1800 nM
0.8}
=
Kl
Microdisk 5 06f
3
o
Q
[
> 04t
©
Kol L
4
0.2}

0 10 20 30 40 50
E Electric field Coupler length (um)

Relative power (a.u.)
Relative power (a.u.)

0 .
1550 1650 1750 1850 1950
Wavelength (nm) Wavelength (nm)

Figudde EApctric field profile of the -efluenndeanmient
met hod mode selTVviewmated shéi T®@@ microdi sk and |
(approxi mate pump wavelength) and 1800Bnm (ar
Fractional optical intensity overlaps and the
mi crodi sk at 1600, 1 8009 iamudl alt9e0d0 pnrno pwaagvaet! i eonng t ohf
al ong emhread®iOus mi cr ovii sllel epyiutl cho vap 14e0r0 bnuns wavegul
coupling gap at a waemllemgtdoohfiedd@®@s s matft oo af
coupler calculated for diemf atepbteatphi nguimpnd
emi ssion (1800 (rEfi)y cswsevre |l reantgitdisbet ween the bus
mi crodi sk for various pulley coupler | é€Bygt hs,
Power ratio versus wavelength within the micro
a monitor positioned along the disk'"s horizont
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To characterize the performance of the Ti
changes in heater temperathyhe idfTiheoOti ¢ dhre
mi crpdaskexpressept by d¢defi§TheiTdret apppl i ed v
the heater generates an electrical current
temperTdti sr dheating raises the temperatsre o
effectiwiea itndeept herf mtd bflcéklepr esent s -otpitd ct he
coefficients and thepmalleOadediuectti v-e pi kd& e o
coefficient of the furfdfemantemds2lDEc onwadaei sk
resonator at a wavelength -oft ilch5oenfm i &ti e E
mi crodi sk resonator is determined by si mu
di fferent temperatures and calculasiog th
changes of the microdisk due to thermal ex
due to theidfd1mi8di mglle&flf ect)

Tabd4leTheronpotcioef ficients andotther bt esobp@etuiice i vi

hybmidrodi sk stralcltelfdécecandvptthtehec mef fi ci ent
fundament al THe@dUe o ahisldideon hmi cr odi s k.

. . -I - A
Material Ther-onpti c ca—JrQﬂé)‘ Ther mal c otd
1

(&
Si 1. 8 1] 158] 13[9167]
Si.0 8.6p1 158] 1.B&856]
TeD 2. p®[ 166] 2[ 16 8]
TeODThMcoaBemidcrod 1.7p1t
The silicon | ayer aevegmal op# hieelr ywooierhd a cti & n
mi crodi sk because it kBahgeri-ddedafafnimoiraretr od mg
Si2c@Qnd 2Te®Ms a result, It i's expected that

efficiencyisdloaeeretrhe trabdeorprndowmv mdddhaeahitn
heaitrert hien fnreaarred s pemctSiu@y era ithidkp®si ted be
and the waereygyei @® an i solation | ayer. This
t hleow t heranailvictoynddfi n&e ©Os heat di ssipation
wavegui des, resul ting in | o/wl Steu]lrgidalga nedf f i c i

Bdepict thesdotpi amal cviosws of the heat di st
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Ansys Lumerical 6s HEAT) from the Ti N heate
mi crodi sk witahnd £TSEpeayet ®. STIOe si mul ati on
s maplolr toitchre gemeeatatreaac h e skFitghdelCearh acav opda ssski. v e
optical t ransmi spsoiloanr | z ealtchleiugahftfodz nTdEO f hea:
mi crodi skonrresomeas@mance wavelength. The tu
resonances akFieg udAsetbiy manteeadseurira@isnogn atntc e s hi f t v
applied power to the heater, resul ting 1in
(pl ease seel)Appendi x |1

A 300 460 620K B 300 420 540 K
o :

Z (um)

Si Disk

At Si Layer
Z=BOX+0.11 pm

At SiO, Layer
Z=BOX+1.00 um

At TiN Layer
Z=BOX+2.28 ym

Si (Substrate)

X (m)

-10
251 @ Tuning Efficiencies
. | =~ 8.8 pm/mW
—~ ——— ~+1.9 pm/mW
s | € g’
12 g 20 <§ 0 2 Tuning Efficiency

’E‘ £ ~10.143.1 pm/mW

o o Estimated Fit Error

) = 1610 x ! ‘

2 3 45 40 60 80

S 4} & Pheat (MW)

8 S

g -10 15} ; - B0
o 1

s 12 £ ? 1
c

T . 5 I I 1

sl Poar = 0 MW 2 ¢ 4
= P = 40 MW 5
L * esonances s 17 i
© Tracked Resonance -16 Pheat = 83 mW
¢ Inset Resonance 1610.7 1612.7
18 . . . n . . . . .
1585 1595 1605 1615 1625 1585 1595 1605 1615 1625
Wavelength (nm) Wavelength (nm)

Fi gd4.€eATlop (aBr)d essesct i onal views of the heat dist

the Ti N heater at(COPt mWVah p pdrpasacdtmpupmm éaafnm iTzEe d | i1 ¢
in the microdi sk, showing the tracked resonan
thermally induced shift of the 1610.8 (DN reso
Estimated tuning efficiencies for al | tracked
including statistical figurmsamffimerernr g me.anTh

a sample of the dataset used to determine each
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4. bher mal Tuning and Cascading Demon:c

4. 5Tuln.i ng of a Single Microdisk

The paspohvariTEed transmissiemnTs @cdatuend o f
mi crodi sk resonator on T4625bihse m dhwgm54Aen t he
(the modes were | abel edSactbindgn fiThhei smewtahvoed ec
range was chosen basseed tatnhntlhoeiinmmbanondpt henma
avail abl e powel6 D]f, tThied EYicFA0o di sk was optic
temperature, withl0l aawn¢tbedr pewpwendohg80o0 t

set at 4.2 A, which its outoput power var.i e
emi ssHiogndsbBBes hows t he corresponding | aser em
pump wavelengths, observed on the OSA. Th

frequencies wher e -Q hneo dceasv iwiyt hsiunp ptohret sg ahiing hs
medif[ulnb 5 As evident from this f pgmonrpees, o nlaanscien c
frequenci es ;moadned abnodt hmuslitnigioede | asi ng wer e
in this pump power range, andenadmmeagt iotni otnh e
di fferent | asing modes in the cavity

I n the ndxXteremep, aders were selected for

experimentally the effect of appil gdiCe heat e

I lTustrates how appl widpa les aatmpviid utdee ormi d r

aser emission at 1795 nm, and entirely su

same approach can be used to modul ate the
sigrFalg«4sbd | | usbbivatce®asi ng the mBB8r bhmWt ean |
suppress t hesilgaosaders beyinh esmss@ wompr essi on of | as
applied heat i1is primapiiingluagzttdr irkstoadntce Wl

cavity modes si §ingandpel uticehgeuFpt abasad bandwi d
causgenkeyAstadd er amahd fctomasriidorut es to a gr a:
the milcaoan s&&mi ssion amplitude duribg heat

appl yi,ng omeatwavel engths within the pump ba
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all owing for partial l asing until the reso
gradual suppression mechanism i s consisten

prior to complete subhyprexpaoine d,ft deaselratefmo

heat diffusion, the heat modul ation cycl e
mi crodi sk wadb8]nolfdwdyges dy |l @t o oaess demonstr a
stabittegsywp®dageri ment in which the microheal

10 secondans nater par% od.

Mul ti mode emission, frequently observed i
hi@h resonance modes in the gain medium ar
|l asing at mul tiple maywébBengthe®ct Ase shbaowmpi
considered as an approach for changing the
wavel ength and 1i5t59H opwoeweerr ,| eamsehd se va migs ssii onngd «

mi crodisk | asers via this technique can be
it is typically I imited to specific pump wasa
may | ead troe aemmpilsisfiyonmosi gnal s abtdadnmgigesh
mode emi ssion. As another solution, Ffreduci:H
mode emi ssion often results in impeding | ac
|l ossén the resonator. The proposed ther mal
solution to change the | aser emission spec

showhi gusee applying power of 9.7 mW to the

emi ssi ons-modéeo emligd adturaaln s f chrampgpteiencraal s e

certain | asi ngmomoddgn iaheip@aanl th gtwh enayr e mai ni ng
becomes pPdowmbHdantis cruci al to carefully <co
during this process, as exceeding a certai.
the microdi sk, as seen at a poweac hoife vlie6 . 2
domi nant | asing mode by s,uppprroevsisdiinngg oat hfelre:
of Il asing mopeioonknow| edlgel ef t hei d amrsetr e

strictl.y required
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4. 5Tuzn.i ng of the Cascaded Microdisks

Tlkesi gnal amplitude mdadulcatoiaarmslkec aND M Il s og hlte

where maximizing data transfer per unit ar

to cascade the right number of | ight sour ce
[ 163Mi crodi sk | asers are excellent candi da
factor and the possibility to efFfiigcdiGkent | v ¢
shows the transmpesiaonzepdetiglamcaeaidethE sni doo
structure. To assess the performance of th

across the pump waté2®&ngmmh benhbedos&d5%Br e
using the same rFb gad.6Bya veengiusisdieon wavel-engths
cascaded micr odiesxkh nabrree sehmoiwsns,i ownhiscihgnal s cc
di Skanaldjymzserete | aser emission modul ation |
regiweme® i dvihretribf eedronebnyi tas si ng) ecwasied enigmn ¢
usedmp proiwedttCe nditctae easmpl i tude modul ati on
emi ssions in theirs rBgpeppweresn gofi s7s9 .07/ a md
the heaters of the fésgspectaindelsy,c otnfde me mir o9

can be selectively deactivated
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mi crodi sks withemé®8fmi odfi o2n0 naanpda £2€0a. dde l omib¢ ro d
pumped over tihe&25@@gpe eorf elnbidsbhsi ons moadsdt adeée dn
mi crodi sks by applying heat via a Ti N microhea
emi ssion deactivation in the sé¢®adandEMoidcer odi sl
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Mode hopping is a common phenomenon i n mi
changes in | asefrlachMeayi ngmpecavutg resons:
switches from one | ongitudinal mode to ano
di stinct all owed frequency in the | aser c

mi crodi sk by apphyicogmpbéati bradmohg these

Consequentl vy, depending on the coupling | o
can cause shifts in | aser emission wavelen
range [(IBSSRDPherefore, to ensure stable emi:
susceptibility of | aser emissions to mode |

this effechRi pd.6Pea sRiogwhBEe Hing 46Deat a heat pow:
32.4 mW, the dominant mode starts shifting
bal ancmddeuami ssion is observed under the
applying 37.7 mW of heat power, the | asing

transition is reversible, and upon removin
nm. |t is also important to noter ermaitnst he
unchanged throughout, indicating a | ack of

two cavities.

Expanding the cascade of | asers on a shar
to the emi Bbgud.ilesphaotwisertnhe opti cal tr-ransmi s
pol ari zed | icgahstc afdreodm ma ctrroidplsek | aseem.wi t h r

The plot of the é&inigyiBesd olwess inmud tsipd nealesmiisrs i
to 1940 nm, corresponding to various resol
Il ntricate patterns of t hFeisged.TEéemiisgdrbe si gna
Bal ancing the intensities of different emi:Ht

pump condi-mbdasembsagbes can be achieved f

Fi guvEei | |l ustrates the ther mein diosdkl afi tmhee
cascaded sGirvieent urhe chall enge of controll in
probing station, wire bonding the metal co

over mi crodi sk emi ssions.
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mi crodi sk | aser, pumped (iGadn@DbMeu | rta nngoed eo fe nili 5590
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4 . ®@oncl usi on

I n this work, we presented the fi rear tdhemon
d o ptea!l lcuoraitmteadr odi sk | asers with active ther
pl atfor m. By eewsing mwimgl oavn omxitchee si |l i con mi

Ti N microheater adjacent t eopittisc ceofnfteocutr ,i nw
actiavdeluyst t he slpaséenrueeni samenmet hod was ext
mi crodisk | asers, al/l poweghbti gkt angi hgbep
be used as coarse WDM | ibghtkysdwmadedd ewiptulmgpu
additional filtering systems to select bet
adjust the | asing pattern of these | asers
i ntegrati neg hddj usitgahltl es oourr c e s ¢ & &sig d esdu aihn awsa |

silicon microsystems.
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Chapher

Towar d Popkedmer sSiWawequi des

Pref ace

The s ucecalsiszfaithiudrdioupidals er s iom ceud i poewvaisous s
demonstrated hyhber ifde aisnotbeagdavaethicopnf | | gohMth esour c
si | i conuspiClgDb$ o mmafta korlieceacthin®dngiuledi ng on t hi s
theevel copfmennytbrdao pedidili asoent §syi | i con whe&egui de
signinfiilcegsntd s desrmb istsmon atl elgencso winwanv & ldseem @ n h
it hebalhWhi cempact -efnfdi cdcahsittp @®m bihiame |l deems
successfullgndemesnktcaniemithi slree plimhd b sme r
on a%ilaildoni pl abdaipimenilgiodomghat-b&mdidt s hi gh
refract,whechndempi ectat e mode overl ap with
i ncrseaatet erl hqipgrosdesss, fufdlygtad iemitm gl bpe &r

| ayienr this hybhud, stouatddre,sst hdresei £hal In
innovative approaches t hat ma-& f me e eiavgeai an
straightforward Thnitsegcdsaploareéephroodcoel sosg.i e s ,
considerand onscatogegessomi conds maecrehamtc | i
opticalamdabnbeomed | as ewasv eognBiysdiedst xminni ng t
factoldseveriamsingghpse vstmudi €eBi s chaptadruapt evi
i nsf ghutt ur e ad vhaynbceeinbeisnuthsi doon | aser s
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5. lnroducti on

The expl osdae ag,t odalfifiviecche i nternet , mobil e
cloud agadmamsutginm f i ¢ antthde mafnar efagaetder and mor
communicatiowi techbnebbgresl exibility, proc
denswhiyl e si mempadasaesglluohng <cost, power c

footpXx72t,Si[ll1Tdniphat pemiopxer sot béeemysf or a
|l everaging t haéneaatduvraentGM@S porfo d u cht€i osne ainm fersas
integration of opticalsiamgl| eclhgiwd frmeamhcacbew
square mil | ihme tfearbsr b $carkg mMf @wf mance systems
energy utilization, hi gh production throug
the growing demands of modelr7nd ]d,at[al 7c5olmmu n i

Among the various wavelength bands used i
Cband i086830nm) offers the | oweasded-mbidmagilad i
opticall Folvengstance data transmis[s2d]n, wi't
[ 1 7Bilgbixrhows the | oss siprecltudimmpft Isae | atctae
the Rayleigh scathgdirogyi@nbodthseeragt ii onrf r afr ¢
Addi t i dmeaalvlieyl @ ntghlebxwh i bi t s | wivi dddsipte risd eanl, f
preserving sighahg s haegefsetayt tomBienetdhewvi t h
avail abi-pbety oo ma hdcogpheedr bfiiubmer ampl i fi ers in
have est Wlaindhead tah& eyl ovigulowt f @ams[pld#a@lanet
One the oithecoma@asndhi gh refracabee lemhdex &
wavel enmkteh sstuifwestdl c r e a tainhdg @ d o rhpaRhtaCrsic & h e
band.

Whit bei |-basad photonic platform has show
integration of,waaeyepgstbi aad( emdddag[7d d®]) mul
splitters/ combinefGlanadandaciioup!| E&pxegdtied ect
modul §dt1@rnB881nd phot de&tdg ¢)t off B ZJt i onal i ti es
efficient -aotoinpllidshercs oomn silicdrR] r.efldhlihss a
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' imitation arises from the fundament al pr o
semi conductor with a bandgap energy of 1.

conduction band minimum and valenceihand n

momentum s paceee,da® whaidedni t i onal phonon I nt et
recombination of electrons and holes, as pt
i Fi gdf.e This process significantly | imits
silicon, whether through e[lle86t]r i c al i nject

E 5 Loss spectrum
) !
S 4t
c L
2 3
= Infrared
S 2+ absorption
= UV absorption-t
<< 11h R
~
800 1000 1200 1400 1600 1800
Wavelength (nm)
Figbleilica optical fiber attenyadt7Zi6dn ver su

As mentioned whiIChaparirous strategies hayv
chall enge of integratidgvleilgltvedawera@asfien
| ayers or devi ces, -amwglaa ovea freet hboodisd,i nagr eo rs tpii l
and parlacstolcut i ons. However, t hese met hods

alignment, which iIincreasdgsl8prjqcdsls88t]i me an

The successfulTedEmEmwsatsiedtnc admn cokiTe O B ¥

coasielddi comi airi d mii[u2e7 ]l ,asjed3 @] t te[f & & [ 0$tiveep- opnoes t
processing method acnhdi pmoalniegerdme motr, fhuast hmneat i
an -saillli con solution with a similar tadgpr oac

telecommbacati daowever, tefopitiicadbncmakast
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a sufficient gai n -dfoopre dl amseidnigu nf rsoing nanf i ecratnit u
[ 1.3he main issue in development of hybrid

optical |l oss of silicon compar ebdantdao sTihlei
propagation | ossmodafe asidti amda rwkneignuglldes waind
~0. M2 heighimhad i s -abdBAcrh,c owhsiictd rgabkelry t han

l oss i n s[il8Xx]on WHiXIxéi ddehe hi gh i ndex contr s
designs, silicon devices need exceptional/l
minimize[d84aTherhingh refractive index of ¢t}
1550 nm) compared to the typwcah &l &addands
with 2.0 at 1550nm) makes silicon photonic
| osses caused by sidewallll3]r,oubtlhOnlgssi tr om,
eXx hi bipthsottowmo a(b BYarnpdt ifornee car ni éebhaemdfswrrtph @ ro

i ncr eapstiinga l | osses. TPA, a nonlinear pr oc
simultaneously, generates free carriers (el
power but also induce heat, degrade[ 8] gnal

[ 1.3]Compensating for these | osdepedvi ¢t hatsiuri g
di f fiincuolutr hy lmuietd Hl@|nai ttfeodr i entt vee éaicd hkloény conf i
opti cawi tnhoidne t hea ngi It ih@oomrsb@iumemrtohuendi ng coat i
TeOEBy, diminishing the -;kdgedtliaramrestso opr ah

gai n. |l ncreasing tfloe erthrionny ec onnearda retdrivaatyi so na
solution, as it can | ead toedoeckbntmat bpaoan
nomadi ati vely, r[e2duci[nlg9 20lver al I gain

This chapter explores the chall engjepedand ¢

| asdeirrsent Isywlaveguomnsderg t he sapmnmeowmepedcec @amacfowlr hat
previous VEhhimdeb&dlsnmed | asersnon el i beieasr haneal
stupgyovivaeés ablseght s i nto t he Il i mitations

devel opsmecnht doafsseirlsi c on.
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5.2esiCgmsi derations

Building on our successful devel ppmpnt|[ 68]
mi cr ewlarsk chosen as the primary design foc
are a class of optical cavities that confi
Il i ght pr opagawlheiss pier i amgf @&l etf hyr onuogdhe t(ot al
reflection along thlel ®Rriisp hperroyp eorft yt hnea ktehsi n
applicationguaégquauiyr fmgtlirglmhesonators with
of hyae &dtolpeeadlat ed resonators, this geometr\
interaction between the c-eadtolpetdi g yWeMy aa
a gain meewifum)h eomtiltlriocuogrh dihsek evanescent f i e

For the&#%ToeaQ ed silicon microdisk |l aser to
exceed the total roundtrip | osses in the c:
bet ween the pump signal in the sijciocaotni ncga Vv i

| ayer. Whedno paend emmibciruondi sk i s opticall,y pump
980 nm or 1480 nm), erbium ions in the act
These ions rel dxleoethewmetastablyecan r ema
periooodt e order of hundreds of microseconds
radiative decayhsyp emetgioagnghetdi9et] gt [drOG!

The emitted photons are partially confined
WGMs, stimulating further emission from ot
the buildup of optical gain within the res

The gain Qoefhni bieefc&Tcul ated as
C=lo i Qe mNRrE (5. 1)

Tlwis the population inversion ratio, repr

excited state that can contribute to sti.:
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Tdis the confinement factor, which quant.if
with the gain medi um.

TOm(c’)dmi s the emsssiioon cefasthei omse repre
probability of stimulated emission at a ¢

T Nre( i on®si/scmmhe conc-eatthtionsof rare

Theptl oabes in the hybrid ohiwernddos kratrbeser
ions abWgs mmidomackdh)yoadrd ,.Tho8®F pti on | oss
when unexecarttend iroanrse in the ground state abs
preventing them from contributing to the
emi ssion gai ni,deabes o pmteido nu sli onsgs e chtéi yeanbasifodr p t i

the concentration of unexcited ions in the
| =( 1) A dha bNRE (5. 2)

I n highly inverted media,-eahéhei ohe pompe
are optirnaezaerd,la hid@em pti on | oss is | ow since
excited state, and the numberabaforibo rmpshoitm ni
mi ni Wilaedane r bi um gaiisn pnendped withia @apébahmmss
quasi-l gvheleesystem and the electronsthane ex«
mani.fUnildééhi s c o hiénvdaromijcgry pi &iaimd yagodprtox i mat el
80Wepending on thetmemmawkesetagtdoigoh and e mi
secs$[iloond ]

Backgroundgt oosbheredbmbination of wvarious
overall optical |, 0 ot chegp td theo rmp teiraarmd ihts W otinfeses er

key sources include:

1. Material :abWFBlloorspst iiosn rier rad reaen tt oa btshoer pt i or
di f freatemantegbr dl ess of exXtarbirn sciad i foax rti onrpse r s

i mputri it nelsasledc omhot bha lss adrepmticisoent yi sr el at ed
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si |l i oonlionsgsile&9 ] ,Ho[wleXC]r , in,hypybhied davieceée s
asTeOand 2Si ® so cdrmteaitlkui al taeckcoa rdp thigo nt o
percent agdeiss torfi hnuotdnee.®$e nicaey s d.dac@en farmd | $iad
by the foundry, our mah as forasedweirngt he
absorbpyt iogpn i mi zi ng.Stdrei fsit ®ahcahsi pmoxjerruers sgr o u
forpti mgzde®osi tiaonmdometilacdnel-hags [ B&] ms

[ 197]

2.Sur fmmaug hnesismpaendectSuofsce roughness at
boundpmpai teisgail ladd ¢ghect r i cstiontsecraftatcéhseen g el aods
roughness and i mperfection on the silicc
fabricasuomMishegsaphy anjdl @ihcihsi nigs perxoacceesr:
in dhinglex cont,sascth maltalh iGillsi covihewav esgnail d
i mper fencttihbpenssi dewal l s can [cla3ds d hei diryibfrii
mi crodisk | aser platform, thEBeBowvesitetpe
comparedr gducsisO t he[ 8.8AEtdt ¢ iam@ Nnlgyg ;moh i nt e
Ssi deswal Imi cfrodtr Bdmtchaeg at tl orsisngcompared to

resonators.

3.Bend radi:atlimnmilosedi sk | aser s, the |
resonator, and bengrinomagladsess d dheurcsurasrse dl iv
This | oss is mor e apdriounso uchecgeodh @it n@ar ssmagd H teer

which redluicglt thonf i faBér t,Opifril &8lrd eniga et ihtey
geometiryc!| undicmgrdaidséntsh i ¢ kkraens smi nibneinzdeg t he
radiation | oss while mainte@urnimrge ai acwanpsat
have demonshyhartiedi Ttam@ ¢ r o absiislkisc omif thie2 @ hn m
and acoaéen@ t hiabkonuets s30O nm, the bending r &
for deva creasd2i®umgd Ao f]

Minimizing background | osses is essenti al

mitigating these |l osses include i mproving I
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careful designThg@clkigriohedr ¢é®9esatcan. be est.i

i nt e rfnaaclt oQ , as a key perfor man®¢lr ifmed@arc f
represents the ability of the resonator to
Q: = (3)

Whe@Qes the internal orQdaurmrl ctheeexqealnial yofr ac
factorQf Achoghindicates | ow energy | oss, w
condi tion. The background | os®f a@@athorbeofc atl
resophé@s8pr [ 199]

yRpp— ( 8).

whemies the group itmeex eadmwad dhnec eg rwauvpe | iemdget xh .
cal cul at ed f rroems otnhaet oFrS Ra nodf tthhge: | engt h of th

é::)_ ( 5).
and
L= 'R ( B).
wheRies the resfloené¢ bdbrackdirmaind | oss is give
be—— ©Y
As a result, the net gain carf 2b/d ,;e tli9mMgdt e c
C =l 0 WemNre Uips Uog ( B).

and |caasmicrcqur once a positiThesneguag®@ionipra
approxi mationnefdehttedhvpeitraglaitfigy t he anal ysi s

| asers performance. Ho we vreartt,iooptahea me ti,e r va ¢ @
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which ©plays a ndrriotdiucalngr slud fi oi ent pump ¢
optimizing siagmnallys eauwt cionnpolirictmedn draencn pl ayd te
perforohandcese | aser€ha@sefedntodnenrated i n

Given the inherhsent mconbdiesslgesonfachieving
pl at,f osruneh as itanhki gefirmatcti vei ¢ nldexs t hese

addrwa sssh mpl e .soAsutd omeesa@lf pcusept ioms e migf i ¢

designtaspenpt,®vpeargaiemhanmdiyndpyt he optical r
the eddpeadn | ayer, a critical p e&Ornaemeptr eormi fsa rn
approach involves wusing thinnaermgedel ovem | mf

with the gain medium, ther elbry tplojtewamiraddd vy
the silicon noyabditehham dapmémeisas!l 90y mm,ail 5 |
nm, and the stahldias dagRmOoaaenh | @aly&blsed us to

thickness imifdalenvmedetdheemwmlpap and the resul

5. 2FRalb.ri cati on Process

The silicon c¢chips wused in this study wer
avail abl e SOkt gisheeclitdirddnToas nvestigate the e
thickness on potentiatifil 26i ©Og, wenide 4Add a1l 8 €
with wvaryi nfghet hmicckrnoedsisseks®e werai gbouopbed wave
height of 220 nm ,anus sainmwilalet hp oo fnt4 5300 @eprh i n g
couplingedrapm 0asfglEdde tlapgemWimawedere i nput
out put stages of every eaviafviefgideadtei ps t c aucp luir re
These edwiet7r 8 aPpmr sand en®Q hnm tip width (cor
foundryos mi ni mwemseef senalteusrsel gicdb z@wpvegui des o]
equival émntgb@ANedtihusti meanes$s adres i @inetdmme icsokupl i ng

gaps, bus wavegui de, and edge tapers
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A
Coupling gap
Roiee = 20 & 40 pm 450 nm - Bus /"
e — 5 D S— ArS waveguide
o
Microdisk tisx=90-220 nm I220 nm | 3
A
) /
= Silicon disk
3
Y e Chip edge facet Waveguide N
— — O
Substrate S —E—
- 75 pm 3
B
1
Air
TeO,:Erdt

Sio,

0
.0

ol

Bend radius with 0.1 dB/cm

H H <Ep3+
radiation loss at 1.5 ym Bend radius (um)  SiOverlap (%) TeO,:Er** Overlap (%)

Disk Height (nm)

20 36.1 40.8
90 34

40 36.4 40.6

20 60.1 24.2
150 23

40 60.3 24.1

20 78.0 12.9
220 17

40 78.2 12.9

Fi gb2 € AQr oss ofeldeeisaompine dewliitstk a point ,coupl i ncg
al ong wirtrhe stploendicogandi niehnes i @ eesd ggen codf Bptl lee s

Fundament al TIiEn2X d@andpirupsiBifflee@t ed silicon micro
corresponding mode overl apr adaillwcsuul mt copodi kg,
thicknesses of 90, 150emaswWawdd@lOe mbgdt, mad. f ah apg

Foll owing the fabrication of the silicon n

of thedepdbdateOve | ayer onto the resonator
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described 3amndChdapteerdseposition process rec
parameters such as thickneossaicenfipbh@acmnty,.e
er bdomed microdisk | asers, the active | ay
confinemehayem dred provide sufficient opti
excessive mode radiation and absorption | o
should be high to ensure pot3timm Ehe® r o
coawi mmpiht gh erbi umwaondcemadgiaté dnat 150AC u
Ssput tTehrei ndge.posi ti on was <carri ednboadli2nusncgcemr a
oAr and 6fAg asscecam amadbcess pressure of 3.0 m
and 33 W werédnaphplmeddal toc 3tell urium (Te)

respectively. The resulting film exhibited
at 1550 bram,k gpmdapagati on | oss3dfnm. 5TNeOedb
ion concentration in the deldoSAPDtoends bfgiml m w

abspti on spectroscopy

5. 2Si2mulantd dMe avB wcrreo@t iopler t i es

Teevaluate the mode overl ap eliaeadt tihe fgiaelnd m
t he funOBEmaret dlor t he waass ecra lusaivireg t esxldgeftnitenni tt e
met modle ¢ RISwdérnt HdmB2Bd) .shows the fundament
1530 nm and the corresponding electr-c fie
thick silicon microdi sks BilaaaBelrsedaodordt wée o h
calculations using a finihetkekéemeoatotbesnk w
hei gbt em2@®demrOatdiame gl i gi bl e bewedastn gp unapd i aant d
| aser waAs |l ae nrgd ssdeta o atbhrm@ocfr o dnosk | jni t ed by t
absorption and scattiemgang at odeaewdwesIselsien t h
mi crodi sks the éenids nlgi glaei addnmem altiobpsalBY ¢ m
t hef aZ Mor eovies , evaisdent f rmondée hose rf lizggfifr wi, t i F
| ayienrcr eases considerabl péygi ftihomenbdwre g |tehpee
roughly doubles when the thickness decreas
further r edlunciesd itnoc r9%fd dneodlv so f eorrinehg bkeancgawve
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Addi tilmemamhmdde daverl ap whews trmediidicsrike ecahmman g e
2@mt o e®0 Therefore, with other parameters r

Si zZes,i s e xhpee cgtae dn tchoaeth ftm® B @i theort eemanirmasdo d i s k

On the other hand, thinning the microdi sk

|l eading to decreased mode Tdeiiormefcitnleymeaft f ewcitts
coeffbyiieme¢r easiang s aldd a¥d omgtter under st a
i nt erfnaaclt oQQ s f or theseestshamedie oca wietaiseusr €
expl ained3.e3h ®wWauvel en@0t hnsm, a bwohvaeroed Wesroly ipu m o n

negl iAgni belxeampl e of t he 4t@&ma ndd eiks saito nd i sf f eearterna
wi tbrreshondnfhsgtifaonr ext Qhathopspf ebibgpuread i 7
5.3.

Fi g3 e transmissi o&m snpieccrto(d@9dsbkosh BdSh0e nand
andC)20 trhmc kanreddesneosn sbo DA coprisousxtinmgadctor ent zi an
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